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Although 40 years have passed since this book was first published and, in the
interim, there have been many developments in meat science, I have seen no reason
to alter the general plan in which the subject is presented.

Since the publication of the sixth edition, the science of bioinformatics has
emerged, whereby complex computer techniques have made it possible to simulta-
neously identify, in a cell or tissue, all the possible modes of transcription of nuclear
DNA by RNA (transcriptomics), the entirety of the protein species present (pro-
teomics) and all the metabolites produced during functioning (metabolomics). Nan-
otechnology has made it possible to identify – and usefully manipulate – biological
structures at the molecular level where the properties may vary in important
respects from those exhibited at more conventional dimensions. These develop-
ments provide a new approach to the understanding and potential control of eating
quality and nutritive value in meat.

The different characteristics of the individual muscles in a carcass – long 
recognized by biochemists – are now being related to new methods of slaughter 
and carcass dressing whereby specific cuts or individual muscles can be economi-
cally produced; and consumers may anticipate, before long, being able to 
demand and obtain meat of the precise colour, juiciness, tenderness and flavour
which they personally desire. Such ‘muscle profiling’ is already being developed 
in the USA.

More detailed information is becoming available on the complexity of the protein
of muscle, on the proteolysis responsible for tenderizing during ageing, on the
central role of Ca++ ions in contraction, proteolysis, water-holding capacity and the
action of many enzymes on both the membranes and interiors of cells.

New techniques (e.g. ‘nose space’ analysis) are elucidating the mechanism of ole-
faction and revealing the concomitant involvement of factors, such as viscosity, in
modifying their expression.

Vastly increased understanding of the mode of action of genes and of the nature
of DNA has provided reliable means for the identification of species (even in
severely processed meat products), revealed the mechanism of such defects as pale,
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soft, exudative pork, and afforded the means of analysing the multiplicity of toxins
produced by pathogenic micro-organisms.

A new concept, ‘quorum sensing’, has shown how micro-organisms communicate,
thereby influencing their potential for growth and survival, in various environments.

Further advances have been made in the processing of meat by high pressure,
thermal treatment, ionizing radiation and storage below its freezing point.

There is continuing interest in the significance of meat eating for the health of
consumers. Thus, insofar as saturated fatty acids are less beneficial than those that
are polyunsaturated, a number of stratagems have been developed whereby poly-
unsaturated acids from feed can be incorporated even into the flesh of ruminants.
Again, it is now known that meat is an important source of selenium and zinc –
micronutrients whose nutritional importance has recently been recognized.

Respecting potential hazards of meat consumption, there is still no proof that the
consumption of flesh from animals suffering from bovine spongioform encephalitis
induces mental degeneration in human beings. Increasingly sophisticated studies
appear to show a relationship between meat eating and the induction of cancer; but
the biochemical basis for such a relationship has not been established. New strains
of antibiotic-resistant micro-organisms associated with meat continue to emerge;
and cause ephemeral concerns.

Whatever the merits and demerits – real or inferred – of meat, its true signifi-
cance for the consumer must await the means of specific biochemical identification
of each individual’s metabolism. In the interim there is no reason to doubt that meat
should be included in a balanced diet both for its content of essential nutrients and
for its widely appreciated organoleptic characteristics.

R. A. LAWRIE
Sutton Bonington
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The scientific study of food has emerged as a discipline in its own right since 
the end of the 1939–45 war. This development reflects an increasing awareness 
of the fact that the eating quality of food commodities is determined by a 
logical sequence of circumstances starting at conception of the animal, or at ger-
mination of the seed, and culminating in consumption. From this point of view,
the food scientist is inevitably involved in various aspects of chemistry and 
biochemistry, genetics and microbiology, botany and zoology, physiology and
anatomy, agriculture and horticulture, nutrition and medicine, public health 
and psychology.

Apart from the problems of preserving the attributes of eating quality and of
nutritive value, it seems likely that food science will become increasingly concerned
with enhancing the biological value of traditional foods and with elaborating
entirely new sources of nourishment, as the pressure of world population grows.
Moreover, a closer association of food science and medicine can be anticipated as
another development. This will arise not only in relation to the cause or remedy of
already accepted diseases, but also in relation to many subclinical syndromes which
are as yet unappreciated. Such may well prevent us as individuals and as a species
from attaining the efficiency and length of life of which our present evolutionary
form may be capable.

Meat is one of the major commodities with which food science is concerned and
is the subject of the present volume. It would not be feasible to consider all aspects
of this vast topic. Instead, an attempt has been made to outline the essential basis
of meat in a sequence of phases. These comprise, in turn, the origin and develop-
ment of meat animals, the structural and chemical elaboration of muscular tissue,
the conversion of muscle to meat, the nature of the adverse changes to which meat
is susceptible before consumption, the discouragement of such spoilage by various
means and, finally, the eating quality. The central theme of this approach is the fact
that, because muscles have been diversified in the course of evolution to effect spe-
cific types of movement, all meat cannot be alike. It follows that the variability, in
its keeping and eating qualities, which has become more apparent to the consumer

Preface to first edition



with the growth of prepackaging methods of display and sale, is not capricious. On
the contrary, it is predictable and increasingly controllable.

Those aspects of meat which have not been introduced in the present volume
have mainly economic implications and do not involve any concept which is incom-
patible with the basic approach adopted. They have been thoroughly considered by
other authors.

In addition to acknowledging my specific indebtedness to various individuals and
organizations, as indicated in the following paragraphs, I should like to express my
appreciation of the co-operation of many colleagues in Cambridge and Brisbane
during the 15 years when I was associated with them in meat research activities.

I am especially grateful to Mr D. P. Gatherum and Mr C. A. Voyle for their con-
siderable help in the preparation of the illustrations. I should also like to thank Prof.
J. Hawthorn, F.R.S.E., of the Department of Food Science, University of Strathclyde,
for useful criticism.

R. A. LAWRIE
Sutton Bonington
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Chapter 1

Introduction

1.1 Meat and muscle

Meat is defined as the flesh of animals used as food. In practice this definition is
restricted to a few dozen of the 3000 mammalian species; but it is often widened to
include, as well as the musculature, organs such as liver and kidney, brains and other
edible tissues. The bulk of the meat consumed in the United Kingdom is derived
from sheep, cattle and pigs: rabbit and hare are, generally, considered separately
along with poultry. In some European countries (and elsewhere), however, the flesh
of the horse, goat and deer is also regularly consumed; and various other mammalian
species are eaten in different parts of the world according to their availability or
because of local custom. Thus, for example, the seal and polar bear are important
in the diet of the Inuit, and the giraffe, rhinoceros, hippopotamus and elephant in
that of certain tribes of Central Africa: the kangaroo is eaten by the Australian abo-
rigines: dogs and cats are included in the meats eaten in Southeast Asia: the camel
provides food in the desert areas where it is prevalent and the whale has done so
in Norway and Japan. Indeed human flesh was still being consumed by cannibals in
remote areas until only recently past decades; (Bjerre, 1956).

Very considerable variability in the eating and keeping quality of meat has always
been apparent to the consumer; it has been further emphasized in the last few years
by the development of prepackaging methods of display and sale. The view that the
variability in the properties of meat might, rationally, reflect systematic differences
in the composition and condition of the muscular tissue of which it is the post-mortem
aspect is recognized. An understanding of meat should be based on an appreciation
of the fact that muscles are developed and differentiated for definite physiological
purposes in response to various intrinsic and extrinsic stimuli.

1.2 The origin of meat animals

The ancestors of sheep, cattle and pigs were undifferentiated from those of human
beings prior to 60 million years ago, when the first mammals appeared on Earth. By



2–3 million years ago the species of human beings to which we belong (Homo
sapiens) and the wild ancestors of our domesticated species of sheep, cattle and pigs
were probably recognizable. Palaeontological evidence suggests that there was a
substantial proportion of meat in the diet of early Homo sapiens.To tear flesh apart,
sharp stones – and later fashioned stone tools – would have been necessary. Stone
tools were found, with the fossils of hominids, in East Africa (Leakey, 1981).* Our
ape-like ancestors gradually changed to present day human beings as they began
the planned hunting of animals.There are archaeological indications of such hunting
from at least 500,000 bc. The red deer (Cervus elaphus) and the bison (referred to
as the buffalo in North America) were of prime importance as suppliers of hide,
sinew and bone, as well as meat, to the hunter-gatherers in the areas which are now
Europe and North America, respectively (Clutton-Brock, 1981). It is possible that
reindeer have been herded by dogs from the middle of the last Ice Age (about 18,000
bc), but it is not until the climatic changes arising from the end of this period (i.e.
10,000–12,000 years ago) that conditions favoured domestication by man. It is from
about this time that there is definite evidence for it, as in the cave paintings of
Lascaux.

According to Zeuner (1963) the stages of domestication of animals by man
involved first loose contacts, with free breeding.This phase was followed by the con-
finement of animals, with breeding in captivity. Finally, there came selected breed-
ing organized by man, planned development of breeds having certain desired
properties and extermination of wild ancestors. Domestication was closely linked
with the development of agriculture and although sheep were in fact domesticated
before 7000 bc, control of cattle and pigs did not come until there was a settled agri-
culture, i.e. about 5000 bc.

Domestication alters many of the physical characteristics of animals and some
generalization can be made. Thus, the size of domesticated animals is, usually,
smaller than of their wild ancestors.** Their colouring alters and there is a tendency
for the facial part of the skull to be shortened relative to the cranial portion; and
the bones of the limbs tend to be shorter and thicker. This latter feature has been
explained as a reflection of the higher plane of nutrition which domestication
permits; however, the effect of gravity may also be important, since Tulloh and
Romberg (1963) have shown that, on the same plane of nutrition, lambs to whose
back a heavy weight has been strapped, develop thicker bones than controls. (As is
now well documented, exposure to prolonged periods of weightlessness causes loss
of bone and muscle mass.) Many domesticated characteristics are, in reality, juve-
nile ones persisting to the adult stage. Several of these features of domestication are
apparent in Fig. 1.1 (Hammond, 1933–4). It will be noted that the domestic Middle
White pig is smaller (45kg; 100 lb) than the wild boar (135kg; 300 lb), that its skull
is more juvenile, lacking the pointed features of the wild boar, that its legs are
shorter and thicker and that its skin lacks hair and pigment.

Apart from changing the form of animals, domestication encouraged an increase
in their numbers for various reasons. Thus, for example, sheep, cattle and pigs came

2 Lawrie’s meat science

* Rixson (2000) presented convincing arguments showing how the development of butchery
skills, deriving from the use of stone tools, promoted a settled communal life; and, thereafter,
led to civilized societies.
** It appears, however, that the sizes of domestic cattle, sheep and pigs in Anglo-Saxon times
were much smaller than those of their modern counterparts (Rixson, 2000).



to be protected against predatory carnivores (other than man), to have access to
regular supplies of nourishing food and to suffer less from neonatal losses. Some
idea of the present numbers and distribution of domestic sheep, cattle and pigs is
given in Table 1.1 (Anon., 2003).

1.2.1 Sheep
Domesticated sheep belong to the species Ovis aries and appear to have originated
in western Asia. The sheep was domesticated with the aid of dogs before a settled
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Fig. 1.1 Middle White Pig (aged 15 weeks, weighting 45kg; 100 lb) and Wild Boar (adult,
weighting about 135kg; 300 lb), showing difference in physical characteristics. Both to same 

head size (Hammond, 1933–4). (Courtesy of the late Sir John Hammond.)



agriculture was established. The bones of sheep found at Neolithic levels at Jericho,
have been dated as being from 8000–7000 bc (Clutton-Brock, 1981). Four main types
of wild sheep still survive – the Moufflon in Europe and Persia, the Urial in western
Asia and Afghanistan, the Argali in central Asia and the Big Horn in northern Asia
and North America. In the United Kingdom, the Soay and Shetland breeds repre-
sent remnants of wild types.

By 3500–3000 bc several breeds of domestic sheep were well established in
Mesopotamia and in Egypt: these are depicted in archaeological friezes. Domesti-
cation in the sheep is often associated with a long or fat tail and with the weaken-
ing of the horn base so that the horns tend to rise much less steeply.The wool colour
tends to be less highly pigmented than that of wild sheep.

Nowadays about 55 different breeds of sheep exist in the United Kingdom. Some
of these are shown in Table 1.2. Further information on numbers of sheep in each
breed, the size of crossbred ewe populations and the general structure of the 
sheep industry can be found in ‘Sheep in Britain’ (Meat & Livestock Commission,
1988).

The improved breeds, such as the Suffolk, tend to give greater carcass yield than
semi-wild breeds such as the Soay or Shetland sheep, largely because of their
increased level of fatness (Hammond, 1932a). Again, of the improved breeds, those
which are early maturing, such as the Southdown and Suffolk, have a higher per-
centage of fat in the carcass than later maturing breeds, such as the Lincoln and
Welsh; moreover, the subcutaneous fat appears to increase, particularly in the
former. The English mutton breeds (e.g. Southdown and Cotswold) have a greater
development of subcutaneous connective tissue than wool breeds, e.g. Merino.

4 Lawrie’s meat science

Table 1.1 Numbers of sheep, cattle and pigs in various
countries, 2003

Country
Approx. million head

Sheep Cattle Pigs

Argentina 12.5 51 4
Australia 98 27 3
Brazil 4 189.5 33
China 144 103.5 47
Denmark negligible 2 13
Eire 5 7 2
France 9 19.5 15
Germany 3 14 26
Italy 11 6 9
Japan negligible 4.5 10
Kazakhstan 10 4.5 1
Netherlands 1 4 11
New Zealand 39 10 0.5
Poland negligible 5.5 19
Russian Federation 14 26.5 17
Turkey 27 10.5 negligible
Ukraine 1 9 9
UK 36 10.5 5
USA 6 96 59.5



The coarseness of grain of the meat from the various breeds tends to be directly
related to overall size, being severe in the Large Suffolk sheep: the grain of the meat
from the smaller sheep is fine. Breed differences manifest themselves in a large
number of carcass features – in the actual and relative weights of the different 
portions of the skeleton, in the length, shape and weight of individual bones, in the
relative and actual weights of muscles, in muscle measurements, colour, fibre size
and grain and in the relative and actual weights and distribution of fat (Pállson,
1939, 1940).

The shape of the l. dorsi* muscle (back fillet) in relation to fat deposition is shown
for several breeds of sheep in Fig. 1.2: the relative leanness of the hill sheep (Black-
face) will be immediately apparent.

1.2.2 Cattle
The two main groups of domesticated cattle, Bos taurus (European) and B. indicus
(India and Africa), are descended from B. primigenius, the original wild cattle or
aurochs. The last representative of the aurochs died in Poland in 1627 (Zeuner,
1963).Although variation in type was high amongst the aurochs, the bulls frequently
had large horns and a dark coat with a white stripe along the back. These charac-
teristics are found in the cave paintings of Lascaux. Certain wild characteristics
survive more markedly in some domestic breeds than in others, for example, in West
Highland cattle and in the White Park cattle. Some of the latter may be seen at
Woburn Abbey in England: similar animals are also represented pictorially at
Lascaux.

Domestication of cattle followed the establishment of settled agriculture 
about 5000 bc. Domesticated hump-backed cattle (B. indicus, ‘Zebu’) existed in
Mesopotamia by 4500 bc and domesticated long-horned cattle in Egypt by about
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Table 1.2 Some breeds of sheep found in the United Kingdom
(courtesy D. Croston, Meat & Livestock Commission)

Hill breeds
Scottish Blackface, Swaledale, Welsh Mountain, North Country
Cheviot, Dalesbred, Hardy Speckled Face, South Country Cheviot,
Derbyshire Gritstone, Beulah, Shetland, Roughfell, Radnor

Longwool crossing breeds
Bluefaced Leicester, Border Leicester, Bleu de Maine, Rouge de
l’Ouest, Cambridge

Longwool ewe breeds
Romney Marsh, Devon and Cornwall Longwool, Devon Closewool

Terminal sire breeds
Suffolk, Southdown, Texel, Oxford Down, Shropshire, Hampshire
Down, Ile de France, Charollais, Berrichon du Cher, Vendeen

Shortwool ewe breeds
Clun Forest, Poll Dorset, Lleyn, Kerryhill, Jacob

* In this text the term ‘longissimus dorsi’ (abbrev. ‘l. dorsi’) signifies ‘M. longissimus thoracis
et lumborum’ (or parts thereof).
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Fig. 1.2 The effect of breed on the shape and fat cover of the L. dorsi muscle of sheep 
(Hammond, 1936).

A (mm) B (mm) Shape index
(a) Blackface 52 24 46
(b) Suffolk 65 35 54
(c) Hampshire 58 33 57
(d) Southdown 62 43 69

All the photographs have been reduced to the same muscle width (A) in order to show the 
proportions. (Courtesy of the late Sir John Hammond.)

4000 bc: both of these appear on pottery and friezes of the period (Zeuner, 1963).
Several breeds of domesticated cattle were known by 2500 bc. An interesting frieze
from Ur, dating from 3000 bc, shows that cows were then milked from the rear.
According to Zeuner, this is further evidence that the domestication of sheep 
preceded that of cattle. About this same time the fattening of cattle by forced
feeding was practised in Egypt.



According to Garner (1944) the more immediate wild predecessor of most breeds
of British cattle was B. longifrons, which was of relatively small frame, rather than
B. primigenius, which is said to have been a massive animal. Indirectly, the devel-
opment of many present British breeds was due to the early improvements initiated
by Bakewell in the middle of the eighteenth century, who introduced in-breeding,
the use of proven sires, selection and culling. In the United Kingdom prior to that
time cattle had been developed, primarily, for draught or dairy purposes. A delib-
erate attempt was now made to produce cattle, primarily for meat, which would
fatten quickly when skeletal growth was complete. During the last 200 years the
trend has been towards smaller, younger and leaner animals; and there has been
growing realization that breed potential will not be fully manifested without ade-
quate food given at the right time in the growth pattern of the animal (Hammond,
1932a; Garner, 1944). Some of the present breeds of British cattle are listed in Table
1.3; they are grouped according to whether they are of beef, dairy or dual-purpose
types.

A beef animal should be well covered with flesh, blocky and compact – thus
reducing the proportion of bone. Muscle development should be marked over the
hind, along the back and down the legs. In a dairy animal, on the other hand, the
frame should be angular with relatively little flesh cover, the body should be cylin-
drical (thus accommodating the large digestive tract necessary for efficient conver-
sion of food into milk) and mammary tissue should be markedly developed.

Aberdeen Angus has been regarded as the premier breed for good-quality meat
(Gerrard, 1951). The carcass gives a high proportion of the cuts which are most in
demand; there is, usually, a substantial quantity of intramuscular (marbling) fat and
the eating quality of the flesh is excellent; on the other hand, the carcass is relatively
light. One of the reasons for the good eating quality of the Aberdeen Angus is its
tenderness, which is believed to be partly due to the small size of the muscle bundles,
smaller animals having smaller bundles. Because of the small carcass, however, such
meat is relatively expensive. One way of making available large quantities of the
relatively tender meat would be to use large-framed animals at an early age when
the muscle bundles would still be relatively small (Hammond, 1963a). This may be
done by feeding concentrates such as barley to Friesians (Preston et al., 1963).
Aberdeen Angus, Herefords and Shorthorns (beef-types) have been extensively
used to build up beef herds overseas, as in Argentina and Queensland.
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Table 1.3 Some breeds of cattle found in the United Kingdom (courtesy G. Brown, Meat
& Livestock Commission)

(a) Principal beef breeds
Charollais, Limousin, Simmental, Hereford, Aberdeen Angus, Belgian Blue, Blonde
d’Aquitaine, South Devon, Beef Shorthorn, Welsh Black, Devon, Lincoln Red, Murray
Grey, Sussex, Galloway

(b) Dairy breeds
Holstein/Friesian, Jersey, Ayrshire, Guernsey, Dairy Shorthorn

(c) Dual-purpose breeds
Meuse Rhine Issel, Dexter, Red Poll

In terms of numbers. Holstein/Friesian are predominant and the Hereford is now about the fifth most
popular beef breed, following the Charollais, Limousin, Simmental and Aberdeen Angus. In the United
Kingdom about 64 per cent of home killed beef is derived from dairy breeds.



Callow (1961) suggested that selection for beef qualities has brought about
various differences between beef and dairy breeds. Thus, Friesians (a milk breed)
have a high proportion of fat in the body cavity, and low proportion in the subcu-
taneous fatty tissue. In Herefords (a beef breed), on the other hand, the situation is
reversed. The distribution of fat in Shorthorns (a dual-purpose breed) is inter-
mediate between that of Herefords and Friesians. In the United Kingdom about 65
per cent of home-killed beef is derived from dairy herds.

There are, of course, many other modern breeds representative of B. taurus, for
example the Simmental in Switzerland, the ‘Wagyu’ in Japan, the Charollais in
France; and, in warmer areas, B. indicus is widely represented. Attempts have been
made to cross various breeds of B. indicus (Indian Hissar – ‘Zebu’ – cattle have been
frequently involved) with British breeds, to combine the heat-resisting properties
of the former with the meat-producing characteristics of the latter. Such experi-
ments have been carried out for example in Texas and Queensland. A fairly suc-
cessful hybrid, the Santa Gertrudis, consists of three-eighths ‘Zebu’ and five-eighths
Shorthorn stock.

Unusual types of cattle are occasionally found within a normal breed.Thus, dwarf
‘Snorter’ cattle occur within various breeds in the USA; and pronounced muscular
hypertrophy, which is often more noticeable in the hind quarters and explains the
name ‘doppelender’ given to the condition, arises in several breeds – e.g. Charollais
and South Devon (McKeller, 1960). Recessive genes are thought to be responsible
in both cases.

1.2.3 Pigs
The present species of domesticated pigs are descendants of a species-group of wild
pigs, of which the European representative is Sus scrofa and the eastern Asiatic rep-
resentative S. vittatus, the banded pig (Zeuner, 1963). As in the case of cattle, pigs
were not domesticated before the permanent settlements of Neolithic agriculture.
There is definite evidence for their domesticity by about 2500 bc in what is now
Hungary, and in Troy. Although pigs are represented on pottery found in Jericho
and Egypt, dating from earlier periods, these were wild varieties. The animal had
become of considerable importance for meat by Greco-Roman times, when hams
were salted and smoked and sausages manufactured.

About 180 years ago European pigs began to change as they were crossed with
imported Chinese animals derived from the S. vittatus species.

These pigs had short, fine-boned legs and a drooping back.Then in 1830, Neapoli-
tan pigs, which had better backs and hams, were introduced. According to
McConnell (1902) it was customary in the past to classify British pigs by their colour
– white, brown and black – and the older writers mention 30 breeds. Few of these
are now represented.

The improvement of pigs has not been continuous in one direction, but has been
related to changing requirements at different periods. Of the improved breeds of
pig now in use in the world the majority originated in British stock (Davidson, 1953).
The first breed to be brought to a high standard was the Berkshire: it is said to
produce more desirably shaped and sized l. dorsi muscles than any other breed.
Berkshire pigs, crossed with the Warren County breed of the USA, helped to estab-
lish the Poland China in that country a century ago. The change of type which can
be swiftly effected within a breed is well exemplified by the Poland China, which
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altered over only 12 years from a heavy, lard type to a bacon pig (Fig. 1.3: Hammond,
1932b). Berkshire pigs have also been employed to upgrade local breeds in
Germany, Poland and Japan.

In Britain about 70 per cent of the pigs slaughtered are produced from F1 hybrids
of Large White x Landrace.The predominant sire type used is the Large White, with
an increasing use of ‘meat type’ sires produced by the major pig breeding compa-
nies. When considering pedigree breeds, the Large White is the most numerous in
the United Kingdom (Table 1.4).

In recent years Landrace pigs from Scandinavia have strongly competed with
them as bacon producers. The Landrace was the first breed to be improved 
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Fig. 1.3 The effect of intensive selection over 12 years on the conformation of the Poland
China pig in changing from a lard to a bacon type (Hammond, 1932b): (a) 1895–1912,

(b) 1913, (c) 1915, (d) 1917, (e) 1923. (Courtesy of the late Sir John Hammond.)



scientifically. In Denmark, these animals have been intensively selected for leanness,
carcass length and food-conversion efficiency with a view to the production of 
Wiltshire bacon. Pigs of 200 lb (100kg) live weight, irrespective of breed, have been
used for pork, bacon or manufacturing purposes in Denmark, according to the con-
formation and level of fatness (Hammond, 1963b). In Hungary, there is a meat pig
(the Mangalitsa) which is particularly useful for making salami, partly because it has
a rather highly pigmented flesh.

1.3 Current trends and developments

The increasing pressure of world population, and the need to raise living standards,
has made the production of more and better meat, and its more effective preserva-
tion, an important issue. Thus, progeny testing, based on carcass measurement, is
being increasingly recognized as an efficient way of hastening the evolution of
animals having those body proportions which are most desirable for the meat con-
sumer. It has been applied especially to pigs (Harrington, 1962); but progeny testing
of both cattle and sheep is developing. Artificial insemination has afforded a means
of vastly increasing the number of progeny which can be sired by a given animal
having desired characteristics. In the future, it may well be that young bulls of under
15 months will increasingly replace steers of this age since they produce the lean
flesh which is now in demand in greater quantities – and more economically. The
somewhat higher incidence of ‘dark-cutting’ beef in bulls is probably a reflection of
their stress susceptibility (cf. §5.1.2) and can be overcome by careful handling.
During recent decades, and especially since the report on the relationship between
diet and cardiovascular disease by the Committee on Medical Aspects of Food
Policy (1984), there has been a marked reduction in the percentage of saturated fat
derived from meat. The fat content of beef, pork and lamb has fallen from 20–26
per cent to 4–8 per cent (Higgs, 2000). This has been achieved not only by selective
breeding for leanness (aided by the development of carcass classification schemes
by the Meat & Livestock Commission (UK)), but also by changed methods of butch-
ery applied to the hot carcass, whereby not only is backfat removed, but also inter-
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Table 1.4 Relative numbers of pigs of various breeds in 
the United Kingdom (based on 1995 data supplied by 
G. E. Welsh, Chief Executive, British Pig Association)

Breed Per cent

Large White 49.5
Landrace 35.5
Welsh 4.5
British Saddleback 2
Gloucester Old Spot 2.5
Berkshire 2
Tamworth 1.5
Middle White 1
Large Black 1
Others 0.5



muscular fat by ‘seaming out’ the muscles (cf. §§ 5.2.2 and 7.1.1.3). This trend has
been strengthened by the increasing sale of meat as consumer-portion, prepackaged
cuts. For this purpose the larger continental breeds have certain advantages over
traditional British beef animals. Such breeds as Limousin, Charollais and Chianina
produce leaner carcasses at traditional slaughter weights; and attain these weights
faster. There are occasionally reproductive problems; but these can be controlled by
improved management (Allen, 1974). There has been a tendency towards the con-
sumption of lamb in recent years, since it is more tender than mutton and produces
the small joints now in demand. To some extent the increased costs which this trend
entails have been offset by increasing the fertility of the ewe and thus the number
of lambs born. The Dorset Horn ewe breeds throughout the year; but ewes of other
breeds are being made to breed with increased frequency by hormone injections
which make them more responsive to mating with the rams (Hammond, 1963b).The
goat, being able to thrive in poor country, may well be developed more intensively.
Public pressure to reduce the use of pesticides in crops has led to the development
of so-called ‘organic’ farming, in which no ‘artificial’ additives are employed to assist
the growth of plants and animals. Nevertheless, this approach is not ideal. Thus,
‘organically’ reared pigs show no organoleptic benefits over those reared conven-
tionally, and, indeed, in some respects, compare unfavourably with the latter (Ollson
et al., 2003).

Increasing attention is being directed to the potential of hitherto unexploited
animals for meat production. Berg and Butterfield (1975), in studying the
muscle/weight distribution in a number of novel species, noted that those which
were more agile had greater muscle development in the fore limbs: in mobile species
the musculature of all limbs was highly developed. In the elephant seal, the abdom-
inal muscles are especially involved in locomotion, and their relative development
is about threefold that of corresponding muscles in cattle, sheep or pigs.

In large areas, such as Central Africa, where the more familiar European types
of domestic animal do not thrive well, there are a number of indigenous species in
game reserves, well adapted to the environment, which could be readily used for
meat production, e.g. the giraffe, roan antelope and springbok (Bigalke, 1964). Sat-
isfactory canned meats can be prepared from the wildebeest antelope, if it is
processed on the day of slaughter (Wismer Pedersen, 1969a).The meat may become
pale and watery if the animals are not killed by the first shot. Of the East African
ungulates the meat quality of wildebeest, buffalo and zebra is probably the most
acceptable organoleptically. Onyango et al. (1998), in a comparative study of game
as meat in Kenya, found that the lipids of zebra were markedly more unsaturated
than those of beef. Combined with its high content of myoglobin, this causes zebra
meat to undergo rapid oxidative deterioration under aerobic conditions.

As game farming has developed in South Africa, there has been increasing inter-
est in the impala as a meat animal. They feed well on the bushveld and are able to
consume the foliage of both trees and bushes. Their flesh has low levels of inter-
muscular and intramuscular fat and has a high titre of polyunsaturated fatty acids
(Hoffman et al., 2005).

The water buffalo is a species which shows considerable promise. The world pop-
ulation of buffalo is already one-ninth of that of cattle; in the Amazon basin they
are increasing at 10 per cent per year (Ross Cockrill, 1975). The eating quality of
the meat is similar to that of beef (Jocsimovic, 1969); and, indeed, may be preferred

Introduction 11



in some areas. Having less fat, the flesh of the water buffalo conforms to current
trends. On the other hand the flesh has more connective tissue, and is darker, fea-
tures which tend to make it compare less favourably with beef (Robertson et al.,
1986). It thrives in the wet tropics – an extensive area which European cattle find
distressing. The eland antelope shows particular promise for development in Africa.
For example, it has behavioural and physiological characteristics which enables it
to survive even when no drinking water is available and temperatures are high. It
feeds mainly at night when the bushes and shrubs have a tenfold higher water
content than in day-time (Tayler, 1968).

Such species as oryx can withstand body temperatures of 45°C for short periods
by a specialized blood flow whereby the brain is kept relatively cool (Tayler, 1969).
The meat of the oryx has a lower myoglobin content than that of beef, but it is more
susceptible to the formation of metmyoglobin (Onyango et al., 1998).

In those parts of Africa where drought conditions prevail, the one-humped camel
(dromedary) thrives much better than cattle: it constitutes an important source of
meat in arid regions. The proportion of edible meat on the camel carcass is compa-
rable with that of cattle, red muscles contributing ca. 60 per cent of the overall yield
(Babiker, 1984). Most of the joints are devoid of fat: the exception is the sirloin
because it includes the hump. Most of the camel’s fat is deposited in the hump rather
than being distributed throughout the carcass (Yousif and Babiker, 1989). The meat
of young camels is comparable in taste and texture to that of beef (Knoess, 1977),
but, not surprisingly, that of those which have been slaughtered after a working life
as draught animals is tough.

Since cattle eat grasses wherein the proportion of lignin in the stem is below a
certain maximum and eland prefer to eat the leaves of bushes, there are advantages
in mixed stocking (Kyle, 1972). Indeed a surprising number of species can subsist in
the same area, without encroaching upon one another’s feed requirements, by eating
different species of plant, or different parts of the same species of plant, and by
feeding at different heights above the ground (Lamprey, 1963).

In Scotland there is interest in the development of the red deer as an alternative
meat producer to sheep in areas where cattle rearing or agriculture is not feasible.
It has been shown that, when fed on concentrates after weaning, stags can achieve
feed conversion efficiencies better than 3 lb (1.4kg) feed dry matter per pound
(kilogram) of gain (Blaxter, 1971–2). This conversion rate is better than that
achieved with cattle or intensive lamb production.

In New Zealand, the introduction of deer for sport led to serious denudation of
plant species; and culling was thus undertaken, using helicopters to reach otherwise
inaccessible areas. Thereafter the development of an export trade in venison, and
an even more profitable one in velvet from the antlers of stags, has stimulated inter-
est in the controlled production of deer. Half of the world’s farmed deer popula-
tion is now found in New Zealand (Wiklund et al., 2001), and this has greatly
increased interest in the red deer as meat. Live deer are now being captured from
the air, immobilization (prior to aerial transport) being effected by firing tranquil-
lizing darts, or pairs of electrodes (for anaesthetization), into the animals. Because
deer and goats are naturally lean species, procedures are being sought to reduce
their fat content even further by selection since there is currently a demand for lean
meat. For both species, a wide range of breed sizes are available, making this objec-
tive relatively easy (Yerex and Spiers, 1987). In Scandinavia the meat of the rein-
deer is eaten. It is a relatively small animal and its reputed tenderness may well be
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a function of the correspondingly small diameter of the muscle fibres (Keissling and
Keissling, 1984).

In the period 1965–85 world goat numbers increased by 30 per cent, particularly
in developing countries such as Africa. Because of their early sexual maturity and
the relative shortness of their gestation period, goats are a valuable species in situ-
ations where herd numbers require to be rapidly built up after drought (Norman,
1991). Moreover, because goats have low per head feed requirements, they are able
to utilize marginal grazing land and small plots on which larger ruminants could not
thrive. Yet goat meat accounts for only ca. 1.5 per cent of total world meat produc-
tion. It is true, of course, that goat meat tends to be less desirable in flavour and ten-
derness than beef, lamb and pork when samples of comparable maturity and fatness
are considered (Smith et al., 1974); but the acceptability of the meat of any species
is often determined by local custom. At a time when populations are increasingly
moving from rural areas into cities in developing countries, further use of a species
which can quickly respond to intensification and to fluctuations in demand would
seem desirable (Norman, 1991).

A more general interest in the exploitation of non-mammalian species for meat
is reflected by the increasing availability of flesh from the crocodile, the emu and
the ostrich. Meat from the ostrich is derived mainly from the muscles of the well-
developed legs. It has a relatively high myoglobin content, resembling beef or
mutton rather than pork or poultry. Since it has relatively less cholesterol and total
lipid, and a higher content of polyunsaturated fatty acids, than beef (Paleari et al.,
1998), whilst its tenderness is greater than that of the latter, its consumption could
well become more popular. Although the ostrich has been farmed for many 
years in South Africa, primarily for its hide and plumage, the species has been intro-
duced into other countries wherein the meat of the ostrich is now available to the
public.

Currently there is increasing concern – whether soundly based or unfounded –
expressed by consumers respecting the safety of meat (e.g. chemical residues, aller-
gens, microbial and parasitic hazards) and increasing selectivity in the demand for
palatability (e.g. guaranteed and reproducible levels of eating quality attributes)
(Tarrant, 1998). Improved methods of preservation (e.g. refrigeration, high pressure)
are being devised and authoritative assurances on the safety of meat subjected to
low levels of ionizing radiation, in combination with chilling, predict its renewed
importance.

Techniques for identifying the molecular morphologies that are essential for gen-
erating the attributes of eating quality in meat (and knowledge of the means of 
controlling their expression, once identified) are developing rapidly. Genetic manip-
ulation of the live animal, to eliminate undesirable features in its meat and to incor-
porate those which are desirable, is now a reality (de Vries et al., 1998).

In studying biological systems it has hitherto been necessary to isolate their com-
ponents and, therefrom, to deduce the nature of the systems from which they were
derived; but it has long been appreciated that these systems are exceedingly complex
and highly organized and, that from their components in isolation, only limited
information can be obtained about their interactions in vivo. Recently, however,
techniques such as two-dimensional electrophoresis have made it possible to obtain
patterns that show all the representatives of groups such as genes, nucleic acids, pro-
teins and functional metabolites simultaneously. Concomitantly, the rapid growth of
computing science has afforded the means of distinguishing and classifying the 
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patterns obtained whereby they can be related to specific tissues and, in the case of
muscle, to organoleptic properties of the meat postmortem. (Eggen and Hocquette,
2003) The potential of proteomics (‘panoramic protein characterization’) has been
reviewed by Bendixen (2005) and its value in accurately understanding and con-
trolling organoleptic properties has already been established.

Such developments demonstrate that meat continues to be a significant com-
modity for the human consumer.
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Chapter 2

Factors influencing the growth and
development of meat animals

2.1 General

‘As an animal grows up two things happen: (i) it increases in weight until mature
size is reached; this we call Growth and (ii) it changes in its body conformation and
shapes, and its various functions and faculties come into full being; this we call
Development’ (Hammond, 1940). The curve relating live weight to age has an S-
shape and is similar in sheep, cattle and pigs (Brody, 1927). There is a short initial
phase when live weight increases little with increasing age: this is followed by a
phase of explosive growth; then finally, there is a phase when the rate of growth is
very low.

When animals are developing, according to Hammond, a principal wave of
growth begins at the head and spreads down the trunk: secondary waves start at the
extremities of the limbs and pass upwards: all these waves meet at the junction of
the loin and the last rib, this being the last region to develop.

The sequence of development of various muscles in the body reflects their rela-
tive importance in serving the animal’s needs. Thus, the early development of the
muscles of the distal limbs confers the mobility required to forage for food; and the
development of the jaw muscles promotes effective mastication of the food secured
(Berg and Butterfield, 1975).

With the onset of sexual maturity, further differential muscular development
occurs, whereby, in the male, the muscles of the neck and thorax grow relatively fast.
These assist in fighting for dominance.

In most species of animals, although the female matures earlier, the male is 
larger and heavier than the female in adult life; and since the different parts of the
tissues of the body grow at different rates, the difference in size between the sexes
results in a difference in development of body proportions. Castration in either sex
tends to reduce sex differences in growth rate and body conformation (Hammond,
1932a). Subjective assessment of the maturity of beef carcasses can be made from
the colour of the cartilage at the tips of the dorsal spine of the sacral, lumbar and
thoracic vertebrae (Boggs et al., 1998). The accuracy of the prediction can be
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increased by objective evaluation of the colour by image processing (Hatem et al.,
2003).

Other as yet unidentified influences cause differences in the relative rates of
growth of the individual members of the musculature. The pattern is both inherited
and extraneously modified.

The establishment of different breeds of sheep, cattle and pigs is partly attribut-
able to artificial selection practised by man under domestication, but the types of
pre-existent animals from which such selection could be made have been deter-
mined by numerous, long-term extraneous influences, which continue – however
much obscured by human intervention. These influences have caused overall alter-
ations in the physiology of the animals concerned, involving the expression,
suppression or alteration of physical and chemical characteristics. It must be 
presumed that such changes have been caused by mutations in the genes in 
response to the micro- or macro-environment and that they have been subsequently
perpetuated by the genes.* In decreasing order of fundamentality, the factors 
influencing the growth and development of meat animals can be considered in 
four categories: genetic, physiological, nutritional and manipulation by exogenous
agencies.

2.2 Genetic aspects

Genetic influences on the growth of animals are detectable early in embryonic life.
Thus Gregory and Castle (1931) found that there were already differences in the
rate of cell division between the embryos of large and small races of rabbits 48h
after fertilization. The birth weight of cattle and sheep, but not that of pigs, is influ-
enced to an important extent by the nature of the respective embryos (Table 2.1).
More recent data have also emphasized the high heritability of body composition

* The relationship between genes, ribonucleic acid (RNA) and deoxyribonucleic acid (DNA)
is considered in § 3.2.1.

Table 2.1 Estimates of heritability of growth characteristics
of cattle, sheep and pigs

Average
Character Species heritability

(per cent)

Prenatal growth (birth weight) Cattle 41
Sheep 32

Weaning weight Cattle 30
Sheep 33
Pigs 17

Post-weaning weight Cattle 45
Sheep 71
Pigs 29

Feed conversion efficiency Cattle 46
Sheep 15
Pigs 31



traits in comparison with those of reproductive efficiency and meat quality charac-
teristics (Table 2.2; Sellier, 1994).

Among the parameters affected at commercial level is the degree of fatness at
comparable carcass weights or animal age. In Tables 2.3 and 2.4 respectively, some
relative data for breeds of sheep and cattle are given. The leanness of the carcasses
from crosses with the large continental breeds is evident.

At birth the pig is by far the most immature physiologically of the three domes-
tic species. Differences in the physiological age at birth mainly depend on how 
great a part of the total growing period is spent in the uterus. The birth weight is
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Table 2.2 Average heritability of economically important
traits in meat-producing mammals

Traits Range of
heritability

Reproductive efficiency (litter size, fertility) 0.02–0.10
Meat quality (colour, pH, tenderness, water-

holding capacity) 0.15–0.30
Growth (average daily gain, feed efficiency) 0.20–0.40
Fat quality (fatty acid composition of back fat) 0.30–0.50
Body composition (lean content, fat content, 0.40–0.60

etc.)

Table 2.3 Breed differences in percentage fat in sheep
carcasses (after Kirton et al., 1974)

Breed/Cross Fat (% at 20kg carcass weight)

Suffolk 32.9
Hampshire 33.1
Border Leicester 33.3
Poll Dorset/Dorset Horn 33.8
Romney 34.3
Cheviot 34.4
Southdown 38.5

Table 2.4 Breed differences in percentage fat trim in cattle
carcasses (after Koch et al., 1982)

Breed/Cross Fat trim (% of carcass weight at 
same age)

Jersey/Hereford 22.1
Red Poll X 21.0
South Devon X 20.0
Simmental X 15.6
Charollais X 15.2
Limousin X 15.2
Chianina X 13.0



influenced by the age, size and nutritional state of the mother, by sex, by the length
of the gestation period (5, 9 and 4 months in sheep, cattle and pigs respectively) and
by the numbers of young born (Pállson, 1955). An interesting aspect of this latter
influence is the finding that embryos next to the top and bottom of each horn of the
uterus develop more rapidly than those in intermediate positions (McLaren and
Michie, 1960; Widdowson, 1971). The supply of nutrients to these embryos is par-
ticularly good since the pressure of blood is high at the top through the proximity
of the abdominal aorta and at the bottom through the proximity of the iliac artery.
Environmental and genetic factors are closely interrelated: favourable environ-
mental conditions are necessary for the full expression of the individual’s genetic
capacity. Irrespective of the birth weight, however, the rate of weight increase in
young pigs is largely determined by the establishment of a suckling order: those
piglets feeding from the anterior mammary glands grow fastest, probably because
the quantity of milk increases in proceeding from the posterior to the anterior
glands of the series on each side of the sow (Barber et al., 1955).

In general, the birth weights of the offspring from young mothers are lower than
those from mature females and the birth weights of the offspring from large indi-
viduals are greater than those from small mothers.

Certain major growth features in cattle are known to be due to recessive genes.
One of these is dwarfism (Baker et al., 1951), where the gene concerned (Merat,
1990) primarily affects longitudinal bone growth and vertebral development in the
lumbar region, and males rather than females (Bovard and Hazel, 1963). Another
is doppelender development (McKellar, 1960; Boccard, 1981), the gene concerned
being mh (Hanset and Michaux, 1985). Neither has so far proved controllable. The
doppelender condition – referred to as ‘double muscling’ in Britain and the USA,
‘a groppa doppia’ in Italy and ‘culard’ in France – has been reviewed by Boccard
(1981). The various ways in which the gene responsible for this hereditary hyper-
trophy has been expressed have generated a corresponding variety of hypotheses
on how the condition is transmitted. The higher commercial value of doppelender
animals arises from their higher dressing percentage (and higher muscle: bone
ratio), the composition of the carcass (which has relatively less fat and offal), and
to the distribution of the hypertrophied musculature. The hypertrophy is not
uniform: indeed some muscles have relatively less development than the corre-
sponding normal members (Boccard and Dumont, 1974). The most hypertrophied
are those with a large surface area; and those which occur near the body surface.
This feature has led to the suggestion that a disturbance of collagen metabolism
may be implicated (Boccard, 1981; and cf. § 4.3.8).

There is a greatly increased number of muscle fibres in the meat of double
muscled cattle and Swatland (1973) suggested that this is not reflected by a corre-
sponding increase in motor nerve units. In such cattle myoblasts appear to have
been increased at the expense of fibroblasts. Increase in fibre diameter is less impor-
tant in contributing to muscle enlargement than the increase in fibre numbers in
double muscling. As Deveaux et al. (2000) demonstrated, numerous metabolic func-
tions are altered in doppelender animals, and various genes, other than the myo-
statin gene, must be involved. The development of oxidative metabolism is delayed
in the foetuses of doppelender cattle in comparison with that in normal foetuses
(Gagnière et al., 1997).

A recent proteomic study of bovine muscle hypertrophy identified molecular
markers which were associated with an 11-base pair deletion in the myostatin gene
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– a mutation whereby normal levels of inactive myostatin protein are expressed. It
appears that myostatin preferentially controls proliferation of fast twitch glycolytic
(‘white’) muscle fibres – supporting the view that muscle hypertrophy involves
increased ratios of glycolytic to oxidative fibres (Deveaux et al., 2003).

Another major gene which has a significant effect on meat animals and on the
quality of their flesh, includes the ‘Barooroola’ gene (F), which affects ovulation rate
and litter size in sheep (Piper et al., 1985).

Selection of stock for improved performance seems feasible, however, on the
basis of the heritability (or predictability) found for birth weight, growth from birth
to weaning, post-weaning growth and feed utilization efficiency (Tables 2.1 and 2.2,
after Kunkel, 1961; Sellier, 1994).

There are indications that there exist genetically determined differences in the
requirement for essential nutrients by domestic animals, such as vitamin D (Johnson
and Palmer, 1939) and pantothenic acid (Gregory and Dickerson, 1952).

A most important aspect of genetic variability is that determining the balance of
endocrine control of growth and development. In this context, Baird et al. (1952)
showed that the pituitary glands of a group of fast-growing pigs contained signifi-
cantly greater amounts of growth hormone than those of a corresponding group of
slow-growing pigs. In the opinion of Ludvigsen (1954, 1957) the intensive selection
of pigs for leanness and carcass length thereby increased the numbers of those
animals having a high content of growth hormone in the pituitary. In such animals
there would appear to be a concomitant deficiency of ACTH (i.e. the hormone which
controls the outer part of the adrenal gland) and possibly, therefore, an inability to
counteract the initial increase in blood-borne potassium which arises during expo-
sure to stress. Such pigs produce pale soft exudative (PSE) flesh post-mortem, and
it appears that this condition reflects another effect of genetic makeup. Two unde-
sirable genes are involved, one being responsible for susceptibility to halothane sen-
sitivity and malignant hyperthermia (Haln) and the other for “acid” meat (RN –).*
Both genes cause watery meat to develop, the first being associated with an abnor-
mally fast rate of pH fall during post-mortem glycolysis, the second with the attain-
ment of an abnormally low ultimate pH (Lawrie et al., 1958; Ollivier et al., 1975; Le
Roy et al., 1990) (cf. §§ 3.4.3 and 5.1.2). The differences in water-holding capacity
between carriers and non-carriers of the RN − gene are associated with a more pro-
nounced denaturation of l-myosin and sarcoplasmic proteins in the meat of the
former post-mortem (Deng et al., 2002). The RN − gene codes for an isoform of the
γ-unit of AMP-activated protein kinase (Milan et al., 2000), whereby abnormally
high levels of glycogen are stored in porcine muscle. The meat from pigs carrying
the RN − gene has been observed to be more tender than that of non-carriers; and
this has been attributed to more extensive proteolysis in the former, potentiated by
the early attainment of a low pH (Josell et al., 2003).

The level of polyunsaturated n-3 fatty acids (§ 11.1.4) in the polar (but not the
neutral) lipids of the muscles of Hampshire pigs is higher in rn+ animals than in
those of the genotype RN−; whereas that of polyunsaturated n-6 acids is higher in
the latter (Högberg et al., 2002). This circumstance may influence the nature of the
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* The RN gene is named from ‘Rendement Napole’, since, when in its dominant form, it
greatly reduces the yield of cooked, cured ham: Napole is an acronym derived from the names
of those who devised a means of measuring the yield. It has been identified in Hampshires,
especially in France and Sweden.



cell membranes and thereby help to account for the high glycogen content of the
musculature of the Hampshire.

Initially three genotypes of each gene, viz. NN, Nn and nn, and RN−/RN−,
RN−/rn+ and rn+/rn+ were recognized. A third allele at the RN locus was identified
in Hampshire and Hampshire/Landrace crosses, in 2000 by Milan et al., now desig-
nated as rn*, there being, therefore, six different genotypes, viz. RN−/RN−, RN−/rn+,
RN−/rn*, rn+/rn+, rn+/rn* and rn*/rn*.

Their effects on meat quality were studied by Lindahl et al. (2004).The RN− allele
was dominant over rn+ and rn*, and was associated with a low ultimate pH, low
water-holding capacity and high cooking loss. The rn* was associated with a higher
ultimate pH. All three alleles affected the colour of the porcine musculature.

An inability to prevent excessive release of Ca++ ions from the sarcoplasmic retic-
ulum of muscle (§ 3.2.2) is believed to be the immediate prequisite for malignant
hyperthermia in pigs and for the development of PSE post-mortem. The plant alka-
loid ryanodine is one of the agents which can cause such release and MacLennan
et al. (1990) implicated the gene which codes for the ryanodine receptor protein.
This protein is now believed to be identical to the junctional foot protein which
forms a major component of the calcium-releasing complex controlling the con-
traction of muscle (cf. § 3.2.2). Fujii et al. (1991) identified the specific defect respon-
sible, namely, the substitution of thymidine for cytosine at location 1843 on the
cDNA, whereby cysteine was coded for at position 615 on the junctional foot protein
instead of arginine, with consequent stereochemical changes adverse for the proper
functioning of the protein. The genetic defect concerned can be detected in porcine
tissues by a DNA–polymerase reaction (Houde and Pommier, 1993).

The condition will be discussed more fully in a later chapter. At this point,
however, it is useful to indicate the effects of selection in the UK in recent years. In
the 15-year period 1960–75, the feed conversion ratio of both Landrace and Large
White pigs steadily improved, the layer of fat above the loin diminished and the
cross-section at area of the l. dorsi muscle increased (Table 2.5). But, in the period
1972–82, the incidence in the UK of pigs having musculature in which the pH had
fallen below 6 within 45 min of death (pH1) doubled (Chadwick and Kempster,
1983); and although this feature is not an infallible indicator of the subsequent
development of pale, soft exudative pork, it is highly prognostic. In a survey of 5500
bacon weight pig carcasses in UK subsequently, Homer and Matthews (1998) found
a slight increase in potential PSE meat over the previous 10 years (as indicated by
pH values below 6.0 at 45min, post-mortem), but no evidence for meat of dark-
cutting character (as indicated by ultimate pH† values above 6.5): the average ulti-
mate pH was 5.64. This was, however, somewhat higher in the winter, suggesting the
utilization of some glycogen reserves for thermoregulation (cf. § 5.1.2).

Singh et al. (1956) noted that lambs with intrinsically higher rates of thyroid secre-
tion gained weight more rapidly than those with an intrinsically low rate. There is
some evidence that the dwarf gene is associated with an increased sensitivity to
insulin (Foley et al., 1960).

Some variations in growth are apparently effected by genetically determined
compatibility or incompatibility with the environment. Thus, the resistance of pigs
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† The pH at which post-mortem glycolysis ceases – usually because the enzymes involved
are inactivated – is referred to as the ‘ultimate pH’ and measured at 24 hours post-mortem
(cf. § 5.1.2).



to brucellosis (Cameron et al., 1943) and of cattle to ticks (Johnson and Bancroft,
1918) can be inherited.

Although careful selection has fostered the expression of genes coding for useful
characteristics in animals and in the meat they produce, the procedure has always
been lengthy and its outcome has not been invariably successful. Now that it is pos-
sible to identify, isolate, multiply and incorporate into animals genes which code for
desirable features, and to eliminate those which are associated with problems, the
time required to establish new lines has diminished remarkably.

Because of the great potential of recombinant DNA techniques in relation to
meat animals, much research is being directed to mapping the entire genome in
sheep (Moore et al., 1992), cattle (Bishop et al., 1994) and pigs (Rohner et al., 1994)
to identify those genes which code for leanness, muscle morphology and various
aspects of the attributes of eating quality. Markers for such genes will be used to
make precise selection for desirable traits in breeding programmes. As a most
important aspect of the development of genomics, microassay techniques are
making possible quantitative assessments of the expression levels of several thou-
sand genes simultaneously, whereby accurate characterization can be made of those
components in muscles that determine their eating quality as meat subsequently
(Bendixen et al., 2005).

In reviewing transgenic techniques, Pursel et al. (1990) concluded that it will be
necessary to transfer the nucleic acid sequences which control the expression of the
genes coding for the hormones desired, as well as those for the latter per se to ensure
that overall metabolic balance is maintained.

Recombinant DNA techniques can involve the use of retroviruses. After infect-
ing a cell, the viral RNA is converted into DNA by viral reverse transcriptase. The
DNA circularizes and integrates with the genome of the host cell. Clearly retro-
viruses could be used to transfer a selected foreign gene (Hock and Miller, 1986).
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Table 2.5 Average performance of all hogs and gilts tested
at MLC test stations (Meat & Livestock Commission,
1974–75)

Feed conversion Loin fat L. dorsi areaYear ratio (lbs (kg) feed/ (mm) (sq cm)lbs (kg) liveweight)

Landrace
1961 3.40 23 28.97
1964 3.03 23 28.97
1967 3.06 23 31.15
1970 2.81 20 32.10
1973 2.76 19 31.70
1975 2.76 19 31.85

Large White
1961 3.33 25 27.59
1964 2.92 24 29.14
1967 2.92 24 30.35
1970 2.71 21 31.80
1973 2.64 21 32.30
1975 2.63 20 33.30



Such techniques can also be effective indirectly. Thus a recombinant bacterium,
expressing a powerful cellulase gene, has been developed to improve the digestibil-
ity of grasses in the rumen of cattle (Anon., 1994–95).

Recently, embryos which had been reconstructed by transferring nuclei removed
from an established somatic cell line into the enucleated cytoplasm of oocytes, have
been successfully developed in the uterine horn of ewes and yielded cloned lambs
(Campbell et al., 1996). Cattle and pigs are among the other species which have now
been cloned. Multiple asexual reproduction of meat animals of desired genotypes
can thus be anticipated.

Genetic engineering has made it possible to alter specific features of muscle.Thus,
fast-twitch, glycolytic fibres have been induced to develop enhanced mitochondrial
oxidative metabolism, reduced fibre diameter and lowered glycolytic potential by
transgenic expression of myogenin (Hughes et al., 1999) (cf. § 4.3.5.2). Direct genetic
control of the extent to which the attributes of eating quality in meat are expressed
may well become a practical procedure.

2.3 Environmental physiology

The subject of heat regulation in farm animals has a wide economic significance.
Sheep, cattle and pigs attempt to maintain their body temperature at a constant
value which is optimum for biological activity. Of the three domestic species, sheep
are most able to achieve this, and pigs least able (Findlay and Beakley, 1954): indeed,
newborn pigs are particularly susceptible to succumbing to heat stress. Even so,
adult pigs in a cold environment can maintain their skin temperatures at 9 °C when
exposed to air at –12°C (Irving, 1956).

The environmental temperatures normally tolerated by living organisms lie in
the range 0–40°C, but some animals habitually live below the freezing point or
above 50°C. For short periods even more severe conditions are compatible with sur-
vival: certain polar animals, for example, will withstand –80°C (Irving, 1951). Under
such conditions, body temperatures are maintained. Nevertheless, the body tem-
perature of certain small mammals can be depressed below the freezing point
without causing death (Smith, 1958). In an environment of low temperature the
development of many animals is prolonged (Pearse, 1939): under high temperatures
it is frequently retarded in unadapted stock. A variable temperature has a greater
stimulatory effect on metabolism than those which are uniformly low or high (Ogle
and Mills, 1933). Prolonged exposure of an animal to heat or cold involves hormonal
changes which are specific to these two stresses, whereas acute exposure of an
animal to heat, cold, danger or other aspects of stress elicits a typical complex of
reactions from the endocrine system, referred to as the general adaptation syn-
drome (Selye, 1950; Webster, 1974).

In general it would be expected that in a cold environment a large body would
be advantageous since its relatively low surface to volume ratio would oppose heat
loss; and that in a warm environment a high surface to volume ratio would help to
dissipate heat. This generalization appears to apply to animals of similar confor-
mation (Bergmann, 1847). Some of these principles can be seen to operate with
domestic stock (Wright, 1954). Among cattle the yak, which inhabits regions of cold
climate and rarefied atmosphere, possesses a heavy, compact body with short legs
and neck: it is also covered with thick, long hair. Cattle of more temperate regions
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have a somewhat less compact frame; while tropical cattle have an angular frame,
larger extremities, a large dewlap (i.e. the fold of skin hanging between the throat
and brisket of certain cattle) and a coat of very short hair. Thus among dairy cattle
in the USA it is found that whereas Holsteins predominate in temperate areas, the
smaller Jersey and Guernsey cattle predominate in the hotter, more humid envi-
ronments. In Australia, the United Kingdom breeds of sheep thrive in the cooler
and wetter areas and Spanish Merino sheep in the vast arid regions. Some of the
greater heat tolerance of tropical cattle can be attributed to a diminished emphasis
of the subcutaneous region as a storage depot for fat (Ledger, 1959). A thick layer
of subcutaneous fat would accentuate the stress caused by a hot, humid environ-
ment. On average, Hereford cattle possess 20 per cent greater tissue insulation than
Friesians of comparable size and condition, although differences in tissue insulation
between individuals, due to differences in body composition, can be as much as 60
per cent (Webster and Young, 1970). In sheltered conditions the growth rate of cattle
is likely to be unimpaired until the air temperature falls below –20°C. Rapidly
growing beef cattle and high-yielding dairy cows produce so much heat that they
are unlikely to experience cold severe enough to increase metabolic rate under
normal winter conditions in Britain. The zone of thermal neutrality for cattle is that
in which metabolic heat production is independent of air temperature (Webster,
1976). Cattle can regulate evaporative heat loss over a wide range at little metabolic
cost. Thus, the zone of thermal neutrality for cattle is broad (ca. 20°C). The pig has
a much narrower zone of thermal neutrality (Ingram, 1974).

Bearing in mind that radiant energy is absorbed more by dark coloration and
reflected more by light, it is not unexpected that many tropical cattle have a lightly
coloured coat. Findlay (1950) showed experimentally that cattle having a white,
yellow or red coat, especially if the coat is of smooth, glossy texture, will absorb
markedly less heat than those of a darker colour. Moreover, under given conditions
of heat stress, the temperate breeds will have a higher body temperature than trop-
ical breeds. The mechanisms for heat disposal (evaporation of water from respira-
tory passages, transudation of moisture through the skin and depression of
metabolic rate) are less efficient and temperate stock tend to seek relief by behav-
ioural mechanisms such as voluntary restriction of food intake, inactivity and
seeking shade. This must necessarily restrict their development in relation to trop-
ical breeds. There are many records to show that cattle with ‘Zebu’ blood produce
a higher percentage of better-quality carcasses in hot, humid conditions (e.g.
Queensland) than do animals of entirely temperate blood (Colditz and Kellaway,
1972). This tendency can be offset to some extent by providing pasture for night
grazing.

Among sheep it is found that those in temperate areas are generally of moder-
ate size, of compact conformation and with short legs and a thick wool coat. In trop-
ical areas sheep have long bodies, legs, ears and tails, and a coat of short hair rather
than wool. In arid areas sheep frequently develop an enlarged tail, where fat is
stored: the metabolism of the latter offsets the environmental scarcity of water and
food.

In general it is not the degree of heat alone which causes distress to animals in
the tropics but its combination with humidity and the duration of these conditions.
21°C provides a rough division between temperate and tropical stock, the latter
functioning efficiently above this temperature (Wright, 1954). A useful measure of
the bearability of climate is given by the number of months per year when the mean
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24-h wet bulb temperature is above 21°C (Anon., 1950). Few cattle of the class Bos
taurus can maintain appetite and growth rate at air temperatures above 25°C
(Colditz and Kellaway, 1972). Normally there are no sudden changes in the form of
functions of domestic stock: the characteristics typical of each successive environ-
mental zone will merge with those of its neighbours imperceptibly, this being facil-
itated by interbreeding at zonal boundaries (Wright, 1954). As witness to this, the
number of local breed varieties is very large. Mason (1951) lists 250 breeds of cattle
and 200 breeds of sheep.

Intense light has an influence independently of temperature. Radiation in the
ultraviolet wavelengths converts the precursor of vitamin D in the skin into the
active molecule; and this may explain the rarity of rickets in the tropics. The ultra-
violet components of sunlight also elicit the formation of the dark pigment, melanin,
in the skin, presumably as a protective mechanism, since they have marked car-
cinogenic properties when lightly pigmented skin is exposed to them.

The suitability of livestock for introduction into new areas is not limited to phys-
iological reactions: they must meet the economic and social needs of the popula-
tion. Thus, for example, the excellent draught qualities of Indian cattle should not
be sacrificed in an attempt to raise milk yields, and animals introduced into warm
areas, because of their heat tolerance, should possess a potential for meat produc-
tion (Wright, 1954).

An effect on growth, so far unexplained, is the retardation caused by a static mag-
netic field (Bernothy, 1963).

2.4 Nutritional aspects

‘All cold-blooded animals and a large number of warm-blooded ones spend an 
unexpectedly large proportion of their time doing nothing at all, or at any rate,
nothing in particular . . . when they do begin, they spend the greater part of their
lives eating’ (Elton, 1927). Finding enough of the right kind of food is the most
important general factor determining the development, dominance and survival of
all living organisms.

2.4.1 Plane and quality of nutrition
Differences in the plane of nutrition at any age from the late foetal stage of matu-
rity not only alter growth generally but also affect the different regions, the differ-
ent tissues and the various organs differentially. Thus animals on different planes of
nutrition, even if they are of the same breed and weight, will differ greatly in form
and composition (Hammond, 1932a; McMeekan, 1940, 1941; Pomeroy, 1941;
Wallace, 1945, 1948). These workers showed that, when an animal is kept on a sub-
maintenance diet, the different tissues and body regions are utilized for the supply
of energy and protein for life in the reverse order of their maturity. Under such con-
ditions fat is first utilized, followed by muscle and then by bone; and these tissues
are first depleted from those regions of the body which are latest to mature. The
relationship between plane of nutrition and development of the different tissues of
the body was shown by Hammond (1932a, 1944): the brain and the nervous system
have priority over bone, muscle and fat in that order. In general, his findings have
been confirmed by later investigators (Butterfield and Berg, 1966; Davies, 1974; Cole
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et al., 1976). Figure 2.1 shows the order in which the different parts of the body
develop on high and low planes of nutrition and in early and late maturing animals
(Pállson, 1955). There have been other views, however, on this topic. Thus Tulloh
(1964) contended that carcass composition is weight-dependent and largely unin-
fluenced by age or nutritional regime. In an assessment of the different hypotheses,
Lodge (1970) concluded that, while muscle weight appears to increase in propor-
tion to total weight in a simple fashion, complexities arise from the degree of fat,
and to a lesser extent that of bone, associated with the muscle. In 1976 Berg and
Butterfield proposed an alternative concept of nutritional distribution during
growth whereby the effects of a low plane of nutrition are balanced between vital
organs, bones, muscle and fat according to the severity of the inanition.

In the view of Hammond (1932a) domestication favours the later developing
parts of the body by providing a higher plane of nutrition. Selective breeding, if
practised in primitive farming conditions, may fail to improve stock. Such charac-
ters as good muscle development in the loin would be incapable of expression to
their full genetic potential in underfed animals. Nevertheless, the proportion of
muscle in the carcass tends to be higher in wild types than in improved breeds,
largely because of the relative absence of fat in the former. The greatest effect of
breeding on the chemical composition of the musculature is shown in those muscles
which have the greatest rate of postnatal development. That cattle, sheep and pigs
differ in the partition of fatty tissues between subcutaneous and intermuscular loca-
tions may also be an effect of domestication (Callow, 1948). Subcutaneous fat, which
is developed later than intermuscular fat, is favoured more in pigs than in sheep and
more in sheep than in cattle. Pigs produce more generations in a given period of
time than sheep and sheep more than cattle, so that the effects of domestication
would be expected to be most marked in the former and least in the latter. Since
the subcutaneous depot fats have a greater proportion of unsaturated fatty acids
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Fig. 2.1 The effect of maturity and plane of nutrition on the rate of increase of different
portions of the body (Pállson, 1955). A, early maturity or high plane of nutrition, B, late 

maturity or low plane of nutrition.
Curves 1 2 3 4

Head Neck Thorax Loin
Brain Bone Muscle Femur

Cannon Tibia-fibular Femur Pelvis
Kidney fat Intermuscular fat Subcutaneous fat Intramuscular fat

(Courtesy the late Dr H. Pállson.)



than do internal ones (Duncan and Garton, 1967), this may be a factor contribut-
ing to the greater problems of rancidity development in pork. According to Braude
(1967) it will not be long before breeding and feeding policy have produced a desir-
able carcass so soon after birth that nearly half of the pig’s effective life will have
been spent in utero. This will increase the importance of assessing prenatal influ-
ences on growth.

Although fast rates of growth caused by a high plane of nutrition can lead to an
earlier onset of the fattening phase of growth, the nature of the diet, not surpris-
ingly, is also an important growth-regulating factor. Thus, when the protein/energy
ratio is increased, the fastest-growing animals may become leaner (Campbell and
King, 1982). Indeed, when the ratio is very high the growth rate may be diminished
(Campbell et al., 1984). Since males have a higher protein/energy requirement than
females, this factor can cause differences between the sexes in the composition 
of the carcasses when the energy intake, at a given ratio, is altered (Campbell and
King, 1982).

In 1965 Clausen pointed out that the amino acid requirements for optimum
growth of the carcass in pigs can differ from that required for optimum pork quality.
It is generally accepted that lysine is the first limiting amino acid for the growing
pig: when the level of intake of crude protein is below ca. 14 per cent, however,
other essential amino acids may become limiting (e.g. threonine) (Taylor et al., 1973,
1974). In this species it may be more useful to formulate the requirements for indi-
vidual essential amino acids than to provide crude protein (Swan and Cole, 1975).

The relationship of the ruminant to the quality of the diet is different since the
intake into the tissues is substantially determined by the rumen microflora, the
major source of nitrogen for microbial synthesis being the ammonia derived from
the deamination of soluble protein entering the rumen and the activity of the micro-
organisms being determined by the amount of energy available to them. Non-
incorporated ammonia is excreted and ingested protein may be wasted on high
protein diets. On the other hand, non-protein nitrogen (e.g. urea) can be converted
into protein when low protein diets are fed.Although the protein-synthesizing activ-
ity of the rumen micro-organisms diminishes the effect of differences between the
incoming proteins in ruminants, there are differences in the rates at which they are
degraded (Butler-Hogg and Cruickshank, 1989). Again, there may be differences in
the nature of the proteins synthesized by the micro-organisms and this may require
supplementation by amino acids in the feed (Storm and Orskov, 1984).

2.4.2 Interaction with other species
Only humans can catch and destroy animals of any size; and this they have only
been able to do in the latter part of their history (Elton, 1927). In general, there are
definite upper and lower limits to the size of animal which a carnivore can utilize.
It obviously cannot catch and destroy animals above a certain size; and below a
certain size it cannot catch enough to get satisfaction. The development and growth
of sheep and cattle, which may be conveniently regarded as herbivores, are not,
therefore, influenced directly by the availability of food animals; but their numbers
may be depleted by the larger carnivores in tropical areas and by smaller carnivores,
such as wolves and dogs, in more temperate regions. Such losses need not represent
direct attack, but many result from worrying or harassing activities. Moreover, young
stock – lambs or calves – may be destroyed by predatory birds. The most serious
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effects of other animal species on domestic stock, however, arise indirectly when
the rate of natural increase of small species, such as mice, rats and rabbits, is strongly
enhanced over a short period because of some sudden environmental change or for
other as yet obscure reasons.

Plagues of locusts, mice and rats have long troubled humankind by their wide-
spread destruction of growing crops or stored grain – and hence caused substantial
losses of stock by depleting their natural food. Such plagues may arise when a
species which is normally not troublesome is introduced into a new environment
from which its natural enemies are absent. Thus, the rabbit, when introduced into
Australia, increased at a phenomenal rate and denuded vast areas of the vegetation
upon which stock had previously subsisted. Again, in New Zealand the introduction
of starlings, by causing the spread of thorn bushes, brought about much loss of lambs
which became entangled in them.

Some species, of course, are beneficial to domestic stock. Ruminants largely
depend on the micro-organisms in their digestive tract to break down the cellulose
of plant foods to easily assimilable, energy-yielding molecules such as fatty acids;
and, in some cases, for the elaboration of vitamins and other accessory food factors.
They are thus equipped to make use of poor-quality diets. On the other hand, the
rumen micro-organisms tend to degrade high-quality protein if supplied in excess.
The feeding of antibiotics to livestock has a conditioning effect upon the contribu-
tion of gut micro-organisms to animal nourishment.

Unfortunately, there are a large number of parasitic organisms belonging to
various zoological phyla which cause disease involving wasting and even death
(Thornton, 1973). The nature of these organisms, and hence of the diseases which
they cause, depends on the environment.

2.4.3 Soils and plant growth
Although some animals are carnivores they are ultimately as dependent on plant
life for their sustenance as the herbivores. Food represents energy stored in a form
assimilable and utilizable by animals and from which it can be released at a rate
determined by metabolic needs. On the Earth, the major ultimate source of energy
is sunlight; and it is only in the Plant Kingdom that a mechanism exists for its con-
version into a stored form – the photosynthesis of carbohydrate from carbon dioxide
and water by the green, light-sensitive pigment chlorophyll. In turn the availability
of plants depends upon types of soil and the interaction of the latter with climatic
conditions. In the last analysis, of course, the remote cosmological events which
caused the cooling of the Earth, the primary parting of the elements (Goldschmidt,
1922, 1923), the formation of rocks and the distribution of minerals, and the more
recent ones, whereby solar activity and, hence, the Earth’s climate, fluctuate cycli-
cally, have been jointly responsible for the types of soils originally formed, eventu-
ally produced and currently altered. The fertility of soils depends not only on the
chemical nature of the rocks from which they have been formed but also on parti-
cle size. The latter determines how much moisture soils will hold and for how long,
and the availability of its nutrients to plants. Soil fertility, of course, is also influ-
enced by such extrinsic factors as temperature, rainfall and topography (including
the depth of the soil layer above the underlying, unaltered rock). Soil types range
from podsols, from which exposure to rainfall of high intensity has leached out the
more soluble alkaline minerals and trace elements, to solonized soils, in which alkali
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and salts have accumulated because of the absence of rainfall and the existence of
conditions favouring evaporation. The acid reaction of podsols tends to favour the
growth of rank grasses, which have a relatively low nitrogen content, and to dis-
courage the growth of legumes.

The type of rainfall is important: knowledge of the average number of inches 
of annual precipitation is of limited usefulness in itself. Thus, the variability of the
rainfall from the mean annual value is especially high in some parts of the world,
causing a succession of droughts and floods: its effectiveness is important, since much
precipitation may be unavailable if conditions of evaporation are high, as would 
be the case if all the rainfall occurred in the hot season; and its intensity (or the
amount of rain at any one precipitation) determines the amount of soil erosion 
and whether moisture is deficiently, optimally or excessively available for plant
growth.

Many of the interrelations between soil type, climatic conditions and plant
growth, on the one hand, and the breeding and fattening of sheep, cattle and pigs,
on the other, are well exemplified by the conditions in Australia (Anon., 1950;
Beattie, 1956). During the wet season in tropical Australia, phosphate in the soil is
limited. The efficiency of beef production is increased if phosphate is fed to cattle
(Meat Research Corporation, 1994–95).

Soils and climate affect plant growth qualitatively as well as quantitatively. As
already mentioned, rank grasses of low nitrogen content develop on acid soils: the
nitrogen content of grasses and legumes diminishes on prolonged exposure to high
temperatures. Again, the digestibility of plants may be altered artificially. The
increasing use of plant growth substances, such as gibberellic acid, which increases
the internode distance in grasses, tends to lower the nitrogen content of grasses and
to decrease digestibility (Brown et al., 1963).

Although leguminous plants such as alfalfa, lucerne and white clover constitute
valuable feed for ruminants, it has long been appreciated that ingestion can seri-
ously affect the life of the animal as they can cause excessive fermentation and the
retention of large volumes of gas (bloat). Bloat is due to the formation of stable,
proteinaceous foams in the rumen (Mangan, 1959). Plants which produce tannins
(proanthocyanidins) are known to be capable of destabilizing or suppressing the
formation of such foams, probably by the tannins forming complexes with the pro-
teins (Jones and Mangan, 1977). The minimum amount of proanthocyanidin neces-
sary for the prevention of bloat has been shown to be very low (Li et al., 1996). If
the genes responsible for the formation of proanthocyanidins in the plant could be
transferred to forage species such as white clover, the dangers of bloat development
could be substantially diminished. Already several genes involved in the biosyn-
thesis of proanthocyanidins have been identified and cloned (G. Tanner, personal
communication).

2.4.4 Trace materials in soils and pastures
It is being increasingly recognized that many animal ailments can be explained on
the basis of dietary deficiencies or excesses of biologically potent materials which
are present only in minute quantities in soils and pastures. The great importance of
traces of certain elements in the nutrition of ruminants was first realized about 60
years ago when workers in western and southern Australia discovered that a defi-
ciency of cobalt in the soils of certain areas was the cause of various wasting and
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nervous diseases in cattle and sheep which had been known for many years by set-
tlers. Animals, after grazing for several months, would lose their appetite and finally
die in the midst of rich pasture (Russell and Duncan, 1956). Spraying land with
cobalt sulphate (only 5 oz per acre, 11g/ha, annually), or the giving of cobalt orally,
eliminated the condition. Since then, soil areas in many other countries have been
found to be deficient in cobalt. The ingestion of liver was long known to be effec-
tive in cases of pernicious anaemia. With the isolation from liver of an active prin-
ciple, vitamin B12, and the demonstration that its molecule contained 4 per cent of
cobalt (Smith et al., 1948), it appeared that anaemia might be a significant aspect of
cobalt deficiency syndromes. This is still in doubt, however. Several of these cobalt-
deficiency diseases involve a concomitant deficiency of copper; but there are other
ailments affecting stock where the primary deficiency is one of copper, e.g. sway-
back in lambs, a nervous affliction arising in the United Kingdom. Copper is impor-
tant for blood formation; but it is also an essential part of enzymes which oxidize
phenols in plants. Polymerized phenols (e.g. leuco-anthocyanins) form lignin (Bate-
Smith, 1957); and plants having a high lignin content resist attack during digestion
by the ruminant micro-organisms. Seasonal changes in the quantities of polyphe-
nols in plants, due to the availability of copper, may thus affect ruminants indirectly
(Greene, 1956). Copper deficiency inhibits the action of various amine oxidases, and,
thereby, the structural integrity of elastin and collagen in connective tissues (Mills,
1979: and cf. § 3.2.1).

An excess of molybdenum in the soil is said to enhance copper deficiency in
animals; conversely, a deficiency of molybdenum may cause toxicity through making
excess copper available (Russell and Duncan, 1956). Numerous ailments due to an
excess or deficiency of elements in the soil and pasture are known. An excess of
selenium interferes with metabolism by displacing sulphur from the essential –SH
groups of dehydrogenase enzymes; an excess of potassium, by interfering with the
accumulation of sodium, alters the ionic balance of body fluids and may cause
hypersensitivity to histamine. Conditions such as grass tetany and milk fever,
wherein the magnesium or calcium content of blood serum is especially low, are said
to arise in this way. Muscular tissue tends to accumulate caesium-137 from radioac-
tive fallout (Hanson, 1961). In Cu, Co and Se deficiencies, and in Cu and Mo toxi-
cities of grazing ruminants, the relation of the disease conditions to the geochemical
environment has been established by chemical analyses of feeds and animal tissues
(Underwood, 1977).

Toxicity in stock may also arise by the excess ingestion of trace organic sub-
stances. Thus, lambs in New Zealand suffer from facial eczema if they graze pasture
including red clover. Under certain environmental conditions the latter harbours
the fungus Penicillium chartarum which elaborates a toxin deranging liver metabo-
lism. As a result, haematin compounds are broken down abnormally, producing the
photosensitive pigment phyloerythrin which circulates in the blood, causing the skin
to react severely to sunlight (Thornton and Ross, 1959). The ingestion of sweet
clover may cause haemorrhagic disease because of its content of dicumarol. Some
pastures, particularly subterranean clover in the green stage, may contain sufficient
isoflavones or flavones of oestrogenic potency to affect the reproductive activity of
grazing ewes (Flux et al., 1961). The oestrogenic potency of pasture can be deter-
mined by the increase in length of wethers’ teats (Braden et al., 1964).

Fluoracetate, found in the leaves of certain plants in Africa and Australia, can 
be toxic to grazing sheep and cattle, since it blocks the metabolic pathway for 

Factors influencing the growth and development of meat animals 29



oxidation (Peters, 1957). Of particular interest is the finding that some amino acids
may be toxic for stock (Ressler, 1962). These are found in plants but are not derived
from proteins. Some sufficiently resemble the normal amino acids from proteins to
compete with the latter, thus disrupting metabolism.

Pastures, of course, may also be deficient in trace organic substances. Thus mus-
cular dystrophy occurs in sheep, cattle and pigs (especially young ones) when there
is insufficient alpha tocopherol, particularly if the diet contains unsaturated fat
(Blaxter and McGill, 1955). Many other examples could be given. Apart from nat-
urally occurring excesses or deficiencies of minerals and organic matter in soils and
feed, an artificial hazard has arisen, since the early 1960s, from the extensive use of
pesticides. It is now appreciated more fully that the benefits these have conferred
in conservation of fodder and in the diminution of worry and wastage of stock
caused by parasites and insects, must be balanced against the effects of ingestion of
pesticide residues by the human consumer of the meat and the undesirable changes
in the ecological pattern which have been observed. Probably the most extensively
used pesticide has been the organochloride compound, DDT; but other organochlo-
rine substances such as dieldrin, organophosphorus compounds such as malathion,
and organomercurials, have also been used extensively.The main danger arises from
the persistence of such substances. They resist degradation to nontoxic derivatives,
and can gradually build up on soils. Pesticide residues can accumulate in the flesh
of animals feeding in such areas; but in the United Kingdom lard is so far the only
meat product in which more than acceptable levels of pesticide residues have been
regularly detected (Anon., 1967).

The dangers of ingesting methylmercury through environmental pollution have
been recognized.Although fish appears to be the major foodstuff from which people
derive this toxin, meat and more particularly pork can be implicated (Curley et al.,
1971).

2.4.5 Unconventional feed sources
The gravity of the world protein shortage has stimulated the search for more effec-
tive ways of producing protein of high biological value. One approach to this
problem is to ensure the fullest utilization of the food which ruminants are given.
The rumen microflora can degrade essential amino acids ingested by cattle and
sheep and thus prevent their absorption. Treatment of the feed with formalin pro-
tects amino acids during their passage through the rumen and makes them avail-
able to the animal when they reach the small intestine (McDonald, 1968).

Another possibility is to recycle manure. Fresh feedlot manure can be mixed with
concentrates and fed successfully to cattle with a considerable saving in feed per
unit of beef produced (Anthony, 1969). The manure is removed daily, mixed with
fresh hay, and fermented by rumen micro-organisms. Yeast can also be produced on
fluidized manure, 70 per cent of the dry matter of the latter being incorporated in
the yeast, which can then be eaten by stock.

It has been demonstrated that yeast can ferment mineral hydrocarbon fractions
to produce protein of high biological value which is as effective for the growth of
stock as soya meal or fish protein concentrates (Champagnat, 1966; Shacklady,
1970). Bacteria can also subsist on crude petroleum; and, like yeast, they can convert
it into protein of high biological value for animal feeding and, simultaneously,
upgrade the hydrocarbon to produce high-grade domestic fuel.
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Although the process is currently prohibitively expensive, algae of various 
types can subsist on waste and, by direct use of light, produce high-quality pro-
tein feed.

2.5 Exogenous manipulation

As we have seen, the present forms of meat animals have arisen from the long-term
direct and indirect effects of natural factors on their genetic potential; and, over a
relatively short period, from the artificial selection by man of desired variants. Delib-
erate, scientific manipulation of domestic livestock to alter their reproduction,
growth and development along largely predetermined lines is now possible.

2.5.1 Reproduction control
2.5.1.1 Fertility
Two main approaches have been made to augment the fertility of female animals,
namely, increasing the number of young produced at any parturition (through
raising the plane of nutrition or through the administration of gonadotrophic hor-
mones) and inducing ovulation in those which fail to ovulate naturally due to sea-
sonal or post-partum effects (through the administration of hormones and, in sheep,
by manipulation of the diurnal light/dark ratio: Yeates, 1949; Laing, 1959).

The number of ova produced at one time may be increased above that charac-
teristic of the species (superovulation) by hormone administration (Hammond 
et al., 1942; Stewart et al., 1976). The process may be combined with ova trans-
plantation, whereby fertilized ova from genetically desirable donors are implanted
into the uteri of recipient females which have no traits worth propagating and which
act merely as incubators (Hafez, 1961). The oestrus cycles of donors and recipients
must be synchronized (cf. § 2.5.1.2). Experiments involving the transfer of ova
between ewes of the large Lincoln breed and of the small Welsh Mountain breed
have shown that the latter can respond adequately to the demands made by embryos
of greater size (Dickinson et al., 1962).

For practical purposes, the application of superovulation is confined to cattle and
sheep. It is achieved by the use of gonadotrophins, usually pregnant mare serum
gonadotrophin (PMSG), administered in the follicular phase of the oestrus cycle.
Provided that the dose of PMSG is not excessive, cattle may produce a high pro-
portion of twins without complications (McCaughey and Dow, 1977) but variability
of response, leading to undesirably large litter sizes, has been the more general expe-
rience (Gordon et al., 1962). Superovulation, with ova transfer, can now be applied
practically in various situations with cattle (Gordon and Boland, 1978) and com-
mercial organizations exist for its exploitation.

In sheep, an increase in the rates of twinning by superovulation has also been
achieved (Pállson, 1962) but superovulation with ova transplantation is unlikely to
prove advantageous in this species for economic reasons.

There could also be benefits, in terms of increased production, if ovulation could
be induced more frequently than normal. In the seasonally anoestrus ewe, fertile
oestrus may be induced by treatment with progesterone (or one of its analogues)
followed by PMSG (Cognie et al., 1975). Artificial reduction of the hours of day-
light exposure, although effective, is difficult to apply under prevailing conditions of

Factors influencing the growth and development of meat animals 31



sheep husbandry. In cattle, the occurrence of ovarian follicular cysts, and a number
of other conditions, may prevent the desired early return to oestrus and ovulation
after calving. Recent advances in diagnostic techniques offer the promise of practi-
cal application.

A serious problem in commercial pig production is infertility in the sow
(Pomeroy, 1960). It may be caused by infection of the reproductive tract, or by
abnormalities in the latter which lead to mechanical obstruction. It may arise from
failure of mating in sows with normal reproductive tracts, or through death of the
embryos or newly-born pigs. Sows which fail to mate may have atrophied or
encysted ovaries. On the other hand, the ovaries may appear quite normal and, in
such cases, the cause of infertility may be excessive fatness (the fat possibly absorbs
oestrogens: Hammond, 1949). Failure of fertilization may be due to the sows being
served at the wrong phase of oestrus (or where ovulation is unusually late) or
through the boar being sterile. Work on boar taint (Patterson, 1968a, b) has sug-
gested another approach which makes insemination more effective. A substance,
3α-OH–5α-androst-16-ene, which is closely related to that responsible for boar
odour, is produced in the submaxillary gland of entire male pigs. It is released in
considerable quantity when boars salivate excessively just prior to mating. Its musk-
like odour stimulates the female. As an aerosol spray it offers a valuable adjunct to
present means of encouraging fertilization.

The lactational anoestrus period of the sow represents a commercially important
limitation on the efficiency of reproduction; but, in spite of many attempts, no tech-
nique of wide applicability has been developed to challenge early weaning as a
means of overcoming it.

Although many factors are known to affect fertility in the male, it is difficult to
enhance the fertility of normal individuals. No increase in sperm production has yet
been demonstrated following the injection of hormones into male animals
(Emmens, 1959); on the other hand, the injection of androgens or of pregnant mare
serum gonadotrophin will stimulate sexual drive. The quantity and quality of semen
appear to be enhanced by psychological conditioning of the animal (Crombach 
et al., 1956).

2.5.1.2 Artificial insemination and synchronized oestrus
Artificial insemination was first developed on a large scale in the former Soviet
Union: 16 million ewes are said to have been treated as early as 1932 (Emmens,
1959). There is little doubt that it is the most effective method to improve and mul-
tiply superior meat-producing animals. For example, under natural breeding condi-
tions a proven bull can sire only 25–30 calves per year: artificial introduction of the
semen may permit the siring of 5000 calves annually (Hill and Hughes, 1959). The
efficiency of the semen depends on the mobility, morphology and numbers of the
spermatozoa: it is protected by glycerol; and indeed semen may then be frozen and
maintained at –80°C for as long as 5 years (Emmens, 1959). It is thus possible to
successfully inseminate females in distant areas and to produce offspring long after
the death of the father. Work in Scandinavia has shown that the female- and male-
determining spermatozoa can be separated by centrifugation, thus permitting pre-
selection of the sex of the offspring.

The application of artificial insemination, however, is limited because, within
groups, females are randomly cycling. It would clearly be advantageous if all were
to ovulate at a predetermined time. The synchronization of ovulation (and oestrus)
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has been achieved by administering hormones of one or other of two classes, namely,
progestins (progesterone – the natural hormone produced by the corpus luteum –
and its analogues) and prostaglandins (prostaglandin F2α – found in the uterine wall
– and its analogues). The use of both is related to the fact that a fall in the level of
blood progesterone is followed, at a consistent interval, by oestrus and ovulation.

Progestins are administered so as to maintain high levels in the blood after
endogenous progesterone has fallen. If such administration is continued for a suffi-
cient time in a group of randomly cycling females, sudden withdrawal of the drug
will precipitate oestrus in all its members. The prostaglandins, however, are
employed to destroy the corpus luteum during the luteal phase of the reproductive
cycle and promote a synchronized fall in progesterone, oestrus following thereafter.
Since they are only effective when the corpus luteum is secreting progesterone, a
single administration of the hormone may fail to achieve complete synchroniza-
tion of oestrus in any group (Crichton, 1980). Thus, in cattle, treatment with
prostaglandin is ineffective when administered during the first 4–5 days and the last
4–5 days of the oestrus cycle (Rowson et al., 1972).This problem has been overcome
by giving two prostaglandin doses 10–12 days apart (Cooper, 1974).

The same principle has been applied to sheep (Haresign, 1976), but pigs are
resistant to the administration of most progestins and prostaglandins. Progestin
administration has led in many cases to the development of cystic ovarian follicles.
Prostaglandin is effective during only a short part of the oestrus cycle in the pig
(Guthrie and Polge, 1976). The use of methallibure, then the only effective syn-
chronizing agent in the pig, was terminated because of suspected teratogenic effects.

2.5.2 Growth control
2.5.2.1 Hormones and tranquillizers
As is well known, the muscles of male animals tend to be larger than corresponding
muscles in females; and castration in the male reduces the efficiency of weight 
gain in comparison with entire animals. This is not merely a reflection of differences
in overall body size. Sex is an important determinant of muscle growth. In this
context, the involvement of the steroid hormones from the testis and ovary, and
their interaction with hormones from the pituitary gland, the pancreas and the hypo-
thalamus, has been elucidated over the past 50 years. Thus, in 1954 Burris et al.
demonstrated that male hormones (androgens) stimulated protein synthesis in
cattle. Females tended to respond more to androgens than males, both in growth
rate and feed conversion (Burris et al., 1954; Andrews et al., 1954). In 1952, Baird et
al. showed that the content of growth hormone (somatotrophin) in the pituitary of
rapidly growing pigs was markedly higher than that of slowly growing pigs.The daily
injection of growth hormone into pigs significantly increased the total protein
content over that of non-injected controls (Turman and Andrews, 1955). Since 
somatotrophins can now be produced in quantity by bacteria into which the genes
concerned can be incorporated by recombinant DNA, objection to their use may
diminish.

Gonadectomy has long been used to facilitate control of male animals, and this
practice is likely to continue. The removal of the testes, however, also eliminates the
protein-accreting (anabolic) benefits of the gonadal hormones; but this aspect can
be restored by the administration of either male hormones (androgens) or female
hormones (oestrogens). These anabolic agents are now applied to entire male and

Factors influencing the growth and development of meat animals 33



female animals as well as to castrates. The use of both androgens and oestrogens is
believed to be necessary for maximum growth response (Heitzman, 1976).

Anabolic agents include steroid hormones which are naturally present in the
body, such as testosterone and oestradiol-17β, synthetic steroids such as trenbolone,
and certain non-steroids such as diethylstilboestrol (Crichton, 1980).Administration
as removable implants is the preferred mode of usage. According to Hammond
(1957), the best time to implant oestrogen pellets is ca. 100 days before slaughter.
Before puberty, growth hormone is probably the major endocrine regulator of
growth (Kay and Houseman, 1975). At least some of the anabolic sex hormones
appear to operate by increasing the secretion of growth hormone from the pitu-
itary; and the latter probably accounts for the raised levels of plasma insulin in
treated animals (Crichton, 1980). It is now believed that most of the influence of
pituitary growth hormone in stimulating growth is effected via a series of serum
peptides, somatomedins (Daughaday et al., 1972). Indeed most other hormones
which affect growth (e.g. androgens, oestrogens, thyroid hormone and glucocorti-
coids) probably operate by altering the production or action of somatomedins
(Spencer, 1981). Insulin, however, appears to operate in a different manner, having
a marked influence on fat deposition (Gregory et al., 1980).

The somatomedins are also referred to as ‘insulin-like growth factors (IGF) I and
II’. They are peptides composed of 70 amino acids and are structurally related to
insulin. IGF-I is produced in large amounts by the liver, but all tissues produce some
(Bass and Clark, 1989). It is believed that pituitary growth hormone (soma-
totrophin) has two distinct actions: firstly it stimulates the production of IGF-I; and,
secondly, it affects precursor cells which are stimulated to differentiate whereas
IGF-I only stimulates an increase in cell numbers.

The two insulin-like factors, produced locally in the muscular tissue, appear to
control several fundamental processes, such as the proliferation of myofibrils and
their differentiation (Magri et al., 1991). Although such control is complex, it can be
anticipated that manipulation of the components of the system will become possi-
ble and will provide a powerful means of increasing the efficiency of muscle growth
in animals.

Hormones apparently initiate their action by combining with receptors located
either on the surface membrane, or within the cells, of target organs, whereby the
stimulus is amplified. Thus, receptors for oestrogens, androgens and thyroid hor-
mones are intracellular, whereas those for ACTH, insulin, adrenalin and noradren-
alin are on the cell surface. Some surface receptors are phospholipid in nature. On
stimulation, they activate phospholipase A2, which releases arachidonic acid. The
latter is converted into prostaglandin F2α, which fosters the synthesis of protein, and
prostaglandin E2, which fosters the breakdown of protein (Palmer et al., 1982). Both
IGF-I and IGF-II have specific cell surface receptors. Other surface receptors are
proteins that have seven helical polypeptide strands and link, across the width of
the cell membrane, with ‘guanylyl nucleotide binding proteins’ (G proteins) on the
inner surface. Following intramolecular transformation and migration along the
inner surface, they cause adenyl cyclase to produce cyclic AMP and, thereby, acti-
vate a cascade of protein kinases which phosphorylate cytoplasmic enzymes; and
also phosphatases which remove the phosphate groups (Mann, 1999). Ca++ ions,
released from organelles within the sarcoplasmic reticulum (and mitochondria)
promote the phosphorylation. A single molecule binding to an appropriate recep-
tor on the cell surface has its effect very greatly magnified through the cytoplasmic
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cascade. Because Ca++ ions diffuse slowly through the fluid of the cytoplasmism,
highly localized Ca++ signals, or intracellularly distant ones, can be generated, and
varied with the duration and concentration of the hormone stimulating the cell
surface receptor (Petersen et al., 1994; Petersen, 1999). (The importance of Ca++ ions
in stimulating muscular contraction, in controlling the action of the protein com-
ponents involved therein and in activating the calpain/calpastatin system whereby
proteins undergo catabolism and anabolism, will be referred to in §§ 3.2.2, 4.2.1,
4.3.5.1 and 5.4.2).

The catecholamine receptors are classified as α,β1 and β2 adrenergic, on the basis
of their binding pattern and on the response they elicit. Thus, α receptors are asso-
ciated with vasoconstriction of the uterus, β1 receptors with increased cardiac force
and rate, adipocyte lipolysis and calorigenesis and β2 receptors with relaxation of
the bronchi, trachea, vascular smooth muscle and the uterus; and with contraction
of striated muscle.

β2 agonists, that is substances which bind to β2 receptors and thereby promote
metabolism, are of particular interest in relation to meat animals. When β2 agonists
(such as cimaterol, clenbuterol and ractopamine), are included in the diet they cause
a marked repartitioning between fat and protein whereby animals become leaner.
The effect is achieved by increasing lipolytic action in adipose tissue and by reduc-
ing protein breakdown in muscular tissue (Buttery, 1983), whereas most other ana-
bolic agents, including the sex hormones, act by a less selective increase of tissue
components. Some effects of including cimaterol at different levels in the diets of
pigs are shown in Table 2.6.

Since anabolic agents can affect the ratio of muscle to fat in the body, and thus
the chemical composition of meat, it might be anticipated that by accelerating the
growth rate, these agents would foster an enhanced proportion of mature collagen
and thus decrease tenderness. Few consistent reports on the eating quality of the
meat from animals given anabolic agents have been reported (Patterson and Salter,
1985; Renerre et al., 1989). β agonists have been said to cause a significant increase
in toughness (Bailey, 1988). Thus, the administration of cimaterol to cattle had this
effect (Fiems et al., 1989): there being a lowering of the concentration of collagen
in the muscle, but a concomitant decrease in the percentage of heat-soluble colla-
gen, suggesting that the treatment had accelerated the maturation of the tissue
(Dawson et al., 1990, cf. §§ 3.2.1 and 10.3.2). In respect of experimental studies with
lambs, however, although the increase in toughness was proportional to dose, the
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Table 2.6 Some effects of dietary cimaterol on pig carcasses (after Jones et al., 1985)

Parameter
Dietary cimaterol (ppm)

0 0.25 0.50 1.0

Semitendinosus (wt. g) 382 418 439 426
Biceps femoris (wt. g) 1340 1440 1460 1490
L. dorsi (cross-sect. cm2) 29.85 31.96 33.96 33.42
Fat depth

above first rib (cm) 3.85 3.54 3.72 3.48
above last lumbar vertebra (cm) 3.00 2.73 2.65 2.47

Means of 40 pig carcasses at each dietary level.



shear force of the cooked meat was still within an acceptable range (Beerman et al.,
1990). These workers also demonstrated that electrical stimulation could improve
the tenderness of lambs fed β agonists, although this action was not due to the 
avoidance of ‘cold-shortening’: it appeared to be related to overcoming an inhibi-
tion of calpain activity (cf. § 5.4.2) with which the administration of β agonists is
associated.

The β agonists appear to stimulate the action of the calpain inhibitor, calpastatin
(Parr et al., 1992) and naturally occurring levels of calpastatin appears to correlate
inversely with the rate of post-mortem tenderizing in meat (Koohmaraie et al.,
1991). In later chapters (cf. §§ 5.4.2 and 10.3.3.2) the increase in tenderness which
develops when muscles are held for some time post-mortem (in the absence of
microbial spoilage) – the phenomenon of ‘conditioning’ or ‘ageing’ – will be con-
sidered further. More or less subtle proteolytic changes are responsible. These are
caused by the action of calcium-dependent proteinases (including calpains) and
other proteinases, cathepsins, which are normally held within organelles (lyso-
somes). Protein turnover in vivo is a dynamic process, however, and it has always
seemed unlikely that such enzymes function merely as catabolic agents in post-
mortem muscle. It is now evident that at least the calpain system is implicated in
anabolic activity in muscle (Croall and Demartino, 1991). The mechanism involves
inhibition of the turnover of myofibrillar proteins by calpastatin, which opposes pro-
teolytic action by the calpains (cf. §§ 4.3.5 and 5.4.2). The calpastatin/calpain system
is thus important in the in vivo synthesis of muscle proteins (Goll et al., 1992).

The growth promoter, ractopamine, causes a marked increase in muscle mass in
cattle and pigs, as manifested, for example, by the greater cross-sectional area of l.
dorsi. The effect can be correlated with an increase in that mRNA which is respon-
sible for the synthesis of myosin light chain 1/3 (Smith et al., 1989) and that respon-
sible for the synthesis of G-actin (Merkel et al., 1990).

Oestrogen administration may enhance growth indirectly by the stimulation it
gives to the animal’s antibacterial defences. It has been shown to increase phago-
cytosis (i.e. ingestion of bacteria by white blood corpuscles) and the level of serum
globulin (Nicol and Ware, 1960). It has also been used to eliminate boar taint from
the flesh of mature pigs (Deatherage, 1965).

Reports, at one time prevalent in the UK, that implantation of oestrogens caused
dark-cutting beef could not be substantiated (§ 10.1.2: Lawrie, 1960a, b). Since one
effect of hormone implantation is to increase the amount of lean meat and to
decrease the amount of fat in carcasses (Lamming, 1956), the relative absence of
subcutaneous fat would facilitate the observation of the underlying deoxygenated
muscle – in which the purplish-red colour of reduced myoglobin would predomi-
nate – and this may explain earlier impressions.

It would seem that the growth of muscles is differentially stimulated by hormones
(Kochakian and Tillotson, 1957). Various steroids, with more or less androgenic
activity, produce growth stimulation in the muscles of the neck, head, chest, shoul-
der, back and abdominal wall which is proportionally much greater than the con-
comitant increase in body weight. Indeed the hypertrophy of the neck muscles in
the bull is reflected by a relative scarcity of lean musculature in the proximate pelvic
limb, which is a desirable portion of the carcass. This difference is accentuated by
the implantation of steers with a combination of trenbolone acetate and oestradiol,
and of bulls with zeranol; but it is more than compensated for by the overall increase
in saleable meat (Wood, 1984a). Muscles appear to differ in their responsiveness to
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β agonists. Thus, l. dorsi and vastus lateralis muscles of steers treated with cimaterol
showed significant increases in weight and protein content in comparison with cor-
responding control muscles, whereas the semitendinosus did not respond (Dawson
et al., 1990).There is some evidence that cimaterol increases the proportion of anaer-
obic ‘white’ muscle fibres.

Somatotrophin is said to increase the growth of masseter, quadriceps, supraspina-
tus and diaphragm preferentially (Greenbaum and Young, 1953). These are ‘red’
muscles in respect of their enzyme complement (Talmant et al., 1986). Yet the
protein turnover in ‘red’ muscles is less affected by hormones than that in ‘white’
muscles (Odebra and Millward, 1982; Ouali et al., 1988). There is certainly a wide
range in the fractional synthetic rate for protein turnover between muscles (Harper
and Buttery, 1988), that in the heart being particularly high (Davis et al., 1981).

Since surgical gonadectomy is irreversible, it may be associated with ancillary
problems and does not permit a graded effect, the suppression of the gonads by
some other means has been sought. Such could permit control of aggression and
fertility (and of boar taint in pigs) whilst retaining sufficient circulating androgens
and oestrogens to produce desired anabolic effects. An immunological approach
shows promise. Antibodies can be provoked by administered hormones even when
these are identical with those naturally present in the body (Van Loon and Brown,
1975). Thus, ‘immunogonadectomy’ is feasible.

Antibodies against the steroid hormones tend to cross-react with steroids other
than those against which control is sought. Antibodies against the gonadotrophins
of the pituitary, however, can be more specifically produced. Thus, immunization
with gonadotrophins produces castration-like effects (Lunnen et al., 1974); but, since
synthetic gonadotrophins are not yet available, and extraction from the pituitary
gland of natural gonadotrophins is exceedingly costly, their use is impracticable
(Crichton, 1980). On the other hand, Gn-RH, the gonadotrophin-releasing hormone
from the hypothalamus (see below), is a decapeptide and has been synthesized
(Matsuo et al., 1971). Its injection produces antibodies which lead to testicular
atrophy in the male and the cessation of the reproductive cycle in the female. As
yet it is not known to what extent the anabolic effects of the sex hormones are
retained (Crichton, 1980). Somatostatin, a hormone now known to be present in
many tissues, suppresses the release of growth hormone from the pituitary (Brazeau
et al., 1973), and also affects the release of insulin, glucagon and thyroid-
stimulating hormone (Spencer, 1981). Since somatomedins are produced in many
tissues, it may be that somatostatin operates by inhibiting the release of those pep-
tides locally. Immunization against somatostatin, therefore – if it could be devel-
oped – should release this inhibition, increase the levels of somatomedins and
stimulate growth. This effect has now been demonstrated in practice with sheep
(Spencer and Williamson, 1981), but effects are still inconsistent.

It has been reported that the injection of antibodies against adipose cell mem-
branes has been successful in reducing subcutaneous fat in lambs and pigs (Nasser
and Hu, 1991; Kestin et al., 1993).

Another immunological approach to growth stimulation depends on the pro-
duction in one species of antibodies to the growth hormone of another. The anti-
bodies to the growth hormone of the second species (idiotypes), when injected into
the latter, stimulate the production of anti-idiotypes which are, in effect, the origi-
nal growth hormone. Anti-idiotypes can be produced which resemble only part of
the growth hormone and thus mimic only that function desired. By immunizing an
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animal with antigrowth hormone antibody, a longer-term effect will be achieved
than that by the growth hormone itself and thus avoid the need for daily injections
(Morrison, 1986; Flint, 1987).

An interesting hormonal application of immunology is the suppression of boar
taint by the production of an antibody to the steroid 5α-androst-16-en-3-one, which
is the substance responsible (Claus, 1975) (cf. § 10.4.3). Immunization of boars with
conjugates between androstenone and bovine serum albumen produces a signifi-
cant lowering of the steroid in the adipose tissue in comparison with untreated 
controls (Williamson et al., 1985). Stilboestrol administration is also effective
(Deatherage, 1965). Pigs selected for a high lean/feed conversion ratio, and for lean
growth rate, on ad libitum feeding, had a higher score for skatole odour than those
for lean growth rate on a restricted diet (Cameron et al., 2000a,b).

Reference has already been made to a condition, apparently controlled by a
single gene and presumably mediated by hormones, in which there is marked
increase in the proportion of muscular tissue in the animal (doppelender hypertro-
phy – McKellar, 1960).The overall hypertrophy of the musculature is about 2–3 fold,
but it is selective for individual muscles, being most pronounced in those which are
the latest to develop (Pomeroy and Williams, 1962). The musculature which devel-
ops is quite normal (Lawrie et al., 1963b) and if the nature of the growth stimulus
could be elucidated and regulated, it might be possible to produce animals of
enhanced meat content.

In this context, it is of interest to note that, if a DNA fragment containing the
promoter of mouse metallthionein-I gene fused to the structural gene for rat growth
hormone is injected into the pronuclei of fertilized mouse eggs, the mice which
develop from the latter will have very high levels of the fusion m RNA in their liver
and of growth hormone in their blood serum (Palmiter et al., 1982). Gigantism is
thus produced. Such results strongly suggest that it will eventually be possible to
control specifically the growth of muscular tissue in directions conducive for desir-
able meat quality by deliberate manipulation of the coding genes. Nevertheless 
the transfer of gene sequences for the expression of growth hormone, even when
enhanced growth is achieved, has tended to be associated with concomitant 
detrimental effects, such as lameness and ulceration of the digestive tract (Pursel 
et al., 1990).

Immunological approaches to growth stimulation and control, and to specific rel-
ative increments in muscular tissue, in relation to bone and fat, also appear likely
to progress in the near future.

The psychological as well as the physiological status of animals is now known to
be mediated by means of hormones (Selye, 1950; Himwich, 1955), the hypothala-
mus exerting hormonal control of the pituitary and thereby of other endocrine
glands. One feature of its control is the elaboration by the hypothalamus of several
‘releasing’ hormones which appear to be peptides of relatively low molecular
weight. The production of luteinizing and follicle-stimulating hormones by the pitu-
itary is elicited by a specific decapeptide (Crichton, 1972); and another is responsi-
ble for releasing thyrotrophin from this gland. An imbalance at various points in
this system could cause stress and, if chronic, the so-called diseases of adaptation.
The hypothalamus also exerts its influence through the production of the hormone
serotonin; and the action of the latter can be inhibited by the drugs reserpine and
chlorpromazine which tranquillize the organism (Udenfriend et al., 1957). Stress sus-
ceptibility would be expected to interfere with growth and development; and, in
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fact, it has been shown that its control by low doses of tranquillizers increases the
rate of weight gain and the feed conversion efficiency of fattening cattle and sheep
(Sherman et al., 1957, 1959; Ralston and Dyer, 1959), whereas artificially induced
stress depresses weight gains (Judge and Stob, 1963).

Removal of the thymus gland from male hamsters, but not from females, causes
a regression in growth which appears to be mediated in some way through wasting
of the spleen (Sherman and Dameshek, 1963), but the precise mechanism has not
been elucidated so far. A recently identified protein, leptin – which is present pri-
marily in fat cells influences hypothalamic control of thermoregulation (Hamman
and Matthaei, 1996), maintains energy expenditure after a reduction in feed intake
(Stehling et al., 1996) and stimulates adipocyte lipolysis (Fruhbeck et al., 1997) – is
likely to be increasingly involved in controlling the growth of meat animals.

2.5.2.2 Antibiotics
For some years, in the USA particularly, there were reports that the feeding of
antibiotics produced better growth rates in pigs (Cuff et al., 1951) and calves
(Volekner and Casson, 1951). In the United Kingdom a scientific committee,
appointed jointly by the Agriculture and Medical Research Councils (Anon., 1962),
accepted the view that the practice of feeding antibiotics has been associated with
improved growth rates and feed conversion efficiency in young pigs and poultry, and
believed it could be extended to calves, but not to adult livestock. Penicillin, chlor-
tetracycline and oxytetracycline are permitted in animal feeding-stuffs without vet-
erinary prescription. It would appear that the beneficial effects of feeding antibiotics
may be due to their control of subclinical infections. In young ruminants, however,
it is also possible that they may be effective by increasing food utilization more
directly since they enhance the digestion of starch through depressing the microbial
activity responsible for gas production (Preston, 1962). In this context, it is known
that bloat in cattle can be prevented by antibiotics in the feed (Johns et al., 1957).
The danger of depressing the activity of the rumen micro-organisms, normally
responsible for the digestion of cellulose, seems small (Hardy et al., 1953–4). More
recently, a special class of antibiotics, such as monensin and lasalocid, which are
referred to as rumen modifiers, have been shown to improve growth by selecting
against Gram-positive bacteria, whereby the pattern of volatile fatty acids produced
from the feed is altered and loss of energy as hydrogen and methane is reduced
(McCutcheon, 1989).

There is no evidence to suggest that the animals suffer any ill effects or that other
than traces of antibiotic remain in the carcass after slaughter. On the other hand,
there are indications that antibiotic-resistant strains of certain pathogenic micro-
organisms (e.g. Salmonella spp.) may become established in farm animals given
antibiotics either therapeutically or as feed additives (Anon., 1962). ‘R factors’ –
entities which confer resistance to various antibiotics – can be transferred between
bacterial cells. It now appears that transfer can occur in the rumen of sheep even in
the complete absence of antibiotics. This was shown when sheep were starved for
2–3 days after being inoculated with large numbers (109) of donor and recipient
micro-organisms (Smith, 1973).

2.5.2.3 Sterile hysterectomy
Much retardation of growth and development in animals is indirectly caused by
disease in young pigs; for example, virus pneumonia and atrophic rhinitis are 
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particularly troublesome. One way to overcome these losses is to remove unborn
pigs from the uterus just before term under aseptic conditions and to rear them
away from possible infection (Betts, 1961). Such animals are free from the natural
pathogens of the species. They are referred to as minimal disease pigs in the United
Kingdom and as specific pathogen-free pigs in the USA. Swine repopulation with
such pigs appears to be effective in the USA in eradicating respiratory diseases.
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Chapter 3

The structure and growth of muscle

3.1 The proportion of muscular tissue in sheep, cattle and pigs

As normally prepared for the meat trade, the carcasses of sheep, cattle and pigs rep-
resent those portions of the body remaining after the removal of the blood, the head,
feet,hides,digestive tract, intestines,bladder,heart,trachea,lungs,kidney,spleen,liver
and adhering fatty tissue.The joints into which beef carcasses are commonly split are
shown in Fig. 3.1. On the average, about 50, 55 and 75 per cent of the live weight of
sheep, cattle and pigs, respectively, remains on the carcass (Gerrard, 1951). Cattle
exhibiting the doppelender condition dress out at about 5 per cent higher than typical
animals of the same breed, sex and weight (Boccard, 1981).The carcass itself consists
substantially of muscular and fatty tissues, of bone and of a residue which includes
tendon and other connective tissue, large blood vessels, etc. According to Callow
(1948), who dissected a series of cattle and analysed the data of Pállson (1940) and
of McMeekan (1940, 1941) on sheep and pigs respectively, the weight of muscular
tissue ranged from 46 to 65 per cent of the carcass weight in sheep, from 49 to 68 per
cent in cattle, and from 36 to 64 per cent in pigs. Its proportion varied in a roughly
inverse manner with that of fatty tissue, the latter being determined, in turn, by such
factors as age,breed and plane of nutrition: there are no clear-cut differences between
species. The effect of age may be seen from Table 3.1 (Cuthbertson and Pomeroy,
1962), which indicates that the proportion of muscular tissue is high, and that of fatty
tissue low, in pigs aged 5 months, in comparison with those aged 6 or 71/2 months.

The proportion of bone also decreases as the animal grows older. Sheep and
cattle show a similar trend (Callow, 1948).

The effects of breed and level of nutrition are shown in Table 3.2.
It is clear that the percentage of muscular tissue is lower, and that of fat higher,

in animals on a high plane of nutrition than in those on a low plane. Moreover, the
proportion of muscular tissue is relatively low in Shorthorns and relatively high in
Fresians.

With current trends for smaller families, large, fat joints are no longer in demand
and overfat carcasses represent wasteful growth. In the United Kingdom, the Meat



and Livestock Commission has classified large numbers of cattle and sheep car-
casses on the basis of level of fatness. The data, together with information from 
dissection, indicated that, in 1976, approximately 48,000 tonnes of waste fat was 
produced by cattle (Kempster and Harrington, 1979) and, in 1977, approximately
26,000 tonnes of waste fat by sheep (Kempster, 1979).

In an assessment of the trends in fatness in British cattle, sheep and pigs in the
decade 1974–1984, Kempster et al. (1986) found that there had been no change in
the composition of cattle and sheep carcasses, although the mean weight of the
former had increased by 8 per cent and that of the latter had decreased by 31/2 per
cent. On the other hand, there had been a fall in the lipid content of the average
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Fig. 3.1 Location of wholesale joints into which English sides of beef are commonly cut.

Table 3.1 The proportion of muscular and fatty tissue and
of bone in pig carcasses (after Cuthbertson and Pomeroy,
1962)

Age Per cent Per cent Per cent
(months) muscular fatty bonetissue tissue

5 50.3 31.0 10.4
6 47.8 35.0 9.5
7.5 43.5 41.4 8.3



pig carcass from 27 to 22 per cent, this being associated with a slight increase in
average carcass weight.

On average, 30–40 per cent of the live weight of the three domestic species con-
sists of muscular tissue. Under the microscope such muscle is seen to be crossed by
parallel striations: because it is associated directly or indirectly with the movement
of the skeleton and is under control by the higher centres, it is also referred to as
skeletal or voluntary muscle. There is also a minor amount of unstriated, involun-
tary muscle associated with the intestines, glands, blood vessels and other members,
but detailed consideration will not be given to these muscles in the present volume.

The musculature of sheep, cattle and pigs consists of about 300 anatomically dis-
tinct units (Sisson and Grossman, 1953). The approximate location of those men-
tioned in the text is indicated in Fig. 3.2. Muscles vary both superficially and
intrinsically. They differ in overall size, in shape (which may be triangular, fan-like,
fusiform, long or short, broad or narrow), in attachments (to bone, cartilage or lig-
aments), in blood and nerve supply, in their association with other tissues and in
their action (which may be fast or slow, prolonged or intermittent, simple or in
complex association with other muscles). In short, muscles are highly differentiated
from one another for the performance of numerous types of movement. Some idea
of the size which individual mammalian muscles can attain is given in Fig. 3.7(a) in
which the two l. dorsi muscles of a Fin whale have been exposed by removal of the
overlying layer of blubber. The combined weight of the two l. dorsi and two psoas
muscles of a 25m (82 ft) long Blue whale may be more than 22 tonnes (Sharp and
Marsh, 1953). Notwithstanding their differentiation, a basic structural pattern is
common to all muscles.

3.2 Structure

3.2.1 Associated connective tissue
Surrounding the muscle as a whole is a sheath of connective tissue known as the
epimysium: from the inner surface of the latter, septa of connective tissue penetrate

The structure and growth of muscle 43

Table 3.2 The proportion of muscular and fatty tissue and
of bone in cattle carcasses (after Callow, 1961)

Plane of Per cent Per cent Per centBreed nutrition muscular fatty bonetissue tissue

Shorthorns High–high 52.3 33.9 11.1
Medium– 55.8 29.3 12.5

medium

Herefords High–high 54.5 31.5 11.7
Medium– 58.0 27.7 12.2

medium

Friesians High–high 59.0 26.1 12.5
Medium– 62.3 21.6 15.2

medium



into the muscle, separating the muscle fibres – its essential structural elements, see
below – into bundles: these separating septa constitute the perimysium, which con-
tains the larger blood vessels and nerves. From the perimysium a fine connective
tissue framework passes further inwards to surround each individual muscle fibre.
The connective tissue round each fibre is called the endomysium. The distinction
between the perimysial and endomysial connective tissue is clearly illustrated in 
Fig. 3.3 (Nishimura et al., 1995).The latter is an amorphous, non-fibrous sheath which
is associated with fine connective tissue fibres. These were once referred to as retic-
ulin and regarded as a protein distinct from collagen (Windrum et al., 1955) but are
now recognized to be collagenous. A structure, referred to as the basement mem-
brane, links the collagenous fibres of the endomysium to the muscle cell membrane.
Only about 40 per cent of the dry weight of the basement membrane is collagen,
the remainder consisting of complex polysaccharides (proteoglycans and glycopro-
teins) (Bailey and Light, 1989). Some workers include the basement membrane in
the term ‘endomysium’, others use the term ‘sarcolemma’ to include the muscle cell
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Fig. 3.2 Approximate location of various muscles in carcass. (After Cuthbertson and 
Pomeroy, 1962.) (Courtesy of the late Dr R. W. Pomeroy and Mr A. Cuthbertson.)



membrane and the basement membrane. Scanning electron microscopy clearly illus-
trates the distinction, however, between the endomysium/basement membrane/
sarcolemma complex on the one hand, and the myofibrils on the other (cf. Fig. 3.4:
Rowe, 1989).

The size of the muscle fibre bundles determines the texture of the muscle
(Hammond, 1932a; Walls, 1960). In muscles capable of finely adjusted movement, as
in those which operate the eye, the texture is fine, whereas in those performing
grosser movements it is coarse. Nevertheless, it is of interest to note that the pro-
portion of connective tissue is higher in muscles of the former type (Fernand, 1949).
The relative proportions of connective tissue and muscle fibres vary between
muscles and, in part, account for the relative toughness of meat.

Muscle fibres do not themselves directly attach to the bones which they move or
in relation to which their force is exerted; the endomysium, perimysium and epimy-
sium blend with massive aggregates of connective tissue (or tendons) and these
attach to the skeleton, but the precise mode of connection between the contractile
proteins and tendon is not yet clear. Microscopic examination of tendons shows that
the constituent bundles of collagen fibrils have a regular ‘crimp’ at intervals of ca.
100 µm. It seems possible that this feature permits the collagen to take up the initial
shock of movement by straightening the crimp before the full load is sustained by
the tendon (Bailey and Light, 1989). The ultimate tensile strength of tendon, at an
extension of 10–15 per cent, is ca. 100Nnm–2 compared with ca. 220Nnm–2 for alu-
minium (Bailey, 1989).

Connective tissue includes formed elements and an amorphous ground substance
in which the formed elements are frequently embedded. The latter consist of the
fibres of collagen, which are straight, inextensible and non-branching; and of elastin,
which are elastic, branching and yellow in colour.

The general structure of collagen, at various levels of organization, is shown in
Fig. 3.5 (Gross, 1961). Collagen is one of the few proteins to contain large quanti-
ties of hydroxyproline – about 12.8 per cent in warm-blooded mammals (Bowes,
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Fig. 3.3 Scanning electron micrograph of bovine semitendinosus muscle immediately post-
mortem from which muscle fibres have been removed to show network of endomysial 
connective tissue (E) and layers of perimysial connective tissue (P). The bar represents
200µm. (Reprinted from Nishimura, Hattori and Takahashi, 1995, with kind permission from 

Elsevier Science Ltd and courtesy of Prof. K. Takahashi.)



Elliott and Moss, 1957). The polypeptide chains of its primary structure each have
the repeating sequence glycine-proline-hydroxyproline-glycine-one of the other
amino acids. It was shown (Piez, 1965, 1968) that one chain in three had a some-
what different amino acid composition from the other two; and the two chain 
types were referred to as a1 and a2. Subsequently at least 12 different forms of col-
lagen have been isolated and identified, each having a unique sequence of amino
acids in the primary polypeptide chains and associations with different carbohydrate
molecules. The chain sequences are determined by different genes, these often 
being located on different chromosomes (Martin et al., 1975; Bailey and Light,
1989; and cf. § 3.3.1). The three α chains are able to pack together very closely in
forming the triple α helix of the tropocollagen molecule because each third residue
is glycine in which the side chain consists only of hydrogen. The amounts of proline
and of hydroxyproline are directly related to the thermal stability of the triple helix;
and this is important for the eating quality of meat. The N- and C-terminals, non-
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Fig. 3.4 (1) Scanning electron micrograph of bovine semitendinosus muscle in TS, showing
separation of myofibrillar proteins from the surrounding sarcolemma/basement mem-
brane/endomysium complex. P = perimysium, * = blood vessel. Bar represents 10 µm. (2) Area
in (1) enlarged. * = sarcolemma, → = collagen fibrils, � = blood capillary. Bar represents 1µm.
(Reproduced by kind permission of Dr R. W. D. Rowe and Elsevier Applied Science 

Publishers Ltd.)



helical regions of the α chains are only 20–25 amino acid residues in length. The 
N-terminal region always has a lysine residue at position 9. The α chains of type 
III collagen only contain cysteine at the C-terminal end; the contents of hydrox-
ylysine vary markedly, being greater in the α chains of types II and IV (cf. Table
3.3).

Hydroxylation by specific enzymes takes place on the nascent chains prior to
their release from the membrane-bound ribosomes (Miller and Udenfriend, 1970).
The enzymes require ascorbic acid and oxygen for their activity. Hydroxylysine is
necessary for the addition to collagen of small amounts of carbohydrate (Bailey and
Robins, 1973a). Ascorbic acid is believed to control the conversion of proline, after
it has already been incorporated into the polypeptide chain, into hydroxyproline
(Stone and Meister, 1962). In ascorbic acid deficiency, an elastin low in hydrox-
yproline is formed (Barnes et al., 1969).
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collagen and topocollagen, and collagen fibril formation. Notional magnifications: (c), (d),
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In its secondary structure, the greater part of each chain is arranged as a left-
handed helix (Fig. 3.5(c)), and three of these intertwine to form a right-handed super
helix (Fig. 3.5e, f), which is the tropocollagen molecule or collagen protofibril.

Tropocollagen molecules self-assemble to form fibrils and these aggregrate to form
fibres (Fig. 3.5g). Under the electron microscope a repeating band pattern, with a
repeat unit of ca. 67nm(D), is seen.This pattern is caused by the tropocollagen mol-
ecules, which are 4.4D in length, being quarter-staggered by D and overlapping their
nearest neighbours by 0.4D (Bailey and Light, 1989). The fibres are laid down in a
well-defined criss-cross lattice which is orientated at an angle to the long axis of the
muscle (Rowe, 1974). Determination of the relative concentrations of the individual
types has been greatly aided by reverse-phase, high-pressure liquid chromatography
(Smolenski et al., 1983). Types I, II and III are aggregated in fibres; but type IV is
amorphous, being found in the basement membrane in which the fibres of the other
collagen types are disposed (Bailey and Robins, 1976). Type V is found in the pla-
cental membrane but is a minor component of most tissues and is probably fibrous.

A number of filamentous collagens (e.g. types VI and VII) have been identified,
but they are thought to be of only minor significance in meat (Bailey, 1989).

Only four of the types of collagen molecule are believed to be significant in mus-
cular tissue (cf. Table 3.3: after Sims and Bailey, 1982; Bailey and Light, 1989). Types
I and III are found in epimysial, perimysial and endomysial connective tissue, but
the epimysium is mainly type I. There are significant amounts of type III in the 
perimysium. Although there are equivalent amounts of types I and III in the endo-
mysium, the latter, substantially basement membrane, consists mainly of type IV
collagen. Small amounts of type V are present in the endomysium and the perimy-
sium (Bailey and Sims, 1977; Bailey et al., 1979; Bailey and Light, 1989).

A major post-translational modification of collagen is the formation of both
intramolecular (between α chains in the same molecule) and intermolecular cross-
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Table 3.3 Types of collagen (after Sims and Bailey, 1982; Bailey and Light, 1989)

Molecular
3-Hydroxyproline Hydroxylysine Glycosylation 

Type
composition

Tissue distribution content content of hydroxylysine
(residues/1000) (residues/1000) (%)

I [α1(I)]2α2 Tendon, bone dentine, 1 6–8 20
dermis, muscle

II [α1(II)]3 Cartilage, vitreous 2 20–25 50
humour,
intervertebral 
discs

III [α1(III)]3 Foetal dermis, 1 6–8 15–20
cardiovascular
system, synovial 
membrane,
viscera, muscle

IV α1(IV)[α2(IV)]2 Basement membrane, 10 60–70 80
lens capsule and 
kidney glomeruli

V α1(V)[α2(V)]2 Placental membrane, 2–3 6–8 –
and [α3(V)]3 cardiovascular 

system, lung; minor 
component of most 
tissues



links.These are essential for the high mechanical strength of collagen, including that
of non-fibrous type IV. These cross-links are covalent and of three kinds: disulphide
bonds, which are confined to types III and IV because they alone contain cysteine
(Bailey, 1974); divalent bonds formed between the α chains from lysine or hydrox-
ylysine aldehydes (Bailey, 1968; Bailey et al., 1970), which are reducible in vitro; and
more complex bonds, joining more than two α chains, which arise during the ageing
of collagen (mature cross-links).

In a given tissue, the lysine-derived cross-links depend on the oxidation to alde-
hydes of specific lysine and hydroxylysine residues (in the nonhelical regions at both
N- and C- terminal ends of the polypeptide chains) by lysyl oxidase, an enzyme which
binds to the nascent collagen fibres (but not to soluble collagen monomers). The
enzyme has copper as a prosthetic group. Both copper deficiency and the adminis-
tration of β-aminopropionitrile inhibit the oxidizing reactions. Various diseases of
connective tissue can be related to failure of one or other of the biochemical stages
involved in cross-link formation (Bailey and Robins, 1973b; Bailey and Light, 1989).

The cross-link produced from two lysine aldehydes is an aldol and can only be
intramolecular since it depends on their exact juxtaposition in two α chains of the
same collagen molecule, but only at the N-terminal ends (Bailey and Light, 1989).
Such cross-links thus cannot affect the stability of collagen fibres, which depends on
intermolecular bonds. In one type, the lysine aldehyde in one α chain can react with
the ε-amino group of the hydroxylysine in the overlapped adjacent molecule of the
collagen fibril to form a stable aldimine link (dehydrohydroxylysinonorleucine). It
is reducible to, and may be isolated as, hydroxylysinonorleucine, and is heat-labile.
A second type of stable cross-link can be formed between the hydroxylysine alde-
hyde in the non-helical region of one molecule and the hydroxylysine of an adja-
cent molecule, to form a group which, after Amadori rearrangement, becomes 
an oxo-imino link (hydroxylysino-5 oxonorleucine). This is reducible to acid-stable
dihydroxylysinonorleucine.Tissues in which collagen is relatively little hydroxylated
will tend to contain high ratios of aldimine to oxoimino intermolecular cross-links;
and conversely (cf. Table 4.24).

During maturation of the animal’s tissues, collagen becomes much more resistant
to breakdown. This is not due to an increase in the number of intermolecular 
cross-links – indeed they may decrease – but to the formation of nonreducible links
involving three or more chains whereby a three-dimensional network is generated
and high tensile strength is developed. The nature of these mature cross-links is 
not yet clear, but there is evidence that hydroxyaldohistidine and pyridinoline are
the structures responsible. Increasing glycosylation of lysine residues may also be
significant in the maturation of collagen with age (Anon., 1981–83a). The increase
of fibre diameter during maturation is an additional contributory factor (Perry et al.,
1978).

Notwithstanding the correlation between the increase in thermally stable cross-
links in muscle collagen and increased toughness in the meat as animals mature, the
differences in toughness which are observed between a given muscle of animals 
of the same age cannot be readily explained. It has been shown that there is no 
correlation between toughness and the content of either immature (hydroxy-
lysinonorleucine, dihydroxylysinonorleucine) or mature (hydroxylysylpyridinoline,
histidinohydroxylysinonorleucine) cross-links in the perimysial connective tissue
isolated from the longissimus lumborum muscles of different pigs of similar matu-
rity (Avery et al., 1996).
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On heating, when the collagen shrinks at ca. 65°C to form gelatin, the nature of
the cross-links it contains will determine the solubility, the extent of shrinkage and
the tension developed during shrinkage. With increasing animal age, the formation
of the mature, transverse cross-links causes a very marked increase in tension on
heating which, as the temperature rises above ca. 65°C, tends to remain high,
whereas the collagen tension of younger animals greatly diminishes with increasing
temperature. Horgan (1991) demonstrated that there was a linear relationship
between the isometric force generated during the heating of tendon collagen from
bovine l. dorsi muscles and the age of the cattle from which it was derived. On the
other hand, the thermal transition temperature of tendon collagen was too variable
to permit its use in estimating animal age. In a detailed study of the collagen in
various goat muscles, however, Horgan et al. (1991) were able to demonstrate that
the shrink temperature of intramuscular collagen increased with increasing animal
age, and that this was reflected by a concomitant increase in the content of pyridi-
noline, which is a major end product of the cross-linking pathway involving hydrox-
yallysine (Eyre et al., 1984). Differences in the thermal stability of intramuscular
collagen between muscles were much less than that between the former and tendon
collagen. The thermal lability of the latter was associated with a relatively low
content of pyridinoline (Horgan et al., 1991).

Elastic fibres, although associated with the walls of blood vessels, are generally
minor constituents of the connective tissue of muscle (but cf. § 4.3.5); but since they
shrink and toughen on heating (whereas collagen fibres are converted to soluble
gelatin above ca. 80°C in the presence of water), their contribution to meat texture
cannot be ignored. Most of the elastic fibre consists of elastin (an apparently amor-
phous protein): the remainder is a microfibrillar protein containing many polar
amino acids. Elastin contains about 40 per cent glycine, 40 per cent hydrophobic
amino acids (including 18 per cent valine) and small amounts of proline and hydrox-
yproline (1.6 per cent: Partridge and Davis, 1955). Like collagen, elastin undergoes
cross-linking under the action of lysyl oxidase; but a very large number of lysine
residues are involved. Initially the mode of cross-linking is similar to that of 
collagen, aldols and aldimines being formed (see above). These then condense to
form 1:2-dihydrodesmosine and isodesmosine; and these are oxidized to des-
mosines (Thomas, Elsden and Partridge, 1963). Desmosines are salts of tetramethyl-
substituted pyridine and are responsible for the yellow colour and fluorescence of
elastin (Partridge, 1962).

Elastin, again like collagen, becomes more insoluble with increasing animal matu-
rity, although there is no direct evidence for further cross-linking. Tissues contain
an elastase which can proteolyse elastin: it is secreted by the macrophages.

Rowe (1986) demonstrated that coarse elastin fibres (dia. 5–10 µm) are found in
epimysium and perimysium parallel to the long axis of the muscle fibres. Finer
elastin fibres (dia. 1–2µm) are also present, but these tend to be parallel to the
network of collagen fibres and thus to be orientated at an angle to the muscle fibre
axis. The quantity of coarse elastin fibres is greater in both perimysium and epimy-
sium of semitendinosus than of l. dorsi, although the amount of fine elastin fibres is
similar in both muscles. The general arrangement of elastin and collagen fibres, as
postulated by Rowe (1986), is schematically shown in Fig. 3.6.

The structure and arrangement of elastin fibres differ with their origin (Partridge,
1962). In the ligamentum nuchae of the ox, thick elastic fibres make up the greater
part of the tissue, these being separated by a proteoglycan ground substance: the
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elastin fibres of arteries and veins are additionally associated with fibres of collagen
and smooth muscle; and the elastin fibres of elastic cartilage form a lace-like
network of fibrils with large numbers of chondrocyte cells (i.e. those found in con-
nective tissue).

A minor proportion of intramuscular connective tissue consists of proteoglycans
and glycoproteins. Proteoglycans are large molecules in which a protein core is cova-
lently linked to glycosaminoglycan chains, the latter being repeating disaccharide
units of hexosamine and a hexuronic acid, associated with sulphate esters. The con-
stitution of different types of proteoglycans is shown in Table 3.4. Their strong neg-
ative charge causes mutual repulsion of the chains and thus an extended structure,
whereby they are able to bind considerable amounts of water. It seems likely that
the proteoglycans may control the size and alignment of connective tissue fibres and
thus contribute to meat texture (Bailey and Light, 1989).

Glycoproteins (e.g. laminin and fibronectin) are also large protein-
polysaccharide molecules found in the extracellular matrix. They are believed to
anchor cells to basement membranes and other types of collagen.

3.2.2 The muscle fibre
The essential structure unit of all muscles is the fibre. Fibres are long, narrow, multi-
nucleated cells which may stretch from one end of the muscle to the other and may
attain a length of 34cm, although they are only 10–100 µm in diameter (Walls, 1960).
In healthy animals the diameters of muscle fibres differ from one muscle to another
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Fig. 3.6 Schematic diagram of the perimysium of bovine muscles, showing the relative
organization of the crimped collagen fibres (in characteristic criss-cross pattern), thin elastin
fibres (solid black), approximating the collagen network in orientation and longitudinally
aligned, thick elastin fibres at junction regions and in the thick perimysial sheets. (Rowe, 1986;

reproduced by kind permission of Elsevier Applied Science Publishers Ltd.)



and between species, breeds and sexes (Hammond, 1932a; Joubert, 1956). They are
increased by age, plane of nutrition and training (Joubert, 1956; Goldspink, 1962a),
by the degree of postnatal development in body weight rather than by the body
weight itself (Joubert, 1956), and by oestradiol administration (McDonald and Slen,
1959). Some of these effects are shown in Tables 3.5 and 3.6.

Garven (1925) had noticed that a given muscle contained fibres of varying diam-
eter, the smaller ones being more peripheral and the large ones more central in their
distribution; and Hammond (1932a) observed that muscles which were more pig-
mented had relatively more small diameter fibres containing pigment than large
non-pigmented ones. The significance of the associated chemical differences will be
considered later. Goldspink (1962a, b), in studying the biceps femoris of the mouse,
showed that the distribution of fibre diameters observed is not normal and that such
fibres can exist in two phases – one having a small diameter (20 µm) and the other
a large one (40µm): there are few fibres of intermediate cross-section. The small,
parallel units (myofibrils), of which the fibres themselves are principally composed,
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Table 3.4 Constitution and location of proteoglycans (after Bailey and Light, 1989)

Proteoglycan Disaccharide repeating unit Location

Chondroitin sulphate glucuronic acid and N-acetyl cartilage: intravertebral disc
galactosamine

Dermatan sulphate iduronic acid and skin: tendon
N-acetylgalactosamine

Heparin sulphate and glucuronic acid and N- basement membrane:
heparin acetylglucosamine fibrous tissues{ + }iduronic acid and N-

acetylglucosamine
Keratan sulphate galactose and N- cartilage: cornea:

acetylglucosamine intravertebral disc
Hyaluronic acid glucuronic acid and N- all connective tissues:

acetylglucosamine vitreous body

Table 3.5 Mean fibre diameter of three muscles from
lambs of different age and on two planes of nutrition
(Joubert, 1956)

Age (days)
Muscle (diameter mm)

L. dorsi Rectus femoris Gastrocnemius

High plane 
0 9.0 10.4 10.9

60 31.7 33.8 35.8
290 48.2 49.5 45.5

Low plane 
0 7.3 8.3 8.7

60 17.3 19.8 21.3
290 35.0 36.3 39.5



have the same diameter irrespective of the size or development of the fibre (Davies,
1989).

Surrounding each fibre, and underneath the connective tissue of the endomy-
sium, is a sheath, the sarcolemma, which was once thought to be structureless but
was later shown by the electron microscope to represent a double membrane of
which the components are about 50–60 Å apart (Robertson, 1957). Within the sar-
comere are the myofibrils. These are surrounded by a fluid phase, the sarcoplasm.
In the latter are found certain formed structures, the organelles, which include mito-
chondria (the micro-environments which couple respiration with the synthesis of
ATP), lysosomes (which contain various catabolic enzymes) (De Duve, 1959a), per-
oxisomes (which contain fatty acyl oxidases and catalase) (De Duve and Baudhuin,
1966) and the sarcoplasmic lipid bodies: the sarcoplasm is also penetrated by a series
of narrow tubes (the sarcotubular system) (Bennett, 1960), and contains numerous
dissolved or suspended substances. The muscle cell nuclei are generally found just
below the sarcolemma.

Scopes (1970) has pointed out that there can be no sarcoplasmic proteins within
the myofibrils since their molecular size would interfere with the contraction mech-
anism. Their concentration in the interfibrillar fluid, therefore, must be 25–30 per
cent. In a muscle such as the psoas of the rabbit, the actual size of which is shown 
in Fig. 3.7(b), there would be about 20,000 fibres: the grouping of such fibres is rep-
resented in Fig. 3.7(c), which shows pig l. dorsi muscle taken at 20 × magnification 
in longitudinal (LS) and transverse (TS) section. When the magnification is 
increased to 200× it is possible to see (LS) that the fibres are crossed by parallel 
striations: in TS, at this magnification, the varying size and shape of the individual
fibres is evident (Fig. 3.7d). At 2000× magnification (Fig. 3.7e) it can be seen in TS
that each individual fibre is composed of a number of smaller units, the myofibrils;
in LS the individual myofibrils are not so apparent, but details of the cross-
striations are visible. Thus, the dark or A-band has a central clear area (the H-zone)
and the light or I-band has a central dark division (the Z-line).The distance between
two adjacent Z-lines is the functional unit of the myofibril: it is known as the sar-
comere. The sarcomeres of the myofibrils are shown in Fig. 3.7(f) at 20,000× magni-
fication, in LS and TS. It can now be observed that the myofibril is itself composed
of numerous parallel filaments. Some of these extend from the Z-lines to the edge
of the H-zone: others traverse the entire width of the A-band. When, finally, the 
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Table 3.6 Effect of species on muscle fibre diameter at birth and maturity, showing the
importance of rate of postnatal development in body weight (after Joubert, 1956)

(Relative increases: Birth = 100)

Birth Maturity
Species

Body Fibre Body Fibre
weight diameter weight (rel. incr.) diameter (rel. incr.)
(kg) (mm) (kg) (mm)

Sheep 4.2 11.3 113.5 2687 50.4 446
Cattle 30.2 14.3 817.2 2707 73.3 511
Pigs 1.3 5.3 236.1 17660 90.9 1705
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magnification is increased to 200,000 × (Fig. 3.7g), those filaments which traverse the
A-band are seen to be relatively thick; those which stop at the edge of the H-zone
are relatively thin. The thick and thin filaments consist of molecules of the contrac-
tile proteins myosin and actin respectively (Hanson and Huxley, 1953, 1955; Huxley
and Hanson, 1957; Huxley, 1960). It may be noted in TS that each myosin filament
is surrounded by six actin filaments in hexagonal array. The LS of Fig. 3.7(g) also
indicates that there are small projections between the myosin and actin filaments.
The projections are so arranged that each sixth one is on the same radial plane of
the cylinder of the myosin filament and aligned opposite to one of the six sur-
rounding actin filaments. The actin filaments consist of two helically wound strands
composed of sub-units which appear to be alike and are approximately spherical
(Hanson and Lowy, 1963). This general arrangement is shown diagrammatically in
Figs 3.8(a), (b). A strand of the minor myofibrillar protein, tropomyosin, runs along
on each side of the actin polymers, and, at 38.5nm intervals along the thin filaments,
there is located another protein troponin, which itself consists of three units, T, C 
and I (Schaub and Perry, 1969). Troponin T binds to tropomyosin. In the ultimate
analysis, the myosin filaments represent the lateral aggregation of the individual
tadpole-like molecules of myosin. The latter aggregate – with the ‘tails’ towards one
another and the ‘heads’ directed towards the Z-lines (Fig. 3.8(c) – until a cylinder
with tapering ends, and about 1.5 µm in length, is formed. This is the myosin fila-
ment (Huxley, 1963) and comprises about 200 myosin molecules. The myosin mol-
ecule itself is about 1500 Å in length. Each molecule consists of two apparently 
identical units. Each unit has a long ‘tail’ (light meromyosin), a ‘collar’ (heavy
meromyosin S–2) and a ‘head’ region (heavy meromyosin S-1) (Fig. 3.8d) There is
additional protein associated with the latter (Lowey et al., 1969; Gergely, 1970).
Three light sub-units have been found in the ‘head’ region (Gershman et al., 1969).
Digestion of myosin with trypsin yields the heavy and light meromyosin fragments.
Acetylation yields three small fragments of MW 20,000 (Locker and Hagyard,
1968); and a further multiplicity of subunits is formed on treatment with 8 m urea.
One of these sub-units contains Nε-methyl lysine, and, indeed, 3-methylhistidine has
also been found as part of the myosin molecule (Hardy et al., 1970). Methylation of
these two amino acids in myosin occurs after peptide bond synthesis. The points of
attachment of the light meromyosin shaft and of the head of the myosin molecule
(S-1) to the intermediate region (S-2) are susceptible to attack by proteolytic
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Fig. 3.7 Comparative aspects of muscle structure. (a) Fin Whale l. dorsi muscles exposed
after flensing (×1/100). (Courtesy of the late Dr J. G. Sharp.) (b) Rabbit psoas muscle. Actual
size (about 20,000 fibres) (×1). (c) Pig psoas muscle. LS and TS showing arrangement of
muscle fibres in bundles (×20). (Courtesy C. A. Voyle.) (d) Pig l. dorsi muscle. LS and TS
showing several fibres. Note cross-striations and nuclei in LS (×200). (Courtesy C. A. Voyle
and D. J. Restall.) (e) Ox sterno mandibularis muscle. LS – portion of single fibre, showing
dark A-band, with central H-zone, and light I-band, with dark Z-lines between sarcomeres.
TS – portion of single fibre showing individual myofibrils (×2000). (Courtesy N. King and D.
J. Restall.) (f) Rabbit psoas muscle. LS of myofibrils, showing thin rods of actin extending
from Z-lines to border of H-zone and thick rods of myosin, extending across the A-band. TS
of myofibrils showing array of myosin rods (×20,000). (Courtesy Dr H. E. Huxley, FRS.) 
(g) Rabbit psoas muscle. LS edge of H-zone, showing apparent projections between myosin
rods (thick) and actin rods (thin). TS showing thick myosin rods surrounded by six thin actin 

rods (×200,000). (Courtesy Dr H. E. Huxley, FRS.)
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enzymes. This suggests that these junction points could act as hinges, permitting 
S-1 and S-2 to swing out from the shaft towards the actin filaments (Lowey, 1968),
and could mean that the S-2 portion can always attach to actin in exactly the same
orientation (Huxley, 1971). The S-2 ‘collar’ region is up to 50nm in length: the S-1
‘heads’ of the myosin molecules appear to be curved permanently (Anon.,
1981–83b). Davey and Graafhuis (1976a) have shown by electron micrography 
that the light meromyosin backbone of the myosin filaments is arranged as a right-
hand tertiary coil, comprising three secondary coils – each of which is composed of
three primary strands in a left-hand helix. This evidence supports X-ray data 
indicating that the heavy meromyosin heads of the myosin molecules are regularly
disposed along the myosin filament to give nine in the helical repeat distance. There
appears to be no need to postulate the existence of a protein to act as a central core
for the myosin filaments.

Electron micrographs have revealed the fine structure of the M zone in the centre
of the myosin filaments. There are three to five parallel striations running perpen-
dicular to the long axis.These M-bridges appear to link the myosin filaments to their
six nearest neighbours. The M-bridges themselves are linked by thin filaments
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Fig. 3.8 Ultrastructure of muscle. (a) Diagram, based on X-ray analysis, showing part of a
myosin filament, with one double helix of G-actin monomers above. Note that pitch of the
helix, and monomer repeat distance, differ from repeat distances of the H-meromyosin heads
on the myosin filament. (After Huxley, 1969; courtesy Dr H. E. Huxley, FRS, and American
Association for the Advancement of Science.) (b) Diagrammatic cross-section of myosin fil-
ament showing position of six surrounding actin filaments. (c) Sketch showing mode of aggre-
gation of myosin molecules in forming myosin filament. Note opposite polarity of molecules
on each side of M-zone. (After Huxley, 1969; courtesy Dr H. E. Huxley, FRS, and American
Association for the Advancement of Science.) (d) Sketch showing one myosin molecule: note
double-stranded form and relative proportions of light meromyosin (LMM) and heavy
meromyosins (HMMS-1, HMMS-2). (After Lowey et al., 1969; courtesy Dr Susan Lowey.)
(e) Diagrammatic cross-section of myofibril in region of M-zone, showing myosin filaments
within a network of M-filaments and M-bridges. (After Knappeis and Carlsen, 1968; courtesy 

Prof. G. G. Knappeis.)



running between those of the myosin and parallel to the latter (Fig. 3.8e: Knappeis
and Carlsen, 1968). It would thus appear that the bridge-filament lattice of M sub-
stance keeps the myosin filaments centrally aligned in the sarcomere.

Another feature which appears to reflect the basic structural skeleton of the sar-
comere was discerned by the electron microscope. So-called ‘gap filaments’ may be
seen in the spaces which develop in muscles when these have been stretched beyond
the point of overlap of A and I filaments (Carben et al., 1965). It was suggested
(Locker and Leet, 1975) that each gap filament starts as the core of an A filament
in one sarcomere, extends through (and may be attached to) the Z-line and termi-
nates as the core of the aligned filament in the adjacent sarcomere; but King (1984)
suggested they are more peripheral in location. However elusive, gap filaments may
have some significance for meat quality (Davey and Graafhuis, 1976b; Locker, 1976).
They appear to correspond to the series of elastic elements long postulated as com-
ponents of muscle by physiologists, and an elastic protein, referred to as ‘connectin’,
has been characterized by Muruyama et al. (1977a, b). It contains 5 per cent lipid
and 1 per cent carbohydrate. Connectin is present throughout the sarcomere of
skeletal muscle (Maruyama et al., 1979).

Wang and Williamson (1980) resolved connectin into two proteins, titin and
nebulin, of very large molecular weight, which are believed to constitute, respec-
tively, 10 per cent and 5 per cent of the myofibrillar proteins. Titin is probably the
major protein of the ‘gap filaments’ which are thus more appropriately referred to
as ‘T-filaments’ (Locker, 1987), whereas nebulin was originally identified histo-
chemically as thin, continuous transverse arrays (‘N2’ lines) near the boundary of
the A-I zones and on each side of the Z-lines (Yarom and Meiri, 1971). More
recently nebulin has been shown to bind along the thin (actin) filaments (Wang and
Wright, 1988). The ends of the latter are ‘capped’ by a protein (cap-Z: Cassella 
et al., 1987) and associated with other proteins, zeugmatin (Maher et al., 1985) α-
actinin and tropomodulin (cf. Fig. 3.9). The use of monoclonal antibodies against
titin has suggested that T-filaments consist of single giant molecules of titin. There
are six of these in each half-sarcomere, commencing at the M-line, winding helically
round the A-filament and passing to the adjacent Z-line, (Wang, 1985; Maruyama,
1986).

The molecular weight of titin has been reported as 2.8 megadalton (Maruyama,
1986) and as 1.4 megadalton (Harding and Bardsley, 1986). If the former, according
to Locker (1987), its length would be about 7.8 µm, which is equivalent to half a sar-
comere length and approximates to the maximum extension possible with beef
muscle fibres. There is considerable speculation respecting the manner of folding of
titin in muscle at rest and in contraction. Titin has a relatively high denaturation
temperature as assessed by differential scanning calorimetry, viz. 75.6 °C and 78.4 °C
for porcine and bovine titin respectively (Pospiech et al., 2002).

Another salt-insoluble protein, desmin (Granger and Lazarides, 1978), appears 
to form a network of collars within the plane of the Z-line, and may be responsible
for maintaining the alignment of adjacent sarcomeres. Desmin and connectin 
(‘T-filament’ or ‘gap-filament’ protein) thus constitute a filamentous cytoskeleton 
in muscle which is additional to the well-established system of actin and myosin 
filaments. The proteins vinculin and talin are also components of the cytoskeleton
and attach actin to the cell membrane (Geiger, 1979; Tidball et al., 1986). As with
desmin, vinculin is arranged as rib-like bands (or costameres) around the muscle
fibre at the Z-line. (In 2001 Takada et al. identified a further protein, myozenin 
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Fig. 3.9 Schematic diagram illustrating the relationship between nebulin, titin and the 
thin (actin) and thick (myosin) filaments, and showing how the actin filaments interact with
titin and other proteins at the Z-line. (Reprinted with modification by Dr Darl Swartz from
Proc. 47th Annual Recip. Meat Conference, June 12–15, 1994, after Swartz and Greaser, 1995;
by kind permission of Dr Darl Swartz and Dr Marion Greaser and the American Meat 

Science Association.)
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(calsarcin 2) which binds to alpha actin and may regulate the spacing of the actin
filament.)

In muscle there is a continuous attachment of the cytoskeleton to the extracel-
lular matrix, involving two groups of proteins, the dystrophins and the integrins.
Integrins are dimeral proteins consisting of an α and β chain. There are at least 24
combinations of the two chains (Hynes, 1992). The β chain is responsible for the
attachment of the cell membrane to the cell body (Van der Flier and Sonnenberg,
2001). The integrin which is believed to be most significant in linking the cell body
to the membrane matrix is α7β1 (Belkin and Stepp, 2000), which binds to laminin
in the membrane. Integrin adhesion complexes on the cell surface also contain many
signalling proteins such as talin, α-actinin, vinculin and several kinases (Lawson,
2004).

The mitochondria of skeletal muscle are particles having a fine internal mem-
branous structure: they are located between the myofibrils in longitudinal rows 
or situated at the Z-line and are especially prevalent in active muscles (Paul and
Sperling, 1951).

Another type of organelle, the peroxisome, was first described by DeDuve and
Baudhuin in 1966.These are distinct from lysosomes and mitochondria and are char-
acterized by their content of fatty acyl-CoA oxidase, which form H2O2 during the
oxidation of fatty acids, and of catalase, which destroys it.They are particularly plen-
tiful in heart muscle and in other tissues which vigorously oxidize fat. Peroxisomes
appear to oxidize long chain fatty acids (having 20–26 carbon atoms in the chain)
more effectively than mitochondria (Tolbert, 1981).

A separate network – the sarcotubular system – appears to surround each
myofibril and the level of the myofibril at which it occurs is characteristic for dif-
ferent muscles (Porter, 1961). It was first extensively studied by Veratti (1902), for-
gotten for 50 years and rediscovered by electron microscopists, when it was shown
to consist of two series of tubules along which it has been presumed chemical control
may be swiftly and intimately exerted over muscle function (Bennett, 1960). Lon-
gitudinal tubules – to which the term ‘sarcoplasmic reticulum’ is now taken to refer
– run parallel to the myofibrils, being linked at intervals along the sarcomeres, and
unite to form a terminal sac usually* before each Z-line. Between the pairs of ter-
minal sacs (from adjoining sarcomeres) of the longitudinal elements a second series
of tubules runs transversely across the fibrils, apparently as invaginations of the 
sarcolemma (the ‘T’-system).

The junction between the transverse tubules and the longitudinal tubules on each
side, referred to as a ‘triad’, involves a coupling mechanism. Associated with the ‘T’-
system tubules (and the calcium channels of the sarcolemma) is a large five-unit
protein complex, the L-type calcium channels (LTC). The LTC are fundamentally
involved in various cellular processes which are regulated by Ca++ ions, including
the initiation of contraction in skeletal muscle, and they are most prevalent in the
latter (Campbell et al., 1988). The α1 and β sub-units of LTC are phosphorylated by
cyclic AMP-dependent protein kinase (Curtis and Catterall, 1988): phosphorylation
is a prerequisite for ion flux through the channels. The α1 sub-unit of LTC is itself
sufficient to form a functional ion channel (Perez-Reyes et al., 1989). (LTC reacts

* In typical mammalian muscles. In slow-acting muscles the longitudinal tubules of the sar-
coplasmic reticulum continue without interruption between successive sarcomeres (Smith,
1966; Page, 1968).



with dihydropyridine and is referred to as the dihydropyridine receptor.) It is
believed that degradation by calcium activated protease (calpains) and the inhibi-
tion by calpastatin is physiologically important in controlling the initiation of mus-
cular contraction (Remanin et al., 1991).

Projecting from the membrane of the sarcoplasmic reticulum is another large
protein complex, the junctional foot protein (JFP), so-called because of its mor-
phology and its location at the triad junction. During muscular contraction the ‘T’
tubules transmit the excitatory impulse from the depolarized sarcolemma to the 
sarcoplasmic reticulum, from which Ca++ ions are released. They are sequestered
therein by acidic proteins of which the most important is calsequestrin, each mole-
cule of which can bind 40 Ca++ ions (MacLennan, 1974). Among the agents which
induce the release of Ca++ ions is the plant alkaloid, ryanodine (cf. § 2.2), the protein
with which it reacts being accordingly referred to as the ryanodine receptor, but
which appears to be identical to the junctional foot protein.

The calcium-dependent proteinase system (Croall and Demartino, 1991: and cf.
§§ 4.3.5 and 5.4.2) is apparently capable of interacting by the excitatory coupling
mechanism of muscle via both LTC and JFP (Brandt et al., 1992; Seydl et al., 1995).

In Fig. 3.10 the sarcoplasmic reticulum in pig l. dorsi muscle is shown at a mag-
nification of 2000×. The structure stains with osmic acid – silver nitrate. Although in
LS the appearance presented is similar to that in the LS of Fig. 3.7e – which shows
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Fig. 3.10 The sarcotubular system in pig l. dorsi muscle. LS showing regular arrangement
of transverse strands of reticulum at A–I band junction. TS showing reticulum surrounding 

each myofibril within a fibre (×2000). (Courtesy C. A. Voyle.)



muscle at the same magnification when stained by Heidenhain’s reagent – the 
two TS are quite different. It is clear that the myofibrillar protein stains with 
Heidenhain, the myofibrils being separated by unstained areas: in Fig. 3.10 the
myofibrils do not stain, but the sarcoplasmic reticulum surrounding each myofibril
does so.

Like other biological membranes, the sarcoplasmic reticulum is largely phos-
pholipid in nature, but, as an integral component of the membrane, there is intrin-
sic protein (about 1–10 per cent of the phospholid content). This is predominantly
the enzyme ATP-ase (Martonosi and Beeler, 1983). On relaxation it is responsible
for pumping Ca++ ions from the cell interior into the sarcoplasmic reticulum tubes.
In porcine muscle the ability of the sarcoplasmic reticulum to regulate Ca++ ion con-
centration is less in summer than in winter; and this contributes to the lower eating
quality of pork at that time of year (Küchenmeister et al., 2000).

3.3 The growth of normal muscle

The initiation and growth of muscle automatically implies (1) the synthesis of those
complex protein molecules which are specific for the tissue and the secretion of their
necessary components (amino acids), (2) the precise alignment of the specific pro-
teins into the structural element peculiar to muscle (fibres) and (3) the subsequent
differentiation and development of the fibres according to muscle type and func-
tion, all these processes being subject to the overall requirement of perpetuating
the pattern of the parent body. Various hormones are known to expedite the growth
of biological tissues and to exert control over their function either directly or indi-
rectly: their general mechanism of action is upon the enzyme proteins which control
the rate of chemical reactions whether these be synthetic or otherwise (Villee, 1960).
In some cases hormones are known to act by making substrate molecules more
accessible, e.g. insulin (Levine and Goldstein, 1955). One might thus explain the
accretion of the amino acids required for protein building. An explanation of how
these amino acids are built into the exact and reproducible position which they
occupy in the polypeptide chains of which proteins are constructed has only been
possible since the 1960s (Perutz, 1962).

3.3.1 Fundamental basis of protein organization and replication in 
biological tissues
While hormones may expedite the building of proteins through their action on the
synthesizing enzymes, the question of how the enzymes themselves are synthesized
naturally arises. The genes on the chromosomes of the cell nucleus are responsible.
One gene controls the synthesis of the structure specific for one or part of one
enzyme protein: it also effects the synthesis required for self-replication, thus ensur-
ing the perpetuity of its own structure. The genes are not themselves proteins: they
consist of nucleic acid, generally, deoxyribonucleic acid (DNA). DNA consists of
two chains of nucleotides coiled around each other to form a double helix (Watson
and Crick, 1953). Although there are only four different nucleotides in the chains
(adenosine, guanosine, cytidine and thymidine), they occur many times and are
arranged in a complicated sequence. This sequence in the two chains is identical but
complementary, being followed in opposite order in each.
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In replication one chain of the parent double helix is transferred in forming each
of the daughter double helices. The biosynthesis of the second daughter chain is
catalysed by an enzyme which uses as substrate the four component deoxyribonu-
cleoside triphosphates: it uses the daughter DNA chain as a basis for building the
second complementary chain (Perutz, 1962).

It has long been clear that enzyme molecules are not synthesized by the DNA
of the gene directly, the DNA being in the nucleus and protein synthesis occurring
in the cytoplasm, where another type of nucleic acid involving ribose instead of
deoxyribose occurs (ribonucleic acid-RNA). A multiprotein enzyme complex,
mRNA polymerase II, is responsible for selecting the DNA sequences in the nucleus
and transcribing them into messenger RNA (mRNA); and it appears that about 50
proteins must associate with a portion of DNA before it can be transcribed to
produce the mRNA appropriate for the synthesis of the protein required (Mann,
1999). Activation of the associating proteins depends on the receipt of a signal from
the cell exterior, transduced through a cascade of cytoplasmic reactions, in which
Ca++ ions play an essential role by promoting the action of cyclic AMP-dependent
enzymes (Petersen, 1999). The mRNA carries the genetic message from the DNA
on the gene in the nucleus to particles in the cytoplasm known as ribosomes. Acti-
vated amino acids are brought to the ribosome by other forms of RNA (transfer
RNA), there being at least one molecule of transfer RNA for each amino acid. It
seems likely that growth hormone regulates the rate of protein biosynthesis by con-
trolling the synthesis of messenger RNA (Korner, 1963). One function of insulin
appears to be to accelerate the translation of the messenger RNA for ribosomal and
sarcoplasmic proteins in particular (Kurichara and Wool, 1968).

Each molecule of transfer RNA contains a code in the form of a sequence of the
nucleotides already referred to, which permits it to pair with a sequence of com-
plementary nucleotides on the messenger RNA, held in the ribosomes, and thus to
add the correct amino acid to the growing polypeptide chain. It was established that
a specific sequence of three nucleotides determines the selection of a given amino
acid (Crick et al., 1961). The four different nucleotides on the DNA chains, and
hence on the protein-building RNA chains, if taken three at a time permit 64 dif-
ferent sequences. Since only about 20 amino acids are found in proteins, it would
appear that each one may be determined by more than one sequence. The sequence
of nucleotides in nucleic acid is colinear with the sequence of amino acids on the
polypeptide chain which it determines (Whitmann, 1961). The fundamental mech-
anism for the control of enzyme synthesis (and, thereby, of growth and develop-
ment) by DNA and RNA had just been elucidated when the first edition of this
book was being written. As revealed then, the genetic code was elegant and logical.
Since then, however, much further information has become available which indi-
cates that the code embodies major complexities. Only a relatively small proportion
of the nucleotide sequences of the genome code for proteins (exons). They are
flanked by other segments of DNA (introns) which, although they are transcribed
by mRNA, are excised and destroyed prior to translation of the exons. By far the
greatest proportion of the nucleotide sequences are non-coding and their function
is still not clearly understood. These non-coding sequences include segments which
are important for identifying species (and even the individual) (cf. § 4.3.1). The
sequence of nucleotides on the genes may be used to code for more than one protein
by altering the base at which reading is initiated (Crick, 1979; Chambon, 1981), and
it can be interrupted by the insertion of nucleotides from other genes or viruses.
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Again, most cells contain large numbers of copies of certain of their genes. These
may represent material from which new genes can be developed, or the capacity to
swiftly increase the production of a particular protein, in response to extraneous
circumstances. There appears to be some higher order of interaction between genes
in controlling cells and tissues (Cavalier-Smith, 1980; Taylor, 1992). Although much
of the genetic material is remarkably stable in evolution, albeit subject to chance
mutation, other portions are dynamic and susceptible to purposeful change.

In respect of muscular tissue, polysomes which synthesize myofibrillar proteins
specifically have been identified (Heywood and Rich, 1968). These comprise 50–60
ribosomal particles. Such are large enough to code for a protein of MW 170,000 
to 200,000, i.e. the mass of the main myosin subunit. These polysomes appear to 
correspond to that species of RNA with 26 S sedimentation characteristics. Actin
and tropomyosin are synthesized by smaller polysomes: and there seems to be a
correspondence between the size of mRNA and the muscle protein for which it
codes (Heywood, 1970). In embryogenesis the synthesis of actin precedes that of
myosin and the latter proceeds before tropomyosin is synthesized. Sarcoplasmic
proteins turn over at a faster rate than those of the myofibrils (Burleigh, 1974). In
muscle development, the quantity of mRNA coding for the heavy chain segment of
myosin increases from about 1000 to about 3500 copies per nucleus as the muscle
becomes fully differentiated (Young and Achtymuchuk, 1982). Reflecting this
increase, the rate of synthesis rises from about 1000 to about 30,000 molecules per
minute per nucleus (Young and Denome, 1984).

The complete DNA sequence of bases of the exons and introns for the myosin
heavy chain of rat embryonic skeletal muscle has been defined (Strehler et al., 1986).
It contains 24,000 bases and codes for an mRNA of 6035 nucleotides, of which 5820
are responsible for the sequence of 1939 amino acid residues in the molecule of
myosin heavy chain. At least 7 different genes coding for myosin heavy chains have
been identified (e.g. for embryonic, neonatal and adult skeletal muscle, cardiac and
ocular muscles) (Mahdavi et al., 1986). Although closely related, the heavy myosin
chains for which these genes code must differ structurally in the region which binds,
hydrolyses and expels ATP. The mode of contraction of a muscle in terms of its
speed, force generated and other parameters, is influenced by the type of myosin
heavy chain it contains and presumably also by the types of myosin light chain, actin,
tropomyosin and troponins present (Young and Davey, 1981: cf. Table 4.32), which
are also encoded by multigene groups (Nadal-Ginard et al., 1982). Further aspects
of the differences between myosin heavy chain isoforms are considered below (cf.
§ 4.3.5.2). Isoform identification by DNA analysis is likely to elucidate the nature
of various pathological conditions in muscle (cf. § 3.4.1) and to suggest how gene
manipulation could correct them. Thus, in the l. dorsi muscles of pigs carrying the
halothane positive gene, and exhibiting the PSE condition (cf. § 2.2), there is a
greater proportion of Type II (fast-twitch, glycolytic) fibres than of Type I (slow
twitch, oxidative) (cf. § 4.3.5.2), this being correlated with the proportion of fast-
glycolysing myosin heavy chain present (Depreux et al., 2000).

In respect of the connective tissue proteins, synthesis is similar. Since there are
at least 15 different chains in collagen, however, there must be at least that number
of distinct genes coding for the protein. Essential for the formation of the triple
helix is the hydroxylation of proline (ascorbic acid is required for the activity of the
enzyme responsible, 4-prolyl hydroxlase). A second important post-translational
modification is the hydroxylation of certain lysine residues which determine the
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nature of the cross-links in the non-helical, terminal regions of the chains and the
stability of the connective tissue. The completion of the synthesis of the collagen
molecule also involves glycosylation of a proportion of the hydroxylysine residues,
and the formation of the triple helix. An understanding of complex biological
systems has hitherto been derived from studying their components in isolation; and
from such observations the nature of their dynamic functions in vivo have been
deduced, albeit with considerable accuracy. The revelation of the genetic code some
50 years ago has led to the emergence of a much more fundamental, intimate and
precise appreciation of biology. Thus, the ability to identify the complete nucleotide
sequence in the genetic complement (genome) of cells has been coupled with math-
ematical means of organizing and interpreting the immense volume of data gen-
erated by sophisticated computers (bioinformatics). Techniques are becoming
available to determine simultaneously, in a cell or organism, all the possible modes
of transcription of nuclear DNA by mRNA (transcriptomics), the entirety of the
protein species and isoforms expressed thereby (proteomics) and all the metabo-
lites arising during functioning (metabolomics). These developments, collectively
referred to as ‘genomics’, have mainly occurred since the last edition of this book
was published in 1998. It is now becoming possible to relate the phenotypic char-
acteristics, which distinguish species, breeds and even individual muscles, to the
operation of specific genes. Genomics provides a new approach to understanding
and positively controlling the attributes of eating quality and nutritive value in meat
(Eggen and Hocquette, 2003) (cf. Chapter 10).

3.3.2 General origins of tissues
Although the way in which cells perpetuate their proteins is becoming clearer, and
how histones suppress those genes which are not permitted to code for proteins, it
is not as yet known how such proteins are organized spatially to produce the cell’s
formed elements. The sciences of cytology and embryology, however, provide some
clues.

It is no longer possible to regard the initial cell from which embryonic growth
occurs as having a completely undifferentiated protoplasm: the spherical symmetry
of the egg is transitory and disguises the heterogeneous nature of its contents. Either
from its position in the ovary or because it possesses within itself incipient polar
organization, the egg is already highly polarized (Picken, 1960). The embryo
becomes differentiated into ‘head’ and ‘tail’ regions through morphogenetic stimuli
from a primary inductor (Needham, 1942). Holtfreter (1934) showed that the adult
tissues from members of all phyla, if implanted into the embryonic body cavity
formed at an early stage in the mass of dividing cells, induced the formation of a
secondary embryo. It has since been shown that the primary inductor is extractable
from such tissues. Several substances act as hormones controlling the form of
growing tissue (e.g. ribonucleoproteins), but it seems likely that the natural primary
organizer of the embryo is steroid in nature: it is thus of interest that the unorgan-
ized differentiation of most carcinoma should be caused by compounds belonging
to the same chemical family as the steroids (Cook, 1933, 1934). There is strong evi-
dence that retinoic acid is an important morphogen for anterior/posterior location
and that it acts via ‘homoeotic selector gene complexes’ (HOM) of which at least
four have been identified in mammals (Lewis and Martin, 1989). The further a gene
lies from the beginning of the HOM, the more posterior is its domain of expression
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along the body axis. It is likely that there is a hierarchy of tissue organizers, and that,
after the primary induction of ‘head’ and ‘tail’ regions, secondary or tertiary induc-
tors evoke the production of different types of tissue in the embryo and of differ-
ent organs and structures within these types. Significant advances in the techniques
available for micromanipulation have made it possible to isolate individual cells
from early embryonic tissue which have the capacity to replicate as identical copies
in vitro, being potentially immortal. These ‘stem cells’ also have the capacity to
develop into every tissue (pluripotent) of the body. Stem cells can also be separated
from certain tissues in the adult body; but these are usually only capable of forming
the particular tissue from which they are isolated (Alison et al., 2002; O’Donoghue
and Fisk, 2004). It is envisaged that stem cells will permit regeneration of damaged
or diseased tissue in human medicine, and effect cures for hitherto untreatable con-
ditions. In the present context, it is feasible that stem control of the muscles of meat
animals will be exploited as a factor in preferentially developing those locations
with organoleptic characteristics desired by the consumer.

3.3.3 Development of muscular tissue
Skeletal muscles arise in the embryo from the mesodermic somites, i.e. from the
third (and central) germinal layer of the embryo. The somite cells begin to form
along each side of the embryonic axis 2–3 weeks after conception. From the somites
muscle cells arise in about 40 groups (myotomes). Initially these consist of a mass
of closely spaced and undifferentiated cells of fusiform shape. As development pro-
ceeds, two types of cell can be distinguished, one acquiring the morphology of prim-
itive branching connective tissue cells, and the other that of primitive muscle cells
(myoblasts). These are bipolar spindle-shaped cells and fuse to form myofibrils, a
process which has been observed by time-lapse cinematography (Bachmann, 1980).
The latter at first multiply by mitotic division whereby the nuclear material is
divided equally between mother and daughter cells. Later they elongate, become
multinucleated and divide amitotically.Within a muscle fibre, the number of myofib-
rils increases, during embryonic development, from a single original fibril (Maurer,
1894) by longitudinal fission (Heidenhain, 1913). The fibrils produce the fibre by
forming first a hollow tube and then filling its interior (Maurer, 1894).The first fibrils
formed are unstriated even when several are in parallel and dots delineating 
each sarcomere (the subsequent Z-lines) appear before the fibrils form a tube 
(Duesberg, 1909). In mammals, the myofibrils just beneath the sarcolemma, i.e. those
forming the periphery of the muscle fibre tube, are the first to become striated.
Muscle nuclei are originally located in a central position but eventually migrate to
the periphery of the fibre, later becoming flattened against the sarcolemma as the
number of myofibrils increases.

More recent views on the histogenesis of skeletal muscle, based on modern tech-
nology have confirmed earlier understanding, and have provided much more infor-
mation on how the specific myofibrillar proteins which are now known (§§ 3.2.2 and
4.1.1) are involved (Stockdale, 1992).The first myofibrillar protein to develop is titin.
This is followed, in turn, by myosin, actin, actinin, nebulin and the various other pro-
teins which regulate the contractile machinery (Colley et al., 1990). The assembly of
the myofibrillar proteins into mature myofibrils must involve a higher order struc-
ture and may include proteins which promote extracellular (e.g. integrins: Hynes,
1992) and intracellular (e.g. cadhesins: Knudsen et al., 1970) cell adhesion.
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The establishment of skeletal muscles during embryonic development involves
the commitment of mesodermal cells to a specific myogenic pathway. Further 
proliferation and the subsequent differentiation into muscle cells depends on the
interplay of many inter- and intracellular proteins which are induced by the local
cell environment (Olson, 1992). It is feasible that a single molecular event could 
initiate this chain of changes, activating a ‘master gene’ which, via a cascade of 
gene expressions, would activate other groups of genes. A number of genes in 
the group of factors regulating myogenesis, have been identified (Aurade et al.,
1994). They produce so-called basic helix–loop–helix (bHLH) proteins. The 
latter bind DNA and when they (or the parent gene) are introduced into 
fibroblasts, they convert them into muscle cells (Olson and Klein, 1992). The loca-
tion at which they bind to DNA appears to be the promotional region and since
most of the myofibrillar contractile genes have this sequence, they can all be 
activated.

Generally, after the second half of intrauterine life, muscles increase in size not
by augmenting the number of their constituent fibres but by increasing the size of
the latter (Adams et al., 1962). Nevertheless, Goldspink (1962b) found that the fibres
of the biceps brachii of the mouse increased in number for some time after birth:
subsequent muscle development with age or with exercise is due not to a further
increase in fibre numbers, but occurs because there is a greater number of fibres
having a large diameter (Goldspink, 1962a), and those fibres which acquire a large
diameter do so by an increment in the number of their constituent myofibrils 
(Goldspink, 1962c). Inanition is associated with a redistribution in the population
of muscle fibre diameters, those of small diameter increasing in number at the
expense of those of large diameter (Goldspink, 1962b).

During early development, fibrils grow in length from each end in complete sar-
comere units (Holtzer et al., 1957), i.e. the number of sarcomeres per fibril increases:
after birth, the number of sarcomeres per fibril tends to remain constant and
increase in fibre length is achieved by increasing the width of existing sarcomeres
(Goldspink, 1962c).There is a concomitant increase in the degree of overlap of actin
and myosin filaments with increasing age. This explains why the muscles of the
young animal cannot develop much power (Goldspink, 1970).

For the musculature generally, the greatest rate of increase and weight occurs in
the immediate postnatal period: the rate tends to diminish as growth continues.

In sheep (Hammond, 1932a; Pállson, 1940) and pigs (McMeekan, 1940) it has
been shown that there is a greater rate and amount of postnatal growth in the mus-
culature of the head and trunk, as one proceeds from the fore to the hind end of
the body, and in the musculature of the limbs, as one proceeds from the feet towards
the body: the latest maturing region is that where these waves of growth meet 
at the junction of the loin and the last rib, as has been mentioned in connection with
body growth generally. Hammond (1932a) studied how the main groups of muscles
in the hind limb of the sheep developed with increasing age and showed that those
in the ‘leg’ portion were relatively better developed at birth than those in the ‘thigh’
portion; muscles of the latter group matured later. Sex also influenced the relative
development of the groups, the ‘thigh’ muscles (i.e. those of the upper portion of
hind leg) being relatively more developed than those of the ‘leg’ (i.e. those of the
lower portion of hind leg) in males than in females. Again, the level of fatness influ-
ences the issue. The ‘thigh’ muscles are capable of depositing more fatty tissue
between their fibres than the ‘leg’ muscles.
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The postnatal growth of individual muscles is determined by the relative matu-
rity at birth of the area in which they are found. Thus, those in the ‘thigh’ show a
greater development than those in the ‘leg’ (Hammond, 1932a). Joubert (1956), on
the basis of fibre diameter measurements, compared the l. dorsi from the loin – a
late developing area – with the rectus femoris from the ‘thigh’ and the gastrocne-
mius from the ‘leg’ of the hind limb.At birth the gastrocnemius possessed the largest
fibres and the l. dorsi the smallest.Those of l. dorsi, on the other hand, showed great-
est relative increase during postnatal life while the fibres of gastrocnemius increased
least at this time. In mature animals the early developing gastrocnemius increased
most under a high plane of nutrition: on a submaintenance diet the fibres of l. dorsi
were most severely retarded.

In the pig at birth the weights of lumbar and thoracic l. dorsi and of the neck
muscles represent, respectively, 2.6, 3.6 and 4.6 per cent of the total muscle weight:
100 days later the respective values are 3.9, 5.4 and 4.8 per cent (Cuthbertson and
Pomeroy, personal communication). These data again demonstrate that muscles
located nearer to the rear of the animal – here the two portions of l. dorsi – have a
greater postnatal development than those in the fore end.

Within a given area, however, individual muscles vary considerably in their rates
of growth (Hammond, 1932a). So many factors interact in producing growth in indi-
vidual muscles that generalizations are difficult, but the largest muscles have the
greatest rate of postnatal development, this being possibly related to muscle func-
tion. In classifying the relative growth patterns of muscles in cattle, Butterfield and
Berg (1966) have pointed out that most muscles show more than one growth phase.

As in the case of the animal as a whole, it is normal for muscles to lay down both
intracellular and extracellular fat. This occurs as a result of age or because of a high
plane of nutrition (Helander, 1959).

3.4 Abnormal growth and development in muscle

A variety of factors can cause abnormal growth and development in muscle. Such
may be superficially manifested by an unusual increase or decrease of normal mus-
cular tissue or by the production of atypical tissue, which may be accompanied by
an overall increase or decrease in size. At the present moment, most of these abnor-
malities would automatically preclude the affected musculature from consumption
as meat on aesthetic grounds or on those of public health; but they should be con-
sidered, since they help to indicate the nature of muscle, and it is conceivable that
one day some may be utilized deliberately to produce desired qualities in meat.

3.4.1 Genetic aspects
The muscular hypertrophy of ‘doppelender’ cattle and the stunted growth of
‘snorter’ dwarf cattle have already been mentioned as being due to recessive genes.
In neither case is the musculature other than entirely wholesome as meat.

Imperfections in embryogenesis account for a number of conditions where there
is anomalous development in muscle or where muscles fail to develop at all. Club-
foot exemplifies one of the conditions where development is faulty: histological
examination shows that the muscle fibres are of uniformly small diameter. When
congenital absence of muscles occurs, those which most frequently fail to develop
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are the pectorals (Bing, 1902). The ingestion by pregnant women of tranquillizers
such as thalidomide has emphasized the susceptibility to mutation of the genes con-
trolling muscular development.

Many other abnormalities of development have been shown to be heritable.
These include various diseases in muscle where inflammation by infecting organ-
isms is not involved (muscular dystrophy). The heritable types are characterized by
the relative absence of regenerative activity: they are largely degenerative, and the
chain of causes is unknown (Adams et al., 1962). The muscle fibres have a greatly
lessened capacity to retain creatine (Ronzoni et al., 1958) and potassium (Williams
et al., 1957), more collagen (Vignos and Lefkowitz, 1959) and a decreased ability to
produce lactic acid by glycolysis due to lowered contents of aldolase, phosphorylase
and creatine kinase (Dreyfus et al., 1954; Ronzoni et al., 1958). In Duchenne mus-
cular dystrophy the electrophoretic pattern of the lactic dehydrogenase enzymes
reverts to that of the embryonic muscle (Emery, 1964). The contractile proteins are
relatively unaffected. Two as yet unidentified proteins have been detected in the
urine of those suffering from the disease (Frearson et al., 1981) and the gene respon-
sible for the condition has been shown to produce a protein, dystrophin, associated
with the sarcolemma (Zubrzycha-Gaarn et al., 1988), which it strengthens by fixing
portions of the cytoskeleton to the surface membrane.

The most important histological feature of the dystrophies is the disappearance
of muscle fibres, which proceeds, in phases of hypertrophy, atrophy, splitting and
fragmentation, to degenerating myoblasts.

A series of heritable glycogen storage diseases are known (Cori, 1957). Certain
of these are characterized by the deposition of large quantities of glycogen in
muscle. They are distinguished from one another by various genetically determined
deficiencies of glycolytic enzymes, on account of which the accumulation occurs. In
one condition ‘debranching enzyme’ is deficient and the structure of the glycogen
deposited is abnormal: in another, phosphorylase is deficient, but the glycogen is
normal. It should be mentioned, however, that the glycogen concentration in the
muscles of the new-born pig is normally very high (about 7 per cent compared with
1–2 per cent in the muscles of older animals: McCance and Widdowson, 1959).

Familial periodic paralysis, in which potassium accumulates (McArdle, 1956), and
a spontaneous discharge of muscle pigment with myoglobinuria (Biörck, 1949),
exemplify two other types of heritable abnormalities of muscle growth.

3.4.2 Nutritional aspects
Reference has already been made to the differential effects which animal age and
the general plane of nutrition have on the development of various groups of
muscles. Provided the diet is qualitatively adequate such growth is normal, but the
absence or excess of specific substances can cause atypical development.

Dystrophic muscle which is superficially white, and may be exudative, can arise
in cattle, sheep and pigs through a deficiency of vitamin E: the latter appears to be
essential for the integrity of muscle (Blaxter and McGill, 1955). Histologically, there
are distinct pathological features such as hyaline degeneration (cell transparency)
and phagocytosis. Characteristically, long segments of fibres show ‘coagulation
necrosis’: areas of regeneration are found concomitantly (West and Mason, 1958).
Biochemically, there is an increase of γ-myosin (Kay and Pabst, 1962). Vitamin E-
dystrophic muscle has a greater capacity for proteolytic breakdown, which may be
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attributed, in part, to increased dipeptidase activity (Weinstock et al., 1956); a
lowered capacity for respiration (Schwartz, 1962); a greater content of connective
tissue protein, fat and water; and a lower content of total nitrogen (Blaxter and
Wood, 1952). Structural changes in myosin are also induced by vitamin E-
dystrophy (Lobley et al., 1971). The content of 3-methyl histidine is lowered, one of
the soluble subunits of myosin (Perrie and Perry, 1970) apparently fails to be syn-
thesized and its Ca++-activated ATP-ase is markedly depressed. A diet containing
appreciable quantities of unsaturated fatty acids, especially linoleic acid, predisposes
to vitamin E deficiency (Lindberg and Orstadius, 1961), emphasizing the antioxi-
dant aspects of the role of vitamin E. A dietary absence of selenium also produces
muscular dystrophy, which vitamin E counteracts; here its role is unknown (Blaxter,
1962).

As in the case of vitamin E deficiency, it seems possible that an excess of dietary
vitamin A increases the proteolytic activity of muscle, perhaps by increasing the per-
meability of the membrane within which catheptic enzymes are contained (Fell and
Dingle, 1963).

The ingestion of specific toxins, such as the diterpenes pimaric and abietic acids,
is also thought to be responsible for the occurrence of white, exudative muscle and
myoglobinuria (‘Haff disease’; Assman et al., 1933).

3.4.3 Physiological aspects
A white, exudative appearance is a superficial symptom of many abnormalities in
muscle growth which are directly attributable to genetic or nutritional factors; as we
have seen, microscopic examination reveals pathological features. Much interest has
been shown in a condition in the muscles of pigs which resembles the nutritional or
genetic dystrophies superficially, but in which virtually no pathological changes can
be observed. According to Bendall and Lawrie (1964) its most immediate cause is
physiological. It has been suggested that overintensive selection for high feed con-
version efficiency and for leanness in pigs (e.g. Danish Landrace, Piétrain) has inad-
vertently also selected for pigs having an excess of growth hormone (GSH) and a
deficiency of adrenocorticotrophic hormone (ACTH) in the pituitary and hyper-
thyroidism (Ludvigsen, 1954). According to Wood and Lister (1973), however, such
pigs possess instead an impaired capacity to deposit fat. The leanness of stress-
sensitive, PSE-susceptible pigs may be due to an enhanced capacity to mobilize fat
associated with impaired insulin metabolism and a greater sensitivity to the action
of catecholamines (especially norepinephrine) of the body stores of fat (Wood 
et al., 1977).

Despite the absence of pathological features the condition has been referred to
as ‘Muskel-degeneration’ (Ludvigsen, 1954) and ‘la myopathic exudative dépig-
mentaire du pore’ (Henry, Romani and Joubert, 1958); the original name ‘wässeriges
Fleisch’ (Herter and Wildsdorf, 1914) or the description ‘pale, soft, exudative’ (PSE)
musculature (Briskey, 1964) are more appropriate. Nevertheless, the histological fea-
tures are uncommon and resemble those which can be artificially produced by a fast
rate of post-mortem glycolysis. In longitudinal section there is frequently an alter-
nate array of strongly contracted and adjacent passively kinked fibres, or irregularly
spaced bands of dark-staining protein deposits running across the fibres (Lawrie 
et al., 1958; Bendall and Wismer-Pedersen, 1962). These bands penetrate into the
depth of the fibre (Fig. 3.11) and appear to consist of denatured sarcoplasmic protein,
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which has precipitated on the myofibrils, lowering the extractability of the latter
(Bendall and Wismer-Pedersen, 1962). The sarcoplasmic precipitate includes the
enzyme creatine kinase (Scopes and Lawrie, 1963).

In pork which exhibits the PSE condition, there may be an unusually fast rate of
pH fall during post-mortem glycolysis, with a normal ultimate pH (ca. 5.5) or an
unusually low ultimate pH (ca. 4.8) (Lawrie et al., 1958). Halothane anaesthesia
induces a fast rate of pH fall in the muscles of stress-susceptible pigs (malignant
hyperthermia; Gronert, 1980). The excess anaerobic release of Ca+ ions by the mito-
chondria of the muscles of stress-susceptible pigs has thus been postulated as a
‘trigger’ for the PSE condition, and also for malignant hyperthermia (Cheah and
Cheah, 1976). Subsequently Cheah and Cheah (1981a, b), in endeavouring to eluci-
date the mechanism more fully, suggested that unsaturated fatty acids from mito-
chondrial membranes, released by endogenous phospholipase A2, would cause the
sarcoplasmic reticulum to release Ca++ ions, under the influence of an unusually high
level of calmodulin (cf. § 4.1.1) within the mitochondria (Cheah et al., 1986). Sig-
nificant increases in the levels of calmodulin, fatty acids and phospholipase a2 within
mitochondria, and of Ca++ ions both in the sarcoplasm and within mitochondria, are
observed in adult halothane-sensitive pigs when compared with young halothane-
sensitive pigs and both young and adult halothane-insensitive pigs (Cheah et al.,
1986). Eikelenboom and Nanni Costa (1988) reported that the incidence of PSE
was more frequent, and its manifestation more serious, in halothane-negative pigs
than in a comparable group of pigs which responded to the drug. The occurrence
of PSE in the former group was associated with a low ultimate pH. It is thus believed
that at least two distinct genes are responsible for the PSE condition (Sellier, 1988)
(cf. § 2.2). One is associated with a fast rate of post-mortem pH fall (low pH1) and
with halothane sensitivity; the other is associated with an abnormally low ultimate
pH, although the rate of pH fall may not be unusually fast.The high glycolytic poten-
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tial which this latter condition signifies is found especially in the Hampshire breed
of pigs, from which the halothane sensitivity gene is virtually absent (Monin and
Sellier, 1985), whereas the Piétrain breed tends to be halothane sensitive and to
exhibit a low pH1 (cf. § 2.2). The muscles of the latter have a higher proportion of
fast-twitch, glycolytic ‘white’ fibres (type II) than those of other pig breeds. The
muscles of Hampshires tend to have more slow-twitch, ‘red’ fibres (type I) than
those of other breeds.

In a recent investigation of the l. dorsi of pigs Danish investigators demonstrated
that the in vivo levels of glycogen were higher, and the ‘resting’ pH distinctly lower,
in animals which were either homozygous or heterozygous for halothane sensitiv-
ity. They proposed that in vivo assessment of the level of muscle glycogen was a
more effective predictor of PSE pork than sensitivity to halothane.

Essen-Gustavsen et al. (1992, 1994) found that, in the l. dorsi muscles of
halothane-sensitive (nn genotype) pigs, the fibres were of greater cross-sectional
area and the density of the capillaries lower, than in the corresponding muscles of
halothane-resistant (NN genotype) individuals. Post-mortem, the muscles of the
halothane-sensitive pigs had twice as many glycogen-depleted type II fibres as had
those of the NN genotype, as well as the highest reflectance values (paleness) and
exudation (Essen-Gustavsen et al., 1992, 1994; Fiedler et al., 1999). The muscles of
heterozygotic pigs which, although non-responsive to halothane, carry susceptibil-
ity to malignant hyperthermia (Nn), are also characterized by a rapid rate of post-
mortem glycolysis (and high ATP turnover). They can be identified by 31P-NMR
(Moesgaard et al., 1995). Deterioration in the power of the sarcoplasmic reticulum
to accumulate Ca++ ions, measured in muscle homogenates by a Ca++-sensitive elec-
trode, can be used to identify NN, Nn and nn genotypes (Cheah et al., 1994).

In vivo susceptibility to malignant hyperthermia and halothane anaesthesia can
be detected by DNA polymerase in blood samples (Houde and Pommier, 1993: cf.
§ 2.2).

Either a fast rate of pH fall or a very low ultimate pH would tend to denature
muscle proteins and lower their capacity to hold water – in the former case because
a relatively low pH would be attained whilst the temperature of the carcass was still
high (Bendall and Wismer-Pedersen, 1962). Arakawa et al. (1970) have shown that
the regulatory functions of α-actinin and tropomyosin-troponin are markedly
lowered in such conditions. Penny (1969) demonstrated (in porcine l. dorsi) that the
lower the pH at 90 min post-mortem, the lower the water-holding capacity, the ATP-
ase activity and the extractability of the myofibrillar proteins. It is evident that a fast
rate of pH fall post-mortem is also effective in denaturing the contractile proteins.

Using a predictive model, Offer (1991) showed that denaturation of myosin is
likely to be the predominant cause of exudation in PSE muscle and that the sever-
ity of the denaturation increases with both rate and extent of post-mortem pH fall.

A high environmental temperature, struggling immediately before slaughter and
delayed cooling of the carcass cause the condition to be manifest (Bendall and
Lawrie, 1964). Briskey (1969) and Kastenschmidt (1970) presented biochemical evi-
dence, however, which suggested that the degree of struggling at death is not the
main reason for a high rate of post-mortem glycolysis in stress-susceptible pigs.They
believed that the inherent constitution of the muscles in the latter is such that they
are more readily made anoxic post-mortem and hence encourage a fast rate of lactic
acid production. The efficacy of relaxant doses of magnesium sulphate administered
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pre-slaughter in slowing post-mortem ATP breakdown (Howard and Lawrie, 1956)
and in preventing PSE (Briskey, 1969; Sair et al., 1970) may be due to a vasodila-
tory action. Although the pre-slaughter injection of magnesium sulphate slows the
rate of ATP breakdown in pigs of Piétrain, Landrace and Large White breeds, and
there is a marked reduction in exudation post-mortem in the former two breeds,
this is less so with the meat from Large White animals, suggesting that there may
be influences other than the rate of post-mortem glycolysis affecting waterholding
capacity. The Ca++-accreting ability of the sarcoplasmic reticulum from muscles
showing exudative character is said to be less than that of normal porcine muscle
(Greaser et al., 1969b). This feature would exacerbate any tendency for a fast rate
of pH fall post-mortem and this, in turn, increase the damage to the sarcoplasmic
reticulum (Greaser et al., 1969a; Greaser, 1974). Mitochondria from l. dorsi muscles
of stress-susceptible Piétrain and Poland China pigs release Ca++ ions anaerobically
at twice the rate of those in stress-resistant pigs.

Prophylaxis is said to be made possible by giving cortisone to stress-susceptible
pigs (Ludvigsen, 1957). At rest the level of 17-hydroxycorticosterone in the blood
serum is 50 per cent greater in stress-susceptible than in normal pigs (Topel, 1969);
and, on exposure to stress, the level falls in the former, whereas it rises in normal
pigs. The intravenous injection of aldosterone induces a pale, soft exudative condi-
tion in pig musculature. This effect is prevented if an oral drench of aldactazide (a
competitive inhibitor of aldosterone) is administered 30 min beforehand (Passbach
et al., 1969).

Another index of the potentially stress-susceptible pig is the presence of lactic
dehydrogenase isozyme V in the blood serum: usually isozyme I is found. A high
isozyme V/I ratio in blood samples would indicate a tendency to develop PSE 
post-mortem (Addis, 1969). There are said to be enhanced levels of creatine phos-
phokinase in the blood serum of stress-susceptible pigs (Allen and Patterson, 1971),
and of glucose-6-phosphate in muscles sampled by biopsy (Schmidt et al., 1971).
These observations are compatible with a physiological explanation of the 
condition.

Wismer-Pedersen (1969b) has shown that the proteins from watery pork have a
much lower capacity to form stable emulsions than those from normal porcine
muscles. He suggests that the greater insolubility of sarcoplasmic proteins in such
meat (see above) prevents myofibrillar proteins forming the strong membrane
round fat globules to which, he believes, emulsion stability is due when sausage meat
is heated. It seems likely, however, that the connective tissue proteins also affect the
stability of sausage meat emulsions. It is of interest, in this regard, that the epimy-
seal connective tissue appears to have significantly more salt-soluble collagen and
a greater amount of heat-labile collagen, when derived from watery pork than from
the flesh of normal pigs (McLain et al., 1969).

Henry et al. (1958), Lawrie (1960) and Scopes and Lawrie (1963) attributed the
paleness largely to the absence of myoglobin, whereas Wismer-Pedersen (1959a)
and Goldspink and McLoughlin (1964) attributed it to denaturation of myoglobin,
while Hector et al. (1992) suggested in electically stimulated beef paleness in the
semimembranous muscle was due to partial denaturation of myosin.

Bendall and Swatland (1988) published a comprehensive review of the relation-
ship between pH and the physical aspects of pork quality. They concluded that,
whilst the ‘pH1 index’ (i.e. the percentage of carcasses with pH1 less than 6.0 at 45
minutes post-mortem) gives some indication of the likelihood of PSE developing 
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at 24 hours post-mortem, many of the studies of the condition have failed to sepa-
rate the genetic causes of low pH1 from environmental ones such as pre-slaughter
handling.

Complete disuse of muscles causes a physiological atrophy. Histologically, there
is a reduction in the mean diameter of muscle fibres (Tower, 1937, 1939). Conversely,
continuous training increases the size of muscles (Morpurgo, 1897). This reflects an
increase in the number of fibres which have a large diameter rather than an increase
in the width of all the component fibres (Goldspink, 1962a, b). The muscle fibres
increase in diameter both by the elaboration of new myofibrils and by an increase
in sarcoplasm (Morpurgo, 1897). Such coarsening of texture would tend to make
the muscles tougher as meat (Hiner et al., 1953).

Physiological hypertrophy is also a reflection of hormonal activity. Much of this
is ‘normal’, such as the effect of androgens (male hormones) in increasing the muscle
size of males. On the other hand, disorders of the pituitary, thymus, thyroid and
adrenal cortex glands are frequently associated with excessive or stunted muscular
development. Little analytical work has been done on such material. Over-
hydration of muscle has been noted in impaired adrenal function (Gaunt, Birnie
and Eversole, 1949) and fatty infiltration in hyperthyroidism (Adams et al., 1962).

3.4.4 Various extrinsic aspects
Atrophy is a common reaction of living muscle to injury. This response may follow
directly from crushing or cutting of the muscle substance, ionizing radiation, exces-
sive heat or cold, or high voltage electricity; or, indirectly, by section of or damage
to the muscles’ blood supply, nerves or tendons. These circumstances are fully dis-
cussed by Adams et al. (1962). There is generally some degree of reversion to the
primitive foetal muscle structure (Denny-Brown, 1961). Histologically, the reaction
ranges from a cloudy swelling of the sarcoplasm to total dissolution of the muscle
fibre. Regardless of the precipitating cause, an orderly series of changes can be
observed. There is firstly an enlargement of the nuclei and a tendency for these to
migrate centrally to form rows. Next there is an accumulation of granular sar-
coplasm around the nuclei and then, depending on the extent of the injury, regen-
eration or degeneration occurs, i.e. budding of new muscle tissue or fragmentation
and splitting of the tissue into spindle cells, respectively (Denny-Brown, 1961). The
excessive deposition of lipid in muscular tissue has been attributed to various cases,
including injury and vascular abnormalities (Adams et al., 1962).

Intermediate doses of ionizing radiation (ca. 1000 rad*) before slaughter increase
the waterholding capacity of the subsequent meat and decrease its catheptic activ-
ity. Large doses (ca. 5000 rad) may cause disappearance of cross-striations and vac-
uolation of the sarcoplasm (Warren, 1943), oedema (Wilde and Sheppard, 1955), a
rise in sodium and a fall in potassium and aldolase (Dowben and Zuckerman, 1963).
The effects of massive, megarad, doses on muscle in vitro will be considered in a
later chapter.

Crushing (Bywaters, 1944) and high voltage electricity (Biørck, 1949) cause sub-
stantial changes in muscles. They may lose most of their myoglobin, potassium and
other soluble sarcoplasmic material.
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absorption of 100 ergs/g of material. 100 rads = 1 gray.



A series of inflammatory conditions in muscle (myositis) is known and in each
there is destruction of the muscle fibres and proliferation of connective tissue
(Adams et al., 1962). The inflammatory agent may be parasitic (e.g. trichinosis in
pork), bacterial (e.g. spontaneous acute streptococcal myositis), viral (e.g. Bornholm
disease, caused by Coxsackie Group B virus) or metabolic (e.g. various rheumatic
conditions).

Muscle tissue itself rarely elaborates into carcinomata: these are found generally
as invasions of muscle by direct extension of a primary growth in another tissue. In
such cases compression atrophy may result. Techniques employed in functional
genomics (cf. § 3.3.1) have identified genes which arrest the development of rhab-
domyosarcoma, a highly malignant tumour of muscle (Astolfi et al., 2001).
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Chapter 4

Chemical and biochemical constitution 
of muscle

4.1 General chemical aspects

In a broad sense the composition of meat can be approximated to 75 per cent of
water, 19 per cent of protein, 3.5 per cent of soluble, non-protein, substances and
2.5 per cent of fat, but an understanding of the nature and behaviour of meat, and
of its variability, cannot be based on such a simplification. On the contrary, it must
be recognized that meat is the post-mortem aspect of a complicated biological
tissue, viz. muscle, and that the latter reflects the special features which the function
of contraction requires, both in the general sense and in relation to the type of action
which each muscle has been elaborated to perform in the body.

As outlined in Chapter 3, the essential unit of muscular tissue is the fibre which
consists of formed protein elements, the myofibrils, between which is a solution, the
sarcoplasm, and a fine network of tubules, the sarcoplasmic reticulum, the fibre
being bounded by a very thin membrane (the sarcolemma) to which connective
tissue is attached on the outside. The spatial distribution, between these structural
elements, of the 19 per cent of protein in the muscle is shown in Table 4.1 (com-
piled from various sources), together with other data on the chemical composition
of a typical adult mammalian muscle, after rigor mortis but before marked degrada-
tive changes. The principal free amino acids in fresh muscle are α-alanine, glycine,
glutamic acid and histidine (Tallon et al., 1954).

4.1.1 Muscle proteins
The proteins in muscle (Table 4.1) can be broadly divided into those which are
soluble in water or dilute salt solutions (the sarcoplasmic proteins), those which are
soluble in concentrated salt solutions (the myofibrillar proteins) and those which
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Table 4.1 Chemical composition of typical adult mammalian muscle after rigor mortis but
before degradative changes post-mortem (after Lawrie, 1975; Greaser, Wang and
Lemanski, 1981)

Components Wet % weight

1. Water 75.0
2. Protein 19.0

(a) Myofibrillar 11.5
myosin1 (H- and L-meromyosins and several light chain 5.5

components associated with them)
actin1 2.5
connectin (titin) 0.9
N2 line protein (nebulin) 0.3
tropomyosins 0.6
troponins, C, I and T 0.6
α, β and γ actinins 0.5
myomesin, (M-line protein) and C-proteins 0.2
desmin, filamin, F- and I-proteins, vinculin, talin, etc. 0.4

(b) Sarcoplasmic 5 5
glyceraldehyde phosphate dehydrogenase 1.2
aldolase 0.6
creatine kinase 0.5
other glycolytic enzymes especially phosphorylase 2.2
myoglobin 0.2
haemoglobin and other unspecified extracellular proteins 0.6

(c) Connective tissue and organelle 2.0
collagen 1.0
elastin 0.05
mitoehondrial, etc. (including cytochrome c and 0.95

insoluble enzymes)
3. Lipid 2.5

neutral lipid, phospholipids, fatty acids, fat-soluble 2.5
substances

4. Carbohydrate 1.2
lactic acid 0.90
glucose-6-phosphate 0.15
glycogen 0.10
glucose, traces of other glycolytic intermediates 0.05

5. Miscellaneous Soluble Non-Protein Substances 2.3
(a) Nitrogenous 1.65

creatinine 0 55
inosine monophosphate 0.30
di- and tri-phosphopyridine nucleotides 0.10
amino acids 0.35
carnosine, anserine 0.35

(b) Inorganic 0.65
total soluble phosphorus 0.20
potassium 0.35
sodium 0.05
magnesium 0.02
calcium, zinc, trace metals 0.03

6. Vitamins
Various fat- and water-soluble vitamins, quantitatively minute.

1 Actin and myosin are combined as actomysosin in post-rigor muscle

}
}

}
}

}

}



are insoluble in the latter, at least at low temperature (the proteins of connective
tissue and other formed structures).

The sarcoplasmic proteins are a mixture of several hundred molecular 
species the complexity of which has been shown by modern proteomic tech-
niques, such as two-dimensional electrophoresis (Bendixen, 2005; cf. Fig 4.1).
Several of the sarcoplasmic proteins are enzymes of the glycolytic pathway 
and may be present as in more than one form (isozymes). Thus there are five 
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Fig. 4.1 Proteins separated by two-dimensional electrophoresis from exudates of porcine
muscle. (Reproduced from Meat Science, Vol. 71, E. Bendixen, ‘The use of proteomics in 
meat science’, pp. 138–149. Copyright 2005, with permission from Elsevier Science and 

Dr E. Bendixen.)



tetrametric isozymes of lactic dehydrogenase (Dawson et al., 1964). Many of the sar-
coplasmic proteins were characterized as glycolytic enzymes many years ago
(Scopes, 1964, 1966) and crystallized (Scopes, 1970). Apart from the differences in
charge implicit in Fig. 4.1, the sarcoplasmic proteins differ in various other param-
eters including their relative susceptibility to denaturation (Bate-Smith, 1937b;
Scopes, 1964), but their individual characteristics as proteins will not be considered
here.The fact that the sarcoplasmic proteins are soluble at low ionic strength in vitro
tended to obscure the possibility that, in vivo, they might be present in a less mobile
phase. It is now known that the glycolytic enzymes (which constitute the major pro-
portion of the sarcoplasmic proteins) are bound to the myofibrillar protein, actin,
in vivo – a feature which may well assist in the orientation and control of enzymic
reactions in the muscle (Clarke et al., 1980; Trinick and Cooper, 1982). The propor-
tion of each glycolytic enzyme which is bound increases on stimulation of glycoly-
sis (e.g. electrical) and decreases when such stimulation ceases (Starlinger, 1967;
Morton et al., 1988). The enhanced binding on stimulation to activity is especially
marked in respect of phosphofructokinase, triose phosphate dehydrogenase,
aldolase, phosphopyruvate hydratase and phosphopyruvate kinase (cf. Fig. 4.3). The
binding of aldolase and of triose phosphate dehydrogenase to F-actin produces a
marked increase in the viscosity of the latter. In model systems, the ratio of aldolase
bound to actin is 1 : 14, increasing to 2 :14 in the presence of tropomyosin, and to
3 :14 when troponins are also present. These ratios are significant insofar as there
are 14 units of G-actin in each helical repeat of the F-actin filament (Stewart et al.,
1980). Morton et al. (1988) concluded that, in each repeat of the F-actin helix, there
are two binding sites. Both of these can be occupied by aldolase, but only one of
them is preferentially occupied by triose phosphate dehydrogenase. It is evident,
however, that some of the glycolytic enzymes bind not to F-actin, but to enzymes
which are already bound to the latter (Stephen et al., 1980). Thus triose phosphate
isomerase binds to aldolase and triose phosphate dehydrogenase (both of which are
bound to F-actin). It is interesting to note that these enzymes are arranged spatially
in their correct sequence in the glycolytic pathway, the clusters of enzymes forming
separate metabolic compartments wherein metabolites are transferred from the
enzymes which generate them to those enzymes which utilize them (‘metabolic
channelling’; Welch, 1977). Phosphorylase molecules are bound to glycogen at two
points (Goldsmith et al., 1982).

Glycolytic enzymes bind to other locations in the muscle cell apart from F-actin,
including the sarcolemma, the sarcoplasmic reticulum and the membranes of the
nuclei and mitochondria (cf. § 3.2.2). Much of the AMP-deaminase activity of muscle
is located at the ends of the myosin filaments on the A/I junction (Trinick and
Cooper, 1982). Phosphorylase b appears to be localized both at the Z-disk and the
M-line (Maruyama et al., 1985). The M-line is also the location of creatine kinase
(see below).

Myosin is the most abundant of the myofibrillar proteins. Its identity was a some-
what confused issue for nearly 100 years from 1859, when the name was first given
to a substance in muscle press juice which formed a gel on standing (Bailey, 1954).
The molecule of myosin, which has a molecular weight of about 500,000, is highly
asymmetric, the ratio of length to diameter being about 100 :1. Because of its high
content of glutamic and aspartic acids, and of dibasic amino acids, it is highly charged
and has some affinity for calcium and magnesium ions. Myosin, as indicated above
(§ 3.2.2), is composed of two heavy polypeptide chains and four light polypeptide
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chains. Heavy meromyosin (HMM) and light meromyosin (LMM) are proteolytic
fragments of myosin. LMM contains parts of both heavy chains and HMM com-
prises parts of the two heavy chains and the four light chains (M. L. Greaser, per-
sonal communication). H-meromyosin, which contains all the ATP-ase and
actin-combining properties of myosin, is sited on the periphery of the myosin fila-
ments. The properties depend upon free-SH groups in the molecule (Bailey, 1954).
Tropomyosin was discovered in 1946 by Bailey. Once extracted from muscle it is
soluble at low ionic strength but in situ is extracted only at high ionic strength. Its
amino acid composition is similar to that of myosin (Bailey, 1954) and like the latter,
there are few free amino groups: it appears to be a cyclopeptide (a chain of amino
acids forming a closed figure). It was suggested that actin filaments are attached to
the Z-line by a meshwork of tropomyosin (Huxley, 1963), and the tropomyosin
extends along the helical groove in the actin filament (cf. § 3.2.2).The actin filaments
are attached to the inner surface of the plasma membrane and the Z-line by vin-
culin, a lipid-binding protein (Geiger, 1979). At less specific sites the cell proteins
appear to be attached to the membrane by a complex of the protein integrin
(Lawson, 2004) (cf. § 3.2.2).

The other major protein of the myofibril is actin (Straub, 1942). It can exist in
two forms, G-actin, which consists of relatively small globular units having a molec-
ular weight of about 42,000, and F-actin, in which these globular units are aggre-
gated end to end to form a double chain (cf. Fig. 3.8). G-actin polymerizes into
F-actin in the presence of salts and small amounts of ATP. It is F-actin which com-
bines with myosin to form the contractile actomyosin of active or pre-rigor muscle
and the inextensible actomyosin of muscle in rigor mortis (cf. § 4.2.1). The interre-
lation of actin, myosin and ATP is complex (Bailey, 1954) and will not be discussed
in detail.

Relatively smaller quantities of other proteins, which are associated with the
myofibrils, have been isolated, and functions have been assigned to some of them
(Ebashi and Endo, 1968; Schaub and Perry, 1969; Maruyama, 1970). Thus the tro-
ponin complex promotes the aggregation of tropomyosin, binds calcium and pre-
vents actomyosin formation; α-actinin promotes the lateral association of F-actin;
β- and γ-actinins inhibit polymerization of G-actin. Tropomyosin B is the term now
given to the protein remaining after troponin has been removed from tropomyosin
as it occurs naturally. Because of its high content of α-helix, tropomyosin B is
capable of contributing mechanical stability to the muscle filaments. The proteins of
the M-line substance represent at least two molecular species (Porzio, Pearson and
Cornforth, 1979). One of these (myomesin) promotes the lateral polymerization of
L-meromyosin but not that of H-meromyosin. It has a sub-unit weight of 165,000
dalton and may bind creatine kinase to the M-line (Mani and Kay, 1978). Indeed
creatine kinase is believed to be the principal component of the M-bridge (cf. Fig.
3.8) (Wallimann and Eppenberger, 1985). The proteins of the M-line appear to be
essential for controlling the polarity of the myosin molecules in each half of the 
sarcomere.

There can be three types of light chain protein associated with myosin (Perry 
et al., 1975). As indicated in § 3.2.2, the myosin molecule has a double shaft (light
meromyosin) and a double head (heavy meromyosin); and there are two light chain
molecules associated with each head of the myosin molecule. One of these has a
MW of 18,000 daltons and is referred to as the DTNB light chain (since it is released
by treating myosin with 5,5-dithiobis (2-nitrobenzoic acid)), the other being referred
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to as the alkaline light chain (since it is released from myosin by alkali). The latter
occurs in two forms, one having a MW of 25,000 daltons (alkali 1), the other a MW
of 16,000 daltons (alkali 2); but only one form is present in a given myosin mole-
cule. It appears that, in any population of myosin, 50 per cent of the molecules are
associated with two molecules of alkali 1 light chain and the other 50 per cent with
two molecules of alkali 2 light chain; but all the myosin molecules are associated
with two molecules of DTNB light chain.This explains why, on electrophoresis, three
light chains separate, although there are only two types in any myosin molecule
(Lowey and Holt, 1972).

The 18,000MW light chain component is also referred to as the ‘P’ light chain
since it is the specific substrate for the enzyme myosin light chain kinase (Frearson
and Perry, 1975). Another enzyme, myosin light chain phosphatase (Morgan et al.,
1976), specifically removes phosphate from the ‘P’ light chain. Changes in the phos-
phorylation status of the ‘P’ light chain of myosin have been correlated with the
physiological state of muscle (Frearson et al., 1976), i.e. the interaction of myosin
with actin. Myosin light chain kinase has a MW of 80,000 dalton. For its activation,
an equimolar concentration of an acidic protein, calmodulin, is required (Nairn and
Perry, 1979). Calmodulin resembles troponin C in binding Ca++ ions, but the latter
is only marginally effective in activation.

The pattern of myosin light chains varies with the source of the myosin. Thus
‘red’ fibres usually contain only two, and ‘white’ fibres three, different light chains
(Gauthier et al., 1982).

Troponin is composed of three major members, referred to as C, I and T, which
are concerned with the contractile process (Greaser and Gergely, 1971; Schaub et
al., 1972). The amino acid sequence in each has been determined. Troponin C (MW
18,000, 159 amino acid residues) has four binding sites for Ca++ ions and forms an
equimolar complex with troponon I. It is phosphorylated neither by 3,5-cyclic-AMP-
dependent protein kinase nor by phosphorylase b kinase (Perry et al., 1975). Tro-
ponin I (MW 21,000, 179 amino acid residues) inhibits actomyosin ATPase. It can
be phosphorylated by both enzymes (at serine and threonine residues, respectively
(Cole and Perry, 1975). Troponin T (MW 30,000, 259 amino acid residues) binds to
tropomyosin and troponin C: it is phosphorylated by phosphorylase b only.

Antigen–antibody techniques have confirmed that tropomyosins α and β, tro-
ponins C,T and I, and the alkali light chain proteins differ in ‘red’, ‘white’ and cardiac
muscles (Dhoot and Perry, 1979). Immunofluorescence has revealed 11 transverse
bands (about 70 Å wide and 430 Å apart) in each half of the myosin filaments
(Trinick et al., 1983–85). These bands represent the locations of C-, X- and H-pro-
teins on the myosin. The pattern of their distribution differs between ‘red’ and
‘white’ fibres, X-protein predominating in the former and C-protein in the latter.

Apart from desmin (cf. § 3.2.2), small quantities of additional proteins have been
isolated from skeletal muscles which also appear to be involved in forming the Z-
line lattice (Ohashi and Maruyama, 1979), such as eu-actinin, filamin, synemin,
vimentin and zeugmatin. Other minor proteins of the myofibrillar group include F-
protein, which binds to myosin and from which it can be detached by C-protein
(Miyahara et al., 1980); I-protein, which appears to inhibit the Mg-activated ATP-
ase of actomyosin in the absence of Ca++ ions (Maruyama et al., 1977a, b); and para-
tropomyosin, which is located at the A/I junction in vivo, but migrates post-mortem
to the actin filaments as the concentration of free Ca++ in the cell increases (Hattori
and Takahashi, 1988).
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Connectin (variously referred to as ‘gap filament’, T-filament or as a mixture of
titin and nebulin), nebulin and desmin have already been described as forming a fil-
amentous cytoskeleton in muscle (§ 3.2.2); their arrangement in the sarcomere, and
their relationship with myosin and C-protein, are also considered in some detail.
The very large MW of titin and nebulin makes them susceptible to destruction by
ionizing radiation; and electron micrographs show that the integrity of the sarcom-
ere is substantially disorganized by doses of the order of 5–10 kgray (Horowits 
et al., 1986). Such findings emphasize the importance of these large proteins in
cytoskeletal structure.

Smooth muscle, which is found in varying amounts at different locations in the
gastrointestinal tract, in the lungs and in the uterus, does not normally form part of
the edible portion of the carcass. Although its operating mechanism is basically
similar to that of striated muscle, and involves parallel filaments of myosin and actin,
there are a number of differences in the proteins of the contractile machinery. Thus,
the MW of smooth muscle myosin (600,000) is rather greater than that of striated
muscle (Kotera et al., 1969), the ratio of actin to myosin is almost twice that of skele-
tal muscle (Somlyo et al., 1981) and there are some differences in the amino acid
composition of both major and minor proteins (Carsten, 1968). As a reflection of
these differences, the contractile proteins of smooth muscle are extracted at
markedly lower ionic strength (Hamoir and Laszt, 1962).

Whereas skeletal muscle has a relatively constant ratio of thick to thin 
filaments (1 :2), the ratio in smooth muscle varies from 1 :5 to 1 :25 depending 
on the specific tissue in which it is found (Cohen and Murphy, 1979). Because a 
considerably greater number of cross-bridges can form between actin and myosin
in smooth muscle it can develop a maximal force greater than can skeletal 
muscle, despite having a five-fold lower content of myosin (Somlyo et al., 1981).
The sarcoplasmic reticulum in smooth muscle is much less fully developed than 
in skeletal muscle, and this may be related to the much slower speed of contrac-
tion of the former. Titin has not been found in smooth muscle (Locker and Wild,
1986).

Calmodulins, with properties similar to those of troponin C and of bovine brain
modulator protein, have been isolated from smooth muscle and other tissues
(Grand et al., 1979). They contain small quantities of the unusual amino acid,
trimethyllysine. Virtually all of the Ca++-binding protein of smooth muscle is of this
type. Although calmodulins are also present in striated muscle, the Ca++-binding
protein in the latter is predominantly troponin C.

The distribution of amino acids in the various myofibrillar proteins of the rabbit
is shown in Table 4.2. It will be noted that there is a higher content of aromatic
residues in actin, the actinins, troponin C and H-meromyosin than in the other pro-
teins. Actin and the actinins also have relatively high contents of proline. The latter
is particularly low in L-meromyosin and tropomyosin B.

Negishi et al. (1996) characterized the troponins of bovine muscle. The molecu-
lar weights of troponins C, I and T were, respectively, 19,500, 23,300 and 40,400
daltons. In respect of their amino acid composition, the bovine troponins showed
differences similar to those in the rabbit.

In that portion of muscle which is insoluble in concentrated salt are the mito-
chondria, containing the enzymes responsible for respiration and oxidative phos-
phorylation, the formed elements of the muscle membrane (sarcolemma) and the
collagen, reticulin and elastin fibres of connective tissues.
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4.1.2 Intramuscular fat
Although the fat of adipose tissue generally consists of true fat (i.e. esters of glyc-
erol with fatty acids) to an extent of more than 99 per cent, the fat of muscle, like
that of other metabolically active tissues, has a considerable content of phospho-
lipids and of unsaponifiable constituents, such as cholesterol (Lea, 1962). Only three
or four fatty acids are present in substantial amounts in the fat of meat animals–
oleic, palmitic and stearic (Table 4.6, p. 98); and of the four types of glyceride GS3,
GS2U, GSU2 and GU3 (S and U represent saturated and unsaturated fatty acids
respectively), certain isomers greatly predominate. In the majority of fats which
have been examined by partial degradation using pancreatic lipase, saturated 
acids are found preferentially in the alpha or exterior positions of the glycerol 
molecule (Savary and Desnuelle, 1959). Pig fat is exceptional, however, in that
un-saturated acids are usually found in the alpha position. Although the fatty acids
are not randomly orientated in animal fats, they can be so arranged artificially by
heating with an esterification catalyst. This causes a marked improvement in the
texture and plasticity of the fat and other characteristics which are useful in baking
(Lea, 1962).

The phospholipids – phosphoglycerides, plasmalogens and sphingomyelin – are
more complex than the triglycerides. In the phosphoglycerides one of the three
hydroxyl groups of glycerol is combined with choline, ethanolamine, serine, inositol
or glucose. In the plasmalogens the second hydroxyl group of glycerol is esterified
with a long-chain fatty aldehyde instead of with fatty acid; and in sphingomyelin the
amino alcohol sphingosine is bound by an amide link to a fatty acid and by an ester
link to phosphorylcholine. There are also present in muscular tissue complex sugar-
containing lipids – glycolipids. The effect of such factors as species, age and type of
muscle on the composition of the phospholipids is still little known (Lea, 1962). Of
the total phospholipids in beef muscle, lecithin accounts for about 62 per cent,
cephalins for 30 per cent and sphingomyelin for less than 10 per cent (Turkki and
Campbell, 1967). The metabolism of the phospholipids, especially that of the phos-
phoinositides, appears to be important in morphogenesis, protein turnover and con-
traction in muscular tissue (Campion, 1987). Accompanying the triglycerides are
small quantities of substances which are soluble in fat solvents, e.g. vitamins A, D,
E and K and cholesterol derivatives.
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Table 4.2 Distribution of amino acids in myofibrillar proteins (as percentages of total
residues) (after Bodwell and McClain, 1971; Wilkinson et al., 1972; Cummins and Perry,
1973; Head and Perry, 1974)

Protein Aromatic Proline Basic Acidic
amino acids amino acids residues

Actin 7.8 5.6 13 14
α-actinin 7.7 5.9 12 14
β-actinin 7.5 5.7 13 12
Tropomyosins B, α and β 3.0 0.1 18 36
Troponin C 7.8 0.6 10 33
Troponin I 3.7 2.8 20 28
Troponin T 5.3 3.5 22 32
Myosin 5.3 2.6 17 18
H-meromyosin 7.2 3.4 15 15
L-meromyosin 2.8 1.0 19 18



4.2 Biochemical aspects

4.2.1 Muscle function in vivo
The thick filaments which were apparent in Fig. 3.7g consist essentially of myosin
and the thin filaments of actin. The latter are continuous through the Z-line, but do
not traverse the H-zone which bounds each sarcomere; the myosin filaments tra-
verse the A-band only.The three-dimensional aspect of this arrangement was briefly
outlined in Chapter 3 and shown diagrammatically in Fig. 3.8 when it was indicated
that there are six straight rows of projections running longitudinally along the side
of each myosin filament, the sets of projections being symmetrically distributed
around the periphery of the latter, so that one set of projections is opposite one of
the six filaments of actin which surround each myosin filament (Fig. 3.7g). The two-
dimensional aspect of this arrangement is shown in Fig. 4.2 (Bendall, 1969). This
shows, in diagrammatic form, a longitudinal section of the sarcomeres (a) at rest
length, (b) when extended and (c) during contraction. The thick myosin filaments
are depicted with (above and below) two of the six actin filaments with which they
are associated. The degrees of interdigitation, and of linkage between the myosin
heads and the actin, in each condition will be apparent.

Figure 4.2 also depicts the patterns seen in cross-sections corresponding to these
sarcomere lengths. It will be apparent that, as the muscle is extended beyond rest
length, it becomes narrower and the hexagonal array of myosin and actin filaments
becomes tighter. Conversely, when the muscle contracts, the cross-sectional area,
and the distance apart of the myosin and actin rods, both increase. In muscle at rest
in the living animal (or in the pre-rigor state in the dying muscle), the beads com-
prising the actin filaments are prevented from combining with the corresponding
projections on the myosin by the magnesium complex of adenosine triphosphate
(MgATP2−): the latter acts as a plasticizer.

In the myofibril the contractile proteins are associated with the regulatory
complex of troponins (troponins C,T and I) and tropomyosin (§ 4.1.1).These confer
sensitivity to Ca++ ions upon the hydrolysis of MgATP2− by the actomyosin ATP-ase
(Perry, 1974).
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Fig. 4.2 Schematic representation of fine structure of ox muscle in longitudinal and cross-
sections. The length of the sarcomeres has been reduced tenfold in proportion to the thick-
ness of the filament. The beaded nature of the actin rods and the ‘heads’ in those of myosin
are indicated. (a) Sarcomeres at rest length ca. 2.4µm; (b) sarcomeres stretched to length ca.
3.1µm; (c) sarcomeres contracted to length ca. 1.5µm. (Courtesy the late Dr J. R. Bendall.)



A possible sequence of events in contraction may be outlined. Activation of the
muscle usually is the result of a nerve stimulus arriving at the motor end plate,
whereby the polarization of the sarcolemmal surfaces is reversed. The sarcolemma
temporarily loses its impermeability to potassium and sodium ions, and Ca++ ions
dissociate from the calsequestrin by which they are normally bound in the sarco-
tubular system, and equilibrate with those in the sarcoplasm. As already indicated
(§ 3.2.2), two large protein complexes, the junctional foot protein and the L-type
calcium channel subunit are involved in the calcium release mechanism. As a result,
the Ca++ ion concentration rises from about 0.10 µM to 10 µM. This saturates tro-
ponin C, the calcium-binding member of the troponin complex, causing a configu-
rational change whereby the inhibitory protein, troponin I, no longer prevents actin
from interacting with the MgATP2− on the H-meromyosin heads of the myosin mol-
ecule. The contractile ATP-ase in the vicinity of the linkage is thus strongly acti-
vated, splitting MgATP2− to MgADP– at a high rate and providing the energy for
the actin filament to be pulled inwards towards the centre of the sarcomere, i.e. the
portion of the myofibril involved contracts. The link between actin and myosin is
simultaneously broken, although tension will remain as there are 5.4 × 1016 cross-
links per millilitre of muscle; and some will be bearing tension at any given moment
in contracting muscle. The MgADP– on myosin is recharged to MgATP2− , either by
direct exchange with cytoplasmic ATP, by the action of ATP :creatine phospho-
transferase or by the action of ATP:AMP phosphotransferase.

The process is repeated so long as an excess of Ca++ ions saturates troponin C
and myosin cross-bridges link with the myosin-binding sites on actin at successively
peripheral locations as the interdigitation continues.

Huxley (1971) has pointed out that interdigitation of the actin and myosin fila-
ments may involve tilting movements of the cross-bridges between the S-1 subunit
of myosin and the actin – if one can assume that some structural changes alter the
angle of the bridging material and that some system of forces keeps the filament
separation approximately constant over short axial distances. Elliot (1968) has pos-
tulated that it is the disturbance of dipole–dipole and van der Waals forces which
determines the distances between actin and myosin filaments during contraction.

In order to explain how the myosin cross-bridges are able to link with the myosin-
binding sites on actin, Davies (1963) postulated that MgATP2− was bound to the H-
meromyosin cross-bridge by a polypeptide chain. Its helices were extended at rest
by mutual repulsion generated between the negative charge on MgATP2− at one end
and a net negative charge at the other, where the polypeptide joined the H-
meromyosin. On stimulation, Ca++ ions annulled the negative charge on MgATP2−

and this eliminated the repulsive effect on the coils of the polypeptide, causing it to
assume the α-helical configuration – by the energy of formation of about 46 hydro-
gen bonds – and, through the link with actin, pulling the latter inwards by an amount
equivalent to the distance between successive myosin-binding sites on actin. On the
MgADP2− being recharged to MgATP2−, the polypeptide was re-extended, but now
to a position opposite to the next distal myosin binding site on actin.

When the stimulus to contract ceases, the concentration of Ca++ ions in the sar-
coplasm is restored to rest level (∼0.10µM), being reabsorbed into the sarcotubu-
lar system by the sarcoplasmic reticulum pump which depends upon ATP for the
necessary energy. The sarcoplasmic reticulum has itself some ATP-ase activity
(Engel, 1963). ATP is also needed to restore the differential distribution of sodium
between the two surfaces of the sarcolemma which provides the action potential on

84 Lawrie’s meat science



nerve stimulation. This probably requires only about one-thousandth, and the
calcium pump one-tenth, of the energy required in contraction per se (Bendall,
1969).

Being no longer saturated with Ca++ ions, troponin C and troponin I return to
their resting configurations whereby the latter prevents interaction of myosin and
actin (Schaub et al., 1972). It is feasible that the gap filaments (Carben et al., 1965;
Locker and Leet, 1975), which have some elasticity, assist in pulling the actin fila-
ments outwards from their interdigitation with those of myosin so that the sarcom-
eres’ resting length is re-established. It was also suggested by Rowe (1986) that the
fine elastin fibres which he found to parallel the criss-cross weave of epimysial and
perimysial collagen fibres in muscle could store energy during either elongation or
contraction and thus assist in restoring the muscle to rest length during relaxation.

Apart from the major involvement of an elevated sarcoplasmic concentration of
Ca++ ions in the interaction of actin and myosin during muscular contraction such
also activates myosin light chain kinase (which phosphorylates one of the light chain
components of myosin) and phosphorylase b kinase (which phosphorylates tro-
ponins T and I) (cf. § 4.1.1). Moreover, Schaub and Perry (1969) have shown that
purified troponin requires the addition of tropomyosin for its inhibitory action on
actomyosin ATP-ase. It may be presumed that these subsidiary proteins are impor-
tant in the response of the contractile system (Perry et al., 1975). It has been demon-
strated that muscular contraction changes the angles of the lattice of the perimysial
connective tissue and the crimp length of the collagen fibres (Rowe, 1974). Colla-
gen, therefore, may have a more positive role in contraction than has been supposed
hitherto. Most other aspects of muscle contraction concern the mechanism of ensur-
ing an adequate supply of ATP. In this both the soluble and insoluble proteins of
the sarcoplasm play an essential role (Needham, 1960). The most immediate source
of new ATP is resynthesis from ADP and creatine phosphate (CP), by the enzyme
creatine kinase, which is one of the soluble proteins of the sarcoplasm:

ADP + CP →← creatine + ATP.

The technique of nuclear magnetic resonance, being non-destructive, permits bio-
chemical changes to be followed in intact tissues (Gadian, 1980). The resonance
pattern of 31P has proved particularly useful. It has confirmed, for surviving muscle,
that the level of CP quickly falls in tetanic contraction and under anaerobic condi-
tions postmortem, that the initial ATP level is sustained until CP is depleted and
that (in tetanus) the force developed is proportional to the rate of ATP hydrolysis
(Dawson et al., 1978). The technique also confirms that the initial intramuscular pH
is ca. 7.1 (Gadian, 1980). But in vivo the major source of ATP is its resynthesis from
ADP by respiration, whereby muscle glycogen (or in some cases fatty acids) is oxi-
dized to carbon dioxide and water. When energy is needed in excess of the power
of the respiratory system to generate ATP, the process of anaerobic glycolysis,
whereby glycogen is converted to lactic acid, can do so – although much less effi-
ciently. The mechanism of ATP resynthesis by respiration or by anaerobic glycoly-
sis is complicated: a highly simplified outline is given in Fig. 4.3 (after Baldwin, 1967).
It will be seen that much more ATP can be resynthesized by respiration than by
anaerobic glycolysis. Most of the enzymes needed to convert glycogen to lactic acid
(and many other substances) equilibrate between free solution in the sarcoplasm
and attachment to structural elements of the cell such as the F-actin filaments (cf.
§ 4.1.1). The sarcoplasm, includes the muscle pigment, myoglobin, which is quite 
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distinct from the haemoglobin of the blood (Theorell, 1932). It exists in two molec-
ular species in horse (Boardman and Adair, 1956) and five species in the seal
(Rumen, 1959); and it appears to act as a short-term oxygen store in muscle 
(Millikan, 1939). The oxygen-utilizing enzymes of respiration, in particular the cyto-
chrome system, and those required to convert pyruvic acid to carbon dioxide and
water and to form ATP, are located in insoluble particles, the mitochondria. These
are distributed in the sarcoplasm (Cleland and Slater, 1953; Chappel and Perry,
1953). Most of the glycolytic and respiratory enzymes require co-factors which are
either vitamins or trace metals; and the composition of muscle reflects this require-
ment. Non-contractile myosin ATP-ase is responsible for the small degree of con-
tractility necessary to maintain tone of resting muscle and body temperature: it also
causes the depletion of ATP, and hence rigor mortis, after death (Bendall, 1973).

4.2.2 Post-mortem glycolysis
Since it reflects the basic function of muscle, it is appropriate to consider at this
point the irreversible anaerobic glycolysis which occurs when oxygen is permanently
removed from the muscle at death, although the more general consequences of cir-
culatory failure will be outlined in Chapter 5. The sequence of chemical steps by
which glycogen is converted to lactic acid is essentially the same post-mortem as in
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Fig. 4.3 Simplified scheme (after Baldwin, 1967), showing stages in the conversion of muscle
glycogen to carbon dioxide and water, by respiration in the presence of oxygen, and to lactic
acid under anaerobic conditions. The yields of ATP are indicated. Substrates in capitals,

enzymes in lower-case.



vivo when the oxygen supply may become temporarily inadequate for the provision
of energy in the muscle; but it proceeds further. Except when inanition or exercise
immediately pre-slaughter has appreciably diminished the reserves of glycogen in
muscle, the conversion of glycogen to lactic acid will continue until a pH is reached
when the enzymes effecting the breakdown become inactivated. In typical mam-
malian muscles this pH is about 5.4–5.5 (Bate-Smith, 1948; Ramsbottom and 
Strandine, 1948). An initial level of ca. 600mg glycogen/100g muscle is required to
attain this pH; but muscles which have an ultimate pH of 5.4–5.5 after post mortem
glycolysis may still contain as much as 1800mg residual glycogen/100g muscle, as 
in bovine l. dorsi (Howard and Lawrie, 1956). There is some evidence that residual
glycogen of this order increases the water-holding capacity and tenderness of the
muscles when cooked (Immonen et al., 2000).

It is generally considered that there will be no residual glycogen if the pH fails
to fall to 5.4–5.5 during post-mortem glycolysis; but certain atypical muscles (as in
the horse) may have as much as 1000mg/100g when the ultimate pH is above 6.0
(Lawrie, 1955).

Findings by Lawrie (1955) and Lawrie et al. (1959) indicated that glycogen exists
in more than one form in muscles, distinguished by their structure and/or by their
relative accessibility or susceptibility to metabolic change.

It is now believed that glycogenesis in muscle is initiated by a protein, glycogenin,
the molecule of which combines autocatalytically with eight glucose molecules to
form a glycosyl-protein. Using the latter as primer, the enzyme proglycogen syn-
thase forms proglycogen; and macroglycogen synthase and branching enzyme
convert the proglycogen into larger aggregates of macroglycogen. The major factor
limiting glycogen storage in muscle is thus probably the availability of glycogenin
(Alonso et al., 1995). There is evidence that macroglycogen is preferentially metab-
olized during aerobic stress, whereas proglycogen is utilized during anaerobic stress
and during postmortem glycolysis (Rosenvold and Andersen, 2003).

The higher stores of glycogen found in the muscles of pigs carrying the RN− gene
are due, primarily, to their content of macroglycogen (Rosenvold and Andersen,
2003).

13C and proton-NMR studies have confirmed that lactic acid production is virtu-
ally the only event causing the pH fall during post-mortem glycolysis (Lundberg 
et al., 1986).

The final pH attained, whether through lack of glycogen, inactivation of the gly-
colytic enzymes or because the glycogen is insensitive (or inaccessible) to attack, is
referred to as the ultimate pH (Callow, 1937). Because it is generally about 5.5,
which is the iso-electric point of many muscle proteins, including those of the
myofibrils, the water-holding capacity is lower than in vivo, even if there is no denat-
uration. This is reflected in the low electrical impedance of the muscle at normal
ultimate pH, and its high electrical resistance at high ultimate pH (Callow, 1936),
and this has been related to the mechanical resistance of the muscle fibres (Lepetit
et al., 2002). Both the rate and the extent of the post-mortem pH fall are influenced
by intrinsic factors such as species, the type of muscle and variability between
animals; and by extrinsic factors such as the administration of drugs preslaughter
and the environmental temperature. The effect of species in a given muscle and at
a given temperature is illustrated in Fig. 4.4a and the type of muscle in Fig. 4.4b.
Variation in time taken for the pH of the l. dorsi of different pigs from 6.5 to an
ultimate of 5.5 at 37°C is considerable (Fig. 4.5); and such differences have been
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observed between specific muscles of different beef animals at constant temper-
ature (Howard and Lawrie, 1957a; Bendall, 1978 a, b). The intravenous administra-
tion of relaxing doses of magnesium sulphate before slaughter will slow the 
subsequent rate of post-mortem glycolysis; injection of calcium salts (Howard and
Lawrie, 1956) and of adrenaline and noradrenaline (Bendall and Lawrie, 1962) 
will accelerate the rate. Insulin shock (Hoet and Marks, 1926) and the injection of
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Fig. 4.4 The effect of (a) species and (b) type of muscle on the rate of post-mortem pH fall 
at 37°C. Zero time is 1h post-mortem.

Fig. 4.5 Variability in the rate of post-mortem pH fall in l. dorsi muscles at 37°C between 
individual pigs.



adrenaline (subcutaneously: Cori and Cori, 1928), tuberculin (Howard and Lawrie,
1957a) and tremorine (Bendall and Lawrie, 1962) will produce a high ultimate pH
through depleting glycogen reserves, but by a different mechanism in each case.

The rate of post-mortem glycolysis increases with increasing external tempera-
ture above ambient (Bate-Smith and Bendall, 1949; Marsh, 1954 – cf. Fig. 4.6). Con-
trary to expectation, however, the rate of post-mortem glycolysis also increases as
the temperature at which it occurs falls from about 5 ° to 0 °C (Newbold and Scopes,
1967). Indeed Smith (1929) found that the rate was even greater at –3°C than at
0°C, i.e. as the system was freezing.

It will be obvious that, in the carcasses of meat animals, various muscles will have
different rates of fall of temperature postmortem, according to their proximity to
the exterior and their insulation.As a result, the rates of post-mortem glycolysis will
tend to be higher in muscles which are slow to cool; and vice versa. Some of the
observed differences in the rates of post-mortem glycolysis in beef muscles in situ
are certainly due to this factor (Bendall, 1978 a, b). It has been suggested, however,
that it is the temperature of the muscle after excision, rather than that in the carcass
beforehand, which mainly determines the rate of post-mortem glycolysis (Monin 
et al., 1995).

It has been suggested that the exceedingly fast rate of pH fall in the musculature
of pigs affected by PSE (§ 3.4.3), in which the pH may have fallen to about 5.4 in
40min (Ludvigsen, 1954; Briskey and Wismer-Pedersen, 1961; Bendall et al., 1963),
may reflect the development of an abnormally high temperature post-mortem
(Bendall and Wismer-Pedersen, 1962) or immediately pre-slaughter (Sayre et al.,
1963b). Elevated levels of Ca++ ions are found in the muscles of such pigs post-
mortem (Cheah et al., 1984). These would activate the ATP-ase of actomyosin and
hence accelerate the rate of post-mortem glycolysis. On the other hand, there is no
doubt that the rate of pH fall is abnormally fast even at normal temperature in some
pigs and may proceed to an exceptionally low ultimate pH, e.g. 4.7 (Lawrie et al.,
1958). It is known that the complement of the enzymes which effect glycolysis varies
between individual animals. As indicated above (§ 3.4.1), various genetically deter-
mined glycogen storage diseases are known (Cori, 1957) in which certain enzymes
in the muscle are deficient. Since it seems feasible that the so-called PSE condition
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Fig. 4.6 The effect of environmental temperature on the rate of post-mortem pH fall in beef 
l. dorsi (Marsh, 1954). (Courtesy Prof. B. B. Marsh.)



is heritable, a genetically controlled excess or imbalance of glycolytic enzymes could
well be implicated, as well as morphological changes in the protein complexes (LTC
and JFP), which control Ca++ release (cf. §§ 2.2 and 3.4.2). In the musculature of
affected pigs post-mortem, certain sarcoplasmic proteins denature because of the
high temperature–low pH combination (Scopes, 1964), in particular the enzyme cre-
atine phosphokinase (Scopes and Lawrie, 1963). In its relative absence, there would
be an excess of ADP and inorganic phosphate in the muscle and this could accel-
erate post-mortem glycolysis. It was shown that electrical stimulation of beef car-
casses immediately post-slaughter (Harsham and Deatherage, 1951) and excising
pig muscle (Hallund and Bendall, 1965) enhanced ATP-ase activity, causing a faster
than normal rate of pH fall during post-mortem glycolysis (cf. § 7.1.1.2). Pressures
of the order of 150 MPa also greatly accelerate post-mortem glycolysis (Horgan and
Kuypers, 1983), an effect which is probably due to their action on the Ca++-activated
ATP-ase of the sarcoplasmic reticulum, whereby Ca++ ions are released from the
latter and stimulate myofibrillar ATP-ase.

4.2.3 Onset of rigor mortis
As post-mortem glycolysis proceeds the muscle becomes inextensible: this is the
stiffening long referred to as rigor mortis. Its chemical significance has only recently
been appreciated. Erdös (1943) showed that the onset of rigor mortis was corre-
lated with the disappearance of ATP from the muscle: in the absence of ATP, actin
and myosin combine to form rigid chains of actomyosin. The observations of Erdös
were confirmed and greatly extended by Bate-Smith and Bendall (1947, 1949) and
by Bendall (1951), who wrote a comprehensive review of the subject (1973). The
loss of extensibility which reflects actomyosin formation proceeds slowly at first (the
delay period), then with great rapidity (the fast phase): extensibility then remains
constant at a low level. The time to the onset of the fast phase of rigor mortis (at a
given temperature) depends most directly on the level of ATP which, in the imme-
diate post-mortem period, is being slowly lowered by the surviving noncontractile
ATP-ase activity of myosin (Bendall, 1973). Under local control the latter operates
in an attempt to maintain body heat and the structural integrity of the muscle cell.
The level of ATP can be maintained for some time by a resynthesis from ADP and
creatine phosphate (CP). When the store of CP is used up, post-mortem glycolysis
can resynthesize ATP; but only ineffectively (as has already been pointed out) and
the overall level falls. It will be clear that this will happen sooner if there is little
glycogen; but even with abundant glycogen the resynthesis of ATP by glycolysis
cannot maintain it at a level sufficiently high to prevent actomyosin formation.
Struggling at death will lower the initial pH and shorten the time until the fast phase,
as will depletion of glycogen by other means (starvation, insulin tetany). On the
other hand, an excess of oxygen, by stimulating respiration, will delay the onset of
rigor mortis. Indeed thin portions of muscles (ca. 3mm thick), if exposed to oxygen
during post-mortem glycolysis, can produce ATP with such efficiency that not only
is rigor mortis delayed but CP is resynthesized to above its in vivo level (Lawrie,
1950: unpublished). The pH of the muscle also tends to rise.

With a knowledge of the temperature, the initial store of glycogen and the initial
levels of ATP and CP, the time to onset of rigor mortis can be predicted accurately
(Bendall, 1951). The initial pH alone gives a good general approximation (Marsh,
1954). The onset of rigor mortis is accompanied by lowering in water-holding 
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capacity. It is important to emphasize that this is not due solely to the drop in pH
(and the consequent approach of the muscle proteins to their iso-electric point) or
to denaturation of the sarcoplasmic proteins (Table 5.3, p. 144). Marsh (1952a)
showed that, even when rigor mortis occurred at a high pH, there was a loss of water-
holding capacity, due to the disappearance of ATP and to the consequent formation
of actomyosin. Whilst the Marsh–Bendall factor (sarcoplasmic reticulum pump) is
still operating in post-mortem muscle, readdition of ATP, at relatively high concen-
tration, will cause swelling of muscle homogenates and restore the water-holding
capacity towards its in vivo level. The plasticizing effect of ATP is thus associated
with increased water-holding capacity. NMR studies have shown that there are at
least two phases or environments for water in muscle, in each of which some of the
water is ‘bound’ and the majority ‘free’. During the onset of mortis the amount of
‘bound’ water in each environment remains constant, but there is progressive move-
ment of ‘free’ water from one environment to the other – presumably reflecting the
cross-linking of actomyosin (Pearson et al., 1974).

An idea of the typical relative time relations of these changes is given in Fig. 4.7
for the l. dorsi muscle of the horse (at 37°C). Once rigor mortis is complete, the
muscle remains rigid and inextensible, provided it is kept free from microbial con-
tamination: there is no ‘resolution’ of rigor (Marsh, 1954).

The patterns of rigor mortis onset can be classified (Bendall, 1960):

Pi Pi + HN3 Pi Ribose
↑ ↑ ↑ ↑

ATP→ADP→IMP→Inosine→Hypoxanthine

(i) Acid rigor:* characterized in immobilized animals by a long delay period and
a short fast phase and in struggling animals by drastic curtailment of the delay
period. At body temperature stiffening is accompanied by shortening.
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Fig. 4.7 The onset of rigor mortis in l. dorsi muscle of the horse. Changes in ATP, CP and
extensibility as a function of time in nitrogen at 37°C. Zero time: 1h post-mortem.
Adenosine triphosphate (ATP) and creatine phosphate (CP) determined in trichloroacetic
acid extracts made from muscles at various time intervals. ATP-P and CP-P expressed as mg
P/g wet weight of muscle. Extensibility expressed as a percentage of initial value (Lawrie,

1953c). �–�, ATP; �–�, CP; �–�, pH; �–�, extensibility.



(ii) Alkaline rigor:* characterized by a rapid onset of stiffening and by marked
shortening, even at room temperature.

(iii) Intermediate type: characterized in starved animals by a curtailment of the
delay period but not of the rapid phase: there is some shortening.

Shortening in rigor mortis involves only a fraction of the muscle fibres, is irre-
versible and is thus distinguished from physiological contraction (Bendall, 1960).
Honikel et al. (1983) reported that some shortening occurs in all muscles (which are
free to shorten) during post-mortem glycolysis at temperatures between –1 and
38°C. There is a minimum at 15–20°C: ‘rigor shortening’ increases at temperatures
above 20°C and ‘cold-shortening’ becomes more pronounced at temperatures below
10–15°C, if the pH is still above ca. 6.2 (cf. §§ 7.1.1.2 and 10.3.3.1).The former occurs
just before marked loss of extensibility in rigor mortis, the latter relatively early.
Insofar as ATP is required to enable the sarcoplasmic reticulum to pump Ca++ ions
from the sarcoplasm, the fall in ATP during the onset of rigor mortis can be expected
to foster leakage of Ca++ ions back into the sarcoplasm, whereby the contractile
system is stimulated. This event probably explains the limited shortening which is
observed during ‘normal’ rigor (Jeacocke, 1984), as well as the marked contraction
in ‘cold-shortening’ when the ability of the sarcoplasmic reticulum pump to recap-
ture Ca++ is greatly diminished by the low temperature (cf. §§ 7.1.1.2 and 10.3.3.1).

Using model systems and fluorescent-labelled proteins Swartz et al. (1993)
endeavoured to elucidate the relationship between sarcomere shortening in rigor
mortis and toughening in meat. Their studies led them to postulate that the tough-
ness associated with very short sarcomeres is due to interactions between myosin
filaments and not to actin–myosin bonds. They also suggested that, as the degree of
saturation of the S-1 heads of myosin with ATP decreases post-mortem, the heads
bind to the actin filaments and increase their affinity (via troponin C) for Ca+ + ions,
whereby sarcomere shortening can occur at a much lower Ca++ ion level than that
in vivo.

The characteristics of rigor mortis, e.g. the levels of ATP and CP initially and at
onset; the pH value initially, at onset and ultimately; the initial and residual stores
of glycogen; the activities of ATP-ases and of the sarcoplasmic reticulum pump, will
vary according to intrinsic factors, such as species and type of muscle, and extrinsic
factors, such as the degree of struggling and temperature (cf. Tables 4.8 and 4.31).

Abnormal types of rigor mortis are known. Thus, if muscle is frozen whilst the
ATP level is at the pre-rigor value, an exceedingly fast rate of ATP breakdown and
of rigor onset ensues on thawing (‘thaw rigor’). The muscle may contract to 50 per
cent of its initial length and exude much fluid or drip (Chambers and Hale, 1932).
It has been suggested that the contractile actomyosin ATPase, which is not normally
responsible for ATP depletion post-mortem, is activated on freezing and thawing
(Bendall, 1973). This reflects the inability of the sarcoplasmic reticulum pump to
reabsorb calcium ions effectively in these circumstances (cf. §§ 4.2.1 and 10.3.3.1).

In contrast, a much delayed onset of rigor mortis has been observed in the
muscles of the whale (Marsh, 1952b).The ATP level and the pH may remain at their
high in vivo values for as much as 24h at 37°C. No adequate explanation of this
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* Whereas exhausting exercise preslaughter will deplete glycogen reserves and lead to a high
ultimate pH, struggling or mild exercise immediately before death will promote early and
accelerated post mortem glycolysis and the production of lactic acid giving a low initial and
ultimate pH.



phenomenon has yet been given; but the low basal metabolic rate of whale muscle
(Benedict, 1958), in combination with its high content of oxymyoglobin in vivo
(cf. § 4.3.1), may permit aerobic metabolism to continue slowly for some time after
the death of the animal, whereby ATP levels can be maintained sufficiently to delay
the union of actin and myosin in rigor mortis.

Besides the chemical changes which directly affect actomyosin formation, and
thereby stiffening in rigor mortis, there are other concomitant reactions. Of these
the most striking are in the pattern of nucleotides (Bendall and Davey, 1957). After
ATP has been broken down to inorganic phosphate (Pi) and ADP, the latter is
further dephosphorylated and deaminated to produce inosine monophosphate
(IMP); and IMP is dephosphorylated to produce inosine. Ribose is then split from
inosine, producing hypoxanthine (see above).

Some ADP is deaminated only, forming inosine diphosphate (Webster, 1953); and
enzymes exist in muscle to resynthesize nucleotides, IMP being condensed with
aspartic acid to form adenylsuccinic acid in the first instance (Davey, 1961).
Ammonia liberation during rigor mortis can be related, therefore, to the onset of
stiffening. Electrophoresis shows that the pre-rigor pattern consists of small
amounts of ADP and relatively large amounts of ATP; post-rigor there is a large
quantity of IMP, and traces of inosine, hypoxanthine, ADP, ATP, IDP and ITP
(Bendall and Davey, 1957).

During and after post-mortem glycolysis some glycogen may be broken down by
α-amylase to glucose and hexose-1,6-diphosphate instead of to lactic acid (Sharp,
1958; cf. Table 4.9).

4.3 Factors reflected in specialized muscle function 
and constitution

It is possible to classify muscles broadly as ‘red’ or ‘white’ (Needham, 1926). This
superficial differentiation reflects both histological and biochemical differences.
So-called ‘red’ muscles tend to have a greater proportion of narrow, myoglobin-rich
fibres; so-called ‘white’ muscles have a greater proportion of broad, myoglobin-poor
fibres (Denny-Brown, 1929; Hammond 1932a; George and Scaria, 1958). Differen-
tiation of fibres into two types can be demonstrated histochemically by about half-
way through the gestation period (Dubowitz, 1966). Gauthier (1969) gives a
reminder that ‘redness’ and ‘whiteness’ do not invariably correspond to slow and
fast contraction rates, respectively. The terms are useful, however. ‘Red’ fibres are
rich in mitochondria (with abundant cristae) and have wide Z-lines. ‘White’ fibres
are poor in mitochondria (and these have few cristae) and the width of the Z-lines
is about half that in ‘red’ fibres. A (histologically) intermediate type of fibre is also
found. The latter resemble ‘red’ fibres, but have larger diameter and a narrow Z-
line (cf. § 4.3.5 below). It has been suggested that the narrow diameter of ‘red’ fibres
reflects their preferential utilization of incoming protein precursors for energy-
yielding purposes rather than for construction (Burleigh, 1974). Red muscles tend
to operate over long periods without rest; in these it is found that the mitochondria,
respiratory enzymes and myoglobin are present in greater quantity (Paul and 
Sperling, 1952; Lawrie, 1952a). ‘White’ muscles tend to operate in short fast bursts
with frequent periods of rest and restitution: respiratory enzymes and myoglobin
are present in relatively small amounts only; but lactic dehydrogenase activity is

Chemical and biochemical constitution of muscle 93



high (Dubowitz and Pearse, 1961). The concentration of the dipeptides, carnosine
and anserine, which act as buffers in muscle (Bate-Smith, 1938), appears to bear an
inverse proportionality to respiratory activity (Davey, 1960). Carnitine (β-hydroxy-
γ-trimethylamino butyrate) is found in small quantities in all cells but especially in
muscular tissue. Its concentration is associated with that of myoglobin both within
and between species, where its function is to buffer excess production of coenzyme
A in oxidative metabolism (Shimada et al., 2004).

It is now evident that the predominant factor which determines whether a muscle
will develop a large proportion of glycolytic fibres and become fast-acting (‘white’)
or become slow-acting (‘red’) is the nature of its nerve supply (Romanul and Van
der Meulen, 1967). As early as 1948, Bach showed that, if the tendon of the ‘red’
soleus muscle of the rabbit was transplanted to the tendon of the pale posterior
tibial muscle, the soleus lost myoglobin and became a fast-contracting ‘white’
muscle. Dhoot et al. (1981) subsequently showed that, 15–20 weeks after such
surgery 90 per cent of the fibres of the previously ‘red’ soleus contained so-called
fast forms of troponins C, T and I and 90 per cent of the previously ‘white’ tibialis
muscle contained so-called slow forms of these regulatory proteins (cf. § 4.1.1). A
detailed account of the trophic action of nerves on the nature of muscle fibres has
been given by Swatland (1994).

Differences between muscles, however, are considerably more complex than their
classification as ‘red’ or ‘white’ would signify. Both the dynamic (or biochemical)
and static (or chemical) aspects of their constitution are elaborate. Their variability
reflects the influence of a large number of intrinsic factors related to function. The
most important of these are (i) species, (ii) breed, (iii) sex, (iv) age, (v) anatomical
location of muscle, (vi) training or exercise, (vii) plane of nutrition and (viii) inter-
animal variability, the nature of which is little understood. In addition, various
extrinsic factors modify the behaviour of muscle in the immediate post-mortem
period and during storage and processing; and its composition as meat. These are
(i) food, (ii) fatigue, (iii) fear, (iv) pre-slaughter manipulation, and (v) environmental
conditions at slaughter, in the immediate post-mortem period and during subse-
quent storage; but these are more appropriately considered in Chapters 5 and 7.

4.3.1 Species
Species is perhaps the most easily appreciated factor affecting the composition of
muscle; but its effect is conditioned by the simultaneous operation of many of the
intrinsic and extrinsic factors already mentioned. In comparisons between species
it is thus desirable to choose definite values for these other variables.

The total nitrogen content (fat-free), which is referred to as the ‘nitrogen factor’,
of the raw lean meat of the entire carcass is an important index for the analyst in
assessing the meat content of foods. It differs to a numerically small but commer-
cially significant extent between species. Moreover, because the meat industry
reflects changes in consumer demand and social conditions, the types of pigs, cattle
and sheep slaughtered vary in respect of such parameters as age, weight, sex and
level of fatness (cf. Fig. 1.3). Thus, the nitrogen factor for pork has ranged from 3.6
(Anon., 1940) to 3.45 (Anon., 1961) and 3.50 (Anon., 1991). For beef the nitrogen
factor has ranged from 3.4 (Anon., 1952) to 3.55 (Anon., 1963) and 3.65 (Anon.,
1993a). The nitrogen factor for the lean meat of the entire carcass of the sheep is
3.50 (Anon., 1955, 1996).
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Some aspects of the chemical composition of the l. dorsi muscles from mature
meat animals are compiled in Table 4.3. Although it is obvious that the contents of
water, of total nitrogen and of total soluble phosphorus are similar in all five species,
there are marked differences in the other characteristics. The fat of the l. dorsi of
the Blue Whale has a very much higher iodine number than that of the other four.
To some extent this is due to the krill on which whales subsist. Another peculiarity
of whale meat is its high content of the buffers carnosine, anserine (Davey, 1960)
and balenine*. This fact, together with the relatively high oxygen store held by the
myoglobin, helps to explain the diving capabilities of this mammal. Its musculature
is constrained to operate anaerobically for prolonged periods. Indeed, in the Sperm
Whale and seal, in which the dives may be especially lengthy, the percentage of myo-
globin may reach 5–8 per cent of the wet weight of the muscle (Sharp and Marsh,
1953; Robinson, 1939). Such muscle is almost black in appearance. The low myo-
globin content of rabbit and pig muscle accords with the superficial paleness of the
flesh of these animals. The myoglobin of pig muscle also differs qualitatively from
that of ox muscle. The results obtained using freshly cut surfaces of l. dorsi suggest
that the rates of oxygenation of myoglobin are fastest in pork, intermediate in lamb
and slowest in beef (Haas and Bratzler, 1965). It had been supposed that balenine
(as its name indicates) was exclusive to the whale (Cocks et al., 1964); but Range-
ley and Lawrie (1976) found β-alanyl–3-methyl-histidine in the muscles of mature
pigs; and, subsequently, traces have been detected in the muscles of cattle, sheep
and chicken (Carnegie et al. 1984).

The identification of the species of meat present in food products is important in
ensuring the interests of consumers, and a variety of methods have been employed
in analysing uncooked samples. Their relative efficacy has been compared by
Winterø et al. (1990), who found that the sensitivity of detection of pork in mixtures
with beef was 0.4 per cent by countercurrent immunoelectrophoresis, 0.5 per cent
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Table 4.3 Chemical composition of l. dorsi muscle from mature meat animals

Characteristic Rabbita Sheepbc Species Oxe Whale
pigd (Blue)cf

Water (% fat-free) 77.0 77.0 76.7 76.8 77.7
Intramuscular fat (%) (2.0) (7.9) 2.9 3.4 2.4
Intramuscular fat

(iodine no.) – 54 57 57 119
Total nitrogen

(% fat-free) 3.4 3.6 3.7 3.6 3.6
Total soluble

phosphorus (%) 0.20 0.18 0.20 0.18 0.20
Myoglobin (%) 0.02 0.25 0.06 0.50 0.91
Methylamines,

trimethylamine oxide,
etc. – – – – 0.01–0.02

a Bendall (1962). bCallow (1958). cLawrie (1952a). dLawrie et al. (1963a). eLawrie (1961). fSharp and
Marsh (1953) and personal communication.

* These are the dipeptides β-alanyl-histidine, β-alanylmethyl-histidine and β-alanyl-3-
methyl-histidine, respectively.



by DNA hybridization, 1.0 per cent by immunodiffusion and 5.0 per cent by iso-
electric focusing. Methods based on polymerase chain reactions, in which DNA frag-
ments may be as small as 70 base pairs, are now increasingly used for species
identification (Brodmann and Moor, 2003).

Another approach is by the use of ‘direct probe’ mass spectrometry.This is similar
to pyrolysis mass spectrometry but the samples are volatilized at less than 300°C.
A plot of ions having mass : charge ratios of 36 against those of 74 can differenti-
ate horse, beef, pork and lamb (Patterson, 1984). A major continuing problem with
such methods is their inability to quantify the species present in processed foods.
Nevertheless, King (1984) was able to differentiate species in meat heated up to
120°C by isoelectric focusing of adenylate kinase. It is certain that further devel-
opment of the DNA hybridization technique will prove effective in solving this
important problem.

Species differences between the myoglobins of meat animals have elucidated the
structure of these and of other proteins, and supported the view of Barlow et al.
(1986) that all antigenic determinants involve some measure of three-dimensional
topography. Thus, Levieux and Levieux (1996), using six monoclonal antibodies
raised against bovine myoglobin, identified three topographical determinants
involving amino acid residues which, although separated from one another sequen-
tially on the protein chain, were closely associated through the folding of the myo-
globin’s eight alpha helices. In so far as four of these monoclonal antibodies react
more strongly with oxymyoglobin than with metmyoglobin, Levieux and Levieux
(1996) concluded they could elucidate the conformational changes in proteins
during their modification by physical and chemical events.

Taylor et al. (l993a) have shown the potential of electro-spray mass spectroscopy
for differentiating the haem pigments of sheep, cattle, pigs and horses, although the
distinctive features were altered somewhat by autoclaving.

The ratios of the histidine peptides appear to be characteristic of species (Table
4.4) and have been used to identify them (Olsman and Slump, 1981; Concepcion-
Aristoy and Toldra, 2004).

Species differences between the myosins of the l. dorsi muscles of ox, pig, sheep
and horse were shown immunologically (Furminger, 1964) but the degree of cross-
reaction was too high to permit clear identification of unknown meats. The
tropomyosins of ox, sheep, pig and rabbit have different electrophoretic charac-
teristics (Parsons et al., 1969). This is true of the myofibrillar group generally 
(Champion et al., l970). Enzyme-linked immunosorbent assay (ELISA) procedures
are most effective in identifying the species present in products containing unheated
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Table 4.4 Typical ratios of histidine dipeptides in muscles
from different species (after Carnegie et al., 1984)

Species Balenine :Anserine Carnosine :Anserine

Horse 0 93
Pig 1.0 21
Ox 0.03 6
Sheep 0.02 1
Chicken 0.01 0.5
Kangaroo 0 0.1



meat, but quantitative assessment is limited, due to the variability in the levels of
residual blood (Hitchcock and Crimes, 1985). Quantitative identification of species
on the basis of the electrophoretic pattern of their protein is still possible after these
have been heated to 120°C for a 6min (Mattey et al., 1970).

Insofar as meat processing operations denature proteins, however, methods of
identification, based on the much more robust DNA of the genes, have been devel-
oped in recent years. Restriction fragment length polymorphism (RFLP; now
referred to as single nucleotide polymorphism, SNP), using a cDNA probe com-
plementary to the sequence of bases in the α-actin multigene family, was employed
by Fairbrother et al. (1998) to distinguish between beef, lamb, pork, horse, chicken
and fish. The patterns obtained were the same whether the DNA was derived from
fresh meat or from that heated to 120°C. Although the sequence of bases in the
exons of the α-actin nuclear genes is strongly conserved, between species, that in
the introns of these genes is variable; and Lockley and Bardsley (2002), using
primers based on the exons and introns of the α-actin nuclear genes, successfully
distinguished closely related species. Not surprisingly, it is more difficult to distin-
guish between breeds within a species, but DNA extracted from meat and
hybridized with probes recognizing species-specific satellite segments (Hunt et al.,
1997) or mitochondrial D-loop DNA (Partis et al., 2000), have been effective.
Verkaar et al. (2002) employed the RFLP technique, following amplification of the
DNA by polymerase chain reactions, with probes complementary to both the mito-
chondrial cytochrome β gene and the centromeric satellite DNA, to distinguish such
exotic breeds as benteng and zebu from one another and from taurine cattle.

Precise identification of DNA sources by DNA ‘fingerprinting’ has become pos-
sible from the work of Jeffreys et al. (1985). When an unknown sample of DNA is
isolated, cleaved by a specific restriction endonuclease and hybridized with a probe
(i.e. a single strand of DNA or RNA), a series of DNA fragments of varying length
is produced (RFLP). These are separated (e.g. by gel electrophoresis) and visual-
ized by colour development or autoradiography. The pattern revealed thereby
appears to be unique to each individual. The probe is generated from a ‘core’ of
repetitive in-line (‘tandem’) sequences of DNA. These tandem repeat sequences
occur at numerous locations on the genome and are referred to as ‘microsatellites’
(Kirby, 1992).The oligonucleotide probes can be synthesized artificially or produced
by the action of reverse trancriptase on RNA.

Wismer-Pedersen (1969a) has given data on the proximate composition of the
canned meat from l. dorsi of a number of African ungulates. Of those studied the
meat from wart-hog had the lowest water content (68.9 per cent) and the highest
content of fat (4 per cent), whereas meat from the eland had the highest water
content (75.2 per cent) and the lowest content of fat (1.9 per cent). The triglycerides
of red deer have relatively high contents of myristic acid compared with those in
cattle: those of moose contain more than 40 per cent of stearic acid (Garton et al.,
1971).

It might have been supposed from the data on l. dorsi in Table 4.3 that the intra-
muscular fat of pigs and cattle always had a comparable iodine number. The danger
of such a generalization can be seen, however, from Table 4.5, in which data for the
psoas major of boars and bulls are given.

In this case, despite an almost identical content of intramuscular fat in both
species, that in the boar has a much higher iodine number. Generally the iodine
number of the fat in the pig is higher than that of the ruminant. In Table 4.6, where
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the fatty acid composition of the fats from cattle, sheep and pigs are compared, this
difference is seen to be largely due to the higher content of linoleic acid in pig fat;
and a higher content of polyunsaturated fatty acids.

Dietary fat has relatively little influence on the depot fat of all species of rumi-
nant since ingested fatty acids are hydrogenated by rumen microorganisms (which
may also effect a change in the length of the fatty acid chains). Although ruminant
muscle thus has normally a low ratio of polyunsaturated to saturated fatty acids, it
does contain various C20 and C22 polyunsaturated fatty acids of the n-6 and n-3 series
which are valuable nutritionally to human consumers. Enser et al. (1998) found that
the percentages of all n-3 polyunsaturated fatty acids were higher in the muscles of
steers which had been fed on grass than in those of bulls which had been fed con-
centrates; whereas the content of the n-6 polyunsaturated fatty acids was higher in
the latter.
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Table 4.5 Chemical composition of psoas major muscles from boars and bulls

Total intramuscular

Species Breed Sex Age No. Moisture nitrogen fat Iodine
(months) (% fat-free) (% fat-free) (%) number

Pig Large White Boar 5 5 77.1 3.5 1.6 71.4
Ox Ayrshire Bull 10 5 77.4 3.3 1.7 47.0

Table 4.6 Typical fatty acid composition of (a) fats and 
(b) muscular tissue from beef, lamb and pork sirloin steaks
(after Enser et al., 1996)

Fatty acid (as % 

Fatty acid Structure total fatty acids)

Beef Lamb Pork

(a) Fats
Palmitic C16:0 26.1 21.9 23.9
Stearic C18:0 12.2 22.6 12.8
Oleic C18:1 (n-9) 35.3 28.7 35.8
Linoleic C18:2 (n-6) 1.1 1.3 14.3
α-Linolenic C18:3 (n-3) 0.48 0.97 1.43
Arachidonic C20:4 (n-6)
Eicosapentaenoic C20:5 (n-3) not detected 0.36
Dodecosahexanoic C22:6 (n-3)

(b) Muscular tissue
Palmitic C16:0 25.0 22.2 23.2
Stearic C18:0 13.4 18.1 12.2
Oleic C18:1 (n-9) 36.1 32.5 32.8
Linoleic C18:2 (n-6) 2.4 2.7 14.2
α-Linolenic C18:3 (n-3) 0.70 1.37 0.95
Arachidonic C20:4 (n-6) 0.63 0.64 2.21
Eicosapentaenoic C20:5 (n-3) 0.28 0.45 0.31
Dodecosahexanoic C22:6 (n-3) 0.05 0.15 0.39



The potential benefits for human health of conjugated linoleic acid (CLA),
especially the isomers cis-9, trans-10 linoleic acid and trans-10, cis-12 linoleic acid
have been investigated in recent years. Hydrogenation by rumen microorganisms
converts ingested linoleic to stearic acid and produces CLA as intermediates.
Supplementation of ruminant diets with fat sources and in C18:2, n-6 leads to an
increase in the production of cis-9, trans-10 linoleic acid in the flesh (Mir et al., 2003;
Noci et al., 2005). Nevertheless, there are seasonal alterations in the degree of 
unsaturation of the depot fats of ruminants, probably because of the ingestion of
octadecatrienoic acid during pasture feeding; and there are distinct differences due
to breed (Callow and Searle, 1956). Cattle regulate the degree of unsaturation of
their fat by interchange between stearic and hexadecenoic acids whereas pigs do 
so by an exchange between stearic and oleic acids. As opposed to cattle, pigs and
other non-ruminants such as the horse tend to deposit unchanged dietary fat.
Indeed, pigs which have been fed large quantities of whale oil may have rancid fat
in vivo (J. K. Walley, personal communication). With pigs the ratio of n-3 to n-6
polyunsaturated fatty acids is readily amenable to dietary manipulation; and,
indeed, this has a greater influence on the ratio than genetic factors (Cameron 
et al., 2000 a, b). The nutritional value of pork, as represented by the ratio, can be
increased by feeding linseed at a level which has no adverse effect on eating quality
(Sheard et al., 2000).

Rabbits, eating the same grass as horses, lay down much more linoleic acid
(Shorland, 1953).The fats of rabbit flesh are comparatively richer in palmitic, linoleic
and myristic acids, and poorer in stearic acid, than the meat of other domestic
species (Cambero et al., 1991). In Table 4.6, more recent data on the fatty acids
present in the muscles of cattle, sheep and pigs are shown. It is evident, that as with
the fats of these species, the muscles of pigs contain a markedly higher content of
linoleic acid than those of cattle and sheep and more arachidonic acid. The muscles
of cattle contain more hexadecenoic acid than those of the other two species and
the muscles of sheep have a relatively high content of stearic acid.

Apart from static chemical differences due to species, in a given muscle, differ-
ences of a more dynamic kind are found. Thus, for example, the activity of
cytochrome oxidase varies considerably in the psoas major muscles of different
species (Table 4.7). Cytochrome oxidase is the enzyme principally for linking oxygen
with the chain of electron carriers by which most substances in muscle are eventu-
ally oxidized in providing energy.

It is therefore not surprising to find that the activity of this enzyme should be
particularly high in the muscles of the horse, which are obviously powerful, and low
in those of the rabbit; and that the staying power of the hare and the relatively easy
exhaustion of the rabbit are reflected in the capacity of their psoas muscles to gain
energy by oxidation (Table 4.7). Another interspecies factor affects the issue,
however, in the opposite sense, insofar as there is an inverse relationship between
body size and basal metabolic rate (Benedict, 1958). Thus, it has been shown that
the oxidative capacity of the diaphragm muscle in different species – as reflected 
by the number of red, myoglobin-rich fibres – is inversely related to body size 
(Gauthier and Padykula, 1986).

Some of the species differences in enzymic activity are reflected post-mortem.
Thus at a given temperature (37°C) and in a given muscle (l. dorsi) the character-
istics of the onset of rigor mortis are different in horse, ox, pig and sheep (Table 4.8,
Fig. 4.4a). The mean chain lengths of glycogens from the l. dorsi muscles of horse
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and ox, pig and rabbit are 17, 15 and 13 glucose residues respectively (Kjølberg 
et al., 1963).

It will be seen that while the ultimate pH is the same in all four species, the initial
pH levels are high in horse and lamb and relatively low in ox and pig and that the
pH at the onset of the fast phase of rigor mortis is low in horse and ox and high in
lamb and pig. The level of ATP/P at the onset of rigor mortis is particularly high in
the l. dorsi of the pig. In the psoas major of the rabbit at 37°C, the fast phase of the
onset of rigor mortis begins when the ATP/P has fallen to about 15 per cent soluble
phosphorus (Bendall, 1951). It is also interesting to observe that the reserve of 
creatine phosphate – which, as mentioned in Chapter 3, is the most immediate 
mechanism for resynthesis of ATP – is highest in the horse l. dorsi and lowest in
that of the pig, apparently reflecting their relative capacity for energy production.
The ratio of the proteolytic enzyme, calpain II, to the inhibitory protein, calpastatin,
is considerably higher in the l. dorsi of the pig than in this muscle in lamb or cattle
(Ouali and Talmant, 1990). This difference is reflected by the fact that the tenderiz-
ing changes of post-mortem conditioning proceed fastest in pork, intermediate in
lamb and slowest in beef.

Another post-mortem difference in enzymic constitution between the corre-
sponding muscles of different species is shown by the activity of α-amylase. This
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Table 4.7 Activity (QO2
) of cytochrome oxidase in

preparations from psoas muscles of various mammals
(Lawrie, 1953b)

Species Activity

Horse 1600
Ox 1200
Pig 1000
Sheep 950
Hare 650
Blue Whale 600
Rabbit 250

Table 4.8 Mean data on post-mortem glycolysis and the onset of rigor mortis in the l.
dorsi of different species

Time to onset ATP/Pb CP/Pb

Species of fast phase Initiala pH pH (as % TSP) (as % TSP)
of rigor mortis (at onset) (ultimate) at onset initial
(min/37°C/N2)

Horsec 238 6.95 5 97 5.51 8.3 18.9
Oxc 163 6.74 6.07 5.50 13.2 13.2
Pigc 50 6.74 6.51 5.57 21.0 7.2
Lambd 60 6.95 6.54 5.60 – –

a i.e. at 1h post-mortem. bATP/P, CP/P = phosphorus due to adenosine triphosphate and creatine phos-
phate respectively (TSP = total soluble phosphorus). cLawrie (1953c). dMarsh and Thompson (1958).
Time to onset in sheep ca. 80 min.



enzyme converts muscle glycogen to glucose and competes with the system whereby
glycogen is converted to lactic acid. Comparative data are given in Table 4.9 from
which can be seen the high rate of glucose accumulation in the muscles of pigs and
rabbits in comparison with sheep and oxen (Sharp, 1958).

4.3.2 Breed
After species, breed exerts the most general intrinsic influence on the biochemistry
and constitution of muscle. A particularly striking effect of breed is found in the
horse.The percentage of myoglobin in the l. dorsi of thoroughbreds, which arch their
backs strongly in running, is considerably higher than in this same muscle of the
draught horse in which the l. dorsi is moved relatively little. On the other hand, the
psoas muscles show no such difference (Table 4.10).

Among cattle, there are differences between those breeds which are primarily
used for milk production and those which are more suitable for meat. Thus, the per-
centage of intramuscular fat in the l. dorsi muscle at the level of the 4th, 5th and
6th lumbar vertebrae tends to be markedly greater in beef cattle than in dairytype
animals after the age of 18 months (Callow, 1947; Lawrie, 1961). The percentage of
intramuscular fat in specially fattened beef animals (e.g.West Highland show cattle)
may reach 17 per cent. Mean data for l. dorsi and psoas muscles from Herefords (a
beef breed) and Friesians (predominantly a dairy breed) are given in Table 4.11.
Calpastatin activity in muscles (cf. § 5.4.2) is genetically determined in different
breeds of cattle (Shackelford et al., 1994), the calpastatin gene correlating with
toughness (Bishop et al., 1993). Bos indicus cattle have a greater relative content of
calpastatin (cf. § 4.3.5.1) in their muscles than do Bos taurus breeds. The conse-
quently greater inhibition of calpain action in the former probably contributes to
their toughness as meat (Shackelford et al., 1991).
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Table 4.9 Post-mortem activity of α-amylase in muscles of
different species

Species Rate glucose accumulation 
(mg/h/g at 20°C)

Sheep 0.08
Horse and ox 0.04
Rabbit 0.50
Pig 0.90

Table 4.10 Myoglobin concentrations in muscles of
different breeds of horse (Lawrie, 1950)

(% wet weight)
Breed

L. dorsi Psoas

Draught horse 0.46 0.82
Thoroughbred 0.77 0.88



In sheep the percentage of intramuscular fat is considerably greater among
improved breeds such as Hampshire and Suffolk than in semi-wild types, such as
Soay and Shetland (Hammond, 1932a). In a study of the back and kidney fats of
pigs, it was found that introduction of the Hampshire breed led to an increase in
the number of pigs producing abnormally soft and highly unsaturated fats (Lea 
et al., 1969). They concluded that, when the cause of softness was not ingested fat,
there was a strong correlation between the ratio of the monoene to stearic and
palmitic acids, and the melting point.

By using halothane-negative British Landrace pigs and those of the resistant
Duroc breed, Cameron and Enser (1991) were able to assess the effect of breed on
the intramuscular fat of l. dorsi muscles without confounding the issue by stress sus-
ceptibility. The intramuscular fat of Duroc pigs had a higher content of saturated
and monounsaturated fatty acids, and a lower concentration of polyunsaturated
fatty acids, than the British Landrace; and there was a higher level of fat in the
former. From an investigation of the back fat from eleven breeds of pig, Warriss 
et al. (1990b) found that the characteristics of the fat (e.g. firmness) were largely
determined by the level of fatness rather than by inherent breed factors. In a sub-
sequent study of the fatty acid characteristics of porcine I. dorsi, Wood et al. (2003),
found highly significant differences between breeds in respect of the contents of
linoleic and linolenic acids in both neutral lipids and phospholipids (cf. Table 4.12).
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Table 4.11 Intramuscular fat and its iodine number in
muscles of cattle (from Callow, 1962)

L. dorsi Psoas

Breed Intramuscular Intramuscular 
fat fat

(%) I.N. (%) I.N.

Hereford 7.1 54.6 5.6 50.5
Friesian 6.4 56.4 5.1 53.9

Table 4.12 Breed differences in fatty acid composition of neutral lipids and phospholipids
of porcine l. dorsi muscles (after Wood et al., 2003)

Berkshire Duroc Large TamworthWhite

Neutral lipid fatty acids
wt. (as % of muscle) 2.29 1.98 0.94 0.91
linoleic* 6.78 10.14 10.49 8.09
linolenic* 0.58 0.87 0.78 0.67

Phospholipid fatty acids
wt. (as % of muscle) 0.45 0.45 0.39 0.40
linoleic* 29.10 30.10 29.35 31.40
linolenic* 0.70 0.67 0.61 0.75

* As % neutral or phospholipid content.



Because of interest in pale exudative pig musculature (§§ 3.4.3 and 5.4.1), the
effect of breed on muscle composition in this species has been investigated. At all
locations from the 5th thoracic to the 6th lumbar vertebrae, the l. dorsi muscle of
pigs of the Large White breed has more myoglobin and a higher ultimate pH than
the corresponding muscle from pigs of Landrace breed (Lawrie and Gatherum,
1962). Again, for a given percentage of intramuscular fat in the l. dorsi muscle
(lumbar), its iodine number and the area of cross-section of the muscle as a whole
are greater in pigs of the Welsh breed than in Landrace, and in the latter than in
Large White animals (Anon., 1962; Lawrie and Gatherum, 1964).

As determined by the analysis of l. dorsi muscles, the meat of the Piétrain has
less water than that of other pig breeds, whereas l. dorsi of the Hampshire breed
has less nitrogen (Sellier, 1988).

The rate of post-mortem glycolysis at 37°C in the l. dorsi muscles of Large White
pigs in the United Kingdom is only one-third to one-half that in the Danish 
Landrace (Bendall et al., 1963). According to Bendall (1966), however, such breed
differences disappear when pigs are curarized (or injected with myanesin) before
slaughter. In these circumstances the rate of post-mortem glycolysis in the muscles
of Danish Landrace pigs is as slow as that in those of Large White pigs in the United
Kingdom. He suggested that electrical stunning can produce, in the pig only, a long-
term stimulation of post-mortem glycolysis which would thus lead to that combi-
nation of low pH and high temperature responsible for the PSE condition (Hallund
and Bendall, 1965). Were this the only reason for the superficial manifestations of
the condition, however, there would remain unexplained the great variability in sus-
ceptibility shown by individual pigs. Moreover, Lister (1959) found that curare had
no effect in diminishing the tendency for a swift production of lactic acid in stress-
susceptible Poland China and Chester White pigs. Sayre et al. (1963a) in the USA
found that the external chain length of glycogen from the l. dorsi muscle of Chester
White pigs decreases to a greater extent – but at a slower rate during post-mortem
glycolysis than that in pigs of the Hampshire and Poland China breeds; and the same
workers (1963b) found that, when subjected to a temperature of 45°C for 29–60 min
preslaughter, the l. dorsi muscles of the latter two breeds became pale and exuda-
tive during subsequent post-mortem glycolysis, whereas those of the Chester White
pigs remained firm and dark. The activities of phosphorylase and phosphofructok-
inase were markedly higher in l. dorsi muscles of Hampshire pigs than in those of
Poland China or Chester White breeds (Sayre et al., 1963c).

4.3.3 Sex
In general, males have less intramuscular fat than females, whereas the castrated
members of each sex have more intramuscular fat than the corresponding sexually
entire animals (Hammond, 1932a; Wierbicki et al., 1956). Table 4.13 gives compara-
tive data on the l. dorsi from a 12-month-old steer and bull of Ayrshire–Red Poll
breed. It will be seen that with the exception of the percentage of intramuscular fat
(which is relatively high) and the moisture (which is correspondingly low) in the
steer in comparison with the bull, there are no striking differences in composition.

It will be noted, however, that despite the difference in the percentage of intra-
muscular fat their iodine numbers are the same; and it is found that, in the lumbar
region of l. dorsi, the iodine number of intramuscular fat from bulls is markedly 
less than that from steers at a given level of fatness (Lawrie, 1961). In comparing
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castrated members of each sex, it has been found that the depot fats of steers have
a more saturated fat than those of heifers (Terrell et al., 1969). Fats from the latter
have a higher percentage of oleic acid. No differences have been noted in the total
cholesterol content of the depot fats between steers and heifers. Such sex differ-
ences can be further exemplified by comparing the composition of the l. dorsi muscle
of control steers with those of the same age (36–40 months) and breed (Friesian)
subjected to the masculizing effect of hexoestrol implants (Table 4.14), there being
a somewhat lower content of intramuscular fat in the treated animals, but no other
difference.

In pig, also, the major differences in muscle composition due to sex are found in
the contents of intramuscular fat. The l. dorsi (lumbar) muscles of hogs (i.e. cas-
trated males) contain about 30 per cent more intramuscular fat than those in gilts
(i.e. mature females before pregnancy) of the same age (Lawrie and Gatherum,
1964), and this is reflected by its lower content of unsaturated fatty acids. The con-
centration of polyunsaturated fatty acids in the intramuscular lipids of l. dorsi is sig-
nificantly higher in boars than in gilts (Cameron and Enser, 1991).
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Table 4.13 Comparative composition of l. dorsi (lumbar) of
Ayrshire–red poll steer and bull

Steer Bull

Intramuscular fat (%) 3.03 1.00
Intramuscular fat (I.N.) 51.39 51.06
Moisture (%) 74.09 77.30
Myoglobin (%) 0.20 0.19
Ash (%) 0.99 1.16
Total nitrogen (%) 3.61 3.50
Non-protein nitrogen (%) 0.38 0.41
Sarcoplasmic nitrogen (%) 0.94 1.08
Stroma nitrogen (%)* 0.36 0.28
Myofibrillar nitrogen (%) 1.93 1.81

* i.e. from insoluble protein, mainly originating from connective
tissue.

Table 4.14 Comparative composition of l. dorsi muscles
from control and hexoestrol implanted steers (Lawrie
1960a)

(Mean of 6)

Control Implanted

Intramuscular fat (%) 3.37 2.42
Intramuscular fat (I.N.) 57.45 59.31
Moisture (%) 74.12 74.88
Ash (%) 1.01 1.02
Total nitrogen (%) 3.51 3.53
Non-protein nitrogen (%) 0.43 0.44
Sarcoplasmic nitrogen (%) 0.88 0.89
Myofibrillar nitrogen 1%) 1.83 1.77
Stroma nitrogen (%) 0.36 0.44



As assessed from a representative sample of UK animals, entire pigs were found
to have a greater concentration of haem pigment (myoglobin plus haemoglobin) in
their l. dorsi muscles than castrates (Warriss et al., 1990a). Because the meat of
mature boars can be associated with an unpleasant odour (‘boar taint’: cf. §§ 2.5.2.1
and 10.4.4) it is important to be able to detect the presence of meat from male pigs
in various products. Meer and Eddinger (1996) employed a polymerase chain reac-
tion on a male-specific fragment from the Y-chromosome for this purpose.

4.3.4 Age
Irrespective of species, breed or sex the composition of muscles varies with increas-
ing animal age, there being a general increase in most parameters other than water,
although the rates of increment are by no means identical in all muscles. Moreover,
different components reach adult values at different times (Lawrie, 1961). Thus, in
bovine l. dorsi those nitrogen fractions representing myofibrillar and sarcoplasmic
proteins have reached 70–80 per cent of their mean adult value by birth, and their
subsequent rates of increase become asymptotic at about 5 months of age. Non-
protein nitrogen, however, does not attain its characteristic adult value until about
12 months of age; and the concentration of myoglobin increases rapidly until about
24 months of age. Intramuscular fat appears to increase and moisture content on a
whole tissue basis to decrease, up to and beyond 40 months of age. Before birth, the
moisture content of muscle is very high, being over 90 per cent for a considerable
portion of the gestation period (Needham, 1931). On a fat-free basis, however, the
moisture content remains fairly constant after 24 months of age. Some idea of the
difference in composition of a given muscle in the bovine at two different ages is
given in Table 4.15. The great increase in intramuscular fat and in myoglobin
content, the lesser increase in total and sarcoplasmic nitrogen and the decrease in
moisture and in stroma with age are evident. These trends are also evident in pig l.
dorsi (Table 4.16) in which the composition is compared at 5, 6 and 7 months of age
(Lawrie et al., 1963b). Much of the increased saturation of intramuscular lipid in
heavier pigs is due to an increase in the ratio of C18 to C18.1 fatty acids in the neutral
lipid fraction (Allen et al., 1967a). It is interesting to note that odd-numbered fatty
acids (C11, C13, C15, C17) are quite prevalent in the phospholipid fraction of porcine
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Table 4.15 Comparative composition of l. dorsi muscle in
calf and steer

12-day-old 3-year-old
calf steer

Intramuscular fat (%) 0.55 3.69
Intramuscular fat (I.N.) 82.41 56.50
Moisture (%) 77.96 74.11
Myoglobin (%) 0.07 0.46
Total nitrogen (%) 3.30 3.52
Non-protein nitrogen (%) 0.36 0.39
Sarcoplasmic nitrogen (%) 0.62 0.87
Myofibrillar nitrogen (%) 1.52 1.61
Stroma nitrogen (%) 0.80 0.65



intramuscular fat. In cattle the iodine number of the intramuscular fat falls very
markedly with increasing age (Lawrie, 1961). In respect of the lipids of bovine fatty
tissues, however, whilst the iodine number has been shown to decrease with increas-
ing animal age and level of fatness (Callow and Searle, 1956), the ratio of linoleic
to stearic acids, and the softness of the fat, increases. It is feasible that this appar-
ent contradiction may reflect age-related changes in branched-chain fatty acids. In
this species, one of the important factors involved is the development of the rumen
microflora, which hydrogenate dietary fats. Calves, initially, tend to deposit dietary
fat relatively unchanged (Hoflund et al., 1956).

Myoglobin concentration appears to increase in a two-phase manner, an initial
swift rate of increment being followed by one which is more gradual. The fast phase
lasts about 1, 2 and 3 years in pigs, horses and cattle respectively. Reflecting the
increases in myoglobin with age, there is a concomitant two-phase increment in the
activity of the enzymes which govern respiration and, thereby, in energy production
potential (Table 4.17; Lawrie, 1953a, b).

The activity of the respiratory enzymes increases in a not dissimilar fashion in
various muscles. Typical values at birth and in the adult are given in Table 4.18 for
horse muscles.

These activities are based on the rate of oxygen uptake (Qo2
) of mitochondrial

membrane preparations from the muscles concerned and are thus relative. They are
proportional, however, to the absolute values for the muscles themselves.

It will be noted that the cytochrome oxidase activity of the heart has attained 33
per cent of its final value by birth, whereas that in l. dorsi is then only 8 per cent of
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Table 4.16 Comparative composition of l. dorsi muscles
from pigs at three ages

(Mean of 10)

5 months 6 months 7 months

Intramuscular fat (%) 2.85 3.28 3.96
Intramuscular fat (I.N.) 57.4 55.8 55.5
Moisture (%) 76.72 76.37 75.90
Myoglobin (%) 0.030 0.038 0.044
Total nitrogen (%) 3.74 3.74 3.87

Table 4.17 Comparative rates of increase of oxygen-linked
factors in psoas muscles of immature and adult horses. The
rates of increase are expressed as percentages per year of
the average adult values for these factors

Capacity for
Age Myoglobin Cytochrome energy-rich
(years) concentration oxidase phosphateactivity resynthesis

0–2 42.8 37.9 43.8
2–12 2.1 0.6 1.0



the adult value: values for diaphragm and psoas are intermediate. This order of 
difference reflects the fact that the heart has been contracting powerfully for a
considerable time during uterine life, whereas the other muscles have not: the latter
develop preferentially in relation to the animal’s need for increasing power to move
about. A similar impression is given by the data on succinic oxidase activity. It is of
interest that, in foetal and early post-natal skeletal muscle, all cells can synthesize
the fast (≈anaerobic) forms of skeletal troponins C, T and I. Certain cells, in addi-
tion, have the capacity to synthesize the slow (≈aerobic) forms of these proteins
(Dhoot and Perry, 1980). The stimulus for the activation of the genes controlling
synthesis of the slow forms, and the suppression of those responsible for the fast
forms, could be the changing pattern of innervation with development; but other
factors must also be involved.

The connective tissue content of muscle is greater in young animals than in older
ones (Bate-Smith, 1948;Wilson et al., 1954).The concentrations of both collagen and
elastin diminish with increasing animal age (Table 4.19). As the tenderness of veal
and the toughness of older animals testifies, however, the nature of the connective
tissue must be different at different ages.

There is a higher concentration of ‘salt-soluble’ collagen (a precursor of insolu-
ble collagen) in young – or actively growing – muscle (Gross, 1958). The degree of
intra- and inter-molecular cross-linking (cf. § 3.2.1) between the polypeptide chains
in collagen increases with increasing animal age (Carmichael and Lawrie, 1967a, b;
Bailey, 1968).The investigations of Bailey and his colleagues have provided detailed
information on the age-related changes in the collagen of tendon, muscle and the
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Table 4.18 Effect of animal age on enzymic activity in
preparations from horse muscles

Muscle Birth Adult

(a) Cytochrome oxidase (Qo2)
Heart 1000 2700
Diaphragm 200 1700
Psoas 200 1600
L. dorsi 70 900

(b) Succinic oxidase (Qo2)
Heart 100 510
Diaphragm 20 260
Psoas 20 240
L. dorsi 10 130

Table 4.19 Collagen and elastin content of l. dorsi muscles
in cattle (Wilson et al., 1954)

Cattle Collagen (%) Elastin (%)

Calves 0.67 0.23
Steers 0.42 0.12
Old cows 0.41 0.10



other tissues. Whilst, in young animals, most of the cross-links are reducible, heat-
and acid- labile and increase up to 2 years of age, thereafter they are gradually
replaced by linkages which are thermally stable (Shimokomaki et al., 1972; Bailey
and Light, 1989; and cf. § 3.2.1).The change with maturation is greatest in the epimy-
seal connective tissue, which in young animals, consists mainly of thermally labile
cross-links, whereas the endomysium already consists of thermally stable cross-links
(Bailey and Light, 1989).

Even in mature animals collagen is known to have a significant turnover, and the
rate differs according to the nature of the collagen. Thus, type III precursors turn
over at a slower rate than those of type I (Bailey and Light, 1989). A high rate of
collagen turnover, as in rapidly growing pigs, can have detrimental effects on the
strength of the collagen laid down and can lead to lameness in the live pig, to a sepa-
ration of fat from lean in the fresh meat and to ‘lacy’ bacon in the cured product.

4.3.5 Anatomical location
4.3.5.1 Muscles
The most complex of the intrinsic differentiating factors is anatomical. As we have
already mentioned, muscles may be broadly classified as ‘red’ (slow-twitch) or
‘white’ (fast-twitch) according to whether they carry out sustained action or operate
in short bursts. But the variation in shape, size, composition and function of the 300
muscles in the mammalian body obviously reflects a diversity of activity and devel-
opment the details of which are still largely unknown.

In assessing the significance for meat quality of differences in the constitution of
anatomically defined muscles, it should be appreciated that, in the past, both whole-
sale and retail cuts of beef were relatively large and thus represented aggregates of
a number of specific muscles (or portions thereof). With the increasing tendency for
the centralized preparation and prepackaging of portions of meat for the individ-
ual consumer, these may be derived from a single muscle or part thereof. With pork,
the individual joints are frequently processed (e.g. cured) after separation from the
carcass. Their specific composition is thus of greater interest, and nitrogen factors
for the different joints have been published (Table 4.20: Anon., 1986).

Ramsbottom and Strandine (1948) analysed fifty muscles of adult beef animals.
Moisture and fat contents ranged from 62.5 and 18.1 per cent respectively in the
intercostal muscles to 76 and 1.5 per cent respectively in extensor carpi radials. The
ultimate pH ranged from 5.4 in semimembranosus to 6.0 in sternocephalicus. Com-
parative data on chemical parameters of various beef and pork muscles are given
in Table 4.21 (Lawrie et al., 1963b, 1964). Particularly striking is the high iodine
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Table 4.20 Mean nitrogen content (percentage fat-free) for (i) lean and (ii) lean, with
associated fat and rind, in pork joints

Rump Joint Rib RibLeg loin rump loin belly Collar Hand
belly

(i) Lean 3.44 3.62 3.43 3.63 3.47 3.33 3.36
(ii) Lean with

fat & rind 3.60 3.81 3.67 3.83 3.72 3.50 3.59



number and the low nitrogen content in digital flexor superficialis and its relatively
high concentration of hydroxyproline (as an indicator of connective tissue). Using
hydroxyproline as criterion, the lowest content of connective tissue may be seen 
to be in psoas major (350 µg/g); in extensor carpi radialis, however, it can be about
2500 µg/g.

In an assessment of commercial joints, Casey et al. (1985) found that the colla-
gen content of the beef forequarter was significantly greater than that of the
hindquarter, the shin having the highest value (4.8 per cent, fat-free basis). In pork,
collagen was significantly highest in the hand (i.e. the lower forequarter). Bendall
(1967) measured the elastin content of various beef muscles using a technique
whereby the last traces of collagen and myofibrillar proteins were removed. In most
of the muscles from the choice cuts of the hind quarter and loin the elastin content
was generally less than 5 per cent of the total connective tissue. In semitendinosus,
however, it constituted 40 per cent of the total. Of the muscle of the forequarter
only l. dorsi had a comparable elastin content. In a detailed study of these two
muscles, Rowe (1986) demonstrated that, while the general organization of the col-
lagen and elastin fibres was similar in both (cf. § 3.2.1), the content of elastin fibres
was markedly greater in semitendinosus. Bendall (1967) had concluded that elastin
contributed to the toughness of cooked meat to about the same extent as denatured
collagen and Bailey and Light (1989) suggested that the significance of elastin had
been overlooked.

In a series of studies over 10 years, Bailey and his co-workers (Bailey et al., 1979;
Light and Bailey, 1983; Light et al., 1985; Bailey and Light, 1989) demonstrated that
muscles differ not only in their total content of connective tissue, but also in respect
of the types of collagen molecule present (cf. § 3.2.1), in the ratio of heat-stable
(oxo-imino) to heat-labile (aldimine) cross-links in these collagens, and in their 
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Table 4.21 Some chemical parameters of various muscles

Muscle Moisture Intramuscular fat Total nitrogen Hydroxyproline
(%) (%) (I.N.) (% fat free) (mg/g)

(i) Beef
L. dorsi (lumbar) 76.51 0.56 54.2 3.54 520
L. dorsi (thoracic) 77.10 0.90 56.6 3.47 610
Psoas major 77.34 1.46 52.9 3.30 350
Rectus femoris 78.07 1.49 67.8 3.40 550
Triceps (lateral head) 77.23 0.73 62.2 3.45 1000
Superficial digital flexor 78.67 0.40 81.4 3.27 1430
Sartorius 77.95 0.58 64.0 3.33 870
Extensor carpi radialis 74.83 0.60 68.1 3.29 1160

(ii) Pork
L. dorsi (lumbar) 76.33 3.36 56.3 3.77 670
L. dorsi (thoracic) 76.94 3.26 55 5 3.69 527
Psoas major 77.98 1.66 62.8 3.58 426
Rectus femoris 78.46 0.99 71.5 3.41 795
Triceps (lateral head) 78.68 1.84 67.0 3.46 1680
Superficial digital flexor 78.87 1.90 65.3 3.35 1890
Sartorius 78.71 0.87 – 3.41 850
Extensor carpi radialis 79.04 1.39 69.7 3.36 2470



histological distribution (Tables 4.22–24). Thus, Table 4.24 shows that the collagen
of bovine sternomandibularis contains a greater proportion of heat-stable cross-
links than l. dorsi at all locations – epimysium, perimysium and endomysium.

The collagen content and collagen fibre diameter of both perimysia and
endomysia, and the ratio of heat-stable to heat-labile cross-links in epimysial,
perimysial and endomysial connective tissue are each correlated positively with
toughness, but the perimysium appears to be the most implicated in accounting for
textural differences between muscles (Light et al., 1985). Such findings have been
confirmed by subsequent investigators. Thus, Torrescano et al. (2003), in a study of
raw bovine muscles, found a strong correlation between toughness as assessed by
Warner–Bratzler shear force and both total and insoluble collagen (Table 4.25).
There was only a weak correlation with sarcomere length.

110 Lawrie’s meat science

Table 4.24 Heat-labile (aldimine) and heat-stable (oxo-imine) cross-links in collagen
regimes of bovine muscles (after Bailey and Light, 1989)

Epimysium Perimysium Endomysium

Muscle aldimine oxo-imine aldimine oxo-imine aldimine oxo-imine 
(%) (%) (%) (%) (%) (%)

L. dorsi 50 50 42 58 27 73
Sternomandibularis 21 79 28 72 13 87

Table 4.22 Total collagen and its histological distribution in bovine muscles (after Bailey
and Light, 1989)

Muscle Total collagen Percentage in Percentage in Percentage in 
(% dry wt.) epimysium perimysium endomysium

Psoas major 2.24 15 79 24
L. dorsi 2.76 13 80 34
Pectoralis profundus 4.96 22 98 42
Semitendinosus 4.75 29 54 41

Table 4.23 Connective tissue in various bovine muscles (after Light and Bailey, 1983;
Bailey and Light, 1989)

Type III collagen ElastinTotal collagen in perimysium in in perimysiumMuscle Texture score in perimysium endomysium (as % total (% dry wt) (as % total collagen)collagen)

Psoas major 1 6.4 43.2 55.2 3.8
L. dorsi 2 6.5 24.5 53.3 2.9
Semitendinosus 3 6.7 41.7 54.4 37.0
Sternomandibularis 5 16.1 40.5 58.1 2.5



In a study of porcine muscles by scanning electron microscopy, Nakamura et al.
(2003) showed that the higher collagen content of pectoralis profundus in com-
parison with longissimus lumborum could be related to the more complex structure
of the perimysium of the former, which involved longitudinal, circular and oblique
collagen fibres crossing over one another in several bands; whereas the perimysium
of I. lumborum was markedly simpler in its architecture (Fig. 4.8).

Although, within a given muscle, there is a hyperbolic relationship between the
content of intramuscular fat and its iodine number (Callow and Searle, 1956) this
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Fig. 4.8 High magnification scanning electron micrographs of the perimysia from (a) porcine
longissimus lumborum and (b) porcine pectoralis profundus muscles. Bar = 2µm. (Repro-
duced from Meat Science,Vol. 64,Y.-N. Nakamura, H. Iwamoto,Y. One, N. Shiba, S. Nishimura
and S. Tabata, ‘Relationships among collagen amount, distribution and architecture in the 
M. longissimus thoracis and M. pectoralis profundus from pigs’, pp. 43–50. Copyright 2003,

with permission from Elsevier Science and Prof. H. Iwamoto.)

Table 4.25 Shear force and insoluble collagen in bovine
muscles (after Torrescano et al., 2003)

Warner–Bratzler Insoluble 

Muscle shear force collagen (mg 

(kg) hydroxyproline/g
wet wt)

Psoas major 2.11 ± 0.39 0.18 ± 0.01
Diaphragm 2.24 ± 0.90 0.39 ± 0.10
L. thoracis 2.29 ± 0.91 0.38 ± 0.03
L. lumborum 2.35 ± 0.59 0.42 ± 0.03
Gluteus medius 3.68 ± 0.51 0.45 ± 0.04
Semimembranosus 4.10 ± 0.79 0.49 ± 0.02
Infraspinatus 4.24 ± 0.83 0.76 ± 0.08
Quadriceps femoris 4.72 ± 0.89 0.52 ± 0.06
Semitendinosus 4.79 ± 0.58 0.64 ± 0.03
Triceps branchii 5.42 ± 0.82 0.78 ± 0.02
Biceps femoris 5.46 ± 0.84 0.60 ± 0.04
Flexor digitorum 5.93 ± 0.92 0.51 ± 0.06
Sternoimandibularis 6.32 ± 0.72 0.57 ± 0.06
Pectoralis profundus 6.66 ± 0.66 0.71 ± 0.04



clearly does not hold between different muscles. Certain differences between
muscles in the iodine number or their fat have been attributed to corresponding dif-
ferences in local temperature, a higher temperature being associated with a lower
iodine number, and vice versa (Callow, 1958, 1962). There is obviously a wide range
of values for these chemical parameters and this can be equally exemplified in 
corresponding muscles of beef and pork. In comparing those muscles which are
common to both species (Table 4.21) it is seen that the muscles listed do not have
the same relative composition in the two species. Thus while extensor carpi radialis
has the lowest moisture content in beef, it has the highest value in the pig. Clearly
both lumbar and thoracic l. dorsi muscles have the highest content of intramuscu-
lar fat in the pig; in beef, however, the percentage of intramuscular fat is relatively
low in these muscles. Again, the hydroxyproline content of digital flexor superficialis
is markedly greater in beef than in other muscles of this species. In the pig, however,
the highest hydroxyproline content of this same group of muscles is found in exten-
sor carpi radialis.

It is particularly interesting to note that, as judged by the hydroxyproline content,
the connective tissue concentration is greater in most pig muscles than in corre-
sponding beef muscles. Since pork is generally tender, this again emphasizes that
the quality of connective tissue must be considered as a factor additional to its 
quantity.

Data on the ultimate pH of these muscles (not represented) show that as the per-
centage of moisture on a fat-free basis increases so also does the ultimate pH: there
is, in fact, a significant positive correlation between these two variables in the pig.
This obtains not only between muscles but within a given muscle also.

Studies of the fatty acid compositions of neutral lipids and phospholipids of dif-
ferent muscles have revealed a number of distinctions between them. For example,
the phospholipid content and the ratio of C18 to C16 fatty acids in the total lipid are
particularly high in the diaphragm (both in beef and pork) in comparison with such
muscles as l. dorsi and psoas (Allen et al., 1967b; Hornstein et al., 1968).

In Table 4.26 comparative data are given on the fatty acid composition of 
intramuscular fats from nine muscles of an adult Large White × Landrace pig
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Table 4.26 Relative fatty acid composition of total lipids from muscles of the adult pig

Muscle
Fatty acid (as per cent total fatty acids)

C18:1 C16:0 C18:2 C18:0 C16:1 C20:4 C14:0 C15:1 C17:1 C13:0

L. dorsi (lumbar 40 24 11 10 5 2.5 1.5 1.5 0.8 –
4–6)

L. dorsi (thoracic 37 21 12.5 11 5 4.8 1.0 3.2 1.2 –
13–15)

L. dorsi (thoracic 34 30 11 10 3.5 4.3 1.0 2.5 0.5 –
8–12)

L. dorsi (thoracic 38 21 13.5 10 4 4.2 1.5 2.5 1.0 0.2
5–7)

Semimembranosus 35 24 14 10 4.5 4.2 1.5 2.5 1.3 0.3
Rectus femoris 29 21 16 11 5 5.8 1.0 3.7 0.5 0.2
Psoas 33 22 17 12 5 3.8 1.2 2.3 1.5 –
Diaphragm 35 22 15 15 5 2.0 1.5 1.0 0.8 –
Supraspinatus 34 26 14 19 6 – – 4.8 – –



(Catchpole et al., 1970). In respect of the major fatty acid components (oleic,
palmitic, linoleic, stearic and palmitoleic) the pattern for the nine locations is not
dissimilar. Nevertheless, the ratio of linoleic to oleic differs substantially between
locations; and there are noteworthy distinctions in respect of arachidonic and 
pentadecenoic acids. The content of n-3 fatty acids is greater in red muscles than in
white (Enser et al., 1998). Differences in the fatty acid pattern between anatomical
locations are more marked when muscles are fractionated into such functional com-
ponents as mitochondria, and the phospholipids considered separately from the
total and neutral lipids. Thus phosphatidylethanolamine concentration increases
with the myoglobin content, i.e. as the metabolic type becomes more aerobic or ‘red’
(Leseigneur and Gandemer, 1991). Subsequently Alasnier et al. (1996) confirmed
that the metabolic type of muscles (and of their constituent fibres) was systemati-
cally related to their lipid characteristics: white (glycolytic) muscles contained less
total lipids, triglycerides and cholesterol than red muscles, and a lower content of
polyunsaturated fatty acids than the latter.

Differences between muscles in other parameters are, of course, found; those in
sodium, potassium and myoglobin are shown for five pig muscles in Table 4.27. In
beef animals, in contrast to pigs, extensor carpi radialis does not have an abnormally
low content of potassium. This may reflect differences in slaughtering procedures
with the two species, as potassium is found at higher concentration in well-drained
muscle (Pomeroy, 1971). The apparent variability in potassium content makes it dif-
ficult to accept that the radioactive emanations from K40 could accurately indicate
the lean meat content of carcasses. Nitrogen distribution may also differ between
muscles (Table 4.28), and this, together with differences in total nitrogen (Table
4.21), reflects both quantitative and qualitative differences in the proteins of dif-
ferent muscles. Indeed, starch gel electrophoresis reveals that the pattern of both
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Table 4.27 Sodium, potassium and myoglobin in pig
muscles (Lawrie and Pomeroy, 1963)

Sodium Potassium Myoglobin
Muscle (as % wet (as % wet (as % wet

weight) weight) weight)

L. dorsi (lumbar) 0.05 0.35 0.044
Psoas major 0.05 0.37 0.082
Rectus femoris 0.05 0.38 0.086
Triceps (lateral head) 0.07 0.31 0.089
Extensor carpi radialis 0.08 0.29 0.099

Table 4.28 Distribution of nitrogen in bovine psoas and 
l. dorsi muscles (as per cent total nitrogen)

Psoas L. dorsi

Non-protein nitrogen 11.2 11.6
Sarcoplasmic nitrogen 21.3 26.0
Myofibrillar nitrogen 44.0 52.5
Stroma nitrogen 23.5 9.9



sarcoplasmic and myofibrillar proteins differs between muscles (cf.Table 4.32).Thus,
the heart and, in the rabbit, the small red muscle deep in the proximal portion of
the hind limb, differ from skeletal muscles generally in that the bands correspon-
ding to the protein enzymes of the glycolytic pathway are virtually absent. More-
over, such lactic dehydrogenase activity as is present is associated with a completely
different protein to that in other muscles (R. K. Scopes, personal communication).

As a further reflection of intermuscular differences in proteins, it is found that
the numbers of S–S bonds vary widely (from 0.5–2.0 moles/105 g protein), whereas
the numbers of –SH bonds do not (averaging about 10.3 moles/105 g protein)
(Hoffman and Hamm, 1978).

Quantitative differences in moisture and connective tissue (as indicated by
hydroxyproline) have already been considered (Tables 4.21–24); many such exam-
ples could be given. It is apparent, however, that there are also qualitative differ-
ences in proteins between muscles within a given species and at a given age. Thus
the proteins of beef l. dorsi and psoas muscles differ in their susceptibility to freez-
ing damage. Even when the rate of post-mortem glycolysis and the ultimate pH are
the same in each, the former exudes, on thawing, nearly twice as much fluid or ‘drip’.
Moreover, the solids content of the drip from l. dorsi is about 25 per cent higher
than that from psoas (Howard et al., 1960a), and the relationship of total solids to
ash is quite different in the exudate from the two muscles. Differences in the sus-
ceptibility to freeze-drying of the myosins prepared from porcine psoas and l. dorsi
have been shown (Parsons et al., 1969). While the pattern of electrophoretically 
separable components in both myosins is similar when prepared from fresh muscle,
they differ considerably after freeze-drying, l. dorsi showing a greater degree of
change. Tropomyosins from the two muscles, on the other hand, give similar pat-
terns both before and after freezedrying. Herring (1968) has found differences in
the actomyosins extracted from naturally tough and tender muscles and Dube et al.
(1972) found that the myofibrillar proteins of bovine l. dorsi were less susceptible
to oxidation of the sulphydryl groups (on heating to about 60°C) than those of psoas
muscle. Other aspects of differences in the types of protein found in various muscles
are indicated by the moisture–protein ratio (Lockett et al., 1962) and by the rela-
tive susceptibility of pig muscles to become pale and exudative post-mortem, l. dorsi
and semimembranosus being especially labile (Lawrie et al., 1958;Wismer-Pedersen,
1959a). The susceptibility of myoglobin to oxidize during chill or frozen storage
differs between different muscles (Ledward, 1971a; Owen and Lawrie, 1975). When
the level of ultimate pH is high, the myofibrillar proteins of l. dorsi and semi-
membranosus are altered less by freeze-drying than are those of psoas and biceps
femoris. When the ultimate pH is normal, however, the myofibrillar proteins of 
l. dorsi are relatively the most susceptible to damage in freeze-drying (Table 4.29).
The patterns obtained by starch gel electrophoresis of myofibrillar proteins from
rabbit, ox and sheep indicate that, within each species, these differ between differ-
ent muscles (Champion et al., 1970).

Detailed studies of the myofibrillar proteins of ‘red’, ‘white’ and cardiac muscles
have revealed various differences between specific components. Thus the elec-
trophoretic patterns of the so-called myosin light chains (Perrie and Perry, 1970)
and those of troponins (Cole and Perry, 1975) are different when these proteins are
derived from the three types of muscle. This reflects differing degrees and mecha-
nisms of phosphorylation of the proteins concerned (Perry et al., 1975). Two sub-
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units of tropomyosin, α and β, have been isolated (Cummins and Perry, 1973) and
two of α-actinin (Robson et al., 1970), the ratio of these subunits being different 
in ‘red’ and ‘white’ muscle. The myosin of ‘red’ muscle has a lower content of 
3-methylhistidine than that of ‘white’ (Johnson and Perry, 1970), whereas the
content in actin is apparently similar in both types. The concentration of 3-
methylhistidine in the masseter/malaris muscles of the ruminant, which consist
exclusively of type I (‘red’) fibres, is particularly low. The significance of this differ-
ence in using 3-methylhistidine as a robust, unequivocal index of lean meat in
processed foods is considered in § 12.2.

In bovine masseter muscle only the slow type of myosin heavy chain is found
whereas in the cutaneous trunci, a ‘fast’ muscle, only fast types of myosin heavy chain
occur (Picard et al., 1994). Differences between the myofibrillar proteins of differ-
ent muscles are reflected in the nature of the gels they produce and which thus alter
the emulsion products made from them (Young et al., 1992) (cf. § 10.2.1.2).

In addition to purely chemical differences, muscles also vary in their enzymic con-
stitution. Differences in the activity of the enzymes of the cytochrome system have
already been exemplified (Table 4.18); comparative data for other specific enzyme
activities are given in Table 4.30. The bovine masseter muscle has a particularly high
capacity for respiratory metabolism and a very low titre of glycolytic enzymes
(Talmant et al., 1986). Thus, of 18 muscles studied by these workers, the masseter
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Table 4.29 The percentage of myofibrillar protein from various pork muscles which is
soluble in 0.92 mKCl at pH 6.0

Muscle Ultimate pH 6.5–7.2 Ultimate pH 5.3–5.6
(frozen) (freeze dried) (frozen) (freeze dried)

L. dorsi 91 85 53 41
Psoas 80 68 49 40
Biceps femoris 88 75 55 46
Semimembranosus 85 77 54 46

Table 4.30 Activity of certain enzymes in various beef muscles (after Berman, 1961)

Muscle Lactic Glutamic Carbonic
dehydrogenasea dehydrogenaseb anhydrasec

L. dorsi 3.53 661 0.59
Semimembranosus 3.73 730 0.63
Serratus ventralis 1.08 960 0.63
Rectus abdominis 2.58 675 0.66
Semitendinosus 3.74 813 0.47
Trapezius 2.14 836 0.47

a Moles lactate oxidized per kg wet weight per 3 min.
b Micromoles glutamate oxidized per kg wet weight per h.
c Log pressure change per g wet weight per min.



possessed the highest cytochrome oxidase activity (and the highest ultimate pH)
and the semimembranosus the lowest; whereas the latter had the greatest buffering
capacity, and the highest ATP-ase and phosphorylase activities, these features being
lowest in masseter. The oxidative capacity of masseter was even greater than that of
the diaphragm.

As between species (Table 4.8), so also between muscles there are broad differ-
ences in the pattern of post-mortem glycolysis and of the onset of rigor mortis.
Although the nature of these differences is not yet understood in detail, they are
most important in relation to the texture and appearance of meat post-mortem.
Under controlled conditions muscles may differ in the times to the onset of rigor
mortis, in their initial and ultimate pH, in their content of initial and residual glyco-
gen, in the rates of pH fall aerobically and anaerobically, in their initial store of
energy-rich phosphate (i.e. the labile phosphorus of ATP and CP), in their capacity
for energy-rich phosphate resynthesis, and in their power to split ATP and to sup-
press such splitting (i.e. Marsh-Bendall factor activity*). Such differences are appar-
ent from Table 4.31, in which data from four horse muscles are represented (Lawrie,
1952a, 1953a, b, c, 1955). Similar differences are obtained between muscles of beef
animals (Howard and Lawrie, 1956, 1957a). In intact carcasses or cuts of meat, the
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* Reflecting the relative capacity of the sarcoplasmic reticulum to remove Ca++ ions from
the system.

Table 4.31 Characteristics of post-mortem glycolysis in horse muscles

Characteristic L. dorsi Psoas Diaphragm Heart

Time to onset fast phase rigor mortis
(min/37°C/N2)b 214 173 148 50a

pH initialb 6.95 7.02 6.97 6.90a

at onset 5.97 6.24 6.28 6.30
ultimate 5.51 5.98 5.91 5.81

Glycogen:
initialb (mg/100 g) 2249 1229 1715 584
residual (mg/100 g) 1411 606 1109 276

ATP/P at onset (as % TSP) 6 6 7 15
CP/P initialb (as % TSP) 19 10 3 1
Initial ∼ P(γ/g) 700 450 520 100
Rate aerobic pH fall (pH/h) 0.13 0.06 0.07 0.0
Rate anaerobic pH fall (pH/h) 0.19 0.11 0.11 1.20a

Rel. capacity ∼ P resynthesis aerobically
(arbitrary units) 0.24 0.51 0.51 2.40

ATP-ase activity
(i) unwashed (∼ P/h/g) 2400 1800 1800 1800
(ii) washed (∼ P/h/g) 9000 4800 5400 1800

Marsh-Bendall factor activity (ii)–(i)c 6600 3000 3600 0

a Because of the rate of pH fall in heart, special precautions are necessary to demonstrate the onset of
rigor mortis; some data for heart are thus not strictly comparable with those from other muscles.
b Initial = 1 h post-mortem, except in heart.
ATP/P, CP/P = labile phosphorus of adenosine triphosphate and creatine phosphate, respectively.
TSP = total soluble phosphorus.
∼ P = sum of ATP/P and CP/P.
c i.e. the capacity of the sarcoplasmic reticulum to pump Ca++ ions out of the sarcoplasm.



environment of individual muscles clearly varies. Thus, temperature differences will
affect the rates of post-mortem glycolysis; but, after correction for such circum-
stances, systematic intrinsic differences between muscles are still apparent (Bendall,
1978a). Post-mortem glycolysis will be considered again in Chapter 5.

The time to the onset of the fast phase of rigor mortis under anaerobic condi-
tions at 37°C tends to be proportionate to the initial store of energy-rich phospho-
rus and of glycogen. On the one hand l. dorsi has the characteristics of a ‘white’
muscle, capable of short bursts of activity, this being aided by the relatively large
store of energy-rich phosphorus and a low capacity for the aerobic resynthesis of
~P. On the other hand, the heart has a capacity for sustained activity, represented
by its marked ability to resynthesize ~P aerobically, and a low ~P store. It is inter-
esting to note that the power to suppress ATP-ase is least where – in the heart –
there would be no lasting relaxation phase.

As a further reflection of the predominant respiratory metabolism of ‘red’
muscles, their store of initial glycogen tends to be less, their ultimate pH higher and
their buffering capacity lower than those of ‘white’ muscles (Lawrie, 1952a, b, 1953c;
and cf. Table 4.31). Rao and Gault (1989), in a detailed analysis of 12 beef muscles,
found that the relative proportion of ‘red’ to ‘white’ fibres was correlated with their
biochemical characteristics. Muscles which were composed predominantly of ‘red’
fibres had significantly higher ultimate pH, and lower acid buffering capacity, than
those which were composed predominantly of ‘white’ fibres. The higher buffering
capacity of the latter appeared to be due to their higher contents of inorganic phos-
phorus and of the dipeptide carnosine (cf. § 4.3.1). The content of various other
chemical compounds differs between ‘red’ and ‘white’ muscles. Thus the ‘red’ (mas-
seter) muscles in beef have ten times as much taurine, and three times as much coen-
zyme Q10 (ubiquinone), (but only a tenth of the carnosine content), as the relatively
‘white’ semitendinosus muscle (Purchas et al., 2004a).

There are differences in glycogen metabolism between ‘red’ and ‘white’ muscles,
the pathway from glycogen to glucose being more active in the former, as shown by
the specific activity of residual, and trichloracetic acid-soluble, glycogens after the
administration of C14-glucose (Bocek et al., 1966).

The activity of glucose–6-phosphate dehydrogenase, 6-phosphogluconic dehy-
drogenase and glycogen synthetase are also more marked in ‘red’ muscles. On the
other hand, the enzymes in the pathway from glycogen to lactic acid are more active
in ‘white’ muscle (e.g. glycogen-debranching enzyme* phosphorylase, phosphohex-
ose-isomerase, phosphofructokinase, fructose–1:6-diphosphatase, aldolase, α-
glycerophosphate dehydrogenase, pyruvate kinase, lactic dehydrogenase: Beatty
and Bocek, 1970). There is a marked difference in the extent of binding of phos-
phofructokinase in rabbit ‘white’ muscle (95 per cent) and in rabbit ‘red’ muscle (45
per cent), signifying that the degree of phosphorylation of phosphofructokinase in
fast ‘white’ fibres is more effective (Morton et al., 1988). Enzymes involved in the
complete oxidation of fat and carbohydrate are more prevalent in red muscles (e.g.
β-hydroxy acyl CoA dehydrogenase, citrate synthetase, isocitric dehydrogenase,
malic dehydrogenase, succinic dehydrogenase and cytochrome oxidase). Such 
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* The activity of glycogen-debranching enzyme diminishes – and thereby the rate of post-
mortem glycolysis – by a rapid fall in temperature; but its activity is not depressed by high
post-mortem temperatures (ca. 45°C) and this may be a contributory factor in the develop-
ment of PSE (Kylä-Puhju et al., 2005).



differences are reflected in their relative post-mortem susceptibility to the benefits
of incorporating antioxidants in the feed or by preslaughter injection (cf. § 7.1.1.3).

Red muscles tenderize less markedly than white muscles during conditioning and
it might be supposed, therefore, that they contain a lower concentration of prote-
olytic enzymes (cf. § 5.4.2), including those activated by calcium ions (calcium acti-
vated sarcoplasmic factors CASF, calpains). Indeed this was reported by Goll et al.
(1974).The differences between types of muscle in proteolytic capacity are complex.
There are at least two types of calcium activated factors, referred to as calpains I
and II (also referred to as µ- and m-calpains) which are respectively activated by
micromolar or millimolar concentrations of Ca++ ions (Murachi et al., 1981), as well
as an inhibitor, calpastatin. Whilst the ratio of calpain II/calpastatin is greater in
white muscles than in red – an observation which accords with the greater suscep-
tibility of the former to undergo conditioning changes – the levels of calpain II and
of calpastatin are both greater in red muscles (Ouali and Talmant, 1990). On the
other hand, the susceptibility of the myofibrillar proteins of red muscles to prote-
olysis is less than that of white muscles. In the latter, the post-mortem concentra-
tion of Ca++ ions rises more than in red – a factor favouring the action of the
proteolytic enzymes (Ouali, 1992). These circumstances may dominate over the rel-
atively low concentration of the calcium-activated proteases in white muscle and
explain their greater tendency to tenderize in conditioning. Yet, in the malaris
muscle, in which the fibres are exclusively red (Johnson et al., 1986), and which 
conforms in exhibiting little proteolytic post-mortem (Ouali, 1992) the calpain
II/calpastatin ratio is high. The greater tenderness, during conditioning, in fast-
glycolysing ‘white’ muscle has been attributed to proteolysis by released lysosomal
cathepsins and calpain 1, uninhibited by calpastatin (O’Halloran et al., 1997),
through the earlier attainment of acid pH levels. The complexity of the relationship
between muscle type and the capacity for proteolysis post-mortem has been empha-
sized by Christiansen et al. (2004), in a study of porcine muscles. L. dorsi and semi-
membranosus muscles exhibited greater proteolytic capacity than semitendinosus
(as measured by the degradation of desmin and T-troponin); and this accorded with
their greater ratio of µ-calpain : calpastatin. Yet, judged by its relatively low ratio of
type I (‘red’) to type II (‘white’) fibres, a high proteolytic capacity would have been
anticipated in semitendinosus.

In vivo, greater activity of CASF in ‘white’ muscles, and their greater capacity to
synthesize myofibrillar proteins (Iyengar and Goldspink, 1971), could suggest that
the fast but intermittent contraction which they effect is more damaging to the
muscles’ structural integrity – and requires the removal and replenishment of its
components more frequently – than the slower, continuous action of ‘red’ muscles.

In accordance with the lower power to suppress ATP-ase activity in ‘red’ muscle
(i.e. a lower activity of the Marsh-Bendall factor), it is of interest that the grana of
the sarcoplasmic reticulum isolated from ‘red’ muscle have less power to take up
Ca++ compared with those from ‘white’ muscle (Gergely et al., 1965). This may help
explain the greater susceptibility of red muscles to ‘cold-shortening’ (cf. §§ 10.3.3.1,
7.1.1.1). The vesicles of the sarcoplasmic reticulum isolated from heart muscle have
a much lower capacity to accumulate Ca++ ions than those of either ‘white’ or ‘red’
skeletal muscle (Baskin and Deamer, 1969). The elements of the sarcoplasmic retic-
ulum are also morphologically different in ‘white’, ‘red’ and cardiac muscles.

It is further of interest that it is in the grana of the sarcoplasmic reticulum that
the adenyl cyclase system is found (Sutherland and Robinson, 1966) suggesting that
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the relative metabolism of ‘red’ and ‘white’ muscles may be mediated through cyclic
3′5′-AMP. Some hormones, such as catecholamines, appear to direct their control of
tissues through the enzyme adenyl cyclase. This is said to be located on cell mem-
branes and to govern the synthesis of cyclic 3′-5′-AMP from ATP.

In Table 4.31 l. dorsi may be regarded as a fairly typical muscle, having residual
glycogen at an ultimate pH of about 5.5 (cf. §§ 4.2.2). It will be seen, however, that
horse psoas and diaphragm have considerable residual glycogen at an ultimate pH
of about 6. This phenomenon is also observed in beef sternocephalicus muscle. In
the latter the residual glycogen has a shorter external chain length (9) than the initial
glycogen (12) (Lawrie et al., 1959), but this does not, in itself, appear to explain the
cessation of glycolysis. It is conceivable that such qualitative differences in glycogen
may represent some kind of specialization of muscle function, e.g. precision of 
movement, as a factor additional to the ability to contract quickly or in a sustained
manner. It is thus of interest that the delicate muscles which operate the eye contain
glycogen of unusual structure and that they are specialized for very fast contraction
(Sartore et al., 1987). Such extraocular muscles contain a specific type of ‘fast’ heavy
myosin chain (Staton and Pette, 1990). On the other hand, variations in AMP-
deaminase activity between different muscles could explain some of the character-
istic differences found in ultimate pH (Scopes, 1970). Using reconstituted systems
Scopes (1974) found that the extent of a post-mortem glycolysis depended signifi-
cantly on the proportion of phosphorylase in the a form.

Even within a single muscle there may be systematic differences in composition
and constitution. Figure 4.9 indicates how the ultimate pH and pigmentation vary
along the l. dorsi muscle in Large White and Landrace pigs (Lawrie and Gatherum,
1962 and cf. § 4.3.5.2); and Lundström and Malmfors (1985) showed that this was
reflected in corresponding variations in the light-scattering and water-holding 
properties of this muscle in Swedish Landrace × Yorkshire crossbred pigs. Similar
findings, shewing locational differences in sensory quality (Van Oeckel and 
Warrants, 2003) and in water-binding capacity (Christensen, 2003) along the longis-
simus dorsi et thoracis, have been reported. Sensory analysis for tenderness across
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Fig. 4.9 The mean (20) ultimate pH and colour (arbitrary units) of l. dorsi muscles from
Large White (�) and Landrace (�) pigs of similar weight, at the levels of the 5th, 7th, 9th,
13th and 15th thoracic and 1st, 3rd, 5th and 6th lumbar vertebrae. (After Lawrie and 

Gatherum, 1962.)



porcine l. dorsi revealed that there was a decrease from the caudal to the medial
surface (Hansen et al., 2003). On the other hand the tenderness of this muscle
decreased significantly from the cranial to the caudal end. It is of interest that Rees
et al. (2002a) found that the rate of post-mortem glycolysis was greatest at the caudal
end of l. dorsi. In the semimembranosus muscles of pigs, areas only 19cm apart may
be pale and exudative and have an ultimate pH of 4.9 on the one hand or be pink
and dry and have an ultimate pH of 5.6 on the other. In two-toned semitendinosus
muscle in the pig, it has been shown that the concentrations of myoglobin, and of
the cytochrome enzyme system, are higher in the darker (red) than in the lighter
(white) portions; and the latter have a greater content of sarcoplasmic proteins
(Beecher et al., 1968). Variability within a given muscle may also be exemplified by
bovine l. dorsi. The percentage of intramuscular fat is consistently higher in the
region of the 4th, 5th and 6th lumbar vertebrae than in the region of the 8th, 9th
and 10th thoracic vertebrae at all ages from birth to 36 months. But, while the iodine
number of the intramuscular fat is initially lower at the former location, it eventu-
ally becomes significantly higher due to the elaboration of a greater proportion of
C16 and C18 fatty acids in the lumbar region with increasing age. The physiological
implications of such a difference and of the reversal in relative iodine number are
unknown.

4.3.5.2 Myofibres
As indicated above, the differentiation of muscles overall as ‘red’ or ‘white’ reflects
their relative content of individual ‘red’ and ‘white’ myofibres; but although, of
course, commercial assessment of meat in terms of its fibre type would not be real-
istic, nevertheless it is increasingly important, in seeking control of the growth of
muscles and, thereby, of meat quality, to consider interfibrillar differences in mor-
phology and biochemistry.Thus ‘white’ (type II) fibres are wide in diameter and pre-
dominantly glycolytic in their metabolism: ‘red’ (type I) fibres are narrow, having a
greater proportion of respiratory activity (George and Naik, 1958; Blanchaer and
Van Wijhe, 1962; Hintz et al., 1982) and being supplied by more blood capillaries
(Romanul, 1964). The ‘red’ fibres are able to oxidize fat – indeed, in prolonged
muscle activity, it is the principal fuel – and the inflow of lipids into muscle has been
observed to supply such fibres (Vallyathan et al., 1970). Lipids are stored mainly in
type I fibres (Essen-Gustavsen et al., 1994; Fernandez et al., 1995).

Insofar as slow (‘red’) fibres are in more continuous action, depend more on 
respiration than anaerobic glycolysis to regenerate ATP, and produce considerable
heat in doing so (which must be dissipated), they tend to be located closer to the
blood supply of muscles (Suzuki and Tamate, 1988). The cheek muscles of the 
ruminant are unusual in that their constituent fibres are exclusively ‘red’ (type I, i.e.
oxidative and myoglobin rich); whereas in porcine cheek muscles, and in the skele-
tal muscles of meat animals generally, only about 15–25 per cent of the constituent
fibres are of this type (Johnson et al., 1986), suggesting that the process of chewing
in the ruminant involves especially slow, prolonged action. Subsequently it was
demonstrated that all the fibres of bovine masseter muscle contain the protein
‘myosin light chain l slow’ (cf. Table 4.32), which they associated with active, albeit
slow, movement.

It is a pecularity of the pig that such ‘red’ fibres as are found in the muscles of
this species are clustered together in a regular geometric pattern rather than ran-
domly distributed. Giant fibres are prevalent in the muscles of exudative pork
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(Cassens et al., 1969) (§ 3.4.3). They have low phosphorylase and high ATP-ase 
activities and are thus intermediate between types I and II.

The glycogen of ‘red’ fibres resembles amylopectin, that of ‘white’ fibres resem-
bles amylose in respect of the colour produced with iodine. The high glycogen
content of horse muscles (cf. Table 4.31) and of the ‘red’ fibres of the guinea-pig
(Gillespie et al., 1970) emphasize that this criterion does not invariably signify a
dependence on glycolytic, as opposed to respiratory, metabolism. Indeed histo-
chemical studies have identified three types of muscle fibre. Type I is slow-acting,
predominantly oxidative in metabolism and ‘red’; but whereas type II fibres are gen-
erally fast-acting, predominantly glycolytic in metabolism and ‘white’, two subdivi-
sions are recognized. Thus, type IIA has an appreciable capacity for oxidative
metabolism: type IIB does not (Peters et al., 1972). Each one of the three types is
enervated by a distinct variant of motor unit (Close, 1967). Type I is also charac-
terized by the presence of many large, spherical mitochondria, which form aggre-
gates at the periphery of the fibres: in type IIB fibres, mitochondria are few and are
mostly located in pairs at the I bands (Gauthier, 1970). These three types of fibre
have each a characteristic variant of myosin heavy chain associated with them
(Young and Davey, 1981) and a distinct level of myofibrillar ATP-ase activity
(Young, 1984): the actins, however, are apparently identical in the three fibre types
(Billeter et al., 1982). The rate of protein turnover is two to five times faster in type
I than in type II fibres (Citoler et al., 1966). Reflecting more superficial differences
between locations within a given muscle, Morita et al. (2000), in a detailed histo-
chemical study of bovine l. dorsi, demonstrated that, whereas the relative percent-
ages of fibre types was 37 per cent type I, 17 per cent type IIA and 46 per cent type
IIB at the levels of both the 6th thoracic and 5th lumbar vertebrae, the percentages
were 26 per cent type I, 15 per cent type IIA and 59 per cent type IIB in the region
of the 11th thoracic vertebra. The further differentiation of fast-twitch fibres 
into three types, led to recognition of four isoforms of heavy chain myosin in adult
skeletal muscle, one of each characterizing types I, IIA, IIX and IIB fibres. The 
contraction-rate and ATP-ase activity increased from type I to type IIB (Weiss and
Leinward, 1996). Chikuni et al. (2001) determined the entire sequence of 1937–1939
amino acids of the heavy chain myosin isoforms from fibres of types IIA, IIX and
IIB of porcine l. dorsi muscle. Although the sequence was highly conserved, the
amino acid pattern of two regions of the heavy chain myosin isoform from type IIB
fibres differed from those of the other type II fibres.

Pre-slaughter stress (cf. § 5.1) depletes glycogen from muscle fibres according to
their nature and to its mode of inducement. Thus, mixing stress causes a greater
depletion from fast fibres (types IIA and IIB) than from slow fibres (type I), whereas
depletion of glycogen by adrenaline injection occurs more severely from slow fibres
(Lacourt and Tarrant, 1985). Severe cold reduces the glycogen more in red fibres
than in white since red muscles are those mainly responsible for shivering
(Lupandin and Poleshchuk, 1979). Thus the susceptibility of different muscles to
develop dark-cutting character will be affected by the relative proportion of fast
and slow fibres they contain.

The problems of pale soft exudative (PSE) pork and of other undesirable quality
conditions (cf. §§ 3.4.3, 8.3.2.1 and 10.1.2) have stimulated investigation of the rela-
tive susceptibilities to them of different muscles of the porcine carcass.Thus,Warner
et al. (1993), compared the quality attributes of longissimus lumborum with those of
muscles from the loin, ham and shoulder. They found that, when l. lumborum was
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classed as dark and non-exudative (DFD), the other muscles were also dark and
their ultimate pH was high. When l. lumborum was pale and exudative, however,
only the ham muscles (other than rectus femoris) were similarly defective.

Young and Bass (1984) showed that there was a markedly higher proportion of
type IIB fibres in the muscles of steers than in those of bulls, and a higher propor-
tion of type IIA fibres in the latter, suggesting that serum androgens exert a differ-
ential control on the growth of muscle. In support of this concept,Young et al. (1986)
subsequently demonstrated that, in bulls implanted with zeranol, which effects
chemical ‘castration’ as well as being an anabolic agent, the percentage of type IIB
fibres increased at the expense of those of type IIA. Wild pigs have more oxidative
type IIA fibres than domestic pigs, especially in fibres with less myoglobin (i.e. more
glycolytic) and the cross-sectional area of types I, IIA and IIB is similar; whereas
in domestic pigs the cross-sectional area of IIB fibres is much greater than those of
types I and IIA (Ruusunen and Puolanne, 2004).

Electrophoretic analysis of individual fibres from bovine muscles has revealed 
a further degree of complexity in the myofibrillar proteins (Young and Davey,
1981). At least six types of fibre have now been identified by the patterns of the 
troponins and myosin light chains they possess. The classification is shown in 
Table 4.32.

Young and Cursons (1988) concluded that myosin light chain l slow (LCls) is
specifically associated with movement as opposed to maintenance of posture; and
it is absent from the fibres of muscles which have an obvious postural role and from
the fibres of fast-acting muscles. Nucleotide sequences for three types of myosin
heavy chain (MyHC) isoforms from bovine muscles were determined by Ohikuni
et al. (2004). MyHC-2a, -2x and slow isoforms were present but not MyHC-2b. The
latter isoform is the most glycolytic and is present in porcine muscles, whereas its
absence from bovine muscles reflects their generally slower movement and greater
fatigue resistance. Studies on ovine muscles (Sazili et al., 2005) have shown that the
slow myosin heavy chain isoform is correlated with calpastatin activity, a feature
reflecting the fact that red muscles with predominantly oxidative fibres (type II) 
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Table 4.32 Semi-diagrammatic representation of electrophoretograms of myosin light
chains and tropomins associated with six types of bovine muscle fibre (after Young and
Davey, 1981)

Fast-twitch group (Type II) Slow-twitch group (Type I)

Fast 1 Fast 2 Fast 3 Slow 1 Slow 2 Slow 3

Troponin Tf Troponin Tf Troponin Tf Troponin Ts Troponin Ts Troponin Ts

(Myosin LCls?) (Myosin LCls?) Myosin LCls Myosin LCls

Myosin LClf Myosin LClf Troponin Is(a) Troponin Is(a)
Troponin If(a) Troponin Is(b) Troponin Is(b)

Troponin If(b) Troponin If(b) Troponin If(b)

Troponin Cf Troponin Cf Troponin Cf

Troponin Cs Troponin Cs Troponin Cs

Myosin LC2s Myosin LC2s Myosin LC2s

Myosin LC2f Myosin LC2f Myosin LC2f

Myosin LC3f Myosin LC3f Myosin LC3f



are less effectively proteolysed by the calpain system; but this feature was not 
apparently correlated with tenderness.

In acknowledging that much of the biochemical differentiation of muscles can be
related to their capacities for respiratory metabolism, and that the concentration of
myoglobin in the muscle overall reflects this need, it is evident that it could be met
either by a relatively small increase in the myoglobin content of fibres of types I,
IIA and IIB, or by a relatively large increase in the myoglobin content of type I
(‘red’) fibres, and in the percentage of the latter. (Thus, the myoglobin concentra-
tions in bovine psoas major and gluteus medius are similar, but the former has twice
the number of ‘red’ fibres: Hunt and Hedrick, 1977). Although the second mecha-
nism no doubt predominates, the reason for the oxygen requirement – prolonged
activity, tension development, high metabolic rate, diving (as in the whale) – may
well determine how it is most effectively achieved.

4.3.6 Training and exercise
Implicit in the differences in constitution in a given muscle between active and 
inactive species and breeds, between young and old animals, and between ‘red’ and
‘white’ muscles in a given animal, is the concept that constant usage can cause a
development of certain features and that, conversely, disuse can cause a reversion
of such factors. Systematic usage over a period (‘training’) as opposed to fatiguing
exercise immediately pre-slaughter, or cessation of activity in a previously active
muscle, cause opposing changes in constitution. As to what training signifies, Müller
(1957) has shown that hypertrophy – and presumably associated changes in muscle
constitution – is not stimulated unless the exercise involves about two-thirds of the
maximum resistance which the muscle can overcome. The most obvious alteration
in constitution is the elaboration of myoglobin during systematic exercise and its
failure to develop in inactive muscles (Lehmann, 1904; Hammond, 1932a). This is
logical if myoglobin functions as a short-term oxygen store in muscle (Millikan,
1939) which facilitates its ability to develop power. There would appear to be a con-
comitant increase in the activity of the respiratory enzymes (Denny-Brown, 1961).
Both training on a treadmill, and spontaneous activity, decreased the level of lactic
dehydrogenase in porcine muscles, indicating an increase in the capacity for aerobic
metabolism (Petersen et al., 1997).

Another feature of training is the elaboration of increased stores of muscle glyco-
gen, which, of course, leads to a lower ultimate pH post-mortem (Bate-Smith, 1948).
This should not be confused, however, with the depletion of glycogen, and the high
ultimate pH which exhausting exercise immediately prior to slaughter would cause
(Chapter 5).

There is some suggestion that training may increase the equilibrium level of 
phosphorylase a (Cori, 1956) which is responsible for the first step in making 
glycogen available for energy production both in respiration and under the anaer-
obic conditions of glycolysis. Glutamine appears to enhance the deposition of 
glycogen in muscle. It is utilized at an increased rate during training and exercise
(Keast et al., 1995). As mentioned above, muscles, when working aerobically, i.e.
when well trained, depend on fat rather than carbohydrate for their long-term
energy requirements (Zebe, 1961). Regular exercise can also improve the status of
ageing muscles (which tend to lose power because the muscle fibres become shorter
and thinner).
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The atrophy which arises when disuse is complete is invariably accompanied by
a decrease in total nitrogen and in the percentages of sarcoplasmic and myofibril-
lar proteins; and by an increase in the amount of connective tissue proteins
(Helander, 1957). Moderate inactivity causes a diminution in the sarcoplasmic and
myofibrillar proteins only (Helander, 1958).

4.3.7 Plane of nutrition
The general effects of the level of nutrition on the growth of meat animals
(Hammond, 1932a; McMeekan, 1940) are reflected in the composition of the indi-
vidual muscles. As the percentage of fatty tissue in an animal increases, the per-
centage of intramuscular fat also tends to increase (Callow, 1948). This relationship
is seen to hold, in general, with the data for cattle and sheep given in Table 4.33
(Callow and Searle, 1956; Callow, 1958).

The content of intramuscular fat also reflects the plane of nutrition when this is
deliberately controlled. Data for the l. dorsi and psoas muscles of cattle are given
in Table 4.34 (Callow, 1962).

Moreover, on a high plane of nutrition, a greater proportion of fat is synthesized
from carbohydrate; and such fat has, consequently, a lower iodine number. With an
increasing degree of emaciation, on the other hand, the relative percentage of
linoleic acid increases and that of palmitic decreases in the phospholipids (Vickery,
1977). Attempts to reduce the fat content of porcine carcasses by genetic or nutri-
tional manipulation can cause an increased softness and loss of cohesiveness in fatty
tissue, leading to the separation of subcutaneous fat into layers. This undesirable
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Table 4.33 Relationship between percentage of fatty tissue
in carcass (FT/C) and percentage of intramuscular fat
(F/MT) in l. dorsi and psoas muscles of cattle and sheep

F/MT

FT/C L. dorsi Psoas

Cattle Sheep Cattle Sheep

20 4.5 5.8 4.7 2.4
26 6.1 8.9 5.3 4.6
34 7.0 8.8 5.6 5.6
39 11.1 8.7 8.2 5.1

Table 4.34 Percentage of intramuscular fat in l. dorsi and
psoas muscles of cattle on four planes of nutrition

Plane of nutrition L. dorsi Psoas

High–high 8.3 7.1
Moderate–high 8.1 6.8
High–moderate 5.5 5.0
Moderate–moderate 7.7 6.6



effect is due to a decrease in the size of the fat cells and an increase in the ratio of
linoleic to stearic acids in the fat (Wood, 1984b). As the contents of linoleic and α-
linoleic acids increase, the fat becomes soft and more translucent (Maw et al., 2003).
Ingestion of high levels of unsaturated fat will cause the deposition of unsaturated
intramuscular fat in pigs but not in ruminants unless the feed has been protected
against the reducing action of rumen micro-organisms. Even in ruminants, however,
when the feed is not so protected, the ingestion of different feeds can effect some
changes in the fatty acid pattern of the fats laid down (Purchas et al., 1986). The
effects of plane of nutrition on the composition of muscles from ewes of two age
groups are shown in Table 4.35 (Pállson and Vergés, 1952). Natural foraging, when
pigs may ingest substantial quantities of nuts, acorns and other feeds which contain
a high proportion of unsaturated fats, will cause the fat laid down to be soft and
oily. (Although this is undesirable in general, such soft fat can be beneficial in certain
products such as Iberian hams.)

It is obvious that a high plane of nutrition increases the percentage of intramus-
cular fat and decreases the percentage of moisture in sheep, both soon after birth
and in older animals, the effect being superimposed upon trends due to the age.
Similar data were obtained by McMeekan (1940) in pigs at 16 and 26 weeks (Table
4.36) and these show the same trends.
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Table 4.35 Effect of age and plane of nutrition on
composition of l. dorsi muscles from ewes

Plane of nutrition

High Low

9 weeks 41 weeks 9 weeks 41 weeks

Intramuscular 2.13 5.00 0.51 3.24
fat (%)

Intramuscular 65.67 55.85 99.65 51.3
fat (I.N.)

Moisture (%) 77.59 73.59 81.03 74.13

Table 4.36 Effect of age and plane of nutrition on
composition of l. dorsi muscle of pigs

Plane of nutrition

High Low

16 weeks 26 weeks 16 weeks 26 weeks

Intramuscular 2.27 4.51 0.68 2.02
fat (%)

Intramuscular 62.90 59.20 95.40 66.80
fat (I.N.)

Moisture (%) 74.39 71.78 78.09 73.74



Janicki et al. (1963) have shown that, in addition to the above changes in the per-
centages of intramuscular fat and moisture, there is a progressive diminution in the
percentage of myoglobin from 0.08 to 0.05 per cent in the l. dorsi as the plane of
nutrition is increased in pigs.The moisture content of muscle may also be influenced
by the nature of the diet (Lushbough and Urbin, 1963).

Undernutrition causes a marked increase in the water content of muscle. Thus,
the muscles of pigs which had been kept severely undernourished from the age of
10 days to I year had a moisture content of 83 per cent in comparison with 74 per
cent in the muscles of a corresponding 1-year-old, well-nourished pig (Widdowson
et al., 1960). Undernutrition is also associated with an increase in the percentage of
intramuscular collagen and a decrease in its salt- and acid-soluble components – a
factor conducive to greater toughness (Bailey and Light, 1989).

4.3.8 Inter-animal variability
The least understood of the intrinsic factors which affect the constitution of muscle
is the variability between individual animals. Even between litter mates of the same
sex considerable differences are found in the percentages of intramuscular fat, of
moisture and of total nitrogen and in the distribution of nitrogen between sar-
coplasmic, myofibrillar and stroma proteins (Lawrie and Gatherum, 1964). As has
been indicated already (Chapter 2), such differences may be adventitiously deter-
mined by the position of the embryo in the uterus (McLaren and Michie, 1960) and,
after birth, by the suckling order (Barber et al., 1955; McBride, 1963); but the precise
reasons have not been found so far.

Recessive genes no doubt account for apparently sporadic differences in the 
composition of muscles of animals within a given breed. Reference has already 
been made to the phenomenon of doppelender cattle, in which much of the mus-
culature is hypertrophied and the ratio of muscle to bone and fat greatly increased
(McKellar, 1960; Pomeroy and Williams, 1962; Dumont and Boccard, 1967).
Although the musculature concerned has been reported as less developed than
normal and to contain more moisture and less fat (Neuvy and Vissac, 1962), other
investigations suggest, on the contrary, that the quality of the musculature generally
is improved (in terms of eating quality), the content of total nitrogen being greater,
the contents of moisture and of hydroxyproline being less than in normal muscle
(Lawrie et al., 1964) and the tenderness greater (Bouton et al., 1978c). The intra-
muscular fat is also lower in the muscles of doppelender cattle. Moreover, hyper-
trophy does not simply involve the introduction of extra muscle protein into the
same connective tissue framework (Lawrie et al., 1964). The decrease in the hydrox-
yproline content of culard animals affects both hypertrophied and hypotrophied
muscles (Boccard and Dumont, 1974). Selected data are given in Table 4.37. Such
hypertrophied muscles have a lower succinic dehydrogenase activity than normal,
the metabolism on the fibres being more of the glycolytic than oxidative type
(Ashmore and Robinson, 1969; Boccard, 1981; Gagnière et al., 1997). Since the
former are thicker it has been suggested that this feature accounts for the muscu-
lar hypertrophy as superficially observed. The muscles of adult cattle which exhibit
the double-muscling condition appear to contain an unusual form of myosin (Picard
et al., 1995).

Among more dynamic differences, interanimal variability in the rate of post-
mortem glycolysis in pigs may be considerable (Fig. 4.5). There is some evidence
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that a slow rate may be associated with the presence of the enzyme phosphogluco-
mutase in a dephosphorylated form (R. K. Scopes, personal communication).

Random but significant anomalous differences in the composition of muscles are
encountered. Thus the meat from identically reared and fed sibling heifers was
found to differ six-fold in collagen content and greatly in toughness (R. A. Lawrie
and P. C. B. Roberts, unpublished data). On the other hand, observed differences in
toughness between the meat of pork-weight pigs showed no correlation with any
difference in the content of either immature or mature cross-links in the perimysial
collagen isolated from longissimus lumborum muscles (Avery et al., 1996).

Clearly, substantial differences in the composition of muscle are caused by factors
which are, as yet, unexplained: their elucidation will no doubt form the subject for
a wide area of future research.
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Table 4.37 Composition of various muscles from normal (C) and doppelender (D) heifers

Moisture Intramuscular fat Nitrogen Hydroxyproline

Muscle (%) (%) (%) mg/g)

C D C D C D C D

L. dorsi (lumbar) 76.51 75.63 0.56 0.27 3.54 3.70 520 350
Psoas major 77.34 77.41 1.46 0.43 3.30 3.35 350 265
Rectus femoris 78.07 76.81 1.49 0.30 3.40 3.51 550 330
Triceps (lat. head) 77.23 76.59 0.73 0.37 3.45 3.53 1000 770
Superficial digital flexor 78.67 77.79 0.40 0.42 3.27 3.40 1430 415
Sartorius 77.95 77.38 0.58 0.25 3.33 3.41 870 460



Chapter 5

The conversion of muscle to meat

In considering how meat animals grow and how their muscles develop and are dif-
ferentiated, the distinction between the terms ‘muscle’ and ‘meat’ has not been
emphasized. Meat, although largely reflecting the chemical and structural nature of
the muscles of which it is the post-mortem aspect, differs from them because a series
of biochemical and biophysical changes are initiated in muscle at the death of the
animal. Some details of the conversion of muscle to meat will now be given.

5.1 Preslaughter handling

Although, at the most, only a few days elapse between the time when meat 
animals have attained the weight desired by the producer and the actual moment
of slaughter, their condition may change appreciably in this period. This will happen
to some extent irrespective of whether the animals are driven on the hoof or trans-
ported to the abattoir. There may be loss of weight, bruising and, if the animals are
in road or rail trucks, suffocation due to inadequate ventilation. The lairage itself
can have an appreciable effect on the level of bruising and it is recommended that
those animals most vulnerable to bruising should occupy the quietest yards at the
abattoir (Eldridge, 1988). In bruising, blood from damaged blood vessels visibly
accumulates. (It can also occur in pigs through the use of markers to tattoo identi-
fication numbers on the skin). Both in pigs and cattle, such bruising can be caused
through the animals slipping and falling especially when attempts are made to 
speed up their transit by using goads (Warriss, 2000). In 1971 bruising, oedema 
and emaciation accounted for 4 per cent, 65 per cent and 77 per cent of the total
condemnations of pigs, sheep and cattle respectively, in Northern Ireland (Melrose
and Gracey, 1975). In most cases of extensive bruising damage to muscles causes
the release of enzymes into the blood stream; and the relative concentrations of 
creatine phosphokinase and aspartate transaminase permits an assessment of how
long before slaughter bruising occurred (Shaw, 1973). Cows suffer more from bruis-
ing in transit than bullocks (Yeh et al., 1978). Nevertheless, although the incorpora-



tion of bruised beef in meat products is condemned by hygiene regulations in
various countries, a comparison of its microbiological and technological properties
with those of non-bruised tissue revealed no differences (Rogers and co-workers,
1992, 1993).

Death of pigs in transport increased greatly in the decade 1960–70 (Thornton,
1973). There was a marked seasonal effect, deaths both in transit and lairage being
correlated with the environmental temperature (Allen et al., 1974). Above ca. 18°C
there is a very rapid increase in mortality. It was reported that the transport of pigs
in double-decker road vehicles was particularly liable to affect the musculature
adversely as meat (Williams, 1968). In unloading pigs from road vehicles, excessive
steepness of the ramps and the absence of foot supports can be significant factors
in increasing bruising (Warriss et al., 1991a).

During autumnal conditions (ambient temperature 16–24°C), stocking densities
of between 0.35 and 0.50m2/100kg liveweight (the usual range of values in Europe)
had little effect on the blood profile or meat quality of pigs when transported for
up to three hours, although there was evidence of an increase of skin bruising, due
to trampling and fighting with the lower allocation of space (Barton Gade and Chris-
tensen, 1998). Even more restriction of space, viz. less than 0.30m2/100kg liveweight,
is not acceptable, especially in journeys above three hours, since it is essential that
the pigs have room to lie down (Warriss, et al., 1998a).

Sophisticated analytical techniques have revealed that there are differences in
the overall pattern of proteins (the proteome: cf. §3.3.1) in pork meat from pigs
slaughtered immediately and that in pork from pigs held for 12 hours before slaugh-
ter (Morzel et al., 2004).

It is increasingly recognized that thoughtless or rough handling of animals in 
the immediate preslaughter period will adversely affect the meat, quite apart from
being inhumane. Recommendations on ante-mortem care (Thornton, 1973;
Houthius, 1957; Grandin, 1993) will not be discussed at length in the present volume:
but some aspects of the question should be considered.

It would appear that only recently have attempts been made to study the behav-
iour pattern of meat animals with a view to improving preslaughter handling. With
pigs, for example, acknowledgement that these animals tend to fight when awaiting
slaughter, especially if they come from different farms, led Danish workers to
employ a halter which prevents biting and damage to the flesh (Jørgensen, 1963)
and droving is so arranged that the more cautious animals follow the bolder ones.
With particular reference to pigs, it is clear that responses to transport and handling
depend not only on the stress susceptibility of the animal as a whole, but also on
which muscles are being considered. Both the metabolic capability of individual
muscles and the duration and severity of transport determine whether the PSE con-
dition will develop or whether glycogen reserves will be depleted sufficiently to
produce dark meat (Anon., 1971). Much of the stress sustained in transport and
handling arises during loading and unloading.

In comparing various pig slaughtering premises, Warriss et al. (1994) detected a
tendency for increased stress to be associated with the larger operations in which
throughput was faster, restraining devices more prevalent and noise levels greater.
Subjective assessments of stress correlated well with such objective measures as ele-
vated levels of blood lactate and creatine phosphokinase. High levels of stress were
associated with poorer quality meat. An analysis of pig meat quality in Denmark,
Italy, the Netherlands, Portugal and the UK (Warriss et al., 1998b) indicated that 
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preslaughter stress was more closely reflected by a high ultimate pH and dry, dark
meat than by that of PSE characteristics. There is a greater potential for achieving
optimal welfare in ‘organic’ systems of pig rearing than in intensive systems, but this
requires more complex management (Barton Gade, 2002).

In reviewing the problems of preslaughter handling of meat animals, Gregory
(1994) again emphasized the greater susceptibility of pigs to present difficulties than
sheep or cattle. Over prolonged periods, however, sheep also suffer stress. Thus, in
the seaboard transport of sheep from Australia to the Middle East, up to 6 per cent
of the animals may die on the voyage, from lack of nourishment, salmonellosis or
stress. Holding the sheep on board before unloading, as when there are no quay-
side lairage facilities available, also causes losses (Higgs et al., 1991). Tranquillizing
drugs (when permitted) may be effective in preventing fighting and struggling, and
may reduce the incidence of exudative meat, injury and death.

Transport of animals under stressful conditions, especially when these are pro-
longed, is clearly inhumane and, indeed, can be lethal. It is now widely recognized
that stressed animals are likely to have a subnormal content of glycogen in their
muscles, whereby, post-mortem, the pH of their flesh fails to attain acidic values (cf.
§ 5.1.2 below); and the attributes of eating quality in the meat will be adversely
affected (cf. Chapter 10). Both humane and organoleptic considerations may thus
be expected to promote increasing legislation designed to ensure that the condi-
tions to which animals are subjected in transport will be strictly controlled.

5.1.1 Moisture loss
The moisture content of pork muscle is especially liable to change because of even
moderate fatigue or hunger in the immediate pre-slaughter period (Callow, 1938a,
b). When fasted during transit, cattle lose weight less readily than sheep, and sheep
less readily than pigs. With the latter species, the wasting can be about 3 lb/24 h
(1.35kg/24h) in an animal weighing about 200 lb (90kg) (Callow and Boaz, 1937).
In one study it was found that pigs which had travelled for 8 h before slaughter
yielded carcasses averaging 0.9 per cent less than corresponding animals which had
travelled for only 1/2 h pre-slaughter. This was regardless of whether they had been
fed or not (Cuthbertson and Pomeroy, 1970). Moreover, pigs may lose further weight
if they are given water on journeys over 36 h in duration (Callow, 1954). A loss of
weight of this order cannot be accounted for entirely by the breakdown of fatty and
muscular tissues to produce energy and heat for the fasting pig and may be due, in
part, to a loss of water-holding capacity in the muscular tissues (Callow, 1938b). An
animal killed immediately on arrival at a slaughterhouse, after a short journey, may
provide both a heavier carcass and heavier offal than an animal which has been sent
on a prolonged journey, then rested and fed for some days in lairage (Callow, 1955b).
Although it is more difficult to cause carcass wastage in cattle, the extreme condi-
tions in Australia, in which cattle may travel up to 1000 miles from feeding areas to
abattoir, can cause losses of ca. 12 per cent of initial live weight. Dehydration is 
minimized when cattle have access to water for 3.5–7 h prior to a preslaughter fast
(Wythes et al., 1980). In a comparison of the effects of holding cattle for varying
periods without feed or water before slaughter (Jones et al., 1990), shrinkage varied
from 31 g kg–1 in beef cattle slaughtered immediately to 106 g kg−1 for those held
for 48 hours without feed or water. The weight of the liver and other offal, as a
percentage of live weight, decreased progressively as the period of inanition
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increased; and there was some suggestion that the ultimate pH of the musculature
was elevated (cf. § 5.1.2).

5.1.2 Glycogen loss
The influence of fasting in depleting the glycogen reserve of muscle has been known
since the work of Bernard in 1877. Recognition of the importance of this fact in
relation to the meat from domestic species is more recent. Callow (1936, 1938b)
indicated that inadequate feeding in the period before slaughter could lower
reserves of glycogen in the muscles of pigs. Bate-Smith and Bendall (1949) showed
that fasting for only 48–72 h lowered the glycogen content of rabbit psoas muscle
sufficiently to raise the ultimate pH from the normal (for the rabbit) value of 5.9 to
6.5. In contrast, when steers were fasted at normal ambient temperatures for periods
up to 28 days, the ultimate pH was unaffected (Howard and Lawrie, 1956).

The importance of exhausting exercise as a factor in depleting glycogen reserves
in muscle has also been recognized for a considerable period. The poor keeping
quality of the meat from hunted wild cattle was referred to by Daniel Defoe in 1720.
Mitchell and Hamilton (1933) showed that exhausting exercise immediately pre-
slaughter could cause a high ultimate pH in the muscles of cattle; but Howard and
Lawrie (1956) found it most difficult to deplete the glycogen reserves in this species,
even when preslaughter exercise and fasting for 14 days were combined (Table 5.1).
Yet such depletion occurred, without fasting, if enforced exercise took place imme-
diately after train travel.

The glycogen reserve of pig muscle, however, is especially susceptible to deple-
tion by even mild activity immediately preslaughter (Callow, 1938b, 1939); a walk
of only a quarter of a mile may cause a small but significant elevation of ultimate
pH. Bate-Smith (1937a) suggested that if an easily assimilable sugar were fed before
death the reserves of muscle glycogen might be restored to a level high enough to
permit the attainment of a normal, low ultimate pH – the latter being desirable 
to avoid microbial spoilage (Callow, 1935; Ingram, 1948). This principle was con-
firmed in commercial practice by Madsen (1942) and Wismer-Pedersen (1959b) in
Denmark and by Gibbons and Rose (1950) in Canada (Table 5.2).

If pigs are rested for prolonged periods before slaughter, in an attempt to restore
glycogen reserves naturally, there is danger that animals carrying undesirable 
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Table 5.1 Glycogen concentrations and ultimate pH in psoas and l. dorsi muscles of
steers after enforced exercise and fasting

L. dorsi Psoas

Treatment Glycogen Ultimate Glycogen Ultimate
(mg %) pH (mg %) pH

Controls (fed and rested
14 days after train travel) 957 5.49 1017 5.48

Exercise (after train
travel and 14 days fasting) 1028 5.55 508 5.55

Exercise 11/2 hr (immediately
after train travel) 628 5.72 352 6.15



bacteria may infect initially unaffected animals, e.g. with Salmonella, which can
endanger subsequent human consumers. This fact is reflected in current legislation
in the United Kingdom which does not permit holding for more than 48h, since the
most recent outbreak of foot and mouth disease.

In the belief that the musculature of cattle might spare glycogen reserves during
activity, by metabolizing lipid stores more readily than monogastric animals,
Howard and Lawrie (1957a) injected cattle, after fasting, with neopyrithiamin to
inhibit thiamin pyrophosphate and, thereby, fat oxidation. Whereas fasting per se
had little effect in lowering the level of muscle glycogen in cattle, its combination
with neopyrithiamin lowered it markedly, leading to an average ultimate pH level
of above 6.1 throughout the musculature. Using similar reasoning, Lister and
Spencer (1981) induced ‘dark-cutting’ characteristics in the meat of sheep and cattle
by administering antilipolytic agents such as nicotinic acid and methyl pyrazole car-
boxylic acid, following exposure of the animals for some hours to isoprenaline (a β-
adrenergic agonist, which promotes lipolysis and glycolysis in muscle). The same
effect was induced in pigs (Spencer et al., 1983) and annulled by the simultaneous
administration of caffeine which stimulates lipolysis (and spares glycogen). They
suggested that caffeine administration could be used prophylactically to conserve
muscle glycogen (and thus ensure a normal ultimate pH) in animals exposed to
stress.

The existence of some influence controlling the level of muscle glycogen other
than fatigue or inanition was suggested by the finding that certain steers which had
been well fed and rested, and would therefore have been expected to have ample
glycogen in their muscles, yielded meat of high ultimate pH (Howard and Lawrie,
1956). It appeared that these steers were of an excitable temperament. In such
animals, short range muscular tension, not manifested by external movement,
reduced glycogen reserves to a chronically low equilibrium level. Those animals in
a group that had shown the greatest resistance to handling, produced muscles with
the highest ultimate pH (Howard and Lawrie, 1956). Similar findings with reindeer
were reported by Petaja (1983).

Muscles differ in their susceptibility to preslaughter glycogen depletion by stress.
Thus, in the ox, Howard and Lawrie (1956) found that the ultimate pH of psoas
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Table 5.2 Effect of feeding sugar preslaughter on the
ultimate pH of pig muscles

Group treatmenta Muscle Ultimate pH

(a) Held overnight without psoas 6.00
food

(b) Fed 3 lb (1.35 kg) psoas 5.54
sucrose at 22 h and 6 h 
preslaughter

(c) No food preslaughter psoas 5.75
biceps femoris 5.74

(d) 2 lb (0.9 kg) sugar fed psoas 5.56
3–4 h preslaughter biceps femoris 5.57

a Groups (a) and (b), Gibbons and Rose (1950); groups (c) and (d),
Wismer-Pedersen (1959b).



major tended to be elevated more than that of l. dorsi, whereas Warriss et al. (1984)
reported the reverse. Insofar as red muscles are responsible for shivering, their
glycogen stores are more readily lowered by severe cold than that of white muscles
(Lupandin and Poleshchuk, 1979). Even individual fibres differ in their response to
stress, and to its nature according to whether they are of ‘fast’ or ‘slow’ type (Lacourt
and Tarrant, 1985; cf. § 4.3.5). The time required to restore glycogen levels in the
muscles of young bulls, after their depletion by the stress of mixing animals of dif-
ferent origin, was shown to be not less than 48 h (Warriss et al., 1984). Drugs given
pre-slaughter to induce tremor considerably depleted glycogen reserves, causing a
high ultimate pH, and confirmed the view that fear was an important factor in this
context (Howard and Lawrie, 1957a). (The muscles of the cattle killed after excite-
ment of train travel (Table 5.1) had a high ultimate pH, whereas those of cattle
rested for 14 days after travel had normal values.)

A high ultimate pH, in the muscles of the cattle, causes the aesthetically unpleas-
ant phenomenon of dark-cutting beef – known at least since 1774 (Kidwell, 1952) 
– and in those of pigs that of ‘glazy’ bacon (Callow, 1935). Apart from its poor
appearance, the high pH of ‘dark-cutting’ beef enhances the growth of bacteria
(Ingram, 1948).

Tarrant (1981) reported the results of a survey in which meat scientists in 20 coun-
tries were asked their views on ‘dark-cutting’ beef. The incidence was high in young
bulls (reflecting the importance of excitability of temperament in causing the con-
dition) and in cold, damp weather. Preslaughter stress generally was regarded as the
prerequisite. Similar conclusions were reached by Brown et al. (1990) in a survey of
5000 cattle in the UK.

There is evidence that the relative susceptibility of individual cattle to develop
‘dark-cutting’ characteristics in their meat post-mortem is positively correlated 
with the number of ‘slow’ oxidative fibres in their muscles (Zerouala and 
Stickland, 1991).

Recognition that stress susceptibility is a factor in determining the condition of
animals generally, and thereby the glycogen status of their muscles, has grown as
the result of Selye’s (1936) concept of the general adaptation syndrome. He noted
that animals exposed to a variety of stress-producing factors such as emotional
excitement, cold, fatigue, anoxia, etc., reacted by discharge of the same hormones
from the adrenal gland irrespective of the nature of the stress – adrenaline from 
the adrenal medulla, 17-hydroxy- and 11-deoxycorticosterones from the adrenal
cortex. These substances elicit a variety of typical responses in the animal.
Adrenaline depletes muscle glycogen and potassium; 17-hydroxy-corticosterone
and 11-deoxy-corticosterone, respectively, restore the equilibrium level of these 
substances in normal animals. The release of the latter two hormones is controlled
by the secretion of ACTH by the pituitary; and ACTH production is controlled 
by a releasing factor produced in the hypothalamus (Harris et al., 1966), the part 
of the brain which is reactive to external stimuli. As mentioned in § 2.5.2.1, an 
imbalance at various points in this complicated system can cause so-called diseases
of adaptation (Selye, 1944, 1946). Such would be expected in individual animals
which were stress-susceptible, and the imbalance could be manifested by low 
equilibrium levels of glycogen, disturbances in the rates of glycogen breakdown 
and so on (§ 3.4.3). In the plasma of pigs which yield pale, exudative flesh, for
example, there is a deficiency of 17-hydroxy-corticosteroids (Topel et al., 1967).
Stress-susceptible pigs react to certain anaesthetics by a rise in body temperature
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of 1–4C° (malignant hyperthermia: Gronert, 1980) and limb rigidity, and the devel-
opment of rigor during light anaesthesia induced by halothane has been used to
identify pigs which are prone to stress (Lister et al., 1981). The glycolytic and oxida-
tive pathways in the muscles of pigs of the genotype susceptible to hyperthermia
under the influence of halothane, are significantly different from those of pigs 
which are insensitive to the anaesthetic: the former have a higher concentration of
lactate and lower concentration of CP and ATP (Lundström et al., 1989; cf. §§ 2.2
and 2.3).

Differences have been observed between species in their sensitivity to various
stressors. Thus, pigs are more affected by sound than are sheep (Lister et al., 1981).
In humans it has been shown that the ratio of adrenaline to noradrenaline in the
circulation, following stimulation of the hypothalamus, varies according to the
nature of the stressor (e.g. heat, exercise, emotion) (Taggert et al., 1972), and, since
these two hormones affect different receptors, it may well be that the concept of
the general adaptation syndrome, however useful, is an oversimplification of the
response of animals to stress.

Tranquillizers known to offset stress susceptibility have been given to calm stock
in transit, but they are not without danger as they may induce a state of relaxation
so profound that the animals cannot stand and may be suffocated. The metabolic
stresses which affect muscle were reviewed by Lawrie (1966).

At the cellular level, stress apparently induces the production of a group of pro-
teins/polypeptides which possess cryoprotective activity (Lindquist and Craig,
1988). They exhibit a very high degree of conservation between species, suggesting
their importance throughout evolution. Of these the polypeptide, ubiquitin, is an
important member. It is a component of the filamentous inclusions which charac-
terize neurodegenerative diseases, against which it appears to be mobilized as an
aspect of immunological reactivity (Lowe and Mayer, 1990; cf. § 11.3).

5.2 Death of the animal

A major requirement for desirable eating and keeping qualities in meat is the
removal of as much blood as possible from the carcass, since it can cause an unpleas-
ant appearance and is an excellent medium for the growth of microorganisms.
Despite reports that delayed bleeding has little effect on the eating quality of meat
(Williams et al., 1983), there is no suggestion that carcasses should remain com-
pletely unbled, of course.

Except in ritual slaughter, animals are anaesthetized before bleeding. The pro-
cedure at both stunning and bleeding is important. When special precautions are
taken to ensure sterility, there is some evidence that unbled muscles undergo the
tenderizing changes of conditioning to a greater extent than do those which are bled
(Shestakov, 1962), but this could scarcely be regarded as a generally valid reason
against bleeding.

5.2.1 Stunning and bleeding
Generally, cattle are stunned by a captive bolt pistol or by a blow from a pole-axe.
In recent years the dressing of beef carcasses has been carried out more frequently
as they hang vertically rather than when supine on the abattoir floor. These chang-
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ing circumstances make it rather less important to ensure that the heart is still 
functioning as blood can drain quite effectively from the carcass even when heart
action has ceased. Indeed it has been suggested that the vasoconstrictive effect of
the stress of stunning will expel most of the blood from the musculature and that
drainage is only necessary to remove blood from major blood vessels (Warriss, 1978;
Warriss and Wotton, 1981). In certain countries cattle are stunned electrically.

Sheep and pigs are stunned electrically or anaesthetized by carbon dioxide. It has
been observed that in sheep killed by a captive bolt pistol the epithelial lining of
the intestines is shed, whereas it remains intact in anaesthetized animals (Badaway
et al., 1957); this could have microbial implications which will be referred to later.
It is important to emphasize that drugs may not be used to induce unconsciousness
in animals which are intended for human consumption since residue could remain
in the meat.

In electrical stunning, the characteristics of the current must be carefully con-
trolled, otherwise complete anaesthesia may not be attained and there may be con-
vulsive muscular contractions. The siting of the electrodes is also important, since
the current must pass through the brain. Variation in electrical resistance because
of differing thicknesses in the skull can cause ineffective stunning. There are three
phases in the animal’s reaction: (i) as soon as the current is switched on there is
violent contraction of all voluntary muscles and the animal falls over; respiration is
arrested; (ii) after 10 s (the current being discontinued) the muscles relax and the
animal lies flaccid; (iii) after a further 45–60 s the animal starts to make walking
movements with its legs and respiration starts again. Usually, alternating current at
70–90 V and 0.3 A is used for 2–10 s (Cruft, 1957). Better relaxation and less inter-
nal bleeding is said to result if a high frequency current (2400–3000 Hz; Koledin,
1963) and a square wave form, instead of a sine wave (Blomquist, 1958), are
employed.

There is some suggestion that electrical stunning may lower the glycogen reserves
of the muscle slightly. The mean ultimate pH of quadriceps femoris from 518 elec-
trically stunned pigs was 5.78; that in non-stunned controls was 5.67 (Blomquist,
1959). If the period between electrical stunning and bleeding is prolonged, the rather
high pH may foster microbial spoilage (Warrington, 1974). In comparison with
captive bolt stunning, electrical stunning has been shown to cause an elevation of
amino acids in the plasma (especially of valine; the concentration of isoleucine falls
somewhat) (Lynch et al., 1966). It has been found that the level of corticosteroids
in the blood of electrically stunned pigs is higher than that of those anaesthetized
by carbon dioxide (Luyerink and Van Baal, 1969). There are said to be benefits in
a diminished incidence of blood splash if a high-pressure water jet is combined 
with electrical immobilization in the stunning of pigs (Lambooij and Schatzmann,
1994). Repeated application of electrical stunning to pigs appears to cause no
welfare problem but, of course, should normally be avoided (McKinstry and 
Anil, 2004).

Carbon dioxide anaesthesia is an effective alternative to electrical stunning pro-
vided the concentration of the gas is between 65–70 per cent. If the latter concen-
tration is not exceeded, the musculature of the pigs is relaxed and the ultimate pH
is slightly lower, and less variable, than with electrical stunning (Blomquist, 1957).
One disadvantage of using a carbon dioxide chamber is that pigs differ somewhat
in their susceptibility to anaesthesia by the gas, and that individual control of the
animals is not feasible. Moreover, there is evidence that, prior to anaesthesia,
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animals suffer considerable stress; and, indeed, it has been suggested that carbon
dioxide anaesthesia does not comply with the generally accepted definition of pre-
slaughter stunning.

Von Mickwitz and Leach (1977) surveyed the various methods of stunning
employed in the EEC (now EU). They rated concussion stunning of cattle as the
most effective, followed by captive bolt stunning of sheep and electrical stunning of
pigs. Electrical stunning of sheep and captive bolt stunning of calves were deemed
ineffective procedures. They concluded that any attempt to standardize stunning
methods must specify proper preslaughter treatment of animals as an integral part
of the overall procedure. In a comparison of various modes of stunning in pigs, using
31PNMR spectroscopy, Bertram et al. (2004a) found that captive bolt stunning
caused the most rapid rate of post-mortem glycolysis and the greatest loss of fluid
from the meat subsequently. CO2 anaesthesia was associated with the slowest rate
of post-mortem glycolysis and least loss of fluid; whereas electrical stunning was
intermediate in these two respects. All three stunning procedures, however, were
more stressful than general anaesthesia.

Insensibility has been associated with an electroencephalographic voltage of less
than 10 µV. It has been demonstrated, however, that with electrical stunning before
bleeding, the voltage takes longer to fall below 10 µV than when throats are cut
without prior stunning, suggesting that the electrical stunning of sheep and calves
causes a prolonged increase in the electroencephalic voltage. The latter criterion is
thus not a reliable index of insensibility with animals which have been electrically
stunned (Devine et al., 1986).

Newhook and Blackmore (1982a, b) studied the efficacy of electrical stunning
when applied to calves and lambs, using electroencephalography and electrocar-
diography to indicate the state of the animals. They defined ‘death’ as ‘irreversible
insensibility due to cardiac anoxia caused by complete severance of both common
carotid arteries and jugular veins’. According to this criterion, lambs were techni-
cally dead by 10 s after exsanguination. Calves did not become insensible however
until 90 s; and there were indications of recurrent sensibility for up to 5 min after
bleeding. It was postulated that delayed death in calves was due to their brains being
supplied more lavishly with blood via the vertebral arteries. In calves, following neck
sticking, a considerable proportion of animals suffer carotid occlusion (ballooning),
whereby large clots impede bleeding and may lead to sustained brain function (Anil
et al., 1995). Anil et al. (2000) demonstrated that a relatively long cut in the thorax
(chest sticking) in pigs (anaesthetized by the head-only procedure) was more
humane insofar as it quickly stopped brain responsiveness. This problem does not
appear to arise with chest sticking.

These findings related to conditions when the current was applied via two elec-
trodes placed on the head; but when it was delivered via one electrode on the head
and one on the back there was immediate cardiac dysfunction and permanent insen-
sibility ensued.This mode of current application was thus regarded as more humane
for the electrical stunning of calves (Blackmore and Newhook, 1982; Cook et al.,
1995). Nevertheless Channon et al. (2002) reported that the latter procedure was
associated with greater drip, paler muscle and a faster rate of post-mortem glycol-
ysis than when the current was applied by electrodes on head and back; or with
carbon dioxide anaesthesia.

Eike et al. (2005) used a computer model to study details of the current density
in the head of electrically stunned pigs. The model confirmed that the placing of
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electrodes from eye to eye or from eye to ear was associated with high current
density across the brain and effective stunning.

In cattle and sheep, bleeding is effected by severing the carotid artery and the
jugular vein, and in pigs by severing the anterior vena cave. If the knife penetrates
too far, blood may collect beneath the scapula and cause taint by early decomposi-
tion (Thornton, 1973). To avoid entry of micro-organisms, the cut made is minimal,
especially with bacon pigs which are subsequently placed in a scalding tank. It has
been said that bleeding after electrical stunning is more effective than after the use
of the captive bolt pistol, but that it is less so than with carbon dioxide anaesthesia
(Blomquist, 1957). Chrystall et al. (1980–81) could find no difference in the amounts
of residual blood in lamb muscles (or in their microbiological status) whether the
lambs had been electrically stunned by several procedures, bleeding had or had not
been delayed or whether bleeding had been carried out without electrical stunning.
Similarly, with head-only stunning of cattle (as required by halal slaughter),
although the heart remains active, and its pumping action assists bleeding out, there
appear to be no differences in residual blood in comparison with other stunning
procedures (Anon., 1987–88). Even with effective bleeding only about 50 per cent
of the total blood is removed (Thornton, 1973), different muscles retaining more or
less blood according to their nature. In the horse, for example, 50 per cent of the
total pigment left in the heart after bleeding is haemoglobin from the blood, whereas
in psoas and l. dorsi the corresponding values are about 25 and 10 per cent respec-
tively (Lawrie, 1950). It has been shown that electrical stimulation (§ 7.1.1.2) of the
carcass after severance of the neck vessels increases the weight of blood which
drains from the main veins and arteries and the organs, but does not affect its
removal from the musculature (Graham and Husband, 1976).

Following the introduction of electrical stunning there was an increased fre-
quency of ‘blood splash’, i.e. the appearance of numbers of small dark red areas in
the muscles. These had previously been noted when pigs or lambs were shot. Blood
splash is certainly more prevalent in electrically stunned lambs than in those
stunned by captive bolt or percussion cap (Kirton et al., 1981a). It is more frequently
observed in l. dorsi and in various muscles of the hind limb. Microscopic examina-
tion has shown that blood splash arises where capillaries have ruptured through
over-filling with blood (Anon., 1957a). When the current is applied there is a con-
siderable rise in blood pressure, muscles are contracted and their capillaries are
almost empty of blood. Subsequently the muscles relax and if the blood pressure is
not released by external cutting, blood is forced into the capillaries again with suf-
ficient force to rupture many of them and enter the muscle itself (Leet et al., 1977).
As indicated above, the positioning of the electrodes in stunning lambs is impor-
tant. Thus, if both are placed on the head, blood pressure increases markedly and
blood splash can arise. If, however, one electrode is placed on the head and the other
on the back or leg, the blood pressure rises only transiently and there is little blood
splash, but minute haemorrhages (‘speckle’) appear in the fat and connective tissue.
These reflect the rupture of small vessels caused by the muscular spasms which
occur (Gilbert and Devine, 1982). Emotional stress causes vasodilation of the blood
vessels in skeletal muscle, and may enhance fibrinolytic activity in entrained blood.
These effects, especially if combined with electrical stunning, could perhaps explain
the higher incidence of ‘blood splash’ reported in excitable animals (Jansen, 1966).
The remedy appears to be to bleed the pigs within 5 s of administering the anaes-
thetizing current (Blomquist, 1959).
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Kirton et al. (1978) came to similar conclusions in respect of the electrical stun-
ning of lambs. Bleeding should be performed as soon as possible after stunning
whatever the method of stunning employed.

The extent of exsanguination is enhanced by vasoconstriction of the blood vessels
(Warriss, 1978) which is induced by angiotensins produced from the plasma proteins
by the enzyme rennin (Miller et al., 1979).The latter is released by the kidneys when
their blood supply is interrupted.

5.2.2 Dressing and cutting
Following bleeding, carcasses are ‘dressed’, i.e. the head, feet, hides (in the case of
sheep and cattle), excess fat, viscera and offal (edible and inedible) are separated
from the bones and edible muscular tissue. Cattle and pig carcasses, but not those
of sheep, are split along the mid ventral axis into two sides. It is not appropriate
here to detail dressing procedures; these are fully considered in other texts
(Gerrard, 1951; Swatland, 1994; Warris, 2000). Nevertheless, recent developments in
this field should be noted. As has been pointed out by Longdill (1989), the labour
required to produce a dressed carcass is greater with small species such as sheep.
Whereas beef requires ca. 22 man hours to produce 10,000 kg of carcasses, sheep
requires ca. 80 man hours. In New Zealand, considerable advances have been made
in the use of mechanical devices in slaughtering and dressing operations with sheep.

In the automated dressing line a series of mechanical devices stun the animal,
remove the pelt (first from the brisket, then completely), eviscerate the carcass and
process the head (Longdill, 1994). Other devices debone the loin and thoracic
regions and have increased the yield of recovered lean meat. Overall hygiene is also
improved. Automated slaughterhouses are also being developed for cattle in Aus-
tralia and for pigs in the Netherlands (Longdill, 1994). These have reduced man
hours by 40 per cent.

Considerable progress has been made in automating the entire dressing and
cutting sequence, using portable television facilities to analyse these operations in
detail; and the applicability to control these of the robotic equipment already avail-
able in industry is being assessed. In respect of dressed meat, video image analysis
has been successfully applied to grading for speedy online determination of the
fat/lean ratio (Newman, 1984) and fibre optic probes permit objective prediction of
such textural defects in the meat as excessive paleness or darkness (MacDougall,
1984). In Denmark, a self-correcting computer system has been developed which
determines the positioning of fibre optic probes in carcasses and has proved more
accurate than grading by experts in calculating the percentage of lean in pigs.

Until recently it was commercial practice to chill dressed carcasses prior to
preservation or processing (cf. Chapters 7, 8 and 9), and, after chilling (which signi-
fied after rigor mortis), to prepare primal, wholesale cuts (cf. Fig. 3.1; and Gerrard,
1951) from them. Traditionally, skeletal reference points and straight cutting lines
have been used. These have contributed to variability in retail joints since the bone-
less, primal cuts are aggregates of several muscles rather than muscles isolated indi-
vidually by ‘seaming out’ along the muscle fascia – as in certain continental practices
(Strother, 1975).

Prior to the introduction of vacuum packaging, wholesale cuts were sold with
bone intact to avoid evaporative losses and minimize contamination. Now, however,
a considerable proportion of home killed beef in Britain is deboned centrally and
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delivered to retailers as boneless primal cuts. Not only is it likely that deboning of
beef carcasses will become a standard abattoir operation in the future, such will be
effected on hot carcasses immediately after slaughter.

It has been demonstrated that losses due to evaporation and exudation in
vacuum-packed, hot deboned beef are markedly reduced. Moreover, it was reported
that there was no significant difference between hot and conventionally deboned
vacuum-packed beef in respect of the number of aerobic bacteria on the products,
either initially or after storage at 0 °C (Sheridan and Sherrington, 1982), although
the number of facultative anaerobes was significantly higher with hot deboned
packs. Control of eating quality is greater since muscles can be ‘seamed out’ as
anatomical entities. In the absence of bone, and because the meat cuts are less bulky,
chilling and freezing can be more rapidly and economically effected. ‘Cold-
shortening’ can be avoided by deboning in rooms at 5–15°C and holding the vacuum
packed cuts for at least 10 h at these temperatures (Schmidt and Gilbert, 1970; Follet
et al., 1974).

Alternatively, ‘cold-shortening’ can be avoided by electrical stimulation of the
carcass or side immediately after slaughter (Carse, 1973; Bendall, 1980) (cf. § 7.1.1.1).
Clearly this procedure would be especially useful with relatively small, hot-deboned
portions of meat. On the other hand, although the swift lowering of temperature
which would thereafter be permissible would assist in controlling microbial spoilage,
it would prevent the early accelerated conditioning to which the tenderness
achieved by electrical stimulation can be partially attributed (Savell et al., 1977a,b;
George et al., 1980). The principles have been extended to the hot cutting of lamb
and mutton carcasses (McLeod et al., 1973), cuts being shrink-wrapped and held at
10°C for 24 h before freezing. Tenderness, far from being diminished, was enhanced
in some cuts over that of cuts from carcasses which had been chilled intact before
cutting. Shrink wrapping, by moulding the warm fat and musculature, produces
pleasing cuts from the initially untidy portions (Locker et al., 1975). It also elimi-
nated weight losses. Similarly, the development of a hot-boning system for pork
could increase processing efficiency and improve shelf-life (Reagan, 1983).

Weight losses, and in particular, exudation in deeper muscles where the combi-
nation of body temperature and low pH denature proteins, have been much reduced
also by partial excision of beef muscles on the warm sides immediately after slaugh-
ter and exposing the ‘seamed out’ muscles to air at 0 °C (Follet, 1974). The bulk of
the musculature, in these circumstances, prevents temperatures falling fast enough
to cause ‘cold-shortening’.

More detailed consideration will be given to ‘cold-shortening’, electrical stimu-
lation and conditioning below (§§ 5.4, 7.1.1.2, 10.3.3.1 and 10.3.3.2).

5.3 General consequences of circulatory failure

Stoppage of the circulation of the blood at death initiates a complex series of
changes in muscular tissue. The more important of these are outlined in Fig. 5.1. It
will be appreciated, from what has been indicated in Chapter 4, that the speed and
extent of these changes may be expected to differ in different muscles.

At the moment of death of the animal as a whole, its various tissues are contin-
uing their particular types of metabolism under local control. Although muscle is
not actively contracting at such a time, energy is being used to maintain its 
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temperature and the organizational integrity of its cells against their spontaneous
tendency to break down. The non-contractile ATP-ase of myosin, and not the con-
tractile ATP-ase of actomyosin, is one of the enzymes involved in this context
(Bendall, 1951). The most immediate change caused by bleeding is the elimination
of the blood-borne oxygen supply to the muscles and the consequent fall in oxida-
tion reduction potential. As a result the cytochrome enzyme system cannot operate,
and the resynthesis of ATP from this source becomes impossible. The continuing
operation of the noncontractile ATP-ase of myosin depletes the ATP level, simul-
taneously producing inorganic phosphate which stimulates the breakdown of glyco-
gen to lactic acid. The ineffectual resynthesis of ATP by anaerobic glycolysis cannot
maintain the ATP level and, as it drops, actomyosin forms and the inextensibility of
rigor mortis ensues (as detailed in § 4.2.3). The lowered availability of ATP also
increases the difficulty of maintaining the structural integrity of proteins. The
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lowered pH, caused by the accumulation of lactic acid, also makes them liable to
denature. Denaturation is frequently accompanied by loss of the power to bind
water and the falling pH causes the myofibrillar proteins to approach their isoelec-
tric point. Both events cause exudation. Denaturation of the sarcoplasmic proteins
also makes them liable to attack by the proteases or cathepsins of muscle, which are
probably held inactive in vivo within particles known as lysosomes (De Duve and
Beaufay, 1959) but are liberated and activated when the particle membranes are
weakened by the falling pH.

The breakdown of proteins to peptides and amino acids, and the accumulation
of various metabolises from the glycolytic process and from other sources, affords
a rich medium for bacteria. Although growth of the latter is somewhat discouraged
by the extent to which the pH falls, they are no longer subject to the scavenging
action of ‘white’ blood corpuscles (since blood circulation has stopped).

A further aspect of the stoppage of the circulation is the cessation of long-term
hormonal control of tissue metabolism.As it fails, the temperature falls and fat solid-
ifies. The tendency for the fat to oxidize and become rancid is facilitated by failure
of the blood to renew the supply of anti-oxidants, and by the accumulation of pro-
oxidant molecules in the tissues.

5.4 Conditioning (ageing)

Although muscle is increasingly liable to suffer microbial spoilage in direct pro-
portion to the time and temperature of holding post-mortem, hygienic abattoir
operations will generally ensure satisfactory storage for a few days at room tem-
perature and for about 6 weeks if the meat is held just above its freezing point
(–1.5 °C).Various processes applied to the commodity, such as curing, freezing, dehy-
dration and irradiation, will vastly extend storage life, but, in so far as they are arti-
ficial, they are not relevant in this chapter. In the absence of microbial spoilage, the
holding of unprocessed meat above the freezing point is known as ‘conditioning’ or
‘ageing’, and it has long been associated with an increase in tenderness and flavour
(cf. Bouley, 1874). During the first 24–36 h post-mortem, the dominant circumstance
is post-mortem glycolysis.This has already been considered in some detail in §§ 4.2.2
and 4.2.3. Even before the ultimate pH has been reached, however, other degrada-
tive changes have commenced. These continue until bacterial spoilage or gross
denaturation and desiccation of the proteins have made the meat inedible. The
extent of these changes, which affect the nature and amount of both proteins and
small molecules, is generally limited, however, by the cooking and consumption of
the meat.

5.4.1 Protein denaturation
Muscle, like all living tissues, represents a complexity of organization among mole-
cules which is too improbable to have arisen from, or to be maintained, by, their
random orientation. The structure of the proteins which characterize contractile
tissue can only be preserved against the tendency of the component atoms and mol-
ecules to become disorientated by the provision of energy (as ATP). Such energy is
not available after death and the proteins will tend to denature. Denaturation may
be defined as a physical or intramolecular rearrangement which does not involve
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hydrolysis of the chemical bonds linking the constituent amino acids of the proteins’
polypeptide chains (Putnam, 1953). It is generally accompanied by an increase in
the reactivity of various chemical groups, a loss of biological activity (in those pro-
teins which are enzymes or hormones), a change in molecular shape or size and a
decrease in solubility. Proteins are liable to denature if subjected, during post-
mortem conditioning, to pH levels below those in vivo, to temperatures above 25°C
or below 0°C, to desiccation and to non-physiological salt concentrations.

Of the proteins in muscle, it has been generally accepted that the collagen and
elastin of connective tissue do not denature during conditioning (Ramsbottom and
Strandine, 1949; Wierbicki et al., 1954). This view was supported by the concomitant
absence of soluble, hydroxyproline-containing molecules, indicating that neither col-
lagen nor elastin were proteolysed (Sharp, 1959); proteolysis would not normally
precede denaturation. When, however, collagen is denatured, for example, by
heating beef muscles to 60–70°C for 20–25 min, there is a continuous nonenzymic,
breakdown to hydroxyproline-containing derivatives (Sharp, 1963).*

During post-mortem conditioning, the proteins of the myofibril and of the sar-
coplasm denature in varying degree. Immediately after death and before the onset
of rigor mortis, muscles are pliable and tender when cooked. The principal proteins
of the myofibril, actin and myosin, are dissociated and myosin is extractable at high
ionic strength (Weber and Meyer, 1933; Bailey, 1954).With the onset of rigor mortis,
as we have considered above, the muscle becomes inextensible and is tough when
cooked (Marsh, 1964). As conditioning proceeds, the muscle becomes pliable once
more (and increasingly tender on cooking); but this is not due to dissociation of
actomyosin (Marsh, 1954); inextensibility remains. Although it was suggested (dos
Remedios and Moens, 1995) that there are different levels of association between
actin and myosin in rigor mortis which could change during conditioning, Hopkins
and Thompson, (2001a, b) found no evidence that dissociation of actomyosin con-
tributed to tenderness increments at this time. Increased lengthening under applied
stress is observed, however, in post rigor muscle. This phenomenon appears to
depend on changes in extracellular components (e.g. the mucopolysaccharide of the
ground substance, the sarcolemma or collagen) which commence at the onset of
rigor mortis (Dransfield et al., 1986). Busch et al. (1972b) followed the onset of rigor
mortis by observing changes in isometric tension. This increases as extensibility
decreases; but, whereas extensibility remains low, isometric tension diminishes again
during the so-called resolution of rigor. Increase in isometric tension post-mortem
is more marked in ‘red’ than in ‘white’ muscles.This difference appears to be related
to dissimilarities in the sarcolemma of these two types of muscle.

The extractability at high ionic strength of total myofibrillar proteins decreases
by about 75 per cent with the onset of rigor mortis, from the value immediately post-
mortem, but on subsequent storage at 2 °C the extractability again rises – up to and
even beyond the initial level (Locker, 1960a). It is significant that, in addition to a
predominance of actomyosin, the myofibrillar proteins extractable at high ionic
strength now include α-actinin, tropomyosin, and the troponin with which the latter
is associated in vivo (Ebashi and Ebashi, 1964; Valin, 1968). This suggests that the
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process of conditioning detaches the actin filaments from the Z-line with which their
union, probably via tropomyosin (Huxley, 1963), and zeugmatin (cf. Fig. 3.9) is
weaker than with myosin. Figure 5.2 demonstrates that aged myofibrils break at the
Z-lines on mild homogenizing (Davey and Dickson, 1970). The actin filaments col-
lapse on to those of myosin, leading to lengthening of the A-bands (Davey and
Gilbert, 1967), and there is increased weakness at the A–I junction, as shown by an
increased gap between the A and I bands of the sarcomere (Davey and Graafhuis,
1976b).

During conditioning or ageing, the Z-lines in ‘white’ muscles appear to be 
more labile than those in the ‘red’ variety (Goll, 1970). Thus, they alter more rapidly
in rabbit and porcine muscles than in those of the bovine (Henderson et al., 1970),
and more in bovine semitendinosus than in psoas (Goll et al., 1974). Tenderness
changes little in bovine psoas over 4 days ageing at 2 °C, whereas in semitendinosus
it increases markedly during this period. It is significant that the latter has about
three times the activity of CASF (calpains see below) as bovine psoas. It may be
noted that ‘white’ muscles are less susceptible to ‘cold shortening’ than ‘red’, and
that this has been attributed to their greater ability to control intramuscular con-
centrations of calcium ions because of a more effective sarcotubular system (§§ 4.3.5
and 10.3.3).

The extractability of myofibrillar proteins is affected by the ultimate pH of the
muscle, a high ultimate pH tending towards greater extractability (cf. Table 4.29).
The temperature post-mortem is also important, a high temperature being associ-
ated with lower extractability (Wierbicki et al., 1956). This is partly due to the pre-
cipitation of sarcoplasmic proteins on to those of the myofibril (Bendall and
Wismer-Pedersen, 1962). Some denaturation of the latter also occurs, however (cf.
Table 5.3). This is implied by the greater difficulty of splitting muscle fibres into
myofibrils after aseptic storage for 30 days at 37°C than at 5 °C (Sharp, 1963), but
in this case changes in the sarcoplasmic reticulum between each myofibril may be
responsible (Lawrie and Voyle, 1962). Even at 35°C denaturation of isolated myosin
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Fig. 5.2 Electron micrograph of a break across an aged, stretched muscle fibre. Each 
broken fibre has parted at the Z-line (×5000). (Courtesy Dr M. R. Dickson.)



is relatively speedy (Penny, 1967), and it can be presumed that some denaturation
of actomyosin in situ occurs during post-mortem glycolysis.

An important aspect of changes in the myofibrillar proteins post-mortem, which
is reflected in their extractability and tenderness, is the degree of shortening which
occurs during the onset of rigor mortis (Locker, 1960a; Locker and Hagyard, 1963;
Marsh, 1964). In muscles which go into rigor mortis in an extended condition, the
filaments of actin and myosin overlap and cross-bond at fewer points, and the
amount of actomyosin formed is small. Such meat is tender on cooking. On the other
hand, when muscles go into rigor mortis in a contracted condition, there is consid-
erable shortening since the actin and the myosin filaments interpenetrate exten-
sively. There is much cross-bonding and the meat is relatively tough on cooking.
Normally, muscle goes into rigor mortis in an intermediate condition wherein the
overlapping of actin and myosin, the degree of cross-bonding and the toughness are
somewhere between the two extremes (cf. Fig. 4.2). It has been shown that the rate
of tenderizing during conditioning is minimal in muscles which have shortened sub-
stantially at onset of rigor mortis (Davey et al., 1967). Lower activity of µ-calpain
and increased calpastatin levels have been reported in cold-shortened muscles
(Zanora et al., 1998), and these circumstances must contribute to their toughness.
The degree of shortening during rigor mortis is temperature dependent (cf. §§ 7.1.1
and 10.3.3).

By far the most labile proteins of muscle post-mortem are those of the sar-
coplasm, the diversity of which is represented in Fig. 4.1 (p. 77). It has been realized
for many years that proteins precipitate when muscle extracts of low ionic strength
are allowed to stand at room temperature, the process being accelerated by raising
the temperature and by the addition of salt and acid (Finn, 1932; Bate-Smith, 1937b).
It has been shown, for example, that as the pH falls to acid levels during post-
mortem glycolysis, glyceraldehyde phosphate dehydrogenase (cf. Fig. 4.3), which is
a basic protein, denatures and combines with the more acidic myosin and actin,
further promoting actomyosin formation and the predominance of actomyosin
ATP-ase (rather than that of myosin) during subsequent conditioning (Matsuishi
and Okitani, 2000). The behaviour of sarcoplasmic proteins in extracts from beef 
l. dorsi muscle under various temperature–pH combinations is shown in Table 5.3.
It will be seen that an increase of temperature causes increasing precipitation of 
sarcoplasmic proteins at all pH values studied; that at all temperatures maximum
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Table 5.3 Percentage of sarcoplasmic protein precipitating from extracts of post-rigor
beef l. dorsi (after Scopes, 1964)

Temp.: 0 °C 10°C 15°C 20°C 25°C 30°C 37°C 45°C

pH
4.5 4.4 3.8 4.2 4.0 4.4 4.7 5.1 8.1
4.8 6.6 5.7 4.8 6.4 6.6 7.4 5.3 15.0
5.2 5.0 4.9 5.5 6.2 7.8 10.5 18.5 35.0
5.7 3.1 2.9 3.2 3.1 4.2 6.2 12.2 34.0
6.0 2.1 1.9 2.2 2.5 3.2 6.3 8.5 29.0
6.5 0.6 0.8 0.7 2.1 2.8 3.4 6.6 24.5
7.1 0.4 0.4 0.6 0.5 1.2 2.1 5.2 22.0

Extracts exposed to temperature/pH conditions for 4h.



precipitation occurs at a pH of 4.8–5.2; but that at some temperatures between 37
and 45°C, a high ultimate pH no longer protects sarcoplasmic proteins against pre-
cipitation (Scopes, 1964). Even after heating at 60°C for 10 h a proportion of the
sarcoplasmic proteins is still soluble and will separate electrophoretically; but after
2 h at 80°C almost all sarcoplasmic proteins except myoglobin have become insol-
uble (Laakkonen et al., 1970). Obviously, even the attainment of a normal ultimate
pH (about 5.5) during post-mortem glycolysis must be associated with the precipi-
tation of some of the sarcoplasmic proteins (on the presumption that in vivo behav-
iour reflects that in situ). A high temperature during post-mortem glycolysis causes
additional precipitation. This is exemplified in Fig. 5.3, from which it will be clear
that one of the most labile of the sarcoplasmic proteins in the muscles of beef, rabbit
and pig is the enzyme creatine kinase (Scopes, 1964). Particularly severe precipita-
tion of sarcoplasmic proteins occurs during post-mortem glycolysis in the muscles
of pigs which appear pale and are exudative post-mortem (cf. § 3.4.3; Scopes and
Lawrie, 1963). In these there is a combination of low pH and high temperature
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Fig. 5.3 Starch gel electrophoretograms showing relative stability of sarcoplasmic proteins
in extracts from l. dorsi muscles of various species undergoing rigor mortis at 0 or 37°C. (1)
Purified beef creatine kinase. (2) Beef, 0 °C. (3) Beef, 37°C. (4) Rabbit, 0 °C. (5) Rabbit, 37°C.

(6) Pig, 0 °C. (7) Pig, 37°C. (8) Purified pig creatine kinase. (Courtesy Dr R. K. Scopes.)



(Bendall and Wismer-Pedersen, 1962), and sarcoplasmic proteins precipitate on to
those of the myofibril lowering their extractability and water-holding capacity. As
observed, histologically, the precipitated sarcoplasmic proteins form bands across
the muscle fibre (Fig. 3.11) and lower the extractability of the myofibrillar proteins,
even although the latter may not be denatured themselves (Bendall and Wismer-
Pedersen, 1962). The greater prevalence of such bands in affected musculature of
ultimate pH 5.4 than in those of ultimate pH 4.7 and their presence in muscle of
high ultimate pH (Lawrie et al., 1963a) follows from the behaviour indicated in Table
5.3.There is clearly a critical temperature, between 37 and 45°C, above which a high
ultimate pH fails to keep sarcoplasmic proteins in solution. That pigs affected by
the so-called PSE condition seem to have a higher temperature than normal imme-
diately post-mortem (Bendall and Wismer-Pedersen, 1962) and that the condition
is said to be induced artificially by holding pigs at 45°C for a period before slaugh-
ter (Sayre et al., 1963b) substantiates this view. It is interesting that, as already indi-
cated, some adverse change should also occur in the myofibrillar proteins at about
this temperature (Marsh, 1962).

After the ultimate pH has been reached, further changes occur in the sarcoplas-
mic proteins, there being a general alteration in the nature of the components
(Deatherage and Fujimaki, 1964).

Denaturation of the principal muscle pigment, myoglobin, which is another of
the sarcoplasmic proteins, accelerates the oxidation of its iron to the ferric form, the
pigment turning brown (metmyoglobin). Although, considering the muscle as a
whole, this is not an extensive process, it is, nevertheless, a very important one for
it occurs preferentially near exposed surfaces or where the oxygen tension is about
4 mm (Brooks, 1935, 1938). Such factors as desiccation can initiate the denaturation
and discoloration, especially where the ultimate pH is relatively low. It is also linked
with still surviving activity in the oxygen utilizing enzymes (succinic dehydrogenase
and cytochrome oxidase) which persists for some time at 0 °C. This matter will be
referred to again below.

As far as meat quality is concerned, perhaps the most important manifestation
of the post-mortem denaturation of the muscle proteins is their loss of water-holding
capacity, because in practice it is a more universal phenomenon than discoloration.
The point of minimum water-holding capacity of the principal proteins in muscle
(i.e. the isoelectric point) is 5.4–5.5 (Weber and Meyer, 1933). Since, as we have seen
in Chapter 4, the production of lactic acid from glycogen, at any given temperature
and rate, will generally cause the pH to reach 5.5, normal meat will lose some 
fluid (‘weep’). This will, obviously, be less if the ultimate pH is high, however
(Empey, 1933).

The contribution by the sarcoplasmic proteins to overall water-holding capacity,
once lost by precipitation during the attainment of even a normal ultimate pH,
cannot be regained by applying a buffer of high ultimate pH to the muscle. Thus,
the relatively low water-holding capacity of fibres prepared from muscle of low
ultimate pH remains lower than that of fibres prepared from muscle of an intrinsi-
cally high ultimate pH, even when placed in a medium having the latter pH value
(Penny et al., 1963).

For a given muscle, water-holding capacity is at a minimum at the ultimate pH;
thereafter, on subsequent conditioning of the meat, it tends to increase (Cook et al.,
1926). This may be due to an increased osmotic pressure, caused by the breakdown
of protein molecules to smaller units (proteolysis will be discussed below); but much
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intramolecular rearrangement, not involving splitting but causing changes in the
electrical charges on the protein, may also be responsible (Bendall, 1946). Insofar
as Kristensen and Purslow (2001) found that vinculin, desmin and talin were pro-
teolysed during conditioning, they suggested that the break-up of the cytoskeleton
destroyed the force expressing water to the cell exterior; and its reabsorption could
be responsible for the observed increase in water-holding capacity on ageing. There
is concomitantly an increase in the pH of meat when it is held above the freezing
point (Sair and Cook, 1938; Wierbicki et al., 1954; Bouton et al., 1958). The pH rise
is more marked when the temperature of holding is high and is greater in pork than
in beef (Lawrie et al., 1961).

These changes in pH are accompanied by changes in ion–protein relationships.
Arnold et al. (1956) found that sodium and calcium ions are continuously released
into the sarcoplasm by the muscle proteins, and potassium ions are absorbed after
the first 24 h. Because of the large excess of potassium ions absorbed on to the
muscle proteins, the net charge on the latter increases, and, thereby, the water-
holding capacity.

5.4.2 Proteolysis
Denatured proteins are particularly liable to attack by proteolytic enzymes (Anson
and Mirsky, 1932–1933; Lineweaver and Hoover, 1941). The increase in tenderness,
observed on conditioning, was found many years ago to be associated with an
increase in water-soluble nitrogen (Hoagland et al., 1917; Fearson and Foster, 1922),
due to the production of peptides and amino acids from protein. There has been
much controversy as to which proteins undergo proteolysis during the holding of
meat at temperatures above the freezing point.

Although extensive proteolysis of the collagen and elastin of connective tissue
might appear to be the most likely change causing increased tenderness, the pro-
teins of connective tissue are not normally changed in this way during conditioning
in skeletal muscle.This was conclusively shown by Sharp (1959).There is no increase
in water-soluble hydroxyproline-containing derivatives, even after storage of sterile,
fresh meat for one year at 37°C. Despite the absence of massive proteolysis of native
collagen during conditioning, such as would require the action of a true collagenase
capable of cleaving all three chains in the helical region of tropocollagen (Gross,
1970), there are lysosomal enzymes (Valin, 1970) which can attack the cross-links
in the non-helical telopeptide region of collagen. In 1974 Etherington isolated two
collagenolytic cathepsins from bovine spleen which cleaved the non-helical, telopep-
tide region of native tropocollagen between the lysine-derived cross-links and the
triple helix of the main body of the molecule. This resulted in longitudinal splitting
and dissociation of the protofibrils. The enzymes operated at pH 4–5 (28°C). Suzuki
et al. (1985) isolated a collagenolytic enzyme from rabbit muscle which is bound to
collagen; and Stanton and Light (1988) provided direct biochemical evidence for
the action of proteolytic enzymes on the perimysial collagen during conditioning.

Collagen fibres appear to swell during conditioning.
The collagen of the endomysium, which opposes the swelling of the muscle fibre

initially, is weakened during conditioning (Wilding et al., 1986). Electron microgra-
phy reveals that the sheaths of connective tissue become diffuse (Fig. 5.4; Nishimura
et al., 1995). Stanton and Light (1990) demonstrated that it is the type III collagen
which is preferentially attacked in the endomysium during conditioning rather than
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the type I component. Changes in the links between muscle fibres and their
endomysial sheaths, whereby the latter are more readily removed as conditioning
proceeds, may also be invoked in accounting for the swelling which is observed.

As tenderness increases, there is a concomitant increase in the titre of free β-
glucuronidase (Dutson and Lawrie, 1974).This enzyme can attack the mucopolysac-
charide of the ground substance or carbohydrate moieties in collagen itself. One of
the points of attachment of carbohydrate to collagen is the ε-amino group of lysine;
and the ε-aminoglycosylamines are probably involved in binding collagen to the
ground substance (Robins and Bailey, 1972). Nishimura et al. (1996) clearly demon-
strated that proteoglycans in both the basement membrane and the perimysium are
degraded during conditioning. It may be, therefore, that splitting of both carbo-
hydrate and peptide links contribute to increased tenderness in conditioning.

It is clear, however, that under some circumstances connective tissue proteins are
much more labile than they appear to be post-mortem. Preceding the repair of
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Fig. 5.4 Scanning electron micrographs of the endomysial sheaths of bovine semitendinosus
muscle from which muscle fibres have been removed (a) immediately post-mortem and 
(b) after conditioning for 28 days at 4 °C, when the endomysial sheaths have become diffuse.
The bar represents 25 µm. (Reprinted from Nishimura et al., 1995, with kind permission from 

Elsevier Science Ltd. and courtesy of Prof. K. Takahashi.)



damaged muscles, collagen and elastin are evidently removed in vivo (Partridge,
1962). There is a general increase in phagocytic (Rickenbacher, 1959) and in prote-
olytic activities – the latter due to the liberation of catheptic enzymes from lyso-
somes (Hamdy et al., 1961). Anti-inflammatory (anti-rheumatic) drugs, such as
cortisone, inhibit the formation of the acid mucopolysaccharides of the ground sub-
stance of connective tissue by suppressing sulphation (Whitehouse and Lash, 1961)
and decrease the amount of free hydroxyproline (Kivirikko, 1963). Vitamin C defi-
ciency interferes with collagen formation by inhibiting the hydroxylation of soluble
proline (Stone and Meister, 1962) Again, during post-partum involution of the
uterus, enzymes are elaborated which are capable of breaking down connective
tissue proteins to their constituent amino acids (Woessner and Brewer, 1963). It has
been postulated that the collagen fibril is first attacked extracellularly by a secreted
neutral collagenase and that its subsequent digestion is intracellular (Etherington,
1973), by macrophages (Parakkal, 1969; Eisen et al., 1971). These reactions imply
that in vivo muscle is capable of elaborating enzymes which proteolyse connective
tissue proteins, in abnormal circumstances, even if they are not present, or are inac-
tive, during conditioning.

Notwithstanding the absence of massive proteolysis in the collagen and elastin
of fresh sterile meat, even after 1 year at 37°C, such breakdown does occur in sterile
meat which has been heated. For example, in beef held at 37°C, after heating for 
15 min at 70°C, soluble hydroxyproline rose from about 2 per cent to about 23 per
cent of the total hydroxyproline during 97 days (Sharp, 1964). In corresponding beef
which had been heated for 45 min at 100°C (being thus cooked), the value rose
from 12 per cent initially to 55 per cent over the same period of subsequent holding
at 37°C. Histological examination revealed that the connective tissues of the per-
imysium had been weakened, since fibre bundles were easily separated from one
another. In view of the preceding heat treatment, however, the breakdown of col-
lagen (or elastin) in these circumstances can scarcely have been due to enzymic
action: progressive physical changes in the connective tissue proteins are probably
involved (Gustavsen, 1956).

As mentioned in § 5.4.1, the absence of changes in the extensibility of muscle in
conditioning – and subsequent to actomyosin formation during the onset of rigor
mortis – despite the concomitant increase in tenderness, indicated that the latter
phenomenon did not involve dissociation of actin from myosin (Marsh, 1954). A
similar conclusion was reached by Locker (1960b). He applied Sanger’s method of
N-terminal analysis (1945) to the salt-soluble proteins of beef muscle during con-
ditioning at low and high temperature and failed to detect any significant increase
in the number of protein N groups. It must be appreciated, however, that significant
changes in muscle proteins, which might alter the tenderness of meat, could occur
without extensive proteolysis, if a few key bonds were broken, as indicated above.

At least some of the changes in the myofibrillar proteins during conditioning are
apparently initiated by the release of Ca++ ions from the sarcoplasmic reticulum
post-mortem (the capacity of which to accumulate Ca++ ions decreases during con-
ditioning: Newbold and Tume, 1976) and operate through water-soluble enzymes.
These enzymes are variously referred to as calcium-activated sarcoplasmic factors
(CASF), calcium-activated neutral proteinases (CANP), calcium-dependent 
proteinases (CDP) or calpains. It is significant that the Ca++-chelating agent, ethyl-
enediamine tetraacetate, should prevent ageing changes (Penny, 1974; Koohmaraie
et al., 1988).
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The calpains are now known to belong to a complex family of Ca++-dependent
proteinases (Sorimachi et al., 1997). Whereas the calpain isoenzymes 1, 2 and 3 have
been long recognized, recently other members, numbered 5, 7, 10, 12, 14 and 15 have
been discovered in biological tissues (Dear et al., 1997). Of these, Ilian et al. (2004)
concluded that 10 was strongly correlated with the degree of tenderization of meat
during ageing through its action on nebulin and desmin. The calpain proteolytic
system in mammalian striated muscle comprises the ubiquitous enzymes, calpains
1, 2 and 10, and a tissue-specific isozyme, calpain 3 (Goll et al., 2003).

The calpains are inhibited by the protein, calpastatin (cf. §4.3.5). The helical
sequences of calpastatin prevent calpains from binding to membranes (Mellgren 
et al., 1989). The calpains degrade desmin (Granger and Lazarides, 1978; Penny,
1980; Slinde and Kryvi, 1986) and weaken the binding of α-actinin to the Z-disc.
Tropomyosin and M-line protein are also degraded (Penny, 1980). Penny and 
Dransfield (1979) and, later, Nishimura et al. (1996) showed that, during condition-
ing of beef muscles, troponin T is proteolysed, with concomitant production of 
four peptides, of which the principal member has a MW of 30,000. Earlier it had
been demonstrated that CASF degrades the so-called ‘gap filaments’ (Locker,
1976) (connectin, titin; Maruyama et al., 1979). Thus when stretched muscles are
aged, subsequent cooking causes the ‘gap filaments’ to disappear (whilst the Z-lines
appear intact; Davey and Graafhuis, 1976b) and Young et al., 1980 detected
increased solubility of connectin and aged beef muscle. In a detailed investigation
of ageing changes in rabbit muscles, Mestre-Prates et al. (2002) proposed that ten-
derness was due to specific cleavage of titin and nebulin in the vicinity of the N2

line by calpains; and these enzymes have been shown to degrade the integrin
complex by which the cell proteins are attached to the cell membrane (Lawson,
2004; cf. §§ 3.2.2. and 10.2).

It is worth noting that the calpain system has no action on actin or myosin per
se (Penny, 1974; Robson et al., 1974) and that it is, in fact, located at the Z-line (Goll
et al., 1992). Koohmaraie et al. (1987) demonstrated that during storage of l. dorsi
muscles over 14 days at 0 °C, there was a concomitant increase in myofibrillar frag-
mentation (as an index of conditioning changes) and a decrease in the activity of
that calcium-activated neutral proteinase which depends on a low concentration of
Ca++ ions (calpain I, µ-calpain), whereas the CANP which depends on a relatively
high concentration (calpain II m-calpain) remained unchanged in activity. About 
50 per cent of the total change in these parameters occurred during the first 12 hours,
when the temperature was falling from ca. 37 to 10°C, indicating that the tender-
ness increment during conditioning may well commence before the ultimate pH has
been reached, especially if the temperature is slow to fall.

Because of the difficulty of attributing conditioning changes precisely to indi-
vidual proteases and their inhibitors in situ, models of the system have been studied.
Dransfield (1992, 1993) and Dransfield et al. (1992) examined extracts of beef
muscle in vitro when these were stored at a range of temperatures from 0 to 30°C.
They postulated that the low levels of free Ca++ ions in the immediate post-mortem
period would be insufficient to activate calpain I, but that, when the pH had fallen
to ca. 6.1, the Ca++ level would have become high enough to activate this enzyme
(calpain II would act similarly, but at a greater Ca++ level). At this pH calpains are
bound to the inhibitor, calpastatin, but this inhibitory action falls as the pH 
drops further, from 6 to 5.5 and the activated calpains proteolyse the calpastatin.
Tenderizing is initially due to the action of calpain I. Subsequently calpain II is
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responsible: it ceases as the calpains self-destruct by autolysis (Dransfield et al.,
1992; Dransfield, 1993). Subsequently, Dransfield (1994), in a detailed assessment 
of the data provided by modelling, concluded that variability in the post-mortem
activity of calpains per se can be adduced to account for toughness, irrespective of
such factors as sarcomere length. It must be acknowledged, however, that such
models omit consideration of the contribution of the lysosomal cathepsins, of 
their activators and inhibitors and of the ‘multicatalytic proteinase complex’
(Orlowski, 1990) to post-mortem tenderizing (cf. below). Since the activation 
energy for the autolysis of calpain I is higher than for its proteolytic activity, less
intense tenderizing occurs at higher temperatures. In addition to the solubilizing
action of the calpains, however, it has been suggested that Ca++ ions per se cause
non-enzymic ‘salting-in’ changes in certain myofibrillar proteins (Taylor and 
Etherington, 1991). Moreover, Tatsumi and Takahashi (1992) and Takahashi (1992)
were able to demonstrate that in vitro 0.1 mM calcium chloride caused fragmenta-
tion of nebulin and the release of paratropomyosin (from the A-I junction region)
which then binds to actin filaments. These non-enzymic factors lead to disruption of
the latter and to lengthening of the sarcomeres. They thus concluded that the
increasing level of Ca++ ions, as they are released from the sarcoplasmic reticulum
post-mortem, contribute directly to the tenderizing changes during ageing.Although
Whipple et al. (1994) postulated that most of the increase in tenderness was due 
to stimulation of the calpains by the Ca++ ions investigations by Hopkins and
Thompson (2001b) could not confirm that they had a rôle in the process independ-
ently of the calpains.

The proteolysis of troponin T and increase of tenderness correlate well when
conditioning takes place between 3 and 15°C (Penny and Dransfield, 1979). At
higher temperatures (25–35°C), when protein denaturation is a contributory factor,
and at 0 °C, when ‘cold-shortening’ may be anticipated, toughness is greater than
the degree of proteolysis of troponin T would predict. On the other hand, the ten-
derness of electrically stimulated muscles is greater, for a given degree of troponin
T breakdown, than that of controls (George et al., 1980), suggesting that, although
the proteolysis of troponin T is a useful indicator of change during conditioning,
other factors must be considered.

There is at least one other enzyme system involved in meat conditioning, namely
that of the lysosomes already mentioned. In contrast to the calcium-activated sar-
coplasmic factors (calpains) which have pH optima above 6, the cathepsins (B, D,
H and L) of the lysosomes represent a series of proteolytic enzymes with pH optima
below 6 (Penny and Dransfield, 1979; Etherington, 1984). Of these, cathepsin H
cannot degrade native myofibrillar proteins and, although cathepsin D can degrade
myofibrillar proteins below pH 5, its action in post-mortem conditioning at the
normal ultimate pH of 5.5 is minor (Ouali et al., 1987).* On the other hand, both
cathepsins B and L can degrade these proteins in post-mortem muscle (Bird et al.,
1977; Matsukura et al., 1981). Cathepsin L is probably the most important lysoso-
mal proteinase in conditioning (Mikami et al., 1987). It degrades troponins T and I,
and C-protein rapidly, and titin (connectin), nebulin, α-actinin, tropomyosin, actin
and the light and heavy chains of myosin slowly. Its action at pH 5.5 is faster than
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ous locations, bonds containing at least one hydrophobic amino acid residue being prefer-
entially cleaved (Hughes et al., 2000).



at pH 6, but slower than at pH 5 (Mikami et al., 1987). The breakdown of myosin is
not marked unless circumstances are exceptional (e.g. pH below 5, over 24 h at 25°C:
Penny and Ferguson-Pryce, 1979), or when meat is stored at 35°C for some days
(Penny and Dransfield, 1979).

The structurally important sites of enzyme actions by calpains and lysosomal
enzymes (including cathepsins B, D and L) during conditioning can be summarized:

(a) CASF (calpains)
(i) troponin T (above pH 6)

(ii) Z-lines (desmin)
(iii) connectin, ‘gap filaments’
(iv) M-line proteins and tropomyosin

(b) Lysosomal enzymes (including cathepsins B, D and L)
(i) troponins T and I (below pH 6) and C-protein: relatively rapidly

(ii) myosin (heavy and light chains), actin, tropomyosin, α-actinin, nebulin
and titin (‘gap filament’): relatively slowly above pH 5 or below 35°C

(iii) cross-links of non-helical telopeptides of collagen
(iv) mucopolysaccharides of ground substance.

A third source of proteolytic activity has been discovered. This resides in a large
complex of molecular weight ca. 700 kdalton, which consists of at least three dis-
tinct sub-units, each having different proteolytic activity against hydrophobic, basic
and acidic amino acid sequences (Wilk et al., 1979; Wilk and Orlowski, 1983). Since
there is evidence that these different enzymic components cooperate in their pro-
teolytic action (Wilk and Orlowski, 1983) and that disruption of the complex causes
complete loss of proteolytic activity, it appears to be a functional unit and to justify
the name ‘multicatalytic protease complex’ (Orlowski, 1990).Also referred to as the
proteasome, its 20S component rapidly hydrolyses myofibrillar proteins in vitro
(Robert et al., 1999). Proteasome activity persists post-mortem and, after the action
of µ and m-calpains, participates in a second wave of proteolysis, attacking dena-
tured proteins (Lamare et al., 2002). The complex has been identified in many
tissues. Its presence in muscle suggests that it must be considered in elucidating pro-
teolysis in this tissue.

Since most of the proteins of connective tissue and the myofibrils are not sub-
jected to extensive proteolysis during conditioning, the considerable increments in
the soluble products of protein breakdown must arise from the sarcoplasmic pro-
teins. As we have seen, these denature in varying degrees during post-mortem gly-
colysis (§ 5.4.1); and chromatography of extracts prepared from muscle after
increasing periods of storage show a gradual diminution of various components
(Deatherage and Fujimaki, 1964).

During storage at 37°C of sterile l. dorsi muscles of beef, the total soluble 
protein nitrogen was found to fall from 28 to 29 per cent of the total nitrogen to 
13, 11 and 6 per cent after 20, 46 and 172 days respectively (Sharp, 1963). The
lowered concentration of sarcoplasmic proteins was due rather to their proteolysis
to amino acids and not to precipitation, which could only account for a small amount
of the diminution: the nitrogen soluble in trichloroacetic acid rose from 11 per 
cent of the total protein to 17, 23 and 31.5 per cent respectively in these same
periods. Moreover, in terms of a specific amino acid, the percentage of total tyro-
sine soluble in trichloroacetic acid rose from 11 per cent initially to 13, 17 and 35
per cent over 20, 46 and 172 days respectively (Sharp, 1963). Comparable changes
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were found in rabbit l. dorsi although the rates of proteolysis are different in the
two species (Fig. 5.5), and even between different muscles (J. G. Sharp, personal
communication).

Ouali and Talmant (1990) and Monin and Ouali (1991) have confirmed such dif-
ferences in extensive studies and established the basis for them. Variability in the
rate of ageing reflects the contents of calcium-dependent proteinases (calpains I and
II and their inhibitor, calpastatin), of lysosomal cathepsins B and L (and their
inhibitors), the relative resistance of the muscle proteins to proteolysis and the intra-
muscular osmotic pressure. In turn, these variations are systematically related to the
proportions of ‘red’, ‘white’ and intermediate type fibres which characterize the
muscles concerned.

According to Radouco-Thomas et al. (1959), proteolysis is less marked in the
muscles of pigs and sheep than in those of lamb and rabbit under comparable con-
ditions. In a comparative study of conditioning changes in l. dorsi, Dransfield et al.
(1981) confirmed these findings. Rates of tenderness increments in beef, lamb, rabbit
and pork were, respectively, 0.17, 0.21, 0.25 and 0.33% per day. Subsequently,
Etherington et al. (1987) showed that the relative rates were reflected by the rela-
tive concentrations of cathepsins B and L in the muscles; and Ouali and Talmant
(1990) demonstrated that the rates were also correlated with the ratio of calpain II:
calpastatin in the muscles of different species.

It is most important to note that these observations refer to a normal ultimate
pH (i.e. about 5.5). At a higher ultimate pH the extent of proteolysis is less
(Radouco-Thomas et al., 1959). Thus, in rabbit l. dorsi after storage for 16 days at
37°C, 17 per cent of the total tyrosine was soluble when the ultimate pH was 5.8.
The corresponding value was only about 9 per cent, however, when the ultimate pH
was 6.8 (Sharp, 1963); and there was a smaller degree of disintegration of muscle
fibres during homogenizing.

Dransfield (1993) confirmed that, although the extent of proteolysis is relatively
less at high ultimate pH, its rate is increased. The relationship between the rate of
proteolysis and the ultimate pH was shown to be complex by Watanabe et al. (1996)
in an extensive study of ovine l. dorsi of ultimate pH ranging from 5.5 to 7.0, the
rate being minimal at ca. pH 6.0 and greater below and (especially) above this value.
On the other hand myofibrillar fragmentation was least at pH 6.4.
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Fig. 5.5 Production of nitrogen soluble in trichloroacetic acid during aseptic storage of
muscle at 37°C. �–�, rabbit muscle, �–�, beef muscle. (Courtesy of the late Dr J. G. Sharp.)



The extent of proteolysis is also temperature dependent, being greater at 37°C
than at 5 °C, although the degree of histological breakdown, as shown by the 
cohesiveness of fibres after homogenizing, is much greater at 5 than at 37°C. This
is, presumably, because there is a greater degree of denaturation of the myofibrillar
proteins at the higher temperature (Table 5.4, Sharp, 1963) which would oppose
breaking up of the tissue.

Low ultimate pH may enhance proteolytic activity in another way.The lysosomes,
which contain enzymes having proteolytic activity and acid pH optima (De Duve,
1959a), have lipoprotein membranes which, whilst intact at in vivo pH levels under
normal conditions, rupture when the pH falls post-mortem, or when there has been
extensive tissue damage (Hamdy et al., 1961), and liberate the proteolytic enzymes.
The permeability of these membranes appears to be controlled by the vitamin A
status of the tissue, hypervitaminosis A being associated with undue fragility (Fell
and Dingle, 1963). It is also lowered following tissue breakdown (De Duve, 1959b)
as in the dystrophies due to recessive genes or to vitamin E deficiency (Tappel 
et al., 1962); in such dystrophies the activity of the lysosomal proteolytic enzymes is
increased.

It is evident that some proteolytic activity may be due to residual blood in the
muscle (Shestakov, 1962), and in 1974 Bailey and Kim showed that the proteinases
from the porcine leucocyte lysosomes can degrade myofibrillar proteins. The ques-
tion of whether the proteolytic activity observed in muscle post-mortem is a prop-
erty of lysosomes intrinsic to the tissue or of those belonging to entrained
phagocytes was resolved by Canonico and Bird (1970) who demonstrated that the
former had relatively greater contents of acid phosphatases than of cathepsins.
Venugopal and Bailey (1978) compared the lysosomal proteinases of the muscular
tissue and leucocytes of beef and pork. They found that cathepsins D and E,* which
had pH optima of 4.0 and 2.5, respectively, were the most active proteolytic enzymes
found in both tissues, and that all the enzymes from the lysosomal leucocytes were
more active than their counterparts in the lysosomes of the muscular tissue (cf.Table
5.5).

It has always been difficult to accept that proteolytic enzymes have only cata-
bolic functions in muscle. It is now evident, however, that the calpain/calpastatin
enzyme system is involved in protein turnover (§ 2.5.2.1), in the control of muscu-
lar excitation (§§ 3.2.2 and 4.2.1) and, indeed, in a number of other intracellular
processes which are mediated by Ca++ ions.
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Table 5.4 Dimensions of fibres present in greatest number
in low-speed homogenates of sterile stored beef l. dorsi
muscle of normal ultimate pH

Storage characteristics Length (mm) Diameter (mm)

Control (2 days at 650–1300 200–600
–20°C)

30 days at 37°C 250–430 43–170
30 days at 5 °C 50–170 14–86

* Terminology of Barrett (1977).



5.4.3 Other chemical changes
By the time the ultimate pH has been reached, ATP has been largely broken down
to inosinic acid, inorganic phosphate and ammonia (§ 4.2.3). Although some degra-
dation of inosinic acid to phosphate, ribose and hypoxanthine will have occurred at
this stage, the latter process is substantially a function of time, temperature and pH
after the attainment of the ultimate pH (Solov’vev, 1952; Lee and Webster, 1963).
According to Howard et al. (1960b), conditioning is organoleptically at an optimum
when the hypoxanthine level has reached 1.5–2.0 µmoles/g. In beef this is attained
after 10–13 days at 0 °C, 4–5 days at 10°C, 30–40 h at 20°C and 10–11 h at 30°C
(Lee and Webster, 1963). The rate of hypoxanthine formation is increased by a high
ultimate pH, however, and this circumstance must be considered when assessing the
time–temperature history of meat.

In view of the development of flavour which accompanies conditioning it is of
interest that many years ago hypoxanthine, or its precursor inosinic acid, was
reported to enhance flavour when added to meats (Kodama, 1913). It has been
shown that inosinic acid (or inosine and inorganic phosphate) when heated with a
glycoprotein containing alanine and glucose (also isolated from the water-soluble
extracts of beef) produces a basic meat flavour and odour (Batzer et al., 1962). The
breakdown of protein and fat during conditioning also contributes to flavour by
producing hydrogen sulphide, ammonia, acetaldehyde, acetone and diacetyl (Yueh
and Strong, 1960); but prolonged conditioning, e.g. 40–80 days at 0 °C is associated
with loss of flavour (Hoagland et al., 1917). And, of course, where oxidative rancid-
ity occurs in fat, the products affect flavour in a highly adverse manner (Lea, 1939).
Oxidative rancidity in fat is retarded by a high ultimate pH as also is the oxidation
of myoglobin (Watts, 1954) with which it is frequently linked.These phenomena will
be considered in more detail in a later chapter.

Apart from the increase in free amino acids arising from proteolysis, their con-
centration is also augmented by the breakdown of various peptides. During con-
ditioning, for example, the dipeptides carnosine and anserine are progressively
hydrolysed to β-alanine and histidine (Bouton et al., 1958).The accumulation of free
amino acids, and of soluble carbohydrates, such as glucose (by the action of α-
amylase on glycogen; Sharp, 1958), glucose–6-phosphate (one of the intermediaries
in the glycolytic pathway), ribose (from nucleotide breakdown) and other sugars in
traces, is potentially undesirable. During the preparation of dehydrated meat, for
example, the carbonyl groups of the carbohydrates will combine with the amino
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Table 5.5 Specific activity of bovine lysosomal proteinases (after Venugopal and Bailey,
1978) (pH of measurement in brackets)

Enzymes

Source
Carboxypeptidases Cathepsins Collagenase Dipeptidyl-

aminopeptidase I

A (5.0) B (6.0) B (7.8) D (4.0) E (2.5) (7.0) (6.8)
Leucocytes 30 23 110 2751 1482 0.75 140
Muscle  12 8 24 1878 1132 0.15 28

(diaphragm:
10,000g 
fraction)



nitrogen of amino acids non-enzymically to form unsightly brown compounds which
are also troublesome in having a bitter taste. The Maillard reaction, as it is known,
may also take place between the sugars and intact protein (Lea and Hannan, 1950).

Although conditioning enhances the water-holding capacity of proteins to some
extent, the loss due to denaturation changes and to post-mortem pH fall predomi-
nates, and meat exudes fluid post-mortem.
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Chapter 6

The spoilage of meat by infecting organisms

Changes which take place during the conversion of muscle to meat, both immedi-
ately post-mortem and later, on keeping the commodity above the freezing point,
were described in Chapter 5. It was emphasized that these occurred in meat irre-
spective of the presence or absence of extraneous organisms. But meat, like all
human foodstuffs, is acceptable to other organisms and is susceptible to invasion by
them. Their invasion of the meat (infection), the consequent production of unat-
tractive changes (spoilage), the factors controlling their growth and the question of
prophylaxis will now be separately considered.

6.1 Infection

The organisms which spoil meat may gain access through infection of the living
animal (endogenous disease) or by contamination of the meat post-mortem (exoge-
nous disease). The consumer is more likely to encounter the latter. Nevertheless,
both aspects are important. It should be noted that serious human infections can be
acquired from apparently healthy animals (Dolman, 1957).

6.1.1 Endogenous infections
Before considering diseases caused in people by consumption of meat from infected
animals, brief reference should be made to those which are transmitted by contact,
namely anthrax, bovine tuberculosis and brucellosis. These are caused by the
microbes Bacillus anthracis, Mycobacterium tuberculosis and Brucella spp. respec-
tively. Anthrax is mainly contracted by contact with the hides and hair; but con-
sumption of underdone meat from infected animals can also cause human disease
and death. Although the main vehicle for infection with bovine tuberculosis is raw
milk, contact with affected carcasses is also a serious source (Dolman, 1957). Reflect-
ing aspects of the intensive urbanization of the Industrial Revolution, it has been
shown that 20–30 per cent of all cattle in Britain were affected by tuberculosis



towards the end of the nineteenth century (Rixson, 2000). Although human beings
are not apparently susceptible to the virus causing foot and mouth disease, it has
long been a scourge of cattle, sheep and pigs. It was first reported in Britain in 1839
(Stratton and Brown, 1978).The skin (and the mucous membranes) is also the route
of infection from carcasses carrying Brucella spp. These diseases tend to be local-
ized in certain areas of the world.

Most other diseases arising from in vivo infection in meat animals are acquired
by consumption of infected carcasses. The infections may be caused by bacteria or
by parasitic worms. Perhaps the most important bacterial diseases in this category
are those caused by members of the genus Salmonella. The consumption of inade-
quately cooked meat is the usual method of infection. S. typhimurium is found in
lambs, calves and adult bovines, the principal source of their infection being on the
farm (Nottingham and Urselmann, 1961). S. cholerae suis is mainly confined to pigs.
Even healthy carriers may transfer Salmonella to normal animals whilst these are
being held awaiting slaughter (Galton et al., 1954). In an investigation in Australia
nearly half of the animals passed as healthy had Salmonella spp. in the rumen liquor
(Green and Bronlee, 1965). A very marked increase between 1961 and 1965 in the
outbreaks of salmonellosis in calves, involving S. typhimurium, was attributed to the
use of heavily infected premises for holding and sale (Melrose and Gracey, 1975).
It is now evident that Listeria monocytogenes also can cause serious illness and
death in people through the consumption of products such as milk and cheese from
infected animals (Fleming et al., 1985; James et al., 1985); and ready-to-eat meat
products if insufficiently processed. M. paratuberculosis ingested from beef 
which had been derived from animals grazing pasture contaminated with rabbit
droppings, is believed to be the cause of increased incidence of Crohn’s disease in
UK consumers.

More prevalent are the infections acquired by ingestion of meat infested with
parasitic worms. Stoll (1947) calculated that there may be a world total of 27 million
cases of trichinosis and 42 million of taeniasis (caused by the roundworms and tape-
worms of beef and pork). There are also about 100,000 cases of echinococcosis
(disease caused by certain other tapeworms).

Trichinella spiralis is a small nematode worm with many potential hosts includ-
ing humans. Infection may prove fatal (Zenker, 1860). Human trichinosis is a serious
public health problem in the USA due to the practice there of feeding uncooked
garbage to hogs in certain areas. The disease is found only where raw, inadequately
cooked or improperly cured meat (especially pork) is eaten. Even in remote areas
of the world the disease may be endemic, as in the Arctic where the flesh of whale,
polar bear and walrus may be implicated. Fresh pork may be rendered harmless by
exposure to sufficient heat, cold, salt, smoke or ionizing radiations. For example,
exposure to −38°C for 2 min will kill the larvae (Gould et al., 1953). The effect of
salt has been elucidated (Gammon et al., 1968). It appears that Trichinella spiralis
can survive the phase of salt equilibration during curing processes, but it begins to
die off after 1 week, and none survives 1 month.

For the development of the adult beef tapeworm, Taenia saginata, which 
may grow to many feet in length, it is essential that a bovine should eat grass con-
taminated with the ova of the organism derived from the human intestine and that
parts of the bovine containing the subsequent larvae of the organism (Cysticercus
bovis) should be eaten raw by people. The predilection of the meat consumer for
underdone beef may explain the greater prevalence of this kind of parasitic 
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infection. Maintenance of the life cycle of the pork tapeworm (T. solium) requires
an analogous relationship between pig and person. The corresponding larval stage
in porcine muscle is known as C. cellulosae. Infestation with pork tapeworm is the
more serious because the organism may develop into larvae in the human brain.
Control of both diseases can be achieved by avoiding insanitary disposal of human
faeces near cattle or swine feeding areas and by proper cooking. Exposure for 6
days to a temperature of −9.5°C will destroy the cysts (Dolman, 1957). ‘Measly’ 
beef or pork, as the infested meat is called, is generally detected by thorough meat
inspection.

Although human diseases caused by other tapeworms are not acquired directly
by consuming infested meat, the domestic association of man with dogs, the usual
host of Echinococcus granulosis (the parasite responsible), leads to human infec-
tion, as in sheep-rearing areas where sheep, humans and dog are in close contact.

Trematodes (especially Fasciola hepatica, the liver fluke) are communicable to
people, but not through infested meat. Two recently identified protozoan parasites,
which can cause disease in human consumers of raw or underdone meat, are 
Cryptosporidium parvum and Toxoplasma gondii. The latter is inactivated by
heating to 70°C.

6.1.2 Exogenous infections
Whereas the infections mentioned in § 6.1.1 arise from established disease in the
live animal and may involve both parasitic worms and bacteria, meat spoilage and
associated food poisoning reflect infection of the meat by bacteria (or fungi) after
death. Where there is proper meat inspection to eliminate infected carcasses from
distribution, the predominant mode of meat deterioration by invading organisms
will be by exogenous infection.

6.1.2.1 Bacteraemia
Notwithstanding the predominantly post-mortem aspect of exogenous infection, the
condition of the animal’s blood immediately before and at slaughter is also appro-
priately considered in this context. In the large intestine there may be 33 × 1012

viable bacteria (Haines, 1937). Invasion of the tissues and organs of the body from
the gut via the blood stream (bacteraemia) is opposed, however, by the mucous
lining of the intestinal tract (Kohlbrugge, 1901), through agglutination of bacteria
by circulating antibodies (formed from the gamma globulins of the blood in
response to some previous minor exposure to the organisms concerned) and
through phagocytosis of bacteria by the cells of the reticulo-endothelial system (in
lymph nodes, in the blood and, possibly, in the tissues themselves). There is an equi-
librium between invasion of the tissues and removal of the invading organisms such
that the tissues of healthy animals are normally free from bacteria (Haines, 1937).
Using bacteria labelled with C14 it has been confirmed that bacteria entering the
lymphatic system from the intestines up to 24 hours post-mortem are destroyed by
surviving action of the reticulo-endothelial system (Gill et al., 1976). This explains
the possibility of rearing disease-free pigs after sterile hysterectomy (Betts,
1961) referred to in § 2.5.2.3. In some species it would appear that the reticulo-
endothelial system is more effective than in others, since venison, for example, can
be hung for a considerable period at room temperature without undue precautions.
Phagocytic activity, together with the gamma globulin content of the blood, can be
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enhanced by the administration of oestrogens (Charles and Nicol, 1961) and of
certain other substances (Nicol et al., 1961).

Invasion of the blood stream by organisms from the gut may be increased by
fatigue in the animal (Haines, 1937; Burn and Burket, 1938; Robinson et al., 1953),
prolonged starvation (Ficker, 1905) or even feeding (Desoubry and Porcher, 1895;
Gulbrandsen, 1935). Nevertheless it has been reported that feed withdrawal may
increase levels of such pathogens as Escherichia coli O157 :H7 in the gut of cattle
(Small et al., 2002). The mode of slaughter can also be implicated since breakdown
of the intestinal mucosa was observed in sheep which had been shot (Badaway 
et al., 1957). The bolt of a captive bolt pistol may carry a bacterial load of the order
of 4 × 105 organisms/cm2 of metal (Ingram, 1971). These observations explain the
traditional reluctance to give animals food later than 24h pre-slaughter and why the
flesh of fatigued animals does not keep so well – although, in the latter, a high ulti-
mate pH is a contributory factor. The organisms from the gut which can be distrib-
uted to the muscles by the blood include various streptococci (Strep. bovis in cattle
and sheep; Strep. faecalis, Strep. faecium and Strep. durans mainly in sheep: Medrek
and Barnes, 1962), Clostridium welchii and Salmonella spp.

If an infected knife is used, or organisms are inadvertently introduced from the
skin whilst the main blood vessels are being severed, bleeding can itself lead to bac-
teraemia and to the infection of the animal’s tissues (Empey and Scott, 1939; Jensen
and Hess, 1941). It has been shown that meat can be contaminated by bacteria that
persist on powered tools (e.g. air-driven knives) used in carcass dressing (Gill and
McGinnis, 2004).

6.1.2.2 Sources and nature of external contamination
External contamination of the meat is a continuing possibility from the moment of
bleeding until consumption. In the abattoir itself there are a large number of poten-
tial sources of infection by micro-organisms. These include the hide, soil adhering
thereto, the contents of the gastrointestinal tract (if inadvertently released during
dressing operations), airborne contamination, aqueous sources (the water used for
washing the carcass, or for cleaning the floors), the instruments used in dressing
(knives, saws, cleavers and hooks), various vessels and receptacles, and, finally, the
personnel (Empey and Scott, 1939). Various pathogens in the intestinal contents
may be derived from the feed and its mode of preparation (Wray and Sojka, 1977).
In the lower parts of pasture, which are shielded from sunlight and resist drying,
pathogens from infected slurry can persist and be ingested (Linton and Hinton,
1984). Antibiotic-resistant strains of E. coli may become established in the envi-
ronment and colonize the gut of intensively reared veal calves (Hinton et al., 1984).
Some idea of the microbial loads which could be expected in an Australian slaugh-
terhouse killing beef pre-1939 is given in Table 6.1. It is particularly important to
avoid dirt from hides or fleece settling on exposed meat surfaces (Bryce-Jones,
1969). The fleece of sheep is a significant source of Salmonella contamination of the
carcass: it can become a reservoir of these organisms after a day’s holding at the
abattoir lairage (Grau and Smith, 1974). There seems little difference, micro-
biologically, between flaying on the rail or in a ‘cradle’ (Nottingham et al., 1973). By
dosing sheep with cyclopropamide up to 10 days before slaughter, manual removal
of the fleece can be readily carried out off the slaughter floor (Leach, 1971). Since
legislation has now prohibited the use of wiping cloths, alternative ways of remov-
ing excess blood, etc., from the surface of the carcass have had to be considered
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(Akers, 1969; Bryce-Jones, 1969). Pressure hosing is said to lead to loss of desirable
surface appearance (‘bloom’) through uptake of water by the connective tissue.This
latter can be avoided by applying warm water (about 43°C) as a spray followed by
rapid drying. The ‘bloom’ reappears after the carcasses have been at chill tempera-
ture for a few hours subsequently. The application of markedly higher temperatures
to sheep carcasses – immersion in water at 80°C for 10 s – has been shown to destroy
about 99 per cent of contaminating coliforms initially present on surface tissues
(Smith and Graham, 1978). Bacteria are liable to multiply rapidly in lukewarm
water, and care must be taken to ensure that no pockets of moisture remain (if nec-
essary by wiping with approved disposable, absorbent paper). Wetting carcasses
does not spoil them provided the moisture is removed rapidly, and that the dirt is
removed and not merely redistributed. In general it is preferable, of course, to avoid
surface contamination by strict hygiene than to remove it.

It will be seen (Table 6.1) that the initial contamination acquired by beef surfaces
during dressing operations under earlier conditions included more than 99 per cent
of bacteria amongst those organisms viable at ordinary temperature (20°C). These
populations contained less than 1 per cent of organisms viable at –1°C, although
the percentage of yeast and moulds was greater in the populations viable at –1°C
than at 20°C. The chief sources of the superficial microflora were the hide of the
slaughtered animals and surface soils; the types of organisms in both localities were
the same. Of the organisms viable at –1°C, four principal bacterial genera were 
represented, namely Achromobacter (90 per cent), Micrococcus (about 7 per cent),
Flavobacterium (about 3 per cent) and Pseudomonas (less than 1 per cent). The
composition of the Pseudomonas population on the surface of stored beef, lamb and
pork is substantially determined by the local, environmental microflora at each abat-
toir (Shaw and Latty, 1984). Of the mould genera the most common were Penicil-
lium, Mucor, Cladosporium, Alternaria, Sporotrichium and Thamnidium. In Fig. 6.1
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Table 6.1 Typical microbial counts in sources of microbial contamination in an abattoir
(after Empey and Scott, 1939)

Sources and method Temp. of

of calculation incubation Bacteria Yeasts Moulds
(°C)

Hides (no. cm2-surface) 20 3.3 × 106 580 850
–1 1.5 × 104 89 89

Surface soils (no. g dry wt) 20 1.1 × 105 5 × 104 1.2 × 105

–1 2.8 × 106 1.4 × 104 1.0 × 104

Gastrointestinal contents: 20 9.0 × 107 2.0 × 105 6.0 × 104

Faeces (no. g dry wt) –1 2.0 × 105 70 1700
Gastrointestinal contents: 20 5.3 × 107 1.8 × 105 1600
Rumen (no. g dry wt) –1 5.2 × 104 50 60
Airborne contamination

(no. deposited from air/ 20 140 – 2
(cm2/hr) –1 8 – 0.1

Water used on slaughter 20 1.6 × 105 30 480
floors (max. no./ml) –1 1000 10 50

Water present in receptacles
from immersion 20 1.4 × 105

cloths (no./ml) –1 40



the effect of incubating a piece of meat touched by the hand of a worker carrying
mould spores is shown.

Since the subcutaneous fat of beef may have a high initial microbial load and has
the capacity to support extensive growth, it could be a significant source of con-
tamination of lean and of manufactured meat produced (Lasta et al., 1995).

Inadequate cooling of the carcass at the abattoir will permit the proliferation of
putrefactive organisms, the most common type causing bone taint (Savage, 1918;
Acevado and Romat, 1929). These are external in origin and gain access to the
animal by cuts and abrasions on the skin (Cosnett et al., 1956). Bone taint was
defined by Haines (1937), as ‘the development of putrid or sour odours in the deep-
seated parts of meat, usually near the bone’. The bacterial flora of lymph nodes and
of tainted meat are similar (Nottingham, 1960), consisting of Gram-positive rods. It
seems likely that when the pH is relatively high and the temperature falls insuffi-
ciently quickly, bacteria proliferate within the lymph nodes (ischiatic and popliteal)
and spread into the surrounding meat (Cosnett et al., 1956).

Although some sources of contamination are obviously removed when the car-
casses leave the slaughter floor, contamination by contact with unhygienic surfaces,
by personnel and by airborne organisms will remain as a possibility in all opera-
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Fig. 6.1 Effect of incubating meat surface after contamination through contact with a hand 
bearing mould spores. (Courtesy J. Barlow.)



tions during the subsequent history of the meat – chilling, freezing, processing,
cutting, packaging, transport, sale and domestic handling. The organisms derived
from infected personnel or healthy carriers include Salmonella spp., Shigella spp.,
E. coli, B. proteus, Staph. albus and Staph. aureus, Cl. welchii, B. cereus and faecal
streptococci: those from soil include Cl. botulinum. Together with those distributed
to the tissue by the blood (§ 6.1.2.1), they constitute the source not only of much
meat spoilage but also of food poisoning since they are conditioned to grow pref-
erentially at body temperature. Inadequate cooking of contaminated meat or meat
products which have been kept warm beforehand or reheating of partly cooked
meat can be responsible. Since some of the organisms form spores or toxins,
however, even cooking may fail to prevent infection, poisoning and even death (e.g.
with Cl. botulinum, the toxin of which is one of the most potent poisons known).
Fortunately, the microflora of the human gut normally provides an effective barrier
against invasion by pathogens (Coates, 1987). Some reactions to food poisoning
organisms are summarized in Table 6.2 (Anon., 1957b). There are six serologically
distinguishable types of Cl. botulinum – A, B, C, D, E and F. Spores of A and B
survive boiling for several hours but the organisms will only grow slowly below
10°C. Spores of type E are killed by heating to 80°C for 30 min, but they will grow
at 3.3 °C in a beef-stew medium (Schmidt et al., 1961). Fortunately, Cl. botulinum E,
if present, would tend to be outgrown by psychrophiles in chilled meat. Types C and
D are rarely implicated in human botulism: type F is so far known to have been
involved in only one outbreak, caused by home-prepared liver paste. The geo-
graphical distribution of the various types is probably related to temperature, soil
type and other unknown ecological factors. The toxins produced by Cl. botulinum
are quite resistant to heat and to the enzymes in the digestive tract; in fact type E
toxin is activated by trypsin (Duff et al., 1956).

Of 164 food poisoning outbreaks in England and Wales in 1953 (Anon., 1957b),
44 were due to Salmonellae, 47 to Staphylococci, 19 to Cl. welchii and 54 to other
organisms, mostly unidentified. It may be noted that, despite the provisions of the
1990 Food Act in the UK, individual notifications of clinically diagnosed food 
poisoning increased from 52,145 in 1990 to 69,990 in 1993 (Phillips et al., 1995).
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Table 6.2 Some characteristics of bacterial meat poisoning

Causal Time from Reservoir

organism ingest to onset of infecting Characteristic

symptoms organisms symptoms

Salmonella 8–72 h Gut of Abdominal pain; diarrhoea;
animals nausea; pyrexia; prostration

Staphylococcus 1–6 h, Skin, nose, As above; plus salivation and
often cuts in man, vomiting but sub-normal
2–4 h animals temperature

Enterococcus 2–18 h Gut of Abdominal cramp; diarrhoea; no 
Cl. welchii animals pyrexia or prostration

(Cl. perfringens)
Strep. faecalis
Cl. botulinum 2 h–8 days, Soil Difficulty in swallowing; double

often vision; no pyrexia; respiratory 
12–48 h paralysis



As diagnostic methods have improved, however, the implication of other organ-
isms in food poisoning has been indicated. Thus, new strains of Salmonella are
arising, some of which can be carried by animals which show no symptoms and
cannot be detected by ante-mortem inspection. Salmonella Typhimurium DT 104 is
an emerging strain that is pathogenic to both animals and human consumers.
The mortality rate in humans appears to be greater than that from other S.
Typhimurium strains (Hogue et al., 1998). It has a multiple resistance pattern to a
wide range of antibiotics, the use of which may foster growth by suppression of 
competing organisms.

Enteritis due to Campylobacter jejuni is increasingly identified. A study in the
USA revealed that this organism can be isolated from more human faecal speci-
mens than Shigella and Salmonella spp. combined. Bolton et al. (1982) isolated
Campylobacter jejuni from the carcass surfaces of 32 per cent, 56 per cent and 70
per cent, respectively, of the cattle, pigs and sheep examined. The incidence on meat
at retail level was much less, possibly due to the organism’s susceptibility to chill-
ing, drying and exposure to oxygen (Turnbull and Rose, 1982). Nevertheless,
although chilling the carcasses of adult bovines significantly reduces the incidence
of C. jejuni and C. hyointestinalis, these organisms survive more readily on the
chilled carcasses of calves (Grau, 1988), possibly because of the greater surface
moisture on the latter.

Although E. coli is frequently found in the intestinal tract of man and animals
and occurs as many strains, some of which are potentially pathogenic, it is only
recently that a virulent strain which produces several virotoxins has been isolated
from beef and pork (0157:H7). It can cause haemorrhagic colitis (Boyle, 1987), is
unusually tolerant of acids and has high infectivity (Doyle, 1998). Its acid tolerance
may reflect its selection through exposure to factors in the environment currently
causing increasing acidity. The toxins can be destroyed by adequate heating of the
meat (viz. 70°C for 2 min). A number of other recently identified organisms have
been associated with poisoning outbreaks (e.g. Giardia lamblia, a microparasite, and
Yersinia enterocolitica), some deriving from animal or poultry sources (Galbraith 
et al., 1987). As the prevalence of the latter organism can be relatively high in pigs,
and since pork is a major constituent of many meat products, it is interesting to 
note that several strains of lactobacillus (e.g. L. sake) produce sufficient lactic 
acid to inhibit the growth of Y. enterocolitica in fermented sausages (Rodriguez 
et al., 1994).

Listeria monocytogenes, long recognized in animals, has now been acknowledged
as a food-borne pathogen. Its presence in meat is of particular concern since it is
capable of growing at refrigeration temperatures (Mossel et al., 1975) and is rela-
tively resistant to heat and curing salts (Shahamat et al., 1980). The organism has
been found in 65 per cent and 30 per cent respectively, of environmental samples
from a lamb and beef chilling plant (Lowry and Tiong, 1988). The development of
primary plating media which permit direct enumeration of Listeria monocytogenes
from foodstuffs will enable a more accurate assessment of the organism’s status in
relation to food poisoning to be made (Buchanan et al., 1987). The slaughterhouse
environment is more strongly implicated as a source of l. monocytogenes than the
faeces and skin of animals (Nesbakken and Skjerve, 1996). Not surprisingly, increas-
ing awareness of the existence of such pathogens has prompted surveys to ascertain
the extent of their occurrence in carcasses. Findings, at least in some areas, have
been reassuring (Madden et al., 2001; Guyon et al., 2001).
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Although testing procedures for micro-organisms have long been used by indus-
try, the increasing incidence of food-borne disease clearly indicates that such
methods are not sufficiently effective. A logical and systematic approach to pre-
vention is essential. This involves the identification of hazards, understanding the
risks they present, identifying the points where control must be exercised (critical
control points), selecting the options for such control and for subsequent monitor-
ing and implementing the degree of control needed. This approach is referred to as
‘Hazard Analysis Critical Control Points’ (HACCP) (Baird-Parker, 1987). Com-
pendia of the views of various experts on the application of HACCP in the pro-
cessing of meat products and fish (Pearson and Dutson, 1995) and in the meat
industry generally (Brown, 2000) have been published.

To be effective, the HACCP approach requires methods for microbial identifi-
cation and enumeration which are much more rapid than traditional procedures.
These include phage and serological typing and direct epifluorescence filter tech-
niques (DEFT). Plasmid profiling is particularly useful since it permits microbial
strains to be firmly and swiftly identified. The technique depends on the isolation of
plasmid (non-chromosomal) DNA and its separation by gel electrophoresis. Its
success has been demonstrated, for example, in implicating the defeathering
machines in poultry processing plants as the source of Staph. aureus contamination
(Dodd et al., 1988a, b). Oligonucleotide probes for the identification of five differ-
ent enterotoxins (viz. SEA, SEB, SEC, SED, SEE) from strains of Staph. aureus have
been developed (Jaulhac et al., 1992), but the technique involved in their use is labo-
rious and not sufficiently specific. Using an improved method of DNA purification,
and a mixture of nucleotide primers – one being unique for each enterotoxin and
one for the conserved region common to each – in a polymerase chain reaction, the
five strains of Staph. aureus can be unequivocally detected in a single rapid opera-
tion (Sharma et al., 2000). This approach should enhance the efficiency of microbial
screening and control, and be extended to detect recently identified SEG, SEH and
SEI genes. Another promising approach is to incorporate the lux genes from Vibrio
fischeri into bacteriophages.When the amended bacteriophage DNA is injected into
a bacterial cell light is produced. The technique permits as few as 10 cells to be
detected within an hour and the metabolic status of the bacterial cells to be assessed
(dormant cells are dark).

6.2 Symptoms of spoilage

In satisfying their requirements for nourishment and survival, invading organisms
alter meat in a variety of ways. Some of these are not deleterious: a few are bene-
ficial, but the vast majority are not and, indeed, may even be lethal, as we have seen.

The superficially recognizable effects of invasion by parasites are sometimes
striking (Thornton, 1973) but, as they are generally detected by public health inspec-
tors and are rarely recognizable or encountered by the consuming public, they will
not be considered here. The types of spoilage caused by micro-organisms broadly
depends on the availability of oxygen, although, as will be considered below, many
other factors are involved (Table 6.3; Haines, 1937).

The nature, range and sequence of the changes in meat caused by the biochem-
ical activities of a single species of invading organism can be exemplified by the
behaviour of Cl. welchii, an anaerobe (Gale, 1947; Wilson and Miles, 1955). First, the
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meat liquifies because the organism excretes a collagenase which hydrolyses the
connective tissue between the fibre bundles, causing them to disintegrate.This is fol-
lowed by gas production. The free amino acids present are attacked by deaminases
with the production of hydrogen, carbon dioxide and ammonia; and glycogen, if
present, is fermented to give acetic and butyric acids. These activities cause foul
smells and unpleasant tastes. Another enzyme produced by Cl. welchii decarboxy-
lates histidine to histamine, which affects membrane permeability. Certain highly
invasive strains of Cl. welchii produce hyaluronidase, which attacks mucopoly-
saccharides in the ground substance between cells and permits further penetration
by the micro-organisms. In addition to all these actions, which are relatively harm-
less to the consumer, Cl. welchii produces toxins in the meat. On being ingested,
these have various biological actions including haemolysis of the blood and destruc-
tion of tissue cells and, in severe infections, death. But the changes caused by 
individual organisms – and the corresponding symptoms of spoilage – are usually
somewhat more limited in scope.

Surface slime is the superficially observable effect of the coalescence of a suffi-
ciently large number of individual colonies of micro-organisms: the further apart
these colonies are in the first place, i.e. the lower the initial infection, the longer the
time will be until slime forms (Fig. 6.2; Haines, 1937). Slime formation signifies a
general suitability of the temperature and moisture of meat surfaces and the adja-
cent air for growth; but the chemical nature of these two phases will select the type
of organism found.Thus, there will be substantial representation of the genus Achro-
mobacter on chilled beef (Empey and Scott, 1939), of Micrococcus on sides of pork
and on matured bacon (Brooks et al., 1940), and of Lactobacillus on vacuum packed,
sliced bacon, if stored between 5 and 30°C (Kitchell and Ingram, 1963). Slime for-
mation on sausages, however, can be due to a white yeast (Haines, 1937).

Discoloration may be due to alteration or destruction of meat pigments. Myo-
globin may be oxidized to brown metmyoglobin; it may combine with H2S, produced
by bacteria, to form sulphmyoglobin (Jensen, 1945); or be broken down to form
yellow or green bile pigments by microbially produced hydrogen peroxide (Niven,
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Table 6.3 Superficially recognizable symptoms of microbial
spoilage of meat

Oxygen Type of

status micro- Symptoms of spoilage
organism

Present Bacteria Slime on meat surface: discoloration 
by destruction of meat pigments or 
growth  of colonies of coloured 
organisms; gas production; off-
odours and taints; fat 
decomposition

Present Yeasts Yeast slime; discoloration; off-odours  
and tastes; fat decomposition

Present Moulds Surface ‘stickiness’ and ‘whiskers’;
discoloration; odours and taints; fat 
decomposition

Absent Bacteria Putrefaction accompanied by foul 
odours; gas production; souring



1951;Watts, 1954).Yeasts, growing on the fat surfaces of vacuum-packed chilled beef,
have been found to cause the development of brown spots after six weeks’ storage
at 0 °C (Shay and Egan, 1976), due to their action on haem. Discoloration may also
be due to the elaboration of foreign pigments of Pseudomonas, pink pigments 
of various types of micrococci, sarcinae and yeasts, and the red colour of 
B. prodigiosus (Haines, 1937). Moulds of the genera Cladosporium, Sporotrichium
and Penicillium produce black, white and blue-green colours respectively. Black 
or red discoloration can be produced in salt meat and meat products by certain
halophilic pseudomonads (Gibbons, 1958). Green cores can be formed in sausages
by L. viridescens (Niven and Evans, 1957). Green, blue and silver surface lumines-
cence may be caused by the activity of harmless bacteria belonging to many genera
– a phenomenon known since ancient times (Jensen, 1949).

Putrid odours are produced mainly by anaerobes through the decomposition of
proteins and amino acids (yielding indole, methylamine and H2S) and sour odours
through the decomposition of sugars and other small molecules (Haines, 1937). Such
may be encountered in the interior of improperly cured hams, the organism respon-
sible in this case being B. putrifaciens (McBryde, 1911): it may be caused by various
Gram-positive rods in inadequately cooled beef carcasses (bone taint; § 6.1.2.2).The
growth of anaerobes is associated with a more offensive decomposition than that
of aerobes. There are several reasons for this (Haines, 1937). For example, the low
energy yield of anaerobic processes compared with aerobic ones makes it necessary
for anaerobes to break down a proportionately greater quantity of material than
aerobes for a given degree of multiplication. Again, evil-smelling substances tend
to be liberated particularly under reducing conditions. In stored, vacuum-packed
beef, cadaverine and putrescine can produce foul odours. They appear to be derived
from the growth of Enterobacteriaceae strains (Edwards et al., 1985).

If Pseudomonas fragi is present during the storage of pork at 2–10°C, some pro-
teolysis of myofibrillar proteins occurs, and this will raise the emulsifying capacity
of the meat (Borton et al., 1970). Neither in their experiments nor in those of Dainty
et al. (1975), who studied beef surfaces at 5 °C, was there detectable proteolysis
before spoilage odours and slime had developed.

Many types of micro-organisms cause spoilage by producing free fatty acids and
yellow or green pigments (Jensen, 1949) from the superficial fat in meat, and, indeed,
such changes are frequently the limiting factors in storage.
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Fig. 6.2 The relationship between initial microbial load and the time for slime to develop 
on the surface of meat (Haines, 1937).



Although, quite apart from microbial techniques, there are a large number of
objective chemical tests which can be used to assess the degree of microbial spoilage
in meat (Thornton, 1973; Rubashkina, 1953; Herschdoerfer and Dyett, 1959), human
sensory evaluation of superficial symptoms has not lost its value.

6.3 Factors affecting the growth of meat-spoilage micro-organisms

Implicitly, the micro-organisms spoiling meat can gain therefrom their basic require-
ments for growth – sources of carbon, nitrogen, bacterial vitamins, etc. – although
the degree of accessibility of these nutrients will vary. A suitable temperature, mois-
ture availability, osmotic pressure, pH, oxidation–reduction potential and atmos-
phere are also essential; but these factors are interrelated and their individual
importance varies with the particular circumstances being considered. Other less
fundamental factors affect microbial growth. These include ionizing radiations,
although their effect is more logically considered under prophylaxis, and some so
far unidentified agencies. It was observed, for instance, that the growth of psy-
chrophiles at 0 °C in extracts of beef l. dorsi muscles was inversely related to-the
time elapsing between death of the animal and the onset of rigor mortis (Brown et
al., 1957). Muscle fibres shrink, however, as they go into rigor mortis (Pearson et al.,
1974), and it is thought that the spaces so formed between the fibres and the
endomysium permit penetration of bacteria into the muscle tissue (Gill et al., 1984).
Since the shrinkage of actomyosin and the exudation from muscle bear an inverse
relationship to the rate of onset of rigor mortis (Bendall, 1960; Lawrie, 1960b), the
delayed growth observed may reflect the relative difficulty of access when fibre
shrinkage has been minimal.

It has been observed that the application to food of very high pressures delays
putrefaction. It may initiate the germination of bacterial spores or inactivate 
germinated forms (Clouston and Wills, 1969).

It is important to emphasize that the observed status of these factors, in or on
meat at a given time, does not necessarily define whether or not the meat is (or is
likely to be) spoiled. The products of past microbial activity will remain after the
death of the organisms responsible and, in the case of toxins, may prove dangerous
as well as distasteful. Moreover, against immediately unfavourable conditions,
certain organisms form resistant spores which survive cooking and canning. In these,
metabolic activities are largely suspended; but viability may remain and the rapid
growth of the organism recommences when favourable circumstances again arise.
Infection can thus be latent. Spores of B. anthracis have been known to survive as
potential centres of infection for 60 years (Umeno and Nobata, 1938). Authentic
evidence that spores of Thermoactinomyces spp. can survive for 1900 years has been
presented (Seaward et al., 1976).

Computer technology has made it possible to prepare models which can show
how the growth and survival of specific micro-organisms will proceed in relation to
the various factors which influence them and to predict, with considerable accuracy,
the shelf life of meat commodities in which the organisms are present (Baranyi and
Roberts, 1993). Growth and survival models for many pathogens, such as L. mono-
cytogenes, E. coli 0157:H7, Y. enterocolitica and salmonellae, and for recovery fol-
lowing thermal shock of such organisms as Cl. botulinum type B, salmonellae and
L. monocytogenes are now available. Industry has access to these predictive models.
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Combined physico-chemical and mathematical approaches to develop models for
the prediction of how microenvironments within complex food systems affect micro-
organisms have been developed (Anon., 1993c; Mackey et al., 1994).

It has been discovered that bacteria can communicate with one another through
a series of signalling molecules which are relatively simple in structure, some 
consisting of homoserine linked to an acyl group (Williams et al., 1992). Such inter-
bacterial communication is now referred to as ‘quorum sensing’. Some of these 
signalling molecules appear to be unique to one bacterial species, others are
common to several species and a number of different molecules may be produced
by a single species. These signalling molecules can coordinate the behaviour of
groups of bacteria, targeting specific genes, to induce growth, colony size, patho-
genicity, the production of antibiotics and other features. Protein receptors of the
signal-bearing molecules appear to encapsulate them and to enhance transcription
of the appropriate DNA (Zhang, 2002). Moreover, by such signals, one bacterial
species can control another whereby, for example, the presence of harmless bacte-
ria in a community could induce virulence in a pathogen such as Salmonella if
present. The efficacy of signalling molecules is related to their ability to diffuse
through the medium in which they are present and this may explain why the various
factors which affect bacterial growth and viability may operate more or less strongly
than would be expected from in vitro observations.

The emergence of new, toxin-producing strains of micro-organisms has empha-
sized the need for detailed knowledge of the mechanisms involved. Sheridan and
McDowall (1998) reviewed the relationship between environmental stress and the
development of pathogenicity. Pathogenicity and virulence reflect the adaptation of
bacteria to counter hostile environments, mutations that foster survival being par-
ticularly prevalent when cells are in the stationary phase. (Thus the transfer of
genetic information between organisms could occur readily at this stage.) It has
been suggested that a strategy to control the emergence of pathogens could be based
on the induction of false signals to activate bacterial genes whose action was inap-
propriate for survival at that time (Sheridan and McDowall, 1998).

It appears that exposure of pathogens (e.g. S. typhimurium) to successive cycles
of stress, followed by growth under non-stress conditions, increases their resistance.
This is associated with the rpoS gene, which is activated when the bacterial cells
enter a stationary phase from one of exponential growth. Concomitantly, the pattern
of protein synthesis by the bacterial cells alters. The changed profile of proteins can
be detected and can indicate the nature of the stresses to which the bacteria have
reacted.

6.3.1 Temperature
The most important single factor governing microbial growth is temperature
(Haines, 1937). Broadly, the higher the temperature the greater is the rate of growth
(Fig. 6.3; Haines, 1934). Many meat micro-organisms will grow to some extent at all
temperatures from below 0°C to above 65°C, but, for a given organism, vigorous
growth occurs in a more limited temperature range. It is customary to classify meat
spoilage organisms in three categories. Psychrophiles (psychrotrophs) have tem-
perature optima between –2°C and 7°C, mesophiles between 10°C and 40°C and
thermophiles from 43 to 66°C (Jensen, 1945). The distinction is by no means
absolute, however, as certain Gram-negative rods, which are generally regarded as
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mesophiles, will grow at –1.5 °C (Eddy and Kitchell, 1959). At chill temperatures
under aerobic conditions, the spoilage flora of meat is dominated by pseudomon-
ads and, under anaerobic conditions, by lactobacilli. In both cases, according to 
Gill and Newton (1978), the organisms attack glucose initially and amino acids 
subsequently.

An interesting aspect of temperature optima is the finding that the beef prepared
from cattle in tropical areas will carry a relatively small percentage of organisms
capable of growing when the meat is kept at chill temperatures (–1.5 °C) and will
thus keep better than beef prepared from temperate zone cattle. The predominant
microflora on beef surfaces is derived from the soil and is adjusted to grow at soil
temperatures, which are high in the tropics (Empey and Scott, 1939).

Another reflection of temperature optima is the difference in behaviour of ham
and gammon, despite that they are both produced from the leg of pork (Ingram,
1952). Hams are only lightly injected with curing salts. When taint occurs it does so
at relatively high storage temperatures and is caused by mesophiles (faecal clostridia
and streptococci) which are probably intrinsic to the animal body. Gammons,
however, are injected with brine, the microbial flora of which consists of psy-
chrophilic, salt-tolerant organisms (mainly micrococci). They will thus grow and
cause taint even at chill temperatures. On the other hand, if curing is ineffective,
spoilage of gammons by faecal streptococci can occur (Ingram, 1952). Similarly,
bone taint in beef, as we have already mentioned in § 6.1.2.2, represents the devel-
opment of mesophiles under conditions where the temperature is favourable for
growth (through faulty cooling), and there exists a reservoir of infection in the
animal (Cosnett et al., 1956).

Although the types of micro-organisms growing on prepackaged fresh beef, lamb
or pork are the same at 3 and 7°C (mainly Achromobacter and Pseudomonas fluo-
rescens; Halleck et al., 1958), an apparent species difference has been reported in
that both anaerobic or aerobic packs of lambs at 5 °C were spoiled mainly by B.
thermosphacta, whereas, under similar conditions, beef was spoiled mainly by Gram-
negative bacteria (Barlow and Kitchell, 1966). These differences may be partly

170 Lawrie’s meat science

Fig. 6.3 The effect of temperature on the rate of growth of various bacteria (Haines,
1934).



attributed to the fact that the residual rate of oxygen utilization is considerably
higher in lamb than in beef. The temperature of storage has marked influence on
the micro-organisms growing in prepackaged cured meats. If prepackaged sliced
bacon, for example, is kept at 37°C its normal psychrophilic flora is replaced by
mesophilic organisms, which include pathogenic staphylococci (Ingram, 1960). At
temperatures of storage from 5 to 30°C the halophilic micrococci and lactic acid
bacteria, which constitute the greater part of the flora of packaged sliced bacon,
both increase in numbers, but the lactic bacteria do so rapidly and they come to
constitute a greater proportion of the population. On continued storage, the lactic
acid bacteria reach maximum numbers and stop growing, but the micrococci con-
tinue to increase.Above 20°C, however, the type of Micrococcus changes and organ-
isms related to Staph. aureus predominate (Ingram, 1960). There is a marked,
concomitant effect on bacon flavour – at 20°C the spoilage odour is sour and at
30°C putrid (Cavett, 1962) – and on the relative quantities of nitrate and nitrite
present (Eddy and Gatherum, unpublished data). It is conceivable that micrococci
reduce nitrate and that Gram-negative rods destroy nitrite, as in bacon curing brines
(Eddy, 1958). Since temperatures alter the rate of bacterial respiration and the
system is closed, the atmosphere within a pack, being of restricted volume, should
contain more oxygen and less carbon dioxide if kept at low temperatures (Ingram,
1962). The reaction of within-pack atmospheres with temperature has to be con-
sidered as an additional determinant of bacterial flora and growth in such products;
and it is of course, related to the nature of the wrapping medium and its relative
permeability to various gases.

Micro-organisms may remain viable well outside the ranges quoted. They have
been reported to survive for 10 h at –252°C (MacFadyen and Rowlands, 1900). The
effect of freezing must be distinguished from that of low temperature itself, however,
since although –12°C will stop all microbial growth in frozen carcasses, some organ-
isms will grow in a super-cooled liquid at –20°C (Richardson and Scherubel, 1909).*
In respect of high temperature, spores can survive for at least 51/2 hours at 100°C 
in the presence of moisture, and for 21/2 hours at 200°C in the dry state (Tanner,
1944). In more recent times the existence of hyperthermophilic micro-organisms has
been recognized. Thus, Pyrolobus survives at 113°C and, indeed, is unable to grow
below 90°C (Stetter, 1998). The finding of such micro-organisms in various extreme
environments in the present day Earth suggests that they may have been the chan-
nels along which life developed during the conditions prevailing 3000 million 
years ago.

The hyperthermophilic organisms form a group, archaca, of which the cell mem-
brane lipids contain a high proportion of saturated fatty acids. The membranes are
consequently more thermostable than those of other bacterial cells and of eukary-
otes. The thermal stability, and high optimum temperature, of the enzymes in archa-
can bacteria, is due to relatively minor differences in their amino acid sequences
whereby the enzyme proteins fold in a more robust configuration (Wharton, 2002).

By extrapolation of the genetic characteristics of present day bacteria, it has been
shown that bacteria had a common ancestry in Precambrian times (ca. 1000 million
years ago) (Brenner, 2002). The ancient enzymes they produced appear to have had
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* The extreme robustness of microbial spores has been shown. Micro-organisms have 
been revived after their spores had been preserved for ca. 100 million years, preserved in
amber.



temperature optima between 55 and 65°C, being thus more heat-adapted than their
modern counterparts.

In general, a reduction in the number of micro-organisms occurs when meat is
frozen, but yeasts and moulds will grow at –5°C although not at –10°C (Haines,
1931). Carefully controlled experiments have failed to substantiate the prevalent
view that thawed meat is intrinsically more perishable than meat which has not been
frozen (Sulzbacher, 1952; Kitchell and Ingram, 1956). Even so, under commercial
handling conditions, the moister surface of thawed meat would tend to pick up
greater numbers of bacteria and hence be potentially more liable to spoil (Kitchell,
1959). Even with storage at 0 °C spoilage could occur through the activities of psy-
chrophiles, e.g. Ps. fluorescens (Petersen and Gunderson, 1960).

The effect of temperature on microbial growth may differ according to the nature
of the nutrients available. Thus, Lactobacillus arabinosus needs phenylalanine, tyro-
sine and aspartic acid for growth at 39°C, phenylalanine and tyrosine at 37°C and
none of these amino acids at 26°C (Borek and Waelsch, 1951). It is important to
appreciate that, if there has been heavy microbial growth before freezing, a high
concentration of microbial enzymes (e.g. lipases) may have been produced. Thus,
even if microbial growth is arrested by the process of freezing, the enzymes may
continue to produce deleterious quality changes even down to about –30°C
(Sulzbacher and Gaddis, 1968).

6.3.2 Moisture and osmotic pressure
After temperature, the availability of moisture is perhaps the most important
requirement for microbial growth on meat, although some types of bacteria may
remain dormant for lengthy periods at low moisture levels, and spores resist destruc-
tion by dry heat more than by moist heat (Tanner, 1944).Typical data from an exper-
iment with cuts of lamb, showing the growth-promoting effects of moisture and
temperature, are given in Table 6.4. The organisms present belong to several genera
– Pseudomonas, Achromobacter, Proteus and Micrococcus (Jensen, 1945).The avail-
ability of moisture is complementary to that of osmotic pressure, which is a func-
tion of the concentration of soluble, dializable substances (salts, carbohydrates, etc.)
in the aqueous medium. High solute concentrations tend to inhibit growth; desic-
cation of the substrate and not low temperature as such generally restricts micro-
bial growth on frozen-meat products. Nevertheless, there is great variation between
species and, although most of the organisms which will grow on meat are inhibited
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Table 6.4 The effect of surface moisture and temperature
on microbial growth on lamb cuts (after Jensen, 1945)

Aerobic bacteria/g

Time (hr) 2–3°C 7–10°C

Wet Dry Wet Dry
surface surface surface surface

24 400,000 40,000 1,000,000 200,000
72 760,000 42,000 Putrid 4,000,000



by salt, there are many salt-tolerant organisms which grow successfully on bacon
brines.

The water relations of meat-spoilage organisms were studied in detail by Scott,
who used the term ‘water activity’ (aw) in this context. The aw of a solution is the
ratio of its vapour pressure to that of pure water at the same temperature: it is
inversely proportional to the number of solute molecules present (Scott, 1957). In
general, moulds and yeasts tolerate higher osmotic pressures than bacteria (Haines,
1937), bacteria growing from an aw of just under 1.0 down to an aw of 0.75, and yeasts
and moulds growing slowly at an aw of 0.62 (Scott, 1957).

Scott (1936) showed that decreasing the aw decreased the rates of growth of
moulds, yeasts and bacteria on meat surfaces. The optimum aw for several food poi-
soning strains of Staph. aureus was shown to be about 0.995 (Scott, 1953). Below
this value, the rate of growth markedly diminished (Fig. 6.4). At 38°C the level of
aw at which this organism would grow on dried meat was 0.88, corresponding to 23
per cent of available water. A water activity of 0.70–0.75, as in charqui, appears to
effectively inhibit the growth of Staph. aureus and Cl. botulinum (Lara et al., 2003).
A similar study of the water requirements of Salmonella was made by Christian and
Scott (1953), and of Vibrio metschnikovi, the latter having a very well-defined
optimum aw which was critical for growth (cf. Fig. 6.4). Temperature and pH are
among various factors which affect the aw (Scott, 1957).

Fresh meats have an aw which is frequently about 0.99, and they are thus liable
to spoil through the growth of a wide range of organisms (Scott, 1957). The impor-
tance of surface drying in restricting microbial growth on beef was demonstrated
by Scott and Vickery (1939).
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Fig. 6.4 Relationship between the mean rate of growth (�), maximum yield of cells (�) and
aw for 14 strains of Staph. aureus under controlled conditions (Scott, 1953). (Courtesy the late 

Dr W. J. Scott.)



Because of the interaction of oxygen availability and aw, it is feasible that in
prepackaged meats, where the oxygen tension is low, growth of micro-organisms
might be inhibited at a higher aw (Ingram, 1962). Scott (1953) found, for example,
that the growth of Staph. aureus would proceed at an aw of 0.86 aerobically, but only
above 0.90 anaerobically. On the other hand, when meat is prepackaged and sliced,
surface growth will be possible between the pieces, and the surface drying which
would normally inhibit growth on stored meat would not operate (Ingram, 1962).
Whenever the mode of packaging limits evaporation and weight loss there will be
an increased humidity within the pack and the danger of bacterial growth will be
greater. Nevertheless, the microbiological undesirability of a wrap which is imper-
meable to water vapour may be offset if it is relatively permeable to oxygen and
carbon dioxide (Shrimpton and Barnes, 1960).With bacon, a high salt/moisture ratio
extends its storage life (Hankins et al., 1950).

The effect of salt concentration in altering the types of micro-organisms capable
of growing on meat products can be exemplified by comparing the behaviour of
those isolated from bacon brines and pork sides (Table 6.5; after Kitchell, 1958).
It has been pointed out, that in addition to the effect of salt in lowering aw, the 
Na+ ion has a specific inhibitory action on certain micro-organisms (Varnam and
Sutherland, 1995).

It is obvious that the micro-organisms of bacon brine are predominantly of types
capable of growing in the presence of 10 per cent salt, and relatively incapable of
growing in the presence of 1 per cent salt, whereas, the converse is true for the micro-
organisms of pork sides. High salt concentration shifts the balance of the microbial
population towards halophilic organisms. Nevertheless, a certain affinity exists
between the micro-organisms of raw pork and those of matured bacon (Shaw et al.,
1951), but both differ from those of brine.The ability to reduce nitrate and/or nitrite
is one of the metabolic activities found preferentially among the bacteria capable
of growing at high salt concentration (Table 6.6).
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Table 6.5 Plate counts, at two salt concentrations, of micro-
organisms from bacon brines and pork sides

Source
Counts

1% NaCl 10% NaCl

Bacon brines 1.43 × 106 per ml 11.14 × 106 per ml
Pork sides 15.8 × 103 per cm2 8.4 × 103 per cm2

Table 6.6 Proportions of the strains of micrococci, isolated
from various sources, which reduce either nitrate or nitrite
(after Kitchell, 1958)

Source No. of strains Per cent of 
examined reducing strains

Bacon brines 59 90
Immature bacon 22 83
Pork sides 31 68



Bacilli are known which will tolerate 15 per cent NaCl and in canned hams will
vigorously reduce nitrate and nitrite with the production of sufficient nitrous oxide
to ‘blow’ the cans (Eddy and Ingram, 1956).

In the maturation of bacon, colour fixation is due to the reaction of the pigment
of fresh meat (myoglobin) with nitric oxide. The curing brine contains nitrate which
is reduced to nitrite, and the latter to nitric oxide, by microbial action. An increase
in salt concentration in the brine, however, suppresses these processes by lowering
the metabolic rate of the halophilic micro-organisms responsible and vice versa: the
effect is more marked at 5 than at 10°C (Eddy and Kitchell, 1961). The microbial
reduction of nitrate and nitrite also occurs in the bacon itself during maturation
(Eddy et al., 1960). The reduction of nitrite, in contrast to that of nitrate, may occur
in bacon through the activity of tissue enzymes and in the absence of micro-
organisms (Walters and Taylor, 1963).

Salt itself, depending on its origin, may harbour various bacteria, including
halophiles which produce red colonies and thus spoil the product being preserved.
These may be troublesome in the fish industry (Bain et al., 1958) and with imported
gut casings. Although, they have not appeared in the spoilage of bacon as such, they
may well be responsible for a discoloration of bacon brines which has been spo-
radically reported (D. P. Gatherum, personal communication). According to Yesair
(1930), certain salts may harbour proteolytic anaerobes and should thus be avoided
for meat curing.

Certain species of Lactobacillus will tolerate the high sugar concentrations used
in ham curing brines in the USA, and will grow on cured unprocessed hams pro-
ducing polysaccharides with concomitant deterioration in flavour and appearance
(Deibel and Niven, 1959).

6.3.3 pH
As we have already considered, the post-mortem pH of meat will be determined by
the amount of lactic acid produced from glycogen during anaerobic glycolysis 
(§ 5.1.2), and this will be curtailed if glycogen is depleted by fatigue, inanition or
fear in the animal before slaughter. Since pH is an important determinant of micro-
bial growth, it will be obvious that the ultimate pH of meat is significant for its 
resistance to spoilage. Most bacteria grow optimally at about pH 7 and not well
below pH 4 or above pH 9 (Fig. 6.5; Cohen and Clark, 1919), but the pH of maximal
growth is determined by the simultaneous operation of variables other than the
degree of acidity or alkalinity itself. Some of the bacteriological enzymes which
cause spoilage may have different optima from that of the organism itself. Thus,
whereas bacterial proteolytic enzymes operate best near neutrality, the enzymes
which attack carbohydrates tend to have optima below 6; and organisms such as
lactic acid bacteria, of which the predominant activity is carbohydrate breakdown,
have optima between pH 5.5 and 6.

In fresh meat, the encouragement given to bacteria by a high ultimate pH, espe-
cially in the deeper areas of the carcass which are slow to cool, causes ‘bone taint’
(§§ 6.1.2.2 and 6.3.1). Muscle which has a high ultimate pH because of a deficiency
of glycogen at death, also lacks the glucose which is produced by amylolysis post-
mortem, albeit in much smaller quantity than lactic acid by glycolysis (cf. Table 4.9).
In the absence of a readily available carbohydrate substrate, micro-organisms attack
amino acids immediately, causing early spoilage, including off-odours (Newton and
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Gill, 1978) and discoloration (§ 10.1.2). The use of a carbon dioxide atmosphere
inside packaged beef is effective in limiting microbial growth, even with dark-cutting
beef of high pH (Gill and Penney, 1986). High (90 per cent) concentrations of carbon
dioxide are also effective in considerably extending the storage life of packaged
lamb and pork of high ultimate pH at chill temperatures (Shay and Egan, 1986).
Another effective alternative is to dip the meat surfaces in dilute acetic acid for 10
seconds at 55°C prior to vacuum-packaging (Eustace, 1984). Attempts to farm red
deer tend to cause stress which does not occur when wild deer are shot on open
moorland, and this leads to a high ultimate pH in the venison (MacDougall et al.,
1979). This circumstance, however, in contrast to the result in beef and pork, seems
to have no effect on the microbiological status of venison.

A particularly striking example of the adverse effects of high ultimate pH in
spoiling cured meats was described by Callow (1937). In Northern Ireland, during
re-organization of the pig industry in the early 1930s, it was required that pigs should
be slaughtered at factories rather than on the farms of origin.An outbreak of soured
hams resulted which was attributable to the greater glycogen depletion in the
muscles of the factory-killed pigs during transit or in the excitement of slaughter
(Table 6.7).

It will be apparent that an elevation in mean ultimate pH of only 0.2 units 
was critical. Of 46 micro-organisms which were isolated from tainted hams, 18 were
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Fig. 6.5 The effect of pH of the medium on the rate of growth of E. coli. (Cohen and 
Clark, 1919.)

Table 6.7 Relation between ultimate pH of psoas muscle
and subsequent spoilage in cured hams (Callow, 1937)

Degree of No. of hams Mean ultimate pH
spoilage of psoas

None 148 5.65
Slight 47 5.71
Severe 18 5.84



substantially inhibited below pH 5.7 and a further 14 below pH 5.4. Sugar feeding
has been advocated to increase the muscle glycogen reserves immediately before
death; and although the procedure does have some effect in lowering the ultimate
pH to an inhibitory range (cf. Table 5.2), the benefits on storage life are not great.

The outbreak of spoilage referred to by Callow in 1937 concerned hams – a mildly
cured product. Where the salt content in the product is higher, as in gammons, the
effect of ultimate pH is not so critical (Table 6.8), and this may be why sugar feeding
of bacon pigs has not been universally adopted so far. It will be seen that, in general,
the micro-organisms which are less resistant to acid are more resistant to salt
(mostly micrococci) and that the species which are not salt tolerant will not be inhib-
ited by acid (mainly Gram-negative rods).

It might be thought that fresh meat, where the latter organisms would be pref-
erentially found, would tend to spoil rather readily since salt is absent, but the
muscles of beef and lamb, which are generally not cured, usually attain an ultimate
pH of 5.5 or below. In cured products pH has another effect on microbial growth.
It determines the proportion of the nitrite which is present as undissociated nitrous
acid and thus inhibitory to bacterial growth (Table 6.9; Castellani and Niven, 1955).
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Table 6.8 Optimal pH values and salt concentration for ham spoilage organisms (after
Ingram, 1948)

A. pH range 3.1–4.0 4.1–5.0 5.1–6.0 6.1–7.0
No. species having optimum

pH within zone 1 7 31 7
Mean optimum salt concentration

of these species (%) 5.0 6.9 8.2 11
B. Range salt concentration (%) 0–5 5–9 10–15 15

No. species having optimum
salt concentration within zone 11 14 14 7

Mean optimum pH of these
species 5.1 5.4 5.6 6.0

Table 6.9 Effect of pH on the aerobic nitrite tolerance of
Staph. aureus

Nitrite Undissociated
concentration nitrous acid

pH (ppm) (ppm)

Growth No Growth No
growth growth

6.90 3500 4000 1.12 1.28
6.52 1800 2000 1.37 1.52
6.03 600 700 1.38 1.61
5.80 300 400 1.20 1.60
5.68 250 400 1.32 2.12
5.45 140 180 1.25 1.50
5.20 80 150 1.12 2.10
5.05 40 80 0.92 1.84



It will be clear that an increase of 1 pH unit requires a tenfold increase in nitrite
concentration to prevent growth, but that the undissociated nitrous acid is fairly
constant. Nitrite happens to have a specific action in inhibiting Cl. botulinum
(Roberts, 1971). The importance of nitrite in minimizing the risk from Cl. botulinum
was reviewed by Roberts and Gibson (1986). It is likely to play an important part
in the stability of uncooked cured meats and in the stability and safety of cooked,
cured meats (Greenberg, 1972). In regard to the latter, however, it is present at too
low a concentration to inhibit Clostridia at the pH values found in such products,
suggesting that some additional factor is involved. Perigo et al. (1967) believe that
when nitrite is sufficiently heated, it is involved in a reaction with the medium which
causes the production of some inhibitory substance, which differs from nitrite per
se in that, for example, its inhibitory action is only slightly pH-dependent. An inor-
ganic compound derived from nitrite is possible (Spencer, 1971). Nitrite (at 20 ppm)
lowers the concentration of salt required to stabilize mild-cured, vacuum-packed,
green bacon for three weeks at 5 °C from 4 to 2.5 per cent (Wood and Evans, 1973).
Nitrate, in the concentrations found in cured meats, is without direct effect on bac-
teria. Roberts et al. (1981a, b) have investigated the factors which control the growth
of Cl. botulinum in pasteurized, cured meats. Both at low (5.5–6.3) and high (6.3–6.8)
pH, increasing concentrations of nitrite, salt, isoascorbate or nitrate in the medium,
and increased heat, significantly decreased toxin production by the organism.
Although polyphosphate per se increased toxin production, it enhanced the action
of isoascorbate in decreasing toxin production.

pH is also likely to be important with canned meat products since the resistance
of faecal streptococci to heat at 60°C for 1 h is apparently enhanced by a high value
(Bagger, 1926).

6.3.4 Oxidation–reduction potential
Immediately after death, whilst temperature and pH are still high, it would be
expected that the dangers of proliferation of, and spoilage by, anaerobes would be
great. That such does not generally occur appears to be due to the level of the 
oxidation–reduction potential (Eh; Knight and Fildes, 1930) which usually does not
fall for some time (Fig. 6.6; Barnes and Ingram, 1956). Growth of Clostridia on horse
muscle does not take place until the Eh has fallen from about +150 mV to about 
–50 mV. The greatest rate of change in Eh occurs immediately after death and is
probably due to the removal of the last traces of oxygen by the still surviving activ-
ities of the tissues’ oxygen-utilizing enzyme systems. In whale meat, however, there
is usually a greater reserve of oxygen because of the higher myoglobin content and
of the low enzymic activity in the muscles of this species (Lawrie, 1953a, b) and the
Eh may remain high for some time post-mortem (Robinson et al., 1953; Ingram, 1959,
unpublished data).

The effect of Eh on microbial growth is to prolong the initial lag phase: the even-
tual growth rate is not affected (Barnes and Ingram, 1956), since once the organ-
isms become adjusted to a high Eh the rate is the same as at a low Eh. The Eh in
meat is not, of course, a function of oxygen tension only; the concentration of mol-
ecules having a marked electropositive character is also important. Thus, the pres-
ence of nitrate in cured meats probably exerts an indirect antibacterial effect
through raising the Eh of the system. Under anaerobic conditions at low pH (5.5)
nitrate protects bacteria against nitrite (Eddy and Ingram, 1956).
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6.3.5 Atmosphere
Implicit in the concept of the oxidation–reduction potential, and in the contribution
of oxygen tension to maintaining it at a high level, is the importance of the latter in
determining the growth of surface spoilage organisms on meat and meat products.
A major grouping of micro-organisms can be made on the basis of the oxygen
tension which they need or can be made to tolerate – aerobes, anaerobes and fac-
ultative anaerobes – although it is not possible to unequivocally correlate the growth
of anaerobes with the amount of oxygen present.

The exposed surfaces of fresh meat at chill temperatures would normally support
the growth of aerobes such as members of the genera Achromobacter and
Pseudomonas.

In a computer-assisted classification of surface spoilage organisms isolated from
fresh beef, lamb and pork (in which about 800 Pseudomonas strains were identi-
fied) using 18 tests based on utilization of carbon sources, Shaw and Latty (1984)
showed that 80 per cent of the isolates were strains of Ps. fragi and 4 per cent of Ps.
fluorescens. The relative distribution of strains was similar for the three types of
meat. Shaw and Latty concluded that the composition of the Pseudomonas popu-
lation on stored beef, lamb and pork was determined principally by that of the initial
contaminating microflora and that the particular environment at each abattoir was
thus a major factor.

If the meat is wrapped, however, in a material which is impermeable, or only par-
tially permeable, to the atmosphere a different situation obtains. Both the pressure
and composition of the initial atmosphere within the pack can change. In an imper-
meable wrap, where the oxygen supply is restricted, the growth of pseudomonads
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is hindered, and they are temporarily overgrown by organisms which tolerate low
oxygen tension, whereas in permeable wraps spoilage tends to follow the same
course as that on exposed surfaces (Ingram, 1962). Nevertheless, the partial pres-
sure necessary to maintain aerobic bacteria is frequently much lower than that
attained in an oxygen-impermeable film; and much of the inhibition to aerobic
micro-organisms (including yeasts and moulds as well as bacteria) which arises may
be due to the accumulation of carbon dioxide (Ingram, 1962). Haines (1933) showed
that this gas specifically inhibited the growth of aerobes. With poultry, the delay in
spoilage was found to increase regularly with increase in carbon dioxide concen-
tration up to 25 per cent (Ogilvy and Ayres, 1951). But the inhibitory action of
carbon dioxide is a selective one, moulds being sensitive and yeasts comparatively
resistant (Ingram, 1958). Among bacteria, lactobacilli are relatively resistant and
they occur in vacuum-packed fresh meat (Halleck et al., 1958) and bacon (Hansen,
1960), whereas Pseudomonas and Achromobacter spp. are susceptible (Haines,
1933).Although lactic acid bacteria predominate in vacuum-packed beef, lamb, pork
and bacon, many of the strains involved have proved difficult to identify. Using
numerical taxonomic methods, however, Shaw and Harding (1984) demonstrated
that 90 per cent of 100 strains of lactobacilli isolated from such meats belonged to
one or other of two clearly defined groups, both of which consisted of streptobac-
teria. A third group consisted of Leuconostoc strains. In 1986, Shaw and Harding
classified 20 atypical strains of these organisms and identified a new species which
they named Lactobacillus carnis. This organism is unusual in that lactobacillic acid
is absent from the cellular lipids. It is distinct from the hitherto recognized L. diver-
gens. Both the organisms appear to be important components of the microflora of
vacuum-packed meats. It has been shown that surviving respiration of muscle in
vacuum packs can produce 3–5 per cent of carbon dioxide within 3h of packaging
fresh pork (Gardner et al., 1967). In these circumstances the pork-spoilage bacteria
Kurthia zopfi, pseudomonads and enterobacteria are inhibited, but lactobacilli and
B. thermosphacta are not suppressed. With lamb carcasses, however, stored at 0 °C
in packs flushed with carbon dioxide, the growth of lactic acid bacteria is suppressed
(Grau et al., 1985). Atmospheres of 100 per cent carbon dioxide can be used to
inhibit the growth of both lactobacilli and enterbacteria and thus extend the storage
life of meat before it is prepared for display (Gill and Penney, 1986). Packaging in
this gas has also been shown to limit the growth of micro-organisms on the surface
of high pH, dark-cutting beef (Gill and Penney, 1986), lamb and pork (Shay and
Egan, 1986). Thermosphacta is rarely found in cured meats, although such factors
as carbohydrate encourage its presence in sausage. Comminution and packaging
create conditions favourable for its multiplication. Gardner and Patton (1969)
believe that routine examination for B. thermosphacta gives a good guide as to the
presence of potential spoilage organisms. Since it is the psychrophilic organisms
which are inhibited by carbon dioxide, an impermeable wrap is only likely to delay
spoilage of meat products at chill temperatures. In general, the storage life of bacon
could not be increased much by vacuum packaging since carbon dioxide has little
effect on the micrococci and lactobacilli which are mainly responsible for its
spoilage (Ingram, 1962).

The interaction of atmosphere and micro-organisms within packs tends to upset
the usual correlation between spoilage and bacterial count: spoilage often becomes
evident only after the number of the micro-organisms has been maximal for some
time (Hansen, 1960). Wrapped meat in display cabinets can reach temperatures
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several degrees higher than the corresponding packaged meat, possibly because of
a greater retention of radiant energy. This helps to account for cases of microbial
spoilage of packaged meat even when good hygiene, and strict temperature control
in the cabinet, were observed (Malton, 1971). The current interest in maintaining
the bright red colour of oxymyoglobin on the surface of fresh, prepackaged meats
has led to the successful use of in-pack atmospheres containing up to 80 per cent of
oxygen. The incorporation of 20 per cent of carbon dioxide in such circumstances
controls the microbial spoilage which would otherwise arise at high oxygen tensions.
Its efficacy is markedly better at 0 than at 5 °C (Kitchell, 1971). Because meat sur-
faces are aerobic, post-mortem glycolysis would be expected to be delayed, and the
pH higher, than in the anaerobic interior (cf. § 4.2.3). Rises in pH of the intact sur-
faces of beef and lamb carcasses were observed by Carse and Locker (1974); but
differences in the surface pH did not appear to effect any corresponding differences
in microbial growth.

6.3.6 High pressure
The effect of high pressure on micro-organisms has been reviewed by 
Cheftel (1995) and its specific application to meat by Cheftel and Culioli (1997).
The degree of pressure inactivation is affected by the type of micro-organism, the
pressure applied, the duration and temperature of the applied process and the pH
of the medium. The inactivation of micro-organisms by high pressure appears to be
due to intracellular damage (Simpson and Gilmore, 1997). The permeability of the
cell membranes is impaired and numerous metabolic functions are affected, includ-
ing ribosome morphology and the stability of DNA (Hugas et al., 2002). Gram-
negative bacteria appear to be more susceptible than Gram-positive organisms.
Not surprisingly, bacterial spores are resistant to such pressure (unless above
100°C), whereas vegetative micro-organisms may be inactivated by high pressure
at temperatures as low as 0 °C. There is considerable variation in susceptibility to 
pressure between the types of micro-organism found in meat. Thus, when 400MPa
was applied for 10 min at 25°C to pork homogenates, the population of such 
organisms as E. coli, Campylobacter jejuni, Salmonella Typhimurium and Yersinia
enterocolitica was reduced by 6 log cycles, whereas Staph. aureus and Str. faecalis
required a pressure of 500–600 MPa and spores of B. cereus were unaffected 
(Shigehisa et al., 1991). Certain strains of micro-organisms are more resistant than
others, e.g. E. coli O157:H7 (NCTC 12079). A 6 log reduction in the numbers of the
latter organism, however, can be achieved by exposure to 500–600MPa for 45
seconds (Ting, 1999).

There is evidence that a very small proportion of bacterial cells may be stressed,
but not inactivated permanently, by high pressure and capable of growth after a
resting period of some days at chill temperature (Carlez et al., 1994), a feature
requiring further investigation.

It has become clear that high-pressure treatment could be employed in conjunc-
tion with relatively low temperature to ‘pasteurize’ various heat-susceptible prod-
ucts (Zuber, 1993), for example prepackaged sliced ham. For such ‘pressure
pasteurization’, pressures in the range 400–600MPa, at 0–70°C, over 1–10min,
have been suggested as the most useful procedures (Cheftel and Culioli, 1997). To
date the full implications of pressure sterilization have not been determined (cf. §
12.1.2).
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6.4 Prophylaxis

6.4.1 Hygiene
Veterinary and public health inspection must be relied upon to ensure that most of
the meat which is endogenously infected with spoilage organisms, because of disease
in the live animal, will never reach the consumer. Control of exogenous contami-
nation requires the exercise of hygiene in slaughter-houses, meat stores, during
transport, in wholesale and retail distribution and in the home. Such control is obvi-
ously difficult and, indeed, it is largely because of exogenous contamination that
consumers encounter meat spoilage and meat poisoning. In recognition of this fact,
most countries have statutory public health regulations designed to discourage
unhygienic practice in handling meat and foods generally. Such regulations prom-
ulgate recommended procedures in the cleaning and maintenance of equipment,
and in regard to personnel, at all points from pre-slaughter care of the animal to
consumption of the meat (Anon., 1957b). These will not be given here.

An important aspect of meat hygiene is the design of abattoirs (Anderson, 1955).
In general, whatever contributes to a smooth flow of animals will implicitly elimi-
nate potential sources of contamination. In particular, inadequate lairages should
be avoided, since overcrowding of animals increases the risk of infection by contact.

The spread of infection between animals can be substantially diminished by the
establishment of specific pathogen-free herds (Skovgaard, 1987), and by avoiding
over-high grazing density and the mixing of animals of different origin (Teugel,
1987).

It is especially important to make provision for the efficient removal from the
carcass meat of blood, hides, guts and other portions of the animal which are likely
to be heavily contaminated by micro-organisms (Anon., 1938, 1957b; Nottingham,
1963). In many large abattoirs in Australia and New Zealand this is achieved by
killing above ground level and having chutes leading from the slaughter hall through
which non-edible portions of the carcass proceed by gravity to the processing plant
below. All equipment in the slaughter hall should be thoroughly and frequently
cleansed by scrubbing, steaming and flushing with a solution of an approved antimi-
crobial agent. Until recently it was believed that methodical wiping of the surface
of the carcass after dressing operations with a clean cloth was valuable in lowering
contamination (Anon., 1938). Legislation has now prohibited the use of such cloths,
and the application of a spray of warm water, followed by rapid drying, or pressure
hosing, is employed for this purpose (Akers, 1969).

Provision for speedy and adequate chilling of the carcasses is essential. In this
context, although it is microbiologically desirable to place these into mechanically
operated chill rooms as soon as possible, the size of the chillers available and the
rate of loading may dictate the accumulation of a group of carcasses in an external
area before they are loaded. The space concerned must be designed to permit a
through current of air to pass over the warm carcasses (Anderson, 1955). Walls and
floors should be frequently washed with warm water, scrubbed with hot cleaning
solution, rinsed, steamed and fumigated. It has been customary to use formaldehyde
vapour for fumigation (e.g. in Australia; Anon., 1938), but it is sometimes necessary
to leave the chill rooms vacant for 24–36h thereafter. Lactic acid has been success-
fully used. It achieves the same reduction in micro-organisms in 3h when sprayed
as preheated lactic acid at a concentration of 300mg/cm3 of air (Shaw, 1963). More-
over, it is non-toxic. It is, however, expensive and the production of lactic acid
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through controlled fermentation by L. plantarum, inoculated into the meat surface,
has been shown to be effective in reducing the growth of pseudomonas spp. under
semi-tropical environments (Guerrero et al., 1995). Ultraviolet light, ozone and
carbon dioxide have been employed in discouraging the growth of micro-organisms
on chilled meat products (Haines, 1937). The two former tend to cause oxidative
rancidity in the fat and to accelerate the formation of brown metmyoglobin in the
lean. The fact that ozone is toxic and that ultraviolet light fails to reach crevices
limits their usefulness. Moreover, whilst ultraviolet light is effective against various
psychrophilic bacteria and moulds, yeasts are relatively unaffected (Kaess and 
Weidemann, 1973).

The desirability of developing microbiological standards for meat has been con-
sidered from time to time. Clearly, whilst they would be feasible with packaged and
comminuted products, it would be difficult to apply them to carcass meat. Such spec-
ifications might be workable if they served to verify good manufacturing and dis-
tribution practices: they could not, per se, achieve high quality (Mossel et al., 1975).
Standards should be derived from the results of surveys of products taken from 
production lines which have been examined for good manufacturing practice.
Mandatory for the establishment of microbial standards would be precisely 
defined sampling procedures for assessing the numerical values specified (Mossel 
et al., 1975).

Notwithstanding the importance of veterinary and public health inspection and
of the assessment of the microbiological status of the end product in protecting con-
sumers, food poisoning outbreaks still occur. The need for systematic and detailed
control at all stages in the chain, from live animal to the consumer, by the identi-
fication of points where contamination is likely to occur or where micro-organisms
can develop and, in particular, the need to eliminate specific pathogens as well as
spoilage organisms, is now appreciated.

The concept of HACCP (cf. § 6.1.2.2) is being increasingly recognised as essen-
tial for the improvement of the microbial status of meat and meat products. In a
detailed study of the beef supplied to supermarkets, and of the retail cuts sold by
them, Nortjé et al. (1989) concluded that effective refrigeration per se guaranteed
the preservation of quality which depends on a complex of interacting factors
including the microbial status of the carcass meat, the maintenance of the cold chain,
the sanitary condition of premises, equipment and personnel, and good manage-
ment practice.

Procedures now employed to minimize microbial contamination of meat, at all
stages in production, have also been reviewed by Huffman (2002). The season of
the year, the type of animal, the location on the carcass and the stage in the 
processing operations, are all factors affecting the degree of initial contamination
(Sofos et al., 1999). Decontamination procedures, designed to improve hygiene in
beef production, now include chemical dehiding (to remove hair, mud, manure, etc.)
(Bowling and Clayton, 1992), knife-trimming, washing or spraying with various
chemicals (Cutter et al., 2000) and thermal treatment, including the use of pressur-
ized hot water (Nutsch et al., 1998) and steam pasteurization followed by vacuum-
ing (Dorsa, 1996). The application of several of these ‘hurdles’ (Leistner, 1995) in
sequence is synergistically effective (Sofos et al., 1999; Huffman, 2002). The possi-
bility of feeding probiotics to animals to limit subsequent infection by E. coli 
O157 :H7 (‘competitive exclusion’) has been considered as a promising approach
(Zhao et al., 1998).
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6.4.2 Biological control
Given the operation of efficient public health inspection and the exercise of hygiene,
microbial spoilage can be controlled biologically, for the factors influencing growth,
which we have considered above, can be manipulated to inhibit it. This fact is
reflected in the processes used for preservation. The need by micro-organisms of a
favourable temperature range for growth explains the possibility of preserving meat
products by the imposition of sub-optimal temperatures (chilling, freezing) or of
super-optimal temperatures (pasteurizing, sterilizing, cooking). Their requirement
for moisture permits preservation by dehydration, freeze drying and by pickling in
salt or sugar. The preferential development of anaerobes at a high ultimate pH can
be prevented to some extent by ensuring that there is adequate glycogen in the
muscles at the moment of death (§ 5.1.2). This involves avoiding fatigue, hunger and
fear, which not only lower muscle glycogen but may cause bacteraemia (§ 6.1.2.1).
The spoilage of meat surfaces by aerobic psychrophiles can be minimized by
keeping the relative humidity of the atmosphere low and by incorporating in it
about 10 per cent of carbon dioxide, to which such organisms are susceptible (as in
the carriage of chilled beef from Australia: Empey and Vickery, 1933). Similarly, the
storage life of prepackaged meat can be enhanced by incorporating carbon dioxide
into the pack. Since the rationale for biological control is implicit in § 6.3, it will not
be considered further at this point.

6.4.3 Antibiotics
It might be thought that the growth of micro-organisms on meat could be prevented
easily by chemical treatment. Until the late 1940s, however, almost all chemicals
which might have been used to kill or to prevent the growth of micro-organisms
were also toxic to the human consumer. A new approach to food preservation
became possible through the discovery of antibiotics. Appreciation of the fact that
certain micro-organisms produced substances inimical to the growth of others –
antibiotics – is attributable to Fleming (1929), who observed the production of what
is now known to be penicillin by the fungus Penicillium notatum. Many other antibi-
otics, producted by bacteria, fungi or actinomycetes, have become known since then.
Antibiotics are 100 to 1000 times more effective than permitted chemical preserv-
atives. The low toxicity of many antibiotics to human beings, despite their power
against micro-organisms, was firmly established in 1941 (Abraham et al.), but it was
not until 10 years later that the possiblity of preserving foodstuffs by antibiotics was
clearly demonstrated (Tarr et al., 1952). The efficacy of the process has been
reviewed by Wrenshall (1959).

Although many antibiotics are selective in their action, those which have been
applied most frequently in the food industry are the so-called broad spectrum
antibiotics, such as the tetracyclines, which are inhibitory to a wide range of both
Gram-negative and Gram-positive bacteria:* few are active against yeasts and
moulds. It is important to emphasize that, at practical concentrations, these antibi-
otics slow bacterial growth and hence delay spoilage: they do not sterilize. Aggre-
gation into colonies or ‘biofilms’ enhances the resistance to antibiotics of bacteria
and provides a reservoir of infective cells.
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Widespread adoption of antibiotics in a non-medical context has been delayed –
in particular to avoid the establishment by their indiscriminate use in human 
infection caused by organisms which have developed a resistance against them.
Numerous antibiotic-resistant strains of micro-organisms are now known 
(Goldberg, 1962). Against this hazard the use, for food preservaton, of antibiotics
which are not prescribed in medicine would seem appropriate. Such a substance is
nisin, which is prepared by controlled fermentation of sterilized skimmed milk by
the cheese starter organism Strep. lactis and in the United Kingdom is permitted in
canned meats, provided these have been heated sufficiently to destroy Cl. botulin-
ium (Taylor, 1963). The possiblity of ‘R-factor’ transfer must also be carefully 
considered (cf. § 2.5.2.2).

Another aspect of the use of antibiotics as preservatives requiring caution is the
question of toxicity – due to residues of still active material in the treated products.
Although one of the antibiotics most frequently used with meats, aureomycin, has
been shown to be non-toxic when taken orally over long periods, its use in foods,
at any rate in the USA, has been sanctioned only on the assumption that it is com-
pletely destroyed in cooking. Nevertheless, it has been detected in chops after frying
(Barnes, 1956). The need for discretion is therefore obvious. It is also conceivable
that antibiotics might eliminate the organisms normally responsible for creating the
symptoms commonly associated with spoilage; and the meat could be contaminated
with dangerous pathogens which did not indicate their presence by producing, for
example, off-odours. When considering the use of tetracyclines for preserving meat
in tropical or sub-tropical areas where refrigeration is not available, it is essential
to establish whether the pathogenic hazard is increased or diminished by the treat-
ment. This will depend on the numbers of resisting pathogens likely to be present.
These will be increased if the animals have been fed the same antibiotic for growth
stimulation (Barnes and Kampelmacher, 1966).

Antibiotics should not be used to replace good hygiene, but when employed with
an appreciation of the dangers indicated above, and in conjunction with mild refrig-
eration (or some other process such as treatment with pasteurizing doses of ioniz-
ing radiations), they afford a means of preservation which does not materially alter
the product.

The term antibiotic has come to signify more or less complex chemical products
of micro-organisms, such as the penicillins and aureomyocins; but numerous simpler
molecules, such as organic acids and alcohols, are also produced by microbial fer-
mentation in foods. When derived from non-pathogenic species they can be encour-
aged to grow and to inhibit the development of other organisms which could cause
spoilage or toxicity. Such fermentations have been employed inadvertently in pre-
serving meats (e.g. as sausages) for many thousands of years, before the concepts of
antibiotics or even of micro-organisms existed.

6.4.4 Ionizing radiations
In relatively recent times, another approach to the problem of preventing the 
growth of contaminating organisms on meat developed. This involves treatment of
the commodity with ionizing radiations from electron or X-ray generators, or from
a source of radioactivity (Brasch and Huber, 1947). Of the many types of ionizing
radiations, only high-energy cathode rays, soft X-rays and γ-rays find application
with foodstuffs (Hannan, 1955). The standard unit of dosage is the radiation which
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corresponds to the absorption of 100 ergs of radiation energy per gram of the
absorbing substance (rad). It is more usual to measure dosage in terms of million
rad (Mrad) or thousand gray (kGy).* The characteristic chemical property of these
radiations is their ability to ionize receptor molecules, forming free radicals which
cause other chemical changes in the area affected. Biologically, these effects can kill
micro-organisms and parasitic life without raising the temperature of the product
by more than a few degrees. The first significant publications on this effect were by
Wyckoff (1930a, b). In general, the larger and more complex the organism, the more
sensitive it is to radiation damage (Table 6.10; after Brynjolfsson, 1980).

Among bacteria, there is a 50-fold difference in the dose required for 90 per cent
inactivation. It is feasible that radiation resistance in micro-organisms is associated
with cystine-rich compounds, which may act by affording protection against the
initial molecular changes induced by the radiation (Thornley, 1963).

Lea et al. (1936, 1937) found that the fraction of a population of microorganisms
inactivated by a given dose was independent of the number of organisms originally
present and that the degree of inactivation was determined by the total dose
received and not by the rate at which it was delivered. They suggested that each
micro-organism has a small ‘target’ area in which several ionizations had to 
occur to prove lethal: presumably the nucleic acid of the nucleus is the critical area
(Weiss, 1952).

To destroy all micro-organisms, including viruses, would require 6 Mrad (cf.Table
6.10). But viruses are not at present regarded as a serious food poisoning hazard.
Three to five Mrad produces the degree of sterility achieved in canning practice
(Ingram and Rhodes, 1962): the spores of Cl. botulinum need 4.5 Mrad (Schmidt,
1961). Nevertheless, there is at least one type of non-sporeing organism – a 
red Micrococcus isolated from ground beef – which requires a dose of 6 Mrad
(Anderson et al., 1956) (cf. Table 6.10). Certain strains of Moraxella acinetobacter
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Table 6.10 Doses of ionizing radiation required for various
biological effects (after Brynjolfsson, 1980)

Effect Dose
(103 Gy or 105 rad)

Death in higher animals 0.1–10
Inhibition of sprouting in vegetables 0.03–0.1
Death of insects, parasites 0.5–5
106 reduction in nos. fungi 1–10
106 reduction in nos. vegetative bacteria 0.5–19
106 reduction in nos. Salmonella spp. 2–7
106 reduction in nos. spores and 8–25

dried bacteria
106 reduction in nos. viruses 10–40
Commercial sterility 45
106 reduction in nos. Micrococcus 60

radiodurans
Inhibition of enzymes 1000

* In 1975 the rad (100 erg g−1) was replaced by the gray (Gy) as the unit of absorbed energy.
1 Gy = J kg−1 = 100 rad.



are also radio-resistant, and sufficiently heat-resistant to survive pre-irradiation heat
treatment designed to inactivate enzymes (Maxcy and Rowley, 1978). Pasteurizing
doses (about 0.5 Mrad) will destroy food-poisoning organisms (such as salmonellae,
staphylococci and Campylobacter jejuni), and spoilage organisms, and thus prolong
storage life, as with chilled beef (Drake et al., 1961) and sausages (Coleby et al.,
1962). Parasites in meat, such as Cysticercus bovis and Trichinella spiralis, are killed
by 0.01–0.1 Mrad (Tayler and Parfitt, 1959). Among psychrophilic food-spoilage
organisms there are further minor differences in susceptibility to radiation, such
that, even after only 0.25 Mrad, the spoilage microflora which, in poultry at 0 °C, is
initially dominated by Pseudomonas and Achromobacter spp., is replaced by yeasts.
When spoilage eventually occurs, however, and the bacteria have resumed domi-
nance of the flora, non-pigmented pseudomonads are most numerous in both
control and irradiated surfaces (Thornley et al., 1960).

Although there are exceptions, one of the most important factors affecting the
radiation resistance of micro-organisms is the presence of oxygen during irradia-
tion. For example, the complete removal of oxygen, or the presence of reducing sub-
stances, may increase the radiation resistance of E. coli threefold (Niven, 1958). The
removal of water by freezing or drying also protects microorganisms against radia-
tion damage, probably by decreasing the possibility of free radical formation.

It would seem more practicable to combine an irradiation dosage which is lower
than normally necessary to achieve sterility with another process (e.g. refrigeration,
vacuum packaging, antibiotics, curing, heating).The bactericidal effects of combined
processes are more than additive, for one treatment generally increases sensitivity
to another (Ingram, 1959). Thus, for example, the heat resistance of spores of Cl.
botulinum is only about one-third as great after treatment with 0.9 Mrad of 
γ-radiation, and as the radiation itself kills a proportion of the spores, the heat treat-
ment needed to sterilize is reduced to about a quarter of that needed without 
irradiation (Kempe, 1955; Ingram and Rhodes, 1962). It must be remembered that
radiation pasteurization per se does not inactivate any performed botulinum toxin
whereas heat pasteurization does so (Gordon and Murrell, 1967). Again, chilling
seems necessary to supplement a pasteurizing dose of irradiation, which might allow
food-poisoning organisms to survive. Refrigeration is also a necessary adjunct with
antibiotics and vacuum packaging to inhibit pathogens (Ingram, 1959). Neverthe-
less, the relationship between radiation resistance and product temperature is
complex. Thus, the radiation resistance of Yersinia enterolitica was found to increase
from 0.2 to 0.55kGy as the temperature of the target product decreased from +5°C
to −76°C (Sommers et al., 2002).

Since complete sterilization by ionizing radiation cannot be achieved by any
commercially practicable means, several terms have been developed to classify
attainable objectives. Thus, radappertization is the application of doses of ionizing
radiation sufficient to reduce the number of viable organisms (excluding viruses) to
such an extent that few (if any) are detectable in the treated food by any recognized
method, and no spoilage or toxicity of microbial origin is subsequently detectable,
irrespective of the duration or conditions of storage (provided no recontamination
occurs). Radicidation involves doses of ionizing radiation sufficient to reduce the
number of viable, specific, non-sporeforming pathogenic micro-organisms (other
than viruses) so that none are detectable in the treated food when it is examined
by any standard method. Radurization is the term applied to a dose of ionizing radi-
ation sufficient to enhance keeping quality by causing a substantial reduction in the
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numbers of viable, specific spoilage organisms. It is equivalent to pasteurization and
it is thus essential to employ refrigeration during subsequent storage.

The physiological nature of the microorganisms which infect meat is reflected by
the methods which can be used to discourage their growth, and these, in turn, are
reflected by the processes which are used in practice to effect meat preservation.
These will now be considered.
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Chapter 7

The storage and preservation of meat:
I Temperature control

The processes used in meat preservation are principally concerned with inhibiting
microbial spoilage, although modes of preservation are sought which minimize con-
comitant depreciation of the quality of the commodity. The extent to which this sec-
ondary aim can be achieved is largely determined by the time of storage envisaged.
The intrinsic changes which muscles undergo in becoming meat (Chapter 5) have
not generally been considered in devising preservative processes, although it is
increasingly recognized that their nature and extent may well determine the behav-
iour of the meat. Methods of meat preservation, however different superficially, are
alike in that they employ environmental conditions which discourage the growth of
micro-organisms (cf. § 6.3). They may be grouped in three broad categories based
on control by temperature, by moisture and, more directly, by lethal agencies 
(bactericidal, bacteriostatic, fungicidal and fungistatic), although a particular
method of preservation may involve several antimicrobial principles. Each princi-
ple may be regarded as a ‘hurdle’ against microbial proliferation and combinations
of processes (so-called hurdle technology) can be devised to achieve particular
objectives in terms of both microbial and organoleptic quality (Leistner, 1995).
Thus a progressive reduction in the numbers of total micro-organisms, total coli-
forms and E. coli can be observed as beef progresses from its initial microbial load,
through dehiding, washing and chilling and various decontamination methods are
applied in sequence (Bacon et al., 2000). Such control is becoming rather more 
deliberate and specific with increased scientific knowledge, but it was remarkably
effective even when based on empirical observation and applied in making avail-
able to consumers a large variety of manufactured meats. A survey of the technol-
ogy of currently available meat products was recently published by Varnam and
Sutherland (1995).

It will have been obvious from the considerations in Chapter 6 that temperatures
below or above the optimum range for microbial growth will have a preventative
action on the latter. Meat and meat products may thus be preserved by refrigera-
tion on the one hand or by heat treatment on the other.



7.1 Refrigeration

7.1.1 Storage above the freezing point
7.1.1.1 Fresh and chilled meat
That meat altered adversely sooner when kept during warm weather than under
cooler conditions must have impressed early man. Appreciation of this fact led to
the storage of meat in natural caves where the temperature was relatively low even
in the warm season of the year. Later, as dwellings were built, cellars were con-
structed for food storage. These cellars were frequently quite sophisticated (Rixson,
2000). Much more recently ice, gathered from frozen ponds and lakes in winter, was
used to keep cellar temperatures low (Leighton and Douglas, 1910). The principles
of artificial ice formation and of mechanical refrigeration date from about 1750
(Raymond, 1929). Commercial scale operations based on mechanical refrigeration
were in use 100 years later. Even after it became the practice to chill meat carcasses
before either wholesale distribution or subsequent freezing, the idea persisted in the
meat industry that carcasses should be placed in an area at ambient temperature to
permit the escape of ‘animal heat’ before chilling in a mechanically refrigerated
chamber. In seeking the reason for this view it is feasible that low surface tem-
peratures on the meat in the chillers had been erroneously regarded as represent-
ing those throughout the carcasses and that refrigeration had been discontinued
whilst deep temperatures were still high – thus giving rise to bone taint (Haines,
1937; Cosnett et al., 1956) and other symptoms of microbial spoilage. From the view-
point of discouraging microbial growth, the weight of evidence suggests that car-
casses should be cooled as quickly as possible (Tamm, 1930; Scott and Vickery, 1939)
provided that the temperature of the deepest portion of the carcass is used as an
indicator of the efficacy of the process (Kuprianoff, 1956). Since, however, the sur-
faces of the meat carcasses are initially considerably higher than those of the chill
room, evaporation of substantial quantities of water may occur. Even where this
does not cause surface desiccation, it is obviously economically undesirable. The
problem of cooling carcasses with the minimum of desiccation has been extensively
studied (Scott and Vickery, 1939), and various combinations of air speeds and
humidities have been considered. The achievement of rapid cooling requires a high
air speed in the chill rooms or large air circulation volumes (60–100 changes of air/h;
Kuprianoff, 1956). Although a higher air velocity will tend to cause a greater weight
loss, it permits the use of a high relative humidity. At the beginning of chilling, the
air temperature can be as low as –10°C for pigs and sheep and air speeds as high
as 180m/min (600 ft/min). For beef carcasses air speeds of 120m/min (400 ft/min)
and an air temperature of –1°C have been recommended (Kuprianoff, 1956). Once
the difference in temperature between the meat surface and the air becomes small,
the air speed must be reduced to avoid desiccation. Air, supersaturated with water
vapour and moving at high speed, has been used to minimize evaporation from hot
sides whilst providing a high capacity for heat removal (Hagan, 1954). Although
there are undoubted advantages to be gained from fast chilling in reducing weight
losses, the application of ultra-rapid chilling (air at –30°C and 4 m/s) can cause ‘cold-
shortening’ and toughening of pork (Van der Wal et al., 1995). Spray chilling the sur-
faces of pig carcasses has been reported to enhance the oxygenation of myoglobin
without any increase in metmyoglobin (Feldhusen et al., 1995). In a comparison with
air chilling, Greer and Jones (1997) showed that spray-chilling of beef carcasses with
water mist at 1 °C, in four cycles during the first 4–16 hours, significantly reduced
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carcass shrinkage by 0.08g/100g per hour. They calculated that a large abattoir pro-
cessing beef could diminish shrinkage by 2000kg daily. It has been shown (Powell
and Griffiths, 1988) that the spraying of beef, sheep and pork carcasses with a dilute
(<1 per cent) aqueous emulsion of cetyl alcohol reduces the weight losses during
chilling by 40–80 per cent and during holding at refrigeration temperatures by 22–
50 per cent. Carcasses so treated retain a bright appearance and there is no differ-
ence in the microbial growth on the surface. No flavour changes were noted unless
the concentration of cetyl alcohol was 3 per cent or above.

Obviously, the greater the bulk of the carcass and the greater its fat cover the
longer it will take to cool with a given air speed and temperature (cf. Fig. 7.1; Bouton
et al., 1957).Workers at the Meat Research Institute, Bristol, obtained valuable com-
parative data on the rates of fall of temperature in the deep leg locations of beef
sides under carefully controlled conditions (Bailey and Cox, 1976). The sides aver-
aged 100, 180 and 260 kg. Air temperatures of 0, 4 and 8°C were employed at air
speeds of 0.5 to 3 metres per second. Whereas it took 80 hours for the deep leg tem-
perature of 260 kg sides to attain 10°C, in air at 8 °C travelling at 0.5 metres per
second, this temperature was reached in only 16 hours with 100 kg sides in air at
0°C travelling at 3 metres per second. For any given conditions in chilling, the weight
losses from small, poorly covered sides will be greater than those from large sides
having a good fat cover (Table 7.1; Bouton et al., 1957).

It is important to point out that over-effective chilling of hot carcasses can lead
to toughness. If the relationship between the refrigeration system and the bulk of
meat exposed to it are such that the temperature of the muscles can be reduced
below about 10–15°C, whilst they are still in the early pre-rigor condition (pH about
6.0–6.4), there is a tendency for shortening and, thereby, toughness on subsequent
cooking (Locker and Hagyard, 1963; Cook and Langsworth, 1966). This is the phe-
nomenon referred to as ‘cold-shortening’.The tendency is greater the closer the tem-
perature attained by the pre-rigor muscle approaches the freezing point. At 2 °C the
shortening is as great as that which occurs when muscles go into rigor mortis 
at 37°C.

Locker and Hagyard (1963) failed to observe the cold-shortening effect in the
psoas and l. dorsi muscles of rabbits (although these can be made to exhibit thaw-
rigor: cf. § 7.1.2.2). Bendall (personal communication) found, however, that the

The storage and preservation of meat: I Temperature control 191

Fig. 7.1 Typical time–temperature curves for two grades of beef during chilling at 0 °C 
and freezing at −10 °C (Bouton et al., 1957). —— = grade 1, about 160kg (360 lb) side weight.

– – – = canner grade, about 90kg (200 lb) side weight.



soleus muscle of the rabbit did show the cold-shortening phenomenon. The latter is
a so-called ‘red’ muscle, resembling in this respect the beef muscles studied by the
New Zealand workers, whereas the l. dorsi of the rabbit is a so-called ‘white’ muscle.
In studying porcine muscles, Bendall (1975) confirmed that ‘red’ muscles were sus-
ceptible to ‘cold-shortening’, whereas those with less myoglobin were much less so.
The intensity of cold-shortening is correlated with the proportion of ‘red’ fibres in
the muscle (Cena et al., 1992). Similar considerations may explain the observation
that the power developed in ‘cold-shortening’ by bovine sternomandibularis muscles
increases with animal age (Davey and Gilbert, 1975a), i.e. as they change to a
‘redder’ type (Lawrie, 1952a).

Two mechanisms have been suggested for ‘cold-shortening’. Cassens and
Newbold (1967) believed that the sarcotubular system of pre-rigor muscle is stimu-
lated to release calcium ions by the attainment of temperatures below about 15°C,
whereby the contractile actomyosin ATP-ase is much enhanced (Newbold and
Scopes, 1967). Indeed a 30- to 40-fold increase of the concentration of calcium ions
in the vicinity of the myofibrils, as the temperature falls from 15 to 0 °C, has been
reported (Davey and Gilbert, 1974). It may be postulated that reabsorption of these
ions could be more readily effected by a type of muscle wherein the sarcotubular
system was relatively well developed; and Fawcett and Revell (1961) demonstrated
that the system was more extensively elaborated in ‘white’ muscles than in ‘red’.
Indeed, in vitro studies have shown that the rate of Ca++ uptake by the sarcotubu-
lar system of ‘white’ muscle is greater than that of ‘red’, that inorganic phosphate
ions substantially enhance Ca++ uptake by both types (Table 7.2: Newbold, 1980)
and that the cold-induced release of Ca++ ions from the sarcotubular system is
largely suppressed by relatively small concentrations of inorganic phosphate
(Newbold and Tume, 1977).

Since the rate of production of inorganic phosphate during post-mortem glycol-
ysis is considerably greater in ‘white’ muscle than in ‘red’ (Lawrie, 1952a), it may be
that a major factor in explaining the absence of ‘cold-shortening’ in the former type
is the attainment therein of a relatively high concentration of inorganic phosphate
early post-mortem (Newbold, 1980). It would be expected, therefore, that the
enhancement of actomyosin ATP-ase would be less easily suppressed in ‘red’
muscles and would more readily lead to marked interdigitation of myosin and actin
filaments, i.e. shortening, as is observed.

Buegge and Marsh (1975), however, showed that pre-rigor ‘red’ muscles do not
‘cold-shorten’ when cooled below 15°C if they are adequately supplied with oxygen.
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Table 7.1 Mean weight losses from good and poor quality
beef sides under various chiller conditions

% Weight loss

Conditions Good-quality Poor-quality
sides sides

1 day at 0 °C+
2 days at 20°C 1.7 3.8
3 days at 0 °C 0.7 0.9

14 days at 0 °C 1.6 3.2



This resistance is annulled by reagents which uncouple the uptake of oxygen from
resynthesis of ATP. They thus inferred that cold-shortening is due to the discharge
of calcium ions from the muscle mitochondria under anaerobic conditions post-
mortem and to failure by the sarcotubular system to reabsorb them effectively at
low temperatures. Since ‘red’ muscles contain a greater number of mitochondria
than ‘white’ (Paul and Sperling, 1952: Lawrie, 1952a), this feature also could have
significance in relation to the relative ‘cold-shortening’ susceptibility of the two
types of muscle. On the other hand, muscles can be induced to ‘cold-shorten’ many
hours post-mortem (Locker and Hagyard, 1963) when they would long have been
anaerobic. Subsequently Mickelson (1983), in a study of beef muscle mitochondria
(under conditions when the sarcoplasmic reticulum had been excluded), demon-
strated that these would not leak Ca++ ions in the pre-rigor period and thus that
anoxia per se would not cause such release provided there was still sufficient ATP
available to support calcium uptake by the mitochondria. The cold-induced release
of Ca++ from mitochondria is much more limited than that from the sarcotubular
system (Newbold, 1980) and inorganic phosphate has no effect in enhancing Ca++

uptake by these organelles (Table 7.2). Again, since the concentration of calcium-
carrier protein in mitochondria is relatively very low in comparison with the
calcium-binding mechanism in the sarcoplasmic reticulum, the involvement of 
mitochondrial Ca++ release in ‘cold-shortening’ seems likely to be less significant
than exchanges of Ca++ between the sarcoplasm and the sarcotubular system
(Greaser, 1977).

There is clearly evidence for the involvement of both mechanisms. The situation
is not yet completely resolved, however, since porcine l. dorsi, although a ‘white’
muscle, undergoes vigorous ‘cold-shortening’ (Bendall, 1975; Dransfield, 1983).
Moreover the muscles of the ostrich, which are red (containing more myoglobin on
average than those of beef), are apparently not susceptible to ‘cold shortening’
(Sales and Mellett, 1996).

Cold-shortening can be avoided by cooling the meat swiftly to about 15°C and
holding it at this temperature to allow the onset of rigor mortis. The temperature
can then be lowered as quickly as is compatible with minimal surface desiccation.
Moreover, not all the muscles of carcasses, even if their temperature falls below
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Table 7.2 Effect of inorganic phosphate on the relative
amounts of Ca++ accumulated by sarcoplasmic reticulum and
mitochondria (in presence of ATP) (after Newbold, 1980)

Ca++ accumulation

Membrane source
(mmoles/mg protein)

No phosphate 5–10 mM
phosphate

Sarcoplasmic reticulum
white muscle (rabbit) 240 8000
red muscle (rabbit) 40 2000
red muscle (ox) 80 3000

Mitochondria
red muscle (ox) 2000 2000



about 15°C whilst they are in the early pre-rigor condition, are free to shorten.Their
attachments on the skeleton may restrain them sufficiently to prevent it. In the con-
ventional mode of carcass suspension by the Achilles tendon, certain muscles are
more liable than others to shorten; and, by altering the posture of the suspended
carcass in various ways, the pattern of muscles which shorten may be changed. Thus
pelvic hanging of lamb and beef carcasses (field-stretching), by preventing shorten-
ing in muscles which are normally able to respond to cold stimulus, can bring about
a degree of tenderness which would otherwise require more than a week’s condi-
tioning (Herring et al., 1965; Davey et al., 1971; Bouton et al., 1974). Such altered
carcass postures, however, while permitting control of cold-shortening during the
fast chilling of muscles early pre-rigor, could be inconvenient in abattoir operations;
and an alternative method of minimizing cold-shortening was devised by workers
in New Zealand, involving electrical stimulation of the carcass in the immediate
post-mortem period. This technique will be considered in § 7.1.1.2: it has developed
rapidly in recent years.

Because of the relatively small bulk of lamb carcasses in comparison with those
of beef, their post-mortem temperature can be more speedily and accurately con-
trolled by the refrigeration regime; and, in 1980, Davey and Garnett suggested it
might be possible to chill pre-rigor lamb carcasses without electrical stimulation 
and still avoid the toughening of ‘cold-shortening’. This was confirmed by Sheridan
(1990), who demonstrated that, by cooling pre-rigor lamb carcasses in air at –20°C
and at 1.5 metres per second, the meat was as tender as that which had been con-
ventionally chilled at 4 °C for 24 hours when assessed after 7 days of subsequent
chill storage. He attributed the absence of ‘cold-shortening’ during such rapid refrig-
eration to the skeletal restraint of the carcass and to ‘hardening’ (but not freezing)
of its surface – a factor which Davey and Garnett (1980) had envisaged as being
sufficient to avoid toughening.

Since 1990 a number of alternative fat chilling procedures, including spraying the
carcasses with cold water, have been developed. Such procedures substantially
reduce evaporative losses and with careful control, avoid the toughening of ‘cold-
shortening’ (Brown et al., 1993; Jones et al., 1993).

Currently there is considerable interest within the European Union in devising
a commercial procedure for very fast chilling (defined as the attainment of a tem-
perature of –1°C within 5 h post-mortem), which would ensure tenderness through
precise control of the factors which promote or inhibit it (Joseph, 1996).

7.1.1.2 Electrical stimulation
(a) General
In 1749, Benjamin Franklin observed that electrical stimulation of turkeys immedi-
ately post-mortem tenderized their flesh. Much later, Harsham and Deatherage
(1951) filed a patent for the tenderizing of meat by this device, but its application
to commercial practice was not considered seriously until 1973. Harsham and
Deatherage (1951) had shown that one effect of the procedure was a considerable
acceleration of post-mortem glycolysis; and the primary biochemical purpose of
renewed interest in electrical stimulation was to swiftly lower the pH of the 
musculature, thereby, to below 6 (when muscles are no longer susceptible to cold
shock: see above and, incidentally, no longer respond to electrical stimulation;
Davey, 1980), so that speedy refrigeration could be employed without risk of cold-
shortening (Carse, 1973).
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Electrical stimulation shortens the time to the onset of rigor mortis through two
phases of acceleration of glycolysis, the first during stimulation and the second, less
precipitate phase, following stimulation. During electrical stimulation pH falls of 
the order of 0.7 units can occur in two minutes. This represents a 100- to 150-fold
increase in the rate (Chrystall and Hagyard, 1976). Whilst in lamb and rabbit
(Bendall, 1976) and pig (Hallund and Bendall, 1965) the post-stimulation rate of pH
fall appears to be about twice as fast as normal (for a given temperature range), the
reaction of bovine muscles, in this phase, depends upon the orientation of current-
flow to fibre direction and the current strength (Bendall, 1977). When stimulation
is across the fibres the rate of pH fall does not increase until the current is about
60-fold greater, when partial breakdown of muscle membranes may occur.

(b) Mode of application
The scientific literature on electrical stimulation indicates that the electrode system,
the type of current (voltage, frequency of pulse and duration), the pathways (via
nerve or direct) and the time post-mortem have varied considerably between inves-
tigators. Bendall (1980) comprehensively reviewed the position. Most appear to
have applied the current via the thoracic region of the carcass and to have used the
Achilles tendon for return to earth. Although low voltages (<100V) are intrinsically
safer in operation, they are less consistent in effect than voltages of 500–1000V or
more (Bouton et al., 1980a; Bendall, 1980). High voltages are effective in accelerat-
ing post-mortem glycolysis when applied for 1.5–2 min, whereas longer times
(~4min) are required with voltages of the order of 100V.

Because of differences in their intrinsic electrical resistance, intact carcasses will
allow more current flow for the application of a given voltage. Thus, for example, a
peak voltage of 680V, between electrodes 200 cm apart, gave a peak current of 
5.2 amps with intact beef carcasses (wherein conductivity is high because of the rel-
atively large cross-sectional area and the presence of the wet gut contents), 3.3 amps
with dressed carcasses and only 2.4 amps with dressed sides (Bendall, 1980). The
latter tend to jerk outwards since there are no contralateral intracostal or l. dorsi
muscles to oppose movement (Bendall, 1978a).

In respect of other aspects of the current, optimum pulse rate appears to 
be between 15–25 pps (higher frequencies tend to be relatively ineffective since 
they fall within the latency period of the muscles concerned), and the optimum 
pulse width is about 20–40 ms (shorter widths may fail to activate all the muscle
fibres).

The response of beef carcasses to electrical stimulation falls off quickly after
about 50 min post-mortem (Bendall et al., 1976) and that of lamb carcasses even
sooner. It is thus desirable to apply the current within about 30 min of slaughter.*
Since isolated muscles, on the other hand, will respond as well at 3 h post-mortem
as at 20 min (Bendall, 1977) it appears that in electrical stimulation of the carcass
or side the musculature is usually activated via the nervous pathways. If the applied
voltage is sufficiently high, direct stimulation of the muscles can occur at a later time
(Chrystall et al., 1980) when decay of the nervous pathways has made low voltages
ineffective. Such observations are useful insofar as electrical stimulation may 
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* If electrical stimulation, whether with high or low voltage, is applied at ca. 3min post-
mortem, its effect is relatively less, in tenderizing, than at ca. 40min post-mortem, owing to
an early reduction in the activity of calpain I (Wang and Thompson, 2001).



not be feasible in certain abattoirs until after carcass dressing (Hagyard and Hand,
1976–77).

The importance of a still-functioning nervous system in making low voltages
effective was re-emphasized by Swedish (Rudérhus, 1980) and Australian (Morton
and Newbold, 1982) work. By placing one electrode in the nerve centre of the
muzzle (and earthing via the Achilles tendon) during the first 10 min post-mortem,
a typical acceleration of post-mortem glysolysis was achieved by applying various
stimulation procedures lasting for 1min and having a peak voltage of 80V.A current
of 14pps, applied either in 1 s pulses or continuously, was effective. Although the
peak voltage was 80V, the duration of each peak was only 5ms, and the actual
voltage very low, being thus relatively safe in operation. Australian regulations now
require that the peak voltage should be 45 V. With such a system, in order to ensure
that at least 95 per cent of the stimulated carcasses have a minimum standard ten-
derness (not more than 8 kg shear force), stimulation must be applied within 4 min
of slaughter and the high resistance of the upper leg and shoulder must be bypassed
by earthing via the anus or leg (Powell et al., 1983).

Another low voltage procedure is to push a plastic rod (with an electrode at its
tip) down the spinal cord immediately after bleeding. The current used with this
device is pulsed at 25 pps for 2 min, the peak voltage being 140V (Bendall, 1980).
Such procedures have obvious economic advantages, but not all abattoirs would be
in the position to stimulate carcasses so early post-mortem.

Although the duration of the current required to achieve anaesthesia in the elec-
trical stunning of calves and sheep (1–3 s) is much less than that involved in post-
mortem electrical stimulation (ca. 2–4 min) there is evidence that electrical stunning
may also accelerate post-mortem glycolysis (Lambooy, 1981). The very fast cooling
which electrical stimulation permits immediately post-mortem, especially with the
relatively small portions of meat now produced by hot-deboning, not only avoids
‘cold-shortening’ but also greatly reduces microbial problems from residual blood.
In such changed circumstances, electrical stunning could be used both to kill the
animal and to accelerate post-mortem glycolysis in its musculature. There would be
no need to have a period for anaesthesia and bleeding, and abattoir operations could
be even more efficient. Indeed Geesink et al. (2001) demonstrated that post-mortem
electrical stimulation of beef carcasses could be omitted, without sacrificing ten-
derness, when animals are electrically stunned or immobilized with a relatively low
electrical input (75V, 20s). On the other hand, prolongation of the current for 80s
can be associated with tougher beef, partly because of sarcomere shortening in such
circumstances.

(c) Mechanism and effect on muscle
The vast acceleration of post-mortem glycolysis caused by electrical stimulation
whilst the current is flowing signifies a concomitantly high rate of ATP breakdown
(Bendall et al., 1976) – which, in turn, reflects marked activation of the contractile
actomyosin ATP-ase by released Ca++ ions. The latter also enhance the titre of 
phosphorylase a, which is an additional factor accounting for the increased rate of
post-mortem glycolysis (Newbold and Small, 1985). Yet such are precisely the 
circumstances which cause the toughening in ‘cold-shortening’, the avoidance of
which is the principal reason for applying electrical stimulation in the first place. It
appears that the membrane of the sarcoplasmic reticulum is altered by electrical
stimulation, and that the calcium-binding protein, calsequestrin, becomes more
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exposed (Tume, 1980). Possibly this feature enhances the capability of the system
to retain Ca++ ions, but this seems unable to explain the anomaly fully.

Moreover, the attainment of a relatively low pH, whilst temperatures are at in
vivo levels, denatures muscle proteins, thus causing loss of water-holding capacity.
This can be exemplified in vitro (Scopes, 1964) by the musculature of pigs which
produce pale, soft exudative (PSE) pork (Bendall and Wismer-Pedersen, 1962;
Penny, 1969) and by the slow-cooling, deep musculature of beef hindquarters (Follet
et al., 1974).Yet electrically stimulated muscles do not overtly lose drip fluid (at least
not initially). There is some eventual loss of fluid however. This has been demon-
strated (Taylor et al., 1981). Thus, whereas the expected benefits of diminished 
drip were found in hot-deboned, vacuum-packed primal cuts (whether these had
been removed from electrically stimulated sides or not), in comparison with cold-
deboned primal cuts after 5 days storage, the electrically stimulated, hot-boned
joints had lost relatively more fluid after 21 days storage – although the quantity
was still less than that of corresponding joints from cold deboned sides.

These seeming biochemical paradoxes have not been fully explained, but recent
findings resolve them partially.

That electrical stimulation is not associated with permanently shortened sar-
comeres (and toughening) may reflect the fact that the current is short-lived and
that, when it is discontinued, the ATP level is still relatively high and the tempera-
ture has fallen little from its in vivo value. In these circumstances the sarcotubular
system can presumably recapture Ca++ ions readily, thus suppressing ATP-ase activ-
ity whilst the ATP level is sufficient to effect muscular relaxation and the restora-
tion of resting sarcomere length. In ‘cold-shortening’, on the other hand, the low
temperature prevents effective operation of the ATP-fuelled Ca++ pumps of the 
sarcotubular system, and stimulation of ATP breakdown is thus not arrested. The
situation may be similar to that in pre-rigor frozen muscle fibres when these are
thawed very rapidly (cf. § 7.1.2.2). Thaw rigor is avoided in these (unusual) circum-
stances because Ca++ ions are reabsorbed by the sarcotubular system before much
ATP can be broken down, and the muscle relaxes after brief shortening.

There has been disagreement between research workers on the reason for the
association of post-mortem electrical stimulation with tenderness. Some (Bouton 
et al., 1980a) attribute this benefit to the avoidance of ‘cold-shortening’, and they
have published data showing the retention of rest length in the sarcomeres of
muscles which were electrically stimulated, whereas control sarcomeres shortened,
when both were exposed to environments causing ‘cold-shortening’ that is, in the
absence of high-temperature conditioning. Other workers have attributed the
benefit to early and extensive conditioning changes arising from the combination
of low pH with in vivo temperatures (Bendall, 1980; Dutson et al., 1982). Dutson
(1977) and Savell et al. (1977a) postulated that the release of Ca++ ions from the sar-
cotubular system on electrical stimulation may enhance proteolysis by the calpains
and as the pH falls further, whereby lysosomal membranes are damaged, cathe-
pains may be liberated (Dutson et al., 1980; Locker, 1989). Indeed various workers
have shown that the activity of calpain I (µ-calpain is enhanced by electrical stimu-
lation (Wang and Thompson, 2001). The acceleration of such proteolytic activity by
the high temperatures (near in vivo) could contribute to the observed tenderness
in muscles which have been stimulated electrically in the immediate post-mortem
period as a factor additional to the avoidance of ‘cold-shortening’. Indeed, under
certain conditions of electrical stimulation no differences in sarcomere length can
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be detected between electrically stimulated and control muscles, although the
former are more tender as meat (Dutson, 1977; Savell et al., 1977b).

Marsh and his co-workers (Marsh et al., 1981; Takahashi et al., 1984) also endeav-
oured to distinguish between the tenderizing effects of electrical stimulation in 
preventing ‘cold-shortening’ and in promoting other textural changes. They demon-
strated (Takahashi et al., 1984) that, when the frequency of the electrical current
employed was only 2 Hz instead of ca. 50–60 Hz (which is more usual in commer-
cial practice), stimulated sides were less tender than unstimulated controls, both sets
having been held at 37°C for three hours under circumstances when muscle short-
ening was prevented.* Yet the stimulated sides exhibited the much accelerated post-
mortem glycolysis expected. It was inferred that, because of the relatively slow pH
fall in the unstimulated sides, proteolytic enzymes with pH optima near neutrality
had enhanced their tenderness above that of the faster-acidifying stimulated ones,
especially at the high temperature of holding used, and that the tenderizing changes
of conditioning must commence before the ultimate pH is attained (cf. §§ 5.4.2 and
10.3.3.1; and Koohmaraie et al., 1987).

Marsh et al. (1981) found no histological evidence of tissue disruption in muscles
which had been electrically stimulated by current of frequency 2 Hz, whereas there
was both severe contraction and breaking of sarcomeres (as revealed by electron
microscopy) when the current frequency was 50–60 Hz (Takahashi et al., 1984, 1987).
They thus inferred that the additional effect of electrical stimulation as normally
used in commercial operations was due to such tissue disruption and not to the early
attainment of low pH, although they acknowledged that both low- and high-
frequency electrical stimulation are effective in preventing the toughening of ‘cold-
shortening’ when fast cooling prevails. Other workers, however, demonstrated that
electrical stimulation at 50–60 Hz had no effect in tenderizing muscles of high ulti-
mate pH (Dutson et al., 1982) despite the extensive contraction and tearing of sarco-
meres it caused (Fabiansson et al., 1985). This conflicting evidence suggests that the
tissue disruption induced by electrical stimulation at 50–60 Hz requires a concomi-
tant low pH for it to effect tenderness and supports the view that acidophilic proteo-
lytic enzymes are involved in conditioning as well as those which operate at more
neutral pH values (and cf. § 12.1.2).

During further detailed studies of the relationship between electrical stimulation
and beef tenderness, in which various combinations of rates of post-mortem cooling
and modes of electrical stimulation were employed, Marsh et al. (1987) showed that
tenderness was optimal when the rate of post-mortem glycolysis, which was a func-
tion of the temperature (cf. § 4.2.2) and of the type of electrical stimulation, was of
intermediate value. The rate of glycolysis was assessed by the pH attained by 3 h
post-mortem (pH3). Tenderness was greatest at pH3 values of 5.9–6.0. Marsh et al.
(1987) pointed out that those combinations of temperature and modes of electrical
stimulation which yielded a pH3 above or below 5.9–6.0 would be associated with
relatively greater toughness and that deliberate induction of a rapid rate of pH 
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* Not surprisingly, if excised, electrically stimulated muscles are exposed to temperatures ca.
39°C in the immediate post-mortem period (i.e. under circumstances when they are free to
shorten), they become tougher than corresponding, non-stimulated controls since the short-
ening of high-temperature rigor mortis will occur and will be accelerated by the stimulation
(Harris and Shorthose, 1987). In severely shortened muscle, conditioning is minimal (Davey
et al., 1967).



fall by electrical stimulation may not per se ensure tenderness even when ‘cold-
shortening’ was avoided.

Insofar as heavy carcasses will cool more slowly than those of lighter weight,
when exposed to given chilling conditions, the temperature of their muscles will tend
to remain for longer above the range at which ‘cold-shortening’ is indicated (indeed
this may be an additional explanation for the traditional belief that marbled meat
tends to be more tender than lean meat).

Electrical stimulation of such carcasses may cause exudative meat through the
acceleration of post-mortem glycolysis and the attainment thereby of acid pH values
whilst the temperature is still relatively high. It is evident that the temperature of
the meat could modify the effect of electrical stimulation and must be considered
when applying the technique in commercial practice (cf. § 10.3.3.1).

Conditioning changes – as assessed by the decrease in shear force – have a high-
temperature coefficient (Davey and Gilbert, 1976a). By comparing the tempera-
ture/pH history of control and electrically stimulated muscle, George et al. (1980)
calculated that conditioning changes proceed at about twice the rate in the latter
during the first 24–30h post-mortem – in circumstances when ‘cold-shortening’ 
was avoided by not exposing the muscles to environmental temperatures below
10°C until 8 h post-mortem. After 21 days storage at 0 °C, the tenderness of control
muscles had increased substantially through the operation of conditioning processes
at the normal rate, but it was still slightly less than that of the electrically stimulated
muscles at this time. The efficacy of electrical stimulation in enhancing tenderness
under circumstances when the avoidance of cold-shortening is not an issue, dimin-
ishes in relation to non-stimulated controls the further the subsequent period of
conditioning proceeds (Harris and Shorthose, 1987), presumably because tender-
ness approaches an asymptotic value and cannot be improved beyond it.

George et al. (1980) also presented histological evidence which clearly showed
that, in electrically stimulated bovine muscles, in which near in vivo temperature
and pH had prevailed, bands of denatured protein formed gradually within the
fibres. These were similar to those observed in the musculature of PSE pork
(Bendall and Wismer-Pedersen, 1962). Insofar as the proteins of electrically stimu-
lated muscles conform to expectation and denature, therefore, one apparent
anomaly of the procedure has been resolved. On the other hand, Savell et al.
(1977b), although they found no evidence of denaturation, demonstrated histo-
logically that massive contracture bands are a feature of the muscles from electri-
cally stimulated carcasses. Voyle (1981) found such bands of intensive contraction
in bovine l. dorsi (but not semitendinosus) muscles, following stimulation, although
they developed only after 24 h at 15°C. He suggested this may be a reflection of
damage to the membrane of the sarcoplasmic reticulum whereby, when muscles
relax after stimulation has ceased, local leaks of calcium ions arise and cause con-
traction zones. There is evidence that electrical stimulation lowers the shrink tem-
perature of collagen (Judge et al., 1980).

There remains to be explained the absence of marked exudation in electrically
stimulated bovine muscle. As remarked above, such loss of water-holding capacity
is striking in PSE pork, in the deep musculature of beef hindquarters and when 
in vivo temperature and low pH are combined in vitro. It is feasible that the accel-
eration of conditioning changes, which is one effect of the fast pH fall achieved by
such stimulation, enhances intracellular osmotic pressure sufficiently to accommo-
date the loss of water-holding capacity by the muscle proteins. Certainly normal
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slow conditioning of beef at 0 °C has this effect (Cook et al., 1926; Bouton et al.,
1958). On the other hand pork undergoes conditioning changes to a greater extent
than beef (Henderson et al., 1970) and this might have been expected to raise intra-
cellular osmotic pressure even more than with the former type of meat. Possibly the
proteins of pork (≈‘white’ muscle) are intrinsically more labile than those of beef.
There is some evidence that the proteins of so-called ‘white’ muscle generally are
more readily denatured post-mortem than those of the so-called ‘red’ type (Howard
et al., 1960a). Again, the sarcolemma of porcine muscle is more permeable to water
than that of beef (George et al., 1980).*

In most cases, carcasses can be frozen swiftly, after electrical stimulation, without
pre-rigor freezing and resultant ‘thaw-rigor’ development. Nevertheless, there is a
phase in post-mortem glycolysis when the muscles, although no longer reactive to
cold-shortening, are still pre-rigor and when, therefore, ‘thaw-rigor’ is still a pos-
sibility. Pelvic hanging appears necessary for maximum tenderness in electrically
stimulated carcasses which are placed into blast freezers within 30 min of stunning
(Shaw et al., 1976).When such rapid freezing is intended this should be delayed until
6 h after stimulation (Bendall, 1980).

Apart from the avoidance of toughening, electrical stimulation has been associ-
ated with an improved flavour and an enhanced brightness of the red colour on cut
meat surfaces (Savell et al., 1978; Smith et al., 1980). The latter effect possibly arises
because the process depletes the metabolises of surviving oxidative pathways in the
muscle, or because the fast fall in pH causes the muscle proteins from treated car-
casses to approach their isolectric point much sooner, thereby ‘opening up’ the struc-
ture and easing oxygenation of myoglobin. The latter explanation seems at least
partially responsible because, although the cut surface from electrically stimulated
sides develops a brighter red than those from control sides when exposed to the air
at ca. 12–20 h post-mortem, this difference is not apparent when the muscles are
exposed later, e.g. 48–72 h post-mortem (Dr T. R. Dutson: personal communication).
By this time both electrically stimulated and control muscles would have attained
their ultimate pH, the structure in both would be ‘open’ and residual oxygen uti-
lization of the same order. On the other hand, in certain muscles (e.g. semimem-
branosus of beef) electrical stimulation is associated with increased metmyoglobin
formation and thus loss of colour (Ledward et al., 1986). With low voltage stimula-
tion of beef the combination of pH values below 6 and near in vivo temperature
causes loss of colour which is partly due to denaturation of myosin (Hector et al.,
1992).

(d) Practical application
In endeavouring to assess the practical implications of electrical stimulation it 
is important to appreciate that, concomitantly with the desire to enhance the effi-
ciency of abattoir operations by speeding throughout, there has been an increased
tendency for abattoirs to undertake the centralized preparation of prepackaged
cuts, both of commercial joints and of portions for the individual consumer. This 
has reflected changing patterns of consumption – smaller families, canteen meals,
convenience foods and domestic freezer storage. Moreover, deboning of the still 
hot carcass and vacuum-packaging of the warm cuts is a further extension of 
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* It is thus of interest that electrical stimulation causes a 4–5-fold increase in exudation from
porcine muscle in comparison with non-stimulated controls (Gigiel and James, 1984).



these tendencies, which have been shown to diminish evaporative and exudative
losses.

With such relatively small portions of meat, electrical stimulation of the carcass or
side could prove especially useful in avoiding ‘cold-shortening’, since the latter would
otherwise be readily induced under the very rapid rates of cooling which would occur
with them. Moreover, the rapid lowering of temperature markedly lessens microbial
growth (Raccach and Henrickson,1980),a factor of importance with portions of meat
having a large surface of volume ratio. Unfortunately, however, although the tough-
ening of ‘cold-shortening’ would be easily avoided, these very circumstances would
prevent the positive contribution to tenderness of electrical stimulation through its
creating favourable circumstances for early and rapid conditioning: i.e. a combina-
tion of low pH with in vivo temperatures, as alluded to above.

It may be that the solution to this dilemma lies in subjecting the various joints
and portions to different cooling regimes. Muscles differ biochemically. Neither in
their response to ‘cold-shortening’ nor in their conditioning behaviour are they iden-
tical. Indeed, it has been shown that a pulse frequency of 14 pps is associated with
greater tenderness in calf l. dorsi than 40 pps; whereas for semimembranosus the
latter frequency is apparently superior (Bouton et al., 1980a).

This approach may well be expedited by the electrical stimulation of individual
muscles or groups in a manner appropriate for each following their partial or com-
plete removal from the hot carcass.The issue is likely to be rather complex, however,
since Devine et al. (1984) showed that so-called ‘red’ muscles, which are relatively
susceptible to ‘cold-shortening’, are little affected by electrical stimulation; whereas,
in so-called ‘white’ muscles, which are little affected by the conditions which cause
‘cold-shortening’, the process is very effective in lowering the initial pH and in
speeding the subsequent rate of pH fall.

Insofar as ‘cold-shortening’ is particularly marked in so-called ‘red’ muscles, its
incidence in pork, the musculature of which is generally pale, would be expected to
be minimal. Nevertheless, with the increasing possibility of very rapid chilling, its
effect on pork sides was investigated by Gigiel and James (1984). Their results indi-
cated that electrical stimulation was associated with somewhat increased tenderness
in comparison with sides which had also been chilled very rapidly, but not stimu-
lated. Though it appeared that this effect was probably due more to the promotion
of early conditioning than to the removal of susceptibility to ‘cold-shortening’,
for which there was only slight evidence in the non-stimulated sides, Dransfield
(1983) had reported that when excised porcine l. dorsi muscles were chilled rapidly
using air at temperatures well below the freezing point, some ‘cold-shortening’ was
observed. Moreover, Møller and Vestergaard (1986) demonstrated that pelvic sus-
pension, which would tend to oppose ‘cold-shortening’ of l. dorsi muscles, was asso-
ciated with longer sarcomeres and greater tenderness on cooking than suspension
by the Achilles tendon in rapidly chilled pork carcasses. Subsequently Dransfield
and Lockyer (1985) found that excised l. dorsi muscles ‘cold-shortened’ more 
and were tougher on cooking as the rate of cooling down to 10°C increased. In 
this context, Brown et al. (1988) confirmed that speedy refrigeration of vacuum-
packaged primal cuts of pork in brine at 0 °C caused a significant increase in the
toughness of the meat, but reduced evaporative losses in comparison with conven-
tionally chilled packs in the air at 0 °C. Dransfield et al. (1991) later demonstrated
that meat from the l. dorsi but not that from semimembranosus, in sides of pork
which had been chilled rapidly to 0 °C, was tougher than that from slowly chilled

The storage and preservation of meat: I Temperature control 201



controls – and that the presumed cause (‘cold-shortening’) could be avoided either
by pelvic suspension or by electrical stimulation before chilling. Pelvic suspension,
however, was also associated with a higher water-holding capacity whereas electri-
cal stimulation, in the sides chilled at slow rate, was associated with increased exu-
dation (as measured at 48h post-mortem) in the absence of ‘cold-shortening’
conditions. Taylor (1992) showed that whereas high voltage (700V) electrical stimu-
lation of rapidly chilled sides of pork was associated with greater exudation (from
l. dorsi) than that of controls if applied at 5min post-mortem, it was associated with
markedly less exudation if applied at 20min post-mortem. He attributed this desir-
able effect to the less pronounced acceleration of post-mortem glycolysis caused by
the latter. Both modes of electrical stimulation were effective in preventing ‘cold-
shortening’ in rapidly chilled sides. Subsequent studies confirmed these findings
(Taylor et al., 1995) and again demonstrated that electrical stimulation has a ben-
eficial effect on tenderness in addition to its prevention of ‘cold-shortening’.

Thus, despite their markedly diminished susceptibility to ‘cold-shortening’ in
comparison with those of beef and lamb, it is evident that certain porcine muscles
might well suffer toughening when subjected to the extemely rapid rates of chilling
now available commercially. It is also clear, however, that electrical stimulation, if
judicially applied, can ensure that quality is retained.*

Because of substantial development of red deer for meat in New Zealand, the
effects of electrical stimulation on meat quality were studied by Wiklund et al.
(2001). Although the procedure, insofar as it avoided ‘cold-shortening’, was initially
associated with increased tenderness in comparison with non-stimulated venison,
this benefit became inapparent during subsequent ageing at −1.5°C, suggesting that
electrical stimulation offers no advantage for products intended for long-term
storage at chill temperature.

Since hot-deboning in certain tropical countries may involve exposure of meat
to ambient temperatures of 30–40°C, it has been of interest to assess the effects of
electrical stimulation in such circumstances, where early excision of muscles could
conceivably cause contraction and toughening during the onset of rigor mortis
(Busch et al., 1967; Locker et al., 1975). Electrical stimulation (100 V, 25 pps, 4 min)
of hot-deboned bovine l. dorsi muscles was found to achieve a marked tenderizing
effect over control muscles, either held on the carcass or excised, when the meat
was subsequently exposed to temperatures of 30 or 40°C for 5 h (Babiker and
Lawrie, 1983). At the latter temperature, however, and in contrast with the findings
at 30°C, there was appreciably greater loss of water-holding capacity (and subse-
quently greater development of microbial numbers); moreover, the tenderness of
the electrically stimulated muscles was proportionately rather less. These findings
suggest that the beneficial effects of high temperature in accelerating proteolysis
were being overridden by increased protein denaturation of the enzymes respon-
sible for protein breakdown. It has been demonstrated that the heat-lability of
cathepsins is marked above 40°C (Okitani et al., 1980). The susceptibility of muscle
proteins generally to denaturation at temperatures above 35°C was earlier indicated
by the studies of Hamm (1960), Sharp (1963) and Scopes (1964), and more recently
by those of Penny and Dransfield (1979).
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* It is surprising that the cryogenic chilling of pork, by the immersion of warm sides in liquid
nitrogen for 1–3 min was not found to produce the toughening of ‘cold-shortening’ (Jones 
et al., 1991).



It should be recollected that the musculature from electrically stimulated car-
casses, notwithstanding its advantages in terms of colour and tenderness, might not
be suitable for all purposes.Thus, it would be less useful than non-stimulated muscle
for the production of those cured and freeze-dried products which depend upon the
retention of near in vivo levels of ATP at time of processing for their high water-
holding capacity (Honikel and Hamm, 1978).

Electrical stimulation was the subject of a comprehensive review edited by
Pearson and Dutson (1985).

7.1.1.3 Storage changes: prepackaging effects
Given adequate cooling of the hot carcasses and cuts, the deterioration of fresh
chilled meat is due to surface changes. The natural surface consists of fat and 
connective tissue, and during cooling the consistency of the latter changes, so that
further loss of water by evaporation is restricted. On the other hand, muscle sur-
faces continue to lose water at a fairly fast rate, and this desiccation leads to an
increased concentration of salts at the surface which causes oxidation of the muscle
pigment to brown or greyish metmyoglobin (Brooks, 1931) and a darkening of
colour due to optical changes in the tissue (Brooks, 1938). Different muscles show
differing susceptibility to such browning due to differing tendencies to desiccation
(Ledward, 1971a). If surfaces are more moist, moulds of various colours will tend
to grow (cf. Chapter 6), and these may affect the fat, causing rancidity and off-odours
due to other changes. If the surfaces are moister still, bacteria can grow and, in suf-
ficient numbers, produce off-odours and aggregate in visible colonies (slime). Apart
from moisture, these features are a function of time and temperature (cf. Table 7.3).

When meat is removed from chill storage, moisture tends to condense on the cool
surfaces, especially when the relative humidity of the atmosphere is high. This 
phenomenon is known as ‘sweating’. Apart from its potential effect in encourag-
ing microbial growth, it causes the collagen fibres of connective tissue to swell and
become white and opaque. This change is reversible, however, and there is no evi-
dence that ‘sweating’ causes a permanent loss of ‘bloom’ (Moran and Smith, 1929),
the term given by the trade to a pleasing superficial appearance in the meat. The
most exacting requirements for meat storage above the freezing point were those
encountered in the shipment of chilled beef from Australia and New Zealand to the
United Kingdom, when temperatures had to be maintained at –1.4 °C (Scott and
Vickery, 1939; Law and Vere-Jones, 1955).The essential difference between so-called
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Table 7.3 Time for bacterial slime to develop on meat
surfaces exposed under moist conditions (after Haines and
Smith, 1933)

Temperature (°C) Time (days)

0 10
1 7
3 4
5 3

10 2
16 1



chilled meat and the fresh commodity is the length of time during which it is
expected to resist substantial change. By far the most important consideration is 
the minimizing of microbial contamination during preparation of the commodity 
(§ 6.1.2.2) and the strictest hygiene is essential (§ 6.4.1). On the one hand, a high 
relative humidity in the storage chambers will prevent desiccation and loss of bloom;
on the other hand, it will encourage microbial growth. A balance has to be estab-
lished between these two extremes over storage times which may extend up to 60
days. During this time beef quarters will lose about 11/2–2 per cent of their weight
by evaporation (Hicks et al., 1956). Although some degree of desiccation is desir-
able, excessive drying, of course, must be avoided, especially because of its effects
on the layer of connective tissue separating the muscles from the exterior.Although
this layer is very thin, it imparts a pleasing, translucent appearance to the surface
of the carcass, even when there is little subcutaneous fat. When the layer becomes
desiccated the superficial appearance deteriorates remarkably (Fig. 7.2).

The rate of evaporation from different parts of a carcass may vary by a factor of
10 (Hicks et al., 1956). With lambs held 10 days at 3 °C, the connective tissue over
the fat on the loin reached equilibrium with the atmosphere in the cold store at an
aw of 0.862, but the aw in the panniculus muscle was still 0.906.

With chilled beef carcasses, the control of microbial growth on the surface of the
neck muscles is the most difficult to achieve (Scott and Vickery, 1939). This portion
of the carcase had been observed to spoil relatively rapidly (Anon., 1816) long
before it was appreciated that micro-organisms were responsible. Successful storage
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(a) (b)

Fig. 7.2 The effect of desiccation on the surface of chilled beef during a 45-day period at
0°C. In (a) the hindquarter was covered by a moisture-impermeable wrap. In (b) the meat 

was exposed to the atmosphere. (Courtesy the late K. C. Hales.)



is related to conditions prevailing whilst the hot carcass is cooling, when there
should be fast rates of temperature fall combined with a high speed of air move-
ment over the beef, provided the possibilities of ‘cold-shortening’ and of desicca-
tion are carefully considered. This will have little effect on areas of exposed muscle
where a high rate of moisture diffusion from within can be maintained during
storage. In regions such as the panniculus, however, where rates of moisture diffu-
sion to the surface are low (Scott and Vickery, 1939), a high rate of moisture
removal, whilst the carcass is cooling, will deplete surface moisture to an extent
incompatible with the retention of bloom during storage.

Callow (1955a) reviewed the various means which were employed to discourage
microbial growth on the surface of chilled meat during prolonged storage at rela-
tive humidities high enough to prevent undue desiccation. The use of formalde-
hyde in this context, whilst successful, was prohibited on the grounds of toxicity in
1925. In due course it was shown that replacement of air by 100 per cent carbon
dioxide in the chillers would prevent microbial growth but cause brown discol-
oration because of metmyoglobin.* Nevertheless, concentrations up to 20 per cent
had a negligible effect on colour (Brooks, 1933), and 10 per cent severely inhibited
the growth of the two most common types of bacteria found on chilled meat
(Haines, 1933), and, thus, indirectly, doubled the effective storage life by slowing
down the rate of fat oxidation (Lea, 1931). In 1933 the first shipment of chilled beef
in 10 per cent carbon dioxide was carried from New Zealand to the United Kingdom
without trace of microbial spoilage. Much of the success of chilled beef carriage
under carbon dioxide – by 1938, 26 per cent of the beef from Australia and 60 per
cent of that from New Zealand was so carried to the United Kingdom – was attrib-
utable to the efforts of shipping companies to construct gas-tight holds. Leakage
rates were reduced from about 30 to 0.25 ft3 gas/ton of beef (about 0.84 to
0.007m3 gas/tonne) (Empey and Vickery, 1933).

Although oxidation of fat and the formation of brown metmyoglobin proceed
slowly on the exposed surface of carcasses from the moment such exposure com-
mences, the changes are generally negligible by the time the meat is sold. These
changes began to become apparent, however, when carcasses could be kept above
the freezing point and free from microbial spoilage for upwards of 40–50 days – as
with chilled beef under carbon dioxide. The development of prepackaged methods
of sale, in which large areas of surface are exposed and the superficial appearance
of the meat is especially important, has created conditions favouring and revealing
undesirable changes in the commodity even over relatively short periods of time.
Improved packaging procedures, however, can substantially diminish spoilage prob-
lems and exploit the antimicrobial action of inpack atmospheres. An increase in
saleable life is particularly important to countries such as New Zealand in relation
to the distance of major markets, and an effective procedure based on carbon
dioxide has been developed. When chilled lamb is packaged in a foil-laminate con-
tainer, which is completely impermeable to oxygen, under 100 per cent carbon
dioxide, the inpack atmosphere can be maintained irrespective of the cut, size or
shape of the meat portions (Gill, 1987). A master pack of foil-laminate is employed.
The carbon dioxide not only inhibits microbial growth but also prevents 
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* In the 1920s and 1930s ‘100% CO2’ was difficult to ensure and traces of oxygen could
remain, oxidation of myoglobin to metmyoglobin being maximal at 4 mm O2 pressure (cf.
Fig. 7.3).



discoloration due to metmyoglobin formation from traces of oxygen (cf. Fig. 7.3).
The meat pieces within the master pack can be packaged in various ways so long
as the material in which they are wrapped allows free access of carbon dioxide. The
storage life is at least 16 weeks and markedly longer than that achieved by vacuum
packaging. The appearance of lamb in such conditions does not begin to deteriorate
until the master pack is opened, the meat in the consumer pack having a display life
at chill temperature equal to that of corresponding freshly prepared lamb. The 100
per cent carbon dioxide atmosphere ensures that myoglobin remains in the reduced
form, any metmyoglobin present at time of packaging being readily reconverted to
myoglobin by surviving enzymic activity of the muscles. The purplish-red colour of
the myoglobin quickly changes to bright red oxymyoglobin on exposure to the air.
The off-odours sometimes encountered on opening vacuum packs are not found,
although, on extended storage, an aged (but acceptable) flavour may develop.

Gill and McGinnis (1995) have pointed out, however, that in controlled atmos-
phere packaging, transient metmyoglobin formation can arise due to traces of
oxygen, and it is thus important to ensure that the meat is not exposed to the atmos-
phere prematurely (i.e. before the muscles’ enzyme systems have reduced any met-
myoglobin initially formed).

Provided strict hygiene is applied to the meat to minimize initial microbial
loading, the storage of consumer packs under controlled atmospheres within master
packs can provide a useful display life (in terms of fresh colour, absence of micro-
bial spoilage and general acceptability) of beef steaks, after their removal from
master packs, in which they have been stored for 2, 4 or 7 weeks under O2/CO2 (2:1),
N2 or CO2, respectively (Gill and Jones, 1994). On the other hand, because of the
(currently) poor hygiene condition of pork, its master packaging under such oxygen-
depleted atmospheres limits its useful retail storage life to little more than one week
(Gill and Jones, 1996).

In a comparison of vacuum and carbon dioxide packed, electrically stimulated
hot-deboned beef loins (which were chilled to 7 °C within 24 h of leaving the slaugh-
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Fig. 7.3 The relationship between oxygen pressure (mm) and rate of oxidation of muscle 
pigment (K) (Brooks, 1935). A = value at atmospheric oxygen tension.



ter floor and subsequently stored at –1°C), Bell et al. (1996) found that beef sub-
jected to both modes of packaging deteriorated because of darkness in the lean and
greyish or greenish discoloration in the fat. They concluded that vacuum packaging,
combined with cooling at 5 °C for 24 h and subsequent storage at –1°C, was the pro-
cedure most likely to ensure the retention of eating quality over 70 days of chilled
storage.

It is important to note that carbon dioxide is very soluble both in fatty and mus-
cular tissues (Gill, 1988). This factor can cause the partial pressure of the gas to fall
from its original value in the mixture applied unless sufficient excess has been
included to saturate the meat. Moreover, with 100 per cent carbon dioxide, the packs
will tend to collapse. It has been shown that the solubility of carbon dioxide in mus-
cular tissue increases by ca. 35 per cent for each unit of pH increment in the meat;
and it is similar for beef, pork and lamb (Gill, 1988). Its solubility in fatty tissue,
however, varies with species. Because the cherry-red colour of carboxymyoglobin is
more stable than the bright red of oxymyoglobin, the incorporation of a very low
concentration of carbon monoxide (ca. 0.5%), in a within-pack atmosphere of 60%
O2/39.5% N2, can extend the useful storage life of packed meat (Sørheim et al.,
1999). Luño et al. (2000) reported a similar finding using 0.1–1.0% carbon monox-
ide in an atmosphere of 24% O2, 50% CO2 and 25–25.5% N2. The carbon monox-
ide also inhibited the growth of aerobes (e.g. Brochothrix thermosphacta) and
caused a significant retardation of lipid oxidation and of metmyoglobin formation.

Vacuum-packaging provides an alternative to modified atmospheres for extend-
ing the storage life of fresh and chilled meat. The relative storage lives of different
meats at 0°C are compared in Table 7.4. As Egan and Shay (1988) point out: ‘The
properties of the various groups of micro-organisms suggest strategies to be used
in attempting to preserve meats by the use of packaging systems. The practical
result . . . is the creation of conditions under which lactic acid bacteria become the
only group which can grow readily.’ Some of the visible defects in vacuum-
packaged beef, pork and lamb are listed in Table 7.5. Brochothrix thermosphacta is
resistant to inhibition by carbon dioxide and growth can occur at high concentra-
tions of this gas. The organism does not grow if the pH of the meat is below 5.8,
inhibition being due to the lactic acid produced during post-mortem glycolysis.

The sale of prepackaged meat reflects technical advances in the production of
plastic films and the development, with changing economic circumstances, of self-
service stores (Bryce-Jones, 1962; Paine and Paine, 1983). Some properties of the
packaging materials, which are commonly used, are given in Table 7.6. They may be
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Table 7.4 Comparative storage lives of vacuum-packaged
primal cuts at 0 °C (after Egan and Shay, 1988)

Species Meat pH Storage life Spoilage defect(weeks)

Beef 5.5–5.8 10–12 flavour (souring
Pork 5.5–5.8 6 flavour

6.0–6.3 4–6 colour (greening)
Lamb variable* 6–8 colour, fat appearance

* Since lamb cuts involve numbers of small muscles of differing 
ultimate pH.



combined in laminates, or coated, to alter their individual characteristics for specific
purposes. For each packaging material listed in Table 7.6 (Paine and Paine, 1983), it
is evident that the permeability to nitrogen is less than that to oxygen and that the
latter is less than that to carbon dioxide. Water vapour permeability is much more
rapid than that of the other three gases. For many processed and fresh meats, bags
made for copolymers of vinylidene chloride and vinyl chloride are heat-shrunk, so
as to conform closely to the contours of the product, after evacuation of air. Such
packs have an attractive appearance and good storage life, primarily because oxygen
has been eliminated. A later development had been the overwrapping of complete
pallet loads by a heat shrunk film, whereby the use of paper or board coverings is
dispensed with.

The growth of trade in vacuum-packaged, deboned, primal cuts and portions 
of meat has emphasized the great variability in the degree of exudation and 
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Table 7.5 Visible defects in vacuum-packaged fresh meats
(after Egan and Shay, 1988)

Defect Cause

Greening Sulphmyoglobin from bacterial H2S
(a) high ult. pH Gram-negative bacteria (e.g

Aeromonas)
(b) normal ult. pH Lactobacilli
Browning Metmyoglobin formed by excess O2

in pack
Brown spots Haem pigments assoc. with growth

of yeasts
Loose packs Poor seals, punctured films
Blown packs Excess growth of CO2-producing

bacteria

Table 7.6 Permeability of packaging films to gas and water vapour (after Paine and
Paine, 1983)

Permeability (ml/m2/MPa/day)*

Material N2 O2 CO2 H2O
(at 30°C) (at 30°C) (at 30°C) (at 25°C & 90%RH)

Polyvinylidene chloride (Saran) 0.07 0.35 1.9 94
Polychloro-trifluorethylene 0.20 0.66 4.8 19
Polyester (Mylar A) 0.33 1.47 10 8700
Polyamide (Nylon 6) 0.67 2.5 10 47000
Polyvinylchloride (unplasticized) 2.7 8.0 6.7 10000
Cellulose acetate (P912) 19 52 450 500000
Polyethylene
(d = 0.95–0.96) 18 71 230 860
(d = 0.92) 120 360 2300 5300
Polystyrene 19 73 590 80000
Polypropylene (d = 0.91) – 150 610 4500

* All permeabilities calculated for a 25 µm thick film.



discoloration which can develop. In the deeper locations of beef carcasses, even with
fast chilling, the problem is not so much cold-shortening but delay in temperature
fall. As a result, in vivo temperatures persist, there is a consequently fast rate of
post-mortem glycolysis (cf. § 4.2.2) and the pH attains acid values swiftly. These 
conditions, being similar to those in PSE pork, lead to loss of water-holding capac-
ity by the proteins and to much exudation. By exposing the deeper locations of 
beef carcasses to the chilling environment, much faster rates of chilling are attain-
able. These slow the rate of post-mortem glycolysis, and they are reflected by 
substantial reductions in exudate from vacuum-packed primal cuts, by diminished
discoloration and by some increase in tenderness (Follet, 1974; Follet et al., 1974).
Such exposure is achieved by ‘seaming out’ the fascia of the major muscles, leaving
them attached to the carcass at one end. The bulk of the muscles prevents their
temperature being lowered below 10°C until the pH has fallen beyond the point 
of susceptibility to cold-shortening. Microbial contamination is only marginally
increased by the procedure.

With the advent of hot deboning of beef carcasses and of hot cutting of lamb,
and their preparation as shrink-wrapped cuts (cf. § 4.2.3), much faster refrigeration,
economies of space and substantial reduction of evaporative and exudative losses,
in comparison with those which apply when carcasses are chilled before butcher-
ing, have been achieved (Locker et al., 1975), and abattoir operations are likely to
alter accordingly. Such procedures would clearly involve a risk of cold-shortening
(or thaw-rigor). If, however, carcasses are electrically stimulated immediately 
after dressing (cf. § 7.1.1.2) fast chilling can be applied without the danger of tough-
ening and without any increase in the microbial load. Unfortunately, however, al-
though the toughening of cold-shortening would thus be easily avoided, these very
circumstances would prevent the positive contribution to tenderness of electrical
stimulation through its creating favourable circumstances for early and rapid 
conditioning, i.e. a combination of low pH and in vivo temperatures, as alluded 
to above.*

The impression is current that, as a means of preservation, prepackaging repre-
sents an advance over older methods of sale by diminishing microbial hazards.
But this cannot be taken for granted (Ingram, 1962), since meat prepared in small
pieces is subjected to much more initial handling than, for example, that cut from
joints; and unless the operations during prepackaging are hygienically controlled,
they may provide additional opportunities for contamination. With fresh meats, a
bright red surface colour is particularly desirable. As a result, oxygen-permeable
wraps tend to be used for this commodity to permit the formation and retention of
a layer of oxymyoglobin on the surface. Obviously, oxygen is not so freely able to
saturate the surface in such a pack as when the meat is completely exposed. Oxygen
tension tends to become limiting not only because of difficulty of entry, but also
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* Offer (1991) demonstrated a further complexity in the effect of temperature on post-
mortem glycolysis.Thus, although increasing the intensity of pre-rigor chilling (in the absence
of ‘cold-shortening’ circumstances) generally reduces the denaturation of myosin, it has little
protective effect when the intrinsic rate of post-mortem glycolysis is high – and the muscle
enters rigor mortis rapidly. Moreover, when muscles are not chilled, the denaturation of
myosin is greater in more slowly-glycolysing muscles in which rigor mortis is relatively
delayed. Offer (1991) explains these unexpected observations by postulating that actin
markedly inhibits the denaturation of myosin when the latter combines with it in forming
actomyosin.



because surviving activities in the oxygen-utilizing enzymes of the meat deplete the
atmosphere within the pack of this gas and produce carbon dioxide (cf. § 4.3). The
partial pressure of the gases constituting the internal atmosphere of the pack will
influence the type of micro-organism which can grow on the meat, and, in turn, their
metabolism will further change the internal atmosphere (Ingram, 1962). Moreover,
the characteristics of the prepackaging films which are used are generally such as to
prevent loss of water vapour. Whilst this would oppose weight loss, the absence of
surface desiccation tends to encourage microbial growth, especially that of bacteria.
Again, although prepackaging (once it is complete) may prevent further contami-
nation of the meat from the exterior, it may encourage consumers to expose the meat
to high temperatures and other conditions which they would not consider suitable
for unwrapped meat, with consequent dangers from spoilage or food poisoning. It is
important to emphasize that prepackaging of meat is an adjunct to preservation by
control of temperature or of other factors involved in deterioration.

It will be clear that there are several general factors likely to cause differences
between the microbial status of stored, prepackaged meat and that cut from car-
casses or large joints. More specifically, inherent differences between the muscles of
meat animals (Chapters 4 and 5) may become apparent. Although such differences
exist in the intact carcasses, they are exaggerated in prepackaging for the reasons
already indicated – namely, exposure of individual muscles under conditions when
their different susceptibilities to microbial growth, fat oxidation, discoloration and
exudation are emphasized. Much variability in the keeping quality of prepackaged
fresh meat can be explained in this way. Thus, as indicated above, functional differ-
entiation of muscles will be reflected in such features as moisture content, salt con-
centration, pH, degree of exudation, the surviving activity of oxidizing enzymes,
the degree of protein denaturation, the content of amino acids and other micro-
nutrients and, thereby, microbial growth.

As mentioned in § 7.1.1.1, the formation of brown metmyoglobin and the oxi-
dation of fat are among other aspects of changes during storage which prepackag-
ing emphasizes. It is particularly important that the reaction by which metmyoglobin
is formed is maximal not at a high oxygen tension but when the partial pressure of
the gas is 4 mm (Fig. 7.3; Brooks, 1935). Such a situation could well arise in fresh
prepackaged meat, depending on the permeability of the wrap used. When fresh
meat is packaged under vacuum the purplish-red colour of reduced myoglobin 
predominates; and, indeed, metmyoglobin, if initially formed, tends to be reduced
(Ball, 1959). As indicated in § 6.3.5, an alternative method for retaining the bright
red colour of oxymyoglobin on the surface of packaged meat is to seal it under 
high oxygen tension with sufficient carbon dioxide to inhibit aerobes (Georgala and
Davidson, 1970; Gill and Tan, 1980).

Normally, fresh meat exudes fluid (weep) from cut surfaces post-mortem after
attaining its ultimate pH (§§ 5.3, 5.4.1 and 10.1.2); but with the large areas of exposed
surface in prepackaged cuts, the phenomenon is much more noticeable. It may be
exaggerated if the contents of the pack are under tension from the wrapping ma-
terial. Among procedures employed to make weep less apparent is the incorpora-
tion of an absorbent tray in the pack. This soaks up fluid as it exudes from the meat.
The weight of meat offered for prepackaged sale, as we have mentioned above, will
tend to emphasize the differences between individual muscles in their degree of
exudation. Packaging systems that do not involve the application of a vacuum can
considerably reduce fluid loss (Payne et al., 1998).

210 Lawrie’s meat science



The weep derived from fresh meat on standing produces a similar electrophoretic
pattern, in respect of its protein components, as muscle press juice or an extract of
muscle in dilute salt solution: it appears to be mainly sarcoplasmic in origin (Howard
et al., 1960a). This view was confirmed by Savage et al. (1990). They made a detailed
study of the exudate from fresh rabbit and porcine muscle (which they referred to
as ‘drip’, although this term usually signifies the exudate from thawing muscle: cf.
§ 7.1.2.1). As the percentage of exudate increased, its protein concentration fell;
but this was not due solely to dilution: denaturation of certain proteins and their
insolubility appeared to be involved also. Creatine kinase was particularly labile (cf.
Fig. 5.3; Scopes, 1964). Savage et al. (1990) speculated that fluid from the myofibrils
might contribute.

Deterioration in meat lipids may be due to direct chemical action or through 
the intermediary activity of enzymes (either indigenous or derived from micro-
organisms). As a rule, direct chemical deterioration is not so important in fresh 
meat. Two types of deterioration occur: hydrolysis and oxidation. Lipolytic enzymes
split fatty acids from triglycerides (§ 4.1.2) leaving, ultimately, free glycerol. With
phospholipids, inorganic phosphate is also produced. The fatty acids liberated in
meat are generally not so offensive as those produced in milk (Lea, 1962). Since 
the rate of auto-oxidation of fatty acids increases with the number of double bonds
they contain, and since acids with several double bonds tend to produce off-flavours,
the content of unsaturated fatty acids has an important effect on the susceptibility
of a given fat to oxidation. From the considerations in Chapter 4, the rate of oxi-
dation of intramuscular fat would thus tend to be higher (a) in non-ruminants 
than in ruminants (e.g. in whale meat and pork in comparison with beef and
mutton), (b) in the less improved breeds, (c) in young animals rather than in older
ones, (d) in muscles with relatively low contents of intramuscular fat, (e) in the
lumbar region of l. dorsi in the pig rather than the thoracic region, the reverse 
being true in beef animals, (f) in animals on a low plane of nutrition and (g) in
animals receiving large proportions of unsaturated fat in their diet, particularly in
non-ruminants.

A considerable number of such differences may operate simultaneously. The 
relative tendency of pork muscles to become rancid and discoloured exemplifies this
complexity. Porcine psoas muscle has a higher proportion of unsaturated fatty acids,
especially in the phospholipid fraction (Owen et al., 1975), than the l. dorsi of this
species; and more myoglobin, which, when present in the metform, can act as a pro-
oxidant. Yet, during prolonged storage at –10°C, minced porcine l. dorsi undergoes
oxidative rancidity, and concomitant metmyoglobin formation, to a markedly
greater extent than psoas. This anomalous behaviour appears to be related to the
higher ultimate pH of the latter (Owen et al., 1975). At high pH the activity of the
cytochrome system of enzymes is much enhanced (Lawrie, 1952b) and this increases
their metmyoglobin-reducing activity (Cheah, 1971). Moreover, such enzymes are
found at higher concentration in psoas (Lawrie, 1953a). In porcine psoas muscle,
therefore, the relatively high ultimate pH, by minimizing pro-oxidant conditions,
more than offsets the inherently greater tendency of its lipids to oxidize.

On the other hand, the ultimate pH of both bovine psoas and l. dorsi muscles is
generally normal (Howard and Lawrie, 1956) and this potentiates the effect of the
higher proportion of polyunsaturated fatty acids in the former (Rhee et al., 1988).
Clearly, a considerable number of factors must be known before accurate predic-
tion of the behaviour of a given muscle can be made.
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The pro-oxidant effect of haematin compounds in fat oxidation is reciprocal since
unsaturated fatty acids accelerate the oxidation of myoglobin (Niell and Hastings,
1925). Since myoglobin and fats are brought into intimate contact with one another
in meats, their coupled reaction will contribute to rancidity and discoloration (Lea,
1937; Watts, 1954). During cooking, both haem-bound and nonhaem iron released
from the latter accelerate lipid oxidation (Igene et al., 1979). Nevertheless, it should
be pointed out that the behaviour of haem pigments and unsaturated fats, when in
juxtaposition, is not fully understood (D. A. Ledward, personal communication).
Thus, Kendrick and Watts (1969) postulated that at low lipid : haem ratios, haem
compounds can stabilize peroxides or free radicals, and exert an anti-oxidant effect.
Ultraviolet light (and other ionizing radiations) and ozone, which have been used
to discourage microbial growth on meat held above the freezing point, accelerate
fat oxidation.

Various anti-oxidants such as polyhydroxy phenols (e.g. propylgallate, hydrox-
yanisole) have been incorporated successfully in meat products to retard fat oxida-
tion (Barron and Lyman, 1938; Lineweaver et al., 1952); but these have been reported
to be associated with adverse health effects and the anti-oxidant potential of various
natural plant extracts – such as fenugreek, rosemary, sage, soya protein and tea cat-
echins – has been demonstrated in several pork products (McCarthy et al., 2001). Of
anti-oxidants which have been fed to animals in the hope of enhancing the post-
mortem anti-oxidant potential of their tissues, only tocopherols, such as vitamin E,
are stored to any extent (Barnes et al., 1943; Major and Watts, 1948). By feeding pigs
diets containing beef tallow or soya oil, with or without supplementation by α-
tocopherol acetate, Monahan et al. (1992) found a significant protective action of the
vitamin E on the susceptibility of the porcine muscle lipids to undergo oxidative ran-
cidity. They found a similar beneficial effect of α-tocopherol acetate feeding on veal
when it was administered to calves (Engeseth et al., 1993). Jensen et al. (1997)
reported that, in feeding α-tocopherol acetate to pigs, at levels of 100–700mg/kg of
diet, there was a linear relationship between the levels subsequently found in the
muscles and the logarithm of the dose fed. Increasing the supplement of the vitamin
from 100 to 200–700mg/kg of feed significantly reduced lipid oxidation during chilled
storage of the pork (but did not affect myoglobin oxidation).

The biochemical differentiation of muscles (cf. § 4.3.5.1) is reflected in their 
post-mortem susceptibility to the incorporation of anti-oxidants in the feed or by
preslaughter injection. Thus, whereas the tendency for lipid oxidation and met-
myoglobin formation in psoas major and gluteus medius was found to diminish 
following preslaughter injection of vitamin C in beef animals, the stability of 
longissimus dorsi was unaffected (Hood, 1975). On the other hand, Arnold et al.
(1992) found that the colour stability of longissimus dorsi was increased more than
that of gluteus medius when vitamin E was incorporated in the feed. Jensen et al.
(1997) noted that in psoas major the level of vitamin E established by preslaughter
feeding was markedly greater than that in longissimus dorsi. The formation of oxi-
dized products from cholesterol (which are reputed to exacerbate the tendency to
atherosclerosis), appears to be suppressed by vitamin E supplementation in the feed
(Galvin et al., 2000). Monosodium glutamate is said to be quite an effective anti-
oxidant, particularly in frozen meat (Sulzbacher and Gaddis, 1968), although its use
in foods has been criticized recently.

Consumer concerns have encouraged research on the use of protein-based edible
films for meat packaging. Apart from the long-established use of collagen for
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sausage casings, the properties of a variety of protein films derived, for example,
from corn, wheat, milk and meat itself, have been examined. Although such films
are not impermeable to moisture, they are relatively efficient barriers against the
entry of oxygen (Perez and Desoubry, 2002).

7.1.2 Storage below the freezing point
The efficacy of freezing in preserving meat has obviously been long understood by
the Eskimoes and other peoples inhabiting regions with Arctic climates.An extreme
example is the reported edibility of meat from mammoths adventitiously frozen 
for 15–20,000 years in northern Siberia under conditions preventing desiccation
(Stenbock-Fermor, 1915; Tolmachoff, 1929) (Fig. 7.4). Bone marrow from a horse
which had been frozen in Alaska for 50,000 years was served at a dinner in New
York (R. C. S. Williams, personal communication, 1969). Modern views on the freez-
ing of meat are based on an understanding of the changes caused by the process as
well as on its preservative aspects.

7.1.2.1 Effects of freezing on muscular tissue
The advantages of temperatures below the freezing point in prolonging the useful
storage life of meat, and in discouraging microbial and chemical changes, tend to be
offset by the exudation of fluid (‘drip’) on thawing. Proteins, peptides, amino acids,
lactic acid, purines, vitamins of the B complex and various salts are among the many
constituents of drip fluid (Empey, 1933; Howard et al., 1960a; Pearson et al., 1959).
The extent of drip is determined by factors of two kinds. In one category are the
factors which determine the extent to which the fluid, once formed, will in fact drain
from the meat. Among these are the size and shape of the pieces of meat (in par-
ticular the ratio of cut surface to volume), the orientation of cut surface with respect
to muscle fibre axis, the prevalence of large blood vessels and the relative tendency
for evaporation or condensation to occur in the thawing chamber. Factors of this
kind are of greater importance with beef than with pork or mutton, for with the
former more cutting is required to produce an easily handled quantity.

Factors in the second category are much more fundamental. They are concerned
with the nature of the freezing process in muscular tissue and with the water-holding
capacity of the muscle proteins, thus determining the volume of the fluid which
forms on thawing. In general, the proportion of the total water in muscle which
freezes increases rapidly at first as the temperature is lowered further below the
freezing point; then more slowly, approaching an asymptote of about 98.2 per cent
at –20°C (Moran, 1930). Because not all the water in muscle freezes, the latent heat
is lower than would be anticipated. The non-frozen portion appears to increase as
the fat content of the muscles increases (Fleming, 1969).* However, as well as the
extent, the rate at which the temperature of the meat falls is a most important con-
sideration: the time taken to pass from 0°C to –5°C is usually regarded as an indi-
cator of the speed of freezing. The fastest times so far obtained are of the order of
1s. These have been achieved by placing a single muscle fibre in isopentane at
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* Love and Elerian (1963) showed that damage to proteins in fish muscle increases pro-
gressively as temperature is lowered to –183°C, because more and more structural water is
irreversibly frozen out of them.



–150°C. At such rapid rates water freezes between the actual filaments (�mole-
cules) of myosin and actin in aggregates so small that they do not distort the struc-
ture, even at the level of observation possible with the electron microscope (Menz
and Luyet, 1961). These minute aggregates still appear to be crystalline and not
amorphous and vitreous (Luyet, 1961). As the time to freeze increases, structural
damage to the muscle also increases. To assess it, Love (1955) used the concentra-
tion of deoxyribose nucleic acid phosphorus (DNAP) in the expressible fluid of the
muscle during a series of studies on fish. Since in undamaged muscle DNAP is found
exclusively in the nucleus of the muscle cells, and thus inside the cell membrane
(sarcolemma), its appearance in the extracellular fluid indicated a degree of damage
sufficient to rupture the sarcolemma.

Some comparative data, compiled from the publications of Love (1958) and Love
and Haraldsson (1961), are given in Table 7.7. It will be seen that the sarcolemma
is still undamaged when the freezing time has been extended from 1sec to 5min
(although with the latter time there would be considerable distortion of the myofib-
rils inside the muscle fibre: Menz and Luyet, 1961). It will also be seen that as the
time to freeze increases beyond about 5min, damage to the sarcolemma proceeds
through a series of maxima and minima corresponding to different kinds of ice 
formation, firstly within and eventually outside the fibre. With those freezing times
less than about 75min and where there is little damage to the sarcolemma (e.g.
5 and 50min), the muscle can be thawed with little formation of drip irrespective
of ultimate pH – the water which separated as ice being completely reincorporated
by the proteins. Not all investigators agree that fast rates of freezing are associated
with less drip than slow rates. Thus, whereas Cook et al. (1926) found such a rela-
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Fig. 7.4 Carcass of young mammoth recovered from frozen Siberian tundra after ca. 15,000 
years. (Reproduced by courtesy of the Novosti Press Agency, London.)



tionship, Bailey (1972) did not. More recently, Anon and Calvelo (1980) re-exam-
ined the question. In a study of beef, they found that, as the time to freeze (defined
as the time to pass between –1 and –7°C) decreased below 15–20min, the extent of
drip decreased rapidly, this being associated with increasing proportions of intra-
cellular ice formation. With times of freezing between 20–200min the amount of
drip was appreciable and associated with extracellular ice formation but relatively
constant. The relationship between the temperature of freezing (which is approxi-
mately inverse to the rates of freezing) and ice crystal formation in beef l. dorsi
muscle was studied by Rahelic et al. (1985). Whereas water formed ice only inter-
cellularly at –10 and –33°C, and only intracellularly at –78°C and below, ice formed
both inter- and intracellularly at –22°C, when the greatest structural damage was
observed. At this temperature, also, the solubility of the myofibrillar proteins
appears least (Petrovic, 1982). Ice crystals formed within the I-band, but not within
the A-band at –22°C, possibly because the water-holding capacity of the actin fila-
ments is weaker than that of myosin filaments and the difference can be elicited in
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Table 7.7 Relation between freezing rate and DNAP (as an indicator of cell damage) in
press juice from thawed fish muscle (after Love, 1958; Love and Haraldsson, 1961)

Approximate
time to freeze DNAP Type of ice Presumed
(0 to –5°C) concentration formation explanation
(min)

5 Low Many very small Sarcolemma not damaged
intracellular 
crystals

25a High Four intracellular Unfrozen intracellular contents 
ice columns too thinly spread over surface 

between ice crystals and 
sarcolemma to avoid damaging 
latter

50 Low Relatively small Layer of unfrozen intracellular 
single contents sufficiently thick to 
intracellular separate ice from sarcolemma 
column and protect it

75b High Very large single Unfrozen intracellular contents too 
intracellular sparse to protect sarcolemma 
column from ice damage

100 Low Relatively small Water osmotically drawn from cell
extracellular through intact sarcolemma to 
crystals form crystals outside, which are 

too small to distort fibres
200–500 High Large extracellular Extracellular crystals are 

ice crystals sufficiently large to distort 
muscle fibres and damage
sarcolemma

>750 Low Very large Ice masses so large that fibres press
extracellular ice together: the sarcolemma of 
masses interior members thus protected 

from damage

a Denotes slowest freezing rate at which more than one ice crystal forms within muscle cell. bDenotes
slowest freezing rate at which ice forms intracellularly.



this temperature range (Rahelic et al., 1985). The rates of freezing feasible com-
mercially are much too slow to cause intracellular ice formation. With such rates of
freezing, ice crystals tend to form first outside the fibre, since the extracellular
osmotic pressure is less than that within the muscle cell (Chambers and Hale, 1932).
As extracellular ice formation proceeds, the remaining unfrozen extracellular fluid
increases in ionic strength and draws water osmotically from the super-cooled 
interior of the muscle cell. This freezes on to the existing ice crystals, causing 
them to grow, thus distorting and damaging the fibres. Moreover, the high ionic
strength denatures some of the muscle proteins (Finn, 1932; Love, 1956; and § 5.4.1),
and this factor, quite apart from the translocation of water, largely accounts for the
loss of waterholding capacity of the muscle proteins and for the failure of the fibres
to reabsorb, on thawing, all the water removed by freezing – this being manifested
as drip (Moran, 1927). On electrophoresis and ultracentrifugation, changes in the
pattern of separated proteins between fresh and frozen muscle are detectable
(Howard et al., 1960a). The sarcoplasm of fresh muscle shows only one isozyme of
glutamate-oxalacetate transaminase. After freezing, the mitochondrial isozyme is
liberated; and the presence of both in a sarcoplasmic extract is thus an indication
that freezing has taken place (Hamm and Kormendy, 1966). It has also been
reported that, in the drip from thawed pork, the concentration of α-glucosidase is
significantly greater than in the exudate from fresh pork (Toldra et al., 1991). Protein
damage is generally a function of time and temperature of freezing (Meryman,
1956). At –4°C, for example, increasing damage is caused to both sarcoplasmic and
myofibrillar proteins as time of storage increases (Awad et al., 1968). The number
of protein components separated by gel electrophoresis of urea-treated bovine 
actomyosin decreased from six to three over 8 weeks’ storage at –4°C. Specific 
sarcoplasmic protein components also became insoluble. Nevertheless, the extract-
ability of myofibrillar proteins has been reported to increase slightly during the 
early stages of storage at –20°C, the affinity of actin for myosin being greatest after
one week.

Although various cryoprotectants, such as glycerol and dimethyl sulphoxide,
are now commonly used to depress the freezing point of solutions and thus mini-
mize damage to cells, the high concentrations necessary for efficacy are toxic and
cause other deleterious changes which prevent their application in the freezing of
foods. The study of animals, plants and micro-organisms which survive freezing 
environments, however, has revealed the existence of a number of antifreeze pro-
teins which lower the freezing point of water by adsorption–inhibition (DeVries,
1988) and also alter the pattern of ice crystal formation to yield needle-like forms
instead of large crystal aggregates. In addition, they inhibit ice recrystallization 
(as occurs by sublimation when temperatures fluctuate), whereby cell damage is
limited. Conservation of the native configuration of proteins against environmental
damage appears to be a general phenomenon exerted by various organic solutes –
osmolytes – which control the availability of water in cells (Yancey, 2003) (and cf.
Fig. 7.7).

The possibility of utilizing antifreeze proteins to protect meat during freezing and
frozen storage was investigated by Payne et al. (1994). They demonstrated that
antifreeze glycoproteins of the Antarctic cod – which are α-helical repeat polymers
of Ala-Ala-Thr, with galactose-N-acetylgalactosamine linked via the hydroxyl
groups of threonine – when used to soak portions of meat before freezing at –20°C,
specifically reduced the size of ice crystals in comparison with controls. These gly-
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coproteins exemplify the production, by a single gene, of a polyprotein (Hsiao et al.,
1990), which can be subsequently split into separate functional units. The mecha-
nism is similar to that in viruses which translate their entire genome into a single
polyprotein (Douglas et al., 1984).

Subsequently, Payne and Young (1995) showed that, when the antifreeze glyco-
protein from Antarctic cod was injected into lambs 24h preslaughter, the ice crys-
tals found subsequently in the frozen l. dorsi muscles were markedly smaller than
those of non-injected controls and the drip loss was less on thawing (Fig. 7.5). It is
thus feasible that future development of this approach could improve the quality of
frozen meat.

The storage and preservation of meat: I Temperature control 217

(a)

(b)

Fig. 7.5 Scanning electron micrographs of frozen l. dorsi muscles from lamb. (a) Control.
(b) Lamb injected 24h preslaughter with 0.01 µg/kg of antifreeze glycoprotein from 
Antarctic cod (bar = 100µm). (Reprinted from Payne and Young, 1995, with kind permission 

of Elsevier Science Ltd and Drs S. R. Payne and O. A. Young.)



Despite the prolonged freezing times which are inevitable when dealing with
meat in commercial handling – carcasses, cuts or steaks – the degree of drip may be
greatly lessened by various procedures. These will be considered in § 7.1.2.2.

7.1.2.2 Frozen carcass meat
Large-scale preservation of meat by freezing dates from about 1880, as far as the
United Kingdom is concerned, when the first frozen beef and mutton arrived from
Australia. Increasing industrialization in Britain was accompanied by increasing
population and decreasing livestock: there was a surplus of meat animals in the
southern hemisphere, especially in New Zealand and Australia: and freezing offered
a means of preserving meat during the long voyages involved between the two areas
(Critchell and Raymond, 1912). By 1960 Britain was importing more than 500,000
tons per year of frozen beef, veal, mutton and lamb (Commonwealth Economic
Committee, 1961).

The rate of freezing is dependent not only on the bulk of the meat (Fig. 7.1) and
its thermal properties (e.g. specific heat and thermal conductivity), but on the tem-
perature of the refrigerating environment, on the method of applying the refriger-
ation and, with smaller cuts of meat, on the nature of the wrapping material used.
Table 7.8 gives the thermal conductivities, at various temperatures, of muscle, bone
and fat of several meat species (Morley, 1966).

The low conductivity of fat at both ambient and freezing temperatures, and the
greatly increased conductivity of meat when frozen, are apparent. Such data enable
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Table 7.8 Thermal conductivity of meat

Temperature Thermal 
Sample (°C) conductivity

10-3 J sec-1 cm-1 °C-1

Miscellaneous
Gelatin gel +20 6.2
Ice −19 24.7

Muscle
L. dorsi (lumbar), beef +16 5.2

−19 13.0
L. dorsi (lumbar), pork +16 5.2

−19 18.0
L. dorsi (lumbar), lamb −19 17.7

Fat
Sirloin, beef +16 2.1

−19 2.7
pork +16 2.0

Kidney, beef +16 1.9
(rendered) +16 1.3

Bone (cancellated) +16 2.6
Femur, beef −19 3.3

Bone (compact)
Femur, pork +19 5.8
Rib, beef +19 5.4
Radius, beef +19 5.7



accurate cooling and freezing rates to be calculated for commercial operations
(Earle and Fleming, 1967).

It is not appropriate here to discuss freezing techniques in detail: these have been
considered in various publications (cf. Tressler and Evers, 1947; Calvalo, 1981); but
some comparative data will be given.

It used to be normal commercial practice in Australia to chill beef quarters for
1–3 days at about 1°C and then to freeze them for 3 to 5 days at –10°C (Vickery,
1953), but rates of freezing have been increased either by using smaller cuts than
quarters (Law and Vere-Jones, 1955) or by placing the hot meat directly after slaugh-
tering into a blast tunnel freezer without prior chilling (Jasper, 1958; Howard and
Lawrie, 1956). The latter procedure is now used extensively in preparing New
Zealand lamb.Apart from rapidity of freezing, it involves biochemical factors which
will be considered below. Some idea of the rate of freezing of beef quarters in a
blast tunnel can be gained from the time–temperature curves in Fig. 7.6 (Howard
and Lawrie, 1957b). Curve (a) records the temperature in the deepest part of a
hindquarter of good quality beef when placed hot in a tunnel operating at
1000 ft/min (300m/min) and –40°C. The time for entry to completion of freezing is
about 18h compared with 24 h for beef of similar quality in a tunnel operating at
250 ft/min (75m/min) and −35°C (curve (b)). A thick section of sirloin under the
latter conditions froze in about 2h (curve (c)). The process obviously eliminates
weight losses caused by evaporation during chilling and lessens those during 
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Fig. 7.6 Time–temperature curves for beef placed whilst warm into a blast freezer (Howard
and Lawrie, 1957b). (a) Temperature in deepest portion of side: blast of 1000 ft/min
(300m/min); −40°C. (b) Temperature in deepest portion of side: blast of 250 ft/min (75m/min);

−30 °C. (c) Temperature at centre of thick section of sirloin.

Table 7.9 Weight losses during chilling, freezing and frozen
storage of beef quarters (Howard and Lawrie, 1956)

Quarters Quarters
blast frozen normally

Process without prior frozen after
chilling (as % chilling (as %
hot weight) hot weight)

Chilling – 1.50
Freezing 0.60 1.33
Storage at −10°C for 

20 weeks 0.74 0.36

Total 1.34 3.19



freezing (Table 7.9); but apparently causes the frozen quarters to be more suscep-
tible to loss during subsequent storage at –10°C. Even so, the overall loss is less. The
loss in weight of carcasses of New Zealand lamb over 90 days is generally about 4
per cent (Griffiths et al. 1932).

It is still customary in Britain to store frozen meat at –10°C; yet weight losses by
evaporation at –30°C are only 20 per cent of those at –10°C (Cutting and Malton,
1971). Moreover, wastage at the latter temperature increases the need to trim dis-
coloured surfaces. Packing in polythene reduces evaporation at –10°C to about the
same level as that of meat at –30°C without such packaging.

When unprotected meat surfaces are blast frozen, there is considerable freezer
burn. Freezer burn is the name given to the whitish or amber-coloured patches seen
on the surface of frozen meats. The patches are caused by the sublimation of ice
crystals into the atmosphere of the cold store, thus creating small air pockets on the
meat which scatter incident light (Brooks, 1929a). This happens because the vapour
pressure of water over the coils of the refrigerating machinery is much less than that
above the meat surface.

Kaess and Weidemann (1961, 1962, 1963) made an exhaustive study of freezer
burn. The phenomenon involves the formation of a condensed layer of muscular
tissue near the surface. This prevents access of water from below, thus enhancing
surface desiccation. Freezer burn is maximal during storage when the meat has 
been frozen rapidly under conditions where evaporation has been prevented; and
conversely.

The construction of cold stores which are entirely surrounded by an insulating
air jacket has made feasible a substantial reduction in evaporative loss during the
storage of frozen meat. In Moscow a store capable of holding 35,000 tons of meat
had been so jacketed (Gindlin et al., 1958) many years ago; but the extension of pre-
packaging methods of meat handling has largely invalidated this technical devel-
opment. Currently there is growing interest in importing frozen meat from Australia
and New Zealand in standardized insulated containers.Apart from speeding loading
and unloading operations, this obviates any risks from exposure to ambient
temperatures. Containers measuring 20 × 8 × 8 ft (6 × 2.5 × 2.5m) are in service 
(Middlehurst et al., 1969). When used to hold 60-lb (27kg) cartons of frozen bone-
less beef, such containers require additional refrigeration at varying times, depend-
ent on the initial temperature of the frozen meat when loaded into the containers
and the ambient temperature. ‘Clipon’ refrigeration units can be attached for this
purpose.Temperatures should not be permitted to rise above –4°C with frozen beef,
lamb or mutton, or above –5°C with offal, as otherwise damage and distortion due
to softening occur (Haughey and Marer, 1971).

With pieces of meat smaller than quarters or joints considerably faster rates of
freezing are naturally possible, the actual rate depending on the temperature of the
refrigerating environment, on its nature (Table 7.10) and on the wrapping material
which may be employed (Table 7.11).

It will be seen that such meat freezes fastest in an air blast and slowest in still
air, direct contact with freezing plates giving intermediate values; and that certain
types of wrap will double the time to freeze over that for corresponding unwrapped
meat (Dunker and Hankins, 1955), depending on their insulating properties (cf.
Table 7.6).

Even the rates of freezing in Table 7.10, being greater than 75min, will cause
extracellular ice formation (Table 7.7) and thus potential drip on thawing. Never-
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theless, the extracellular crystals formed are much smaller and more finely distrib-
uted than those in normal commercial practice (Moran, 1932; Cook et al., 1926). The
consequently lower order of fibre distortion and of translocation of water is associ-
ated with a somewhat smaller degree of drip (Ramsbottom and Koonz, 1939). It
should be pointed out that these benefits from the formation of small, extracellular
ice crystals will be lost if the frozen meat is subsequently held at too high a tem-
perature because of the phenomenon of recrystallization (Moran, 1932; Meryman,
1956). If the temperature of storage is not far below the freezing point, the small-
est ice crystals will sublime and recrystallize on to those which are somewhat larger,
thus increasing the size of the latter still further; and damage to the tissue, mani-
fested by drip or thawing, will increase accordingly.

The great difficulty of freezing even small portions of muscle sufficiently rapidly
to produce minute intracellular ice crystals, and thus diminish drip on thawing, has
been alluded to above (§ 7.1.2.1). As is well known, the application of pressure
lowers the freezing point of water. Martino et al. (1998) applied this principle to
0.4kg portions of porcine l. dorsi muscle, under a pressure of 210MPa, when they
were immersed in ethylene glycol–water at −20°C. On releasing the pressure to
0.1MPa, numerous small ice nuclei formed uniformly throughout the muscle cells.
Their size was less than that of those produced by freezing in liquid nitrogen, or by
air blast, under normal pressure (cf. Table 7.12; Fig. 7.7). Development of the 
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Table 7.10 Rates of freezing in relation to temperature and
type of freezing (after Dunker and Hankins, 1955) (6 inch
(150mm) cubes)

Approximate
Ambient Type of freezing time to freeze
temperature (°C) 3° to -12°C

(hr)

−17 Air blast 12
Plate freezer 16
Still air 19

−56 Air blast 2
Plate freezer 3.5
Still air 4

Table 7.11 Effect of wrapping on freezing rate of lean beef
(6 × 6 × 23 in. (150 × 150 × 580mm)) frozen in an air blast at
−17°C (after Dunker and Hankins, 1955)

Type of wrapping Approximate time to
freeze 3 °C to -15 °C (hr)

Nil 7
Greaseproof paper 9.5
Cellophane 10
Aluminium foil 12
White parchment 12
Polyethylene 14.5
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technique for the freezing of commercial-sized cuts of meat, whereby small ice crys-
tals would form intracellularly and drip on thawing would be markedly diminished,
is envisaged (Sanz et al., 1999).

It should also be noted that, during freezing at ambient pressure, water is con-
verted into Ice I, which is of a lower density than water and thus occupies a larger
volume, causing tissue damage. However, at 632 to 2216MPa, water freezes to Ice
VI and, as such, causes no disruption of the meat microstructure (Molina-Garcia 
et al., 2004) since the volume change on freezing is negative. The meat can be kept
under these conditions at ambient temperature.

The possibility of unlimited quality retention in frozen meat would depend on
complete prevention of enzymic reactions, oxidative rancidity and ice recrystalliza-
tion. This would involve complete immobilization of solutes by ‘glass’ formation.
Determination of the glass transition temperature of frozen pork (Tg) has suggested
that temperatures below −13°C would be required. There is evidence, however, that
some residual mobility of solutes persists down to a second glass transition tem-
perature at −55°C, suggesting that frozen storage below this level would be neces-
sary to completely prevent quality changes in the frozen commodity (Hansen et al.,
2003) (cf. Table 7.14).

Apart from its effect on the size of extracellular ice crystals, the rapid freezing
of meat without prior chilling influences the water-holding capacity in another way,
since post-mortem glycolysis will still be proceeding in the muscles (§ 4.2.2). If the
muscle should be frozen before the ATP level has fallen appreciably (i.e. pre-rigor),
there will be a greatly enhanced ATP-ase activity on thawing which will cause
marked shortening and the exudation of excessive quantities of drip which may
amount to 30–40 per cent of the muscle weight (‘thaw-rigor’: Moran and Smith,
1929; Bendall and Marsh, 1951) unless the muscle is held taut (e.g. in situ on the
carcass: Marsh and Thompson, 1958). In attempting to explain the phenomenon of
thaw-rigor, Bendall (1973) pointed out that the rate of contraction depends mainly
on the rate of thawing. To elucidate this problem he employed thin strips of muscle
wherein the time of heat transfer was negligible. He found that during thaw-rigor

Table 7.12 Mean ice crystal diameters (µm) at the surface and centre of 0.4kg samples of
porcine l. dorsi muscle frozen by different methods

Freezing method Surface Centre

High pressure (210MPa) in fluid at −20°C 2.34 ± 1.08 4.13 ± 2.16
Liquid nitrogen 3.03 ± 1.76 18.81 ± 1.36
Air blast 20.10 ± 3.04 31.11 ± 7.24

Fig. 7.7 Photomicrographs of central locations of porcine l. dorsi muscles from portions (5
× 7.5 × 11cm3) frozen (a) under 210MPa pressure in ethylene glycol–water at −20°C, (b) in
liquid nitrogen and (c) in an airblast at −35°C and 5.5m/s. Scale bar = 50µm. (Reproduced
from Meat Science, Vol. 50, M. N. Martino, L. Otero, P. D. Sanz and N. E. Zaritzky, ‘Size and
location of ice crystals in pork frozen by high pressure assisted freezing as compared to 
classical methods’, pp. 303–313. Copyright 1998, with permission from Elsevier Science and 

Dr M. N. Martino.)
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in such strips both creatine phosphate (CP) and ATP fell very swiftly from their
initial level, post-mortem glycolysis being complete in a fraction of an hour.The rate
of ATP breakdown was ten times greater than in normal rigor mortis at 37°C and
this could only be explained by presuming that the contractile ATP-ase had been
stimulated by pre-rigor freezing and thawing: the non-contractile ATP-ase of myosin
is responsible for ATP breakdown during the onset of rigor mortis normally. Bendall
further observed that the shortening of the muscles was complete before the ATP
level had declined significantly, whereas if shortening occurs at all in normal rigor
it does so at the stage where the ATP level is falling swiftly. It can be shown that
there is a characteristic notch in the shortening curve – indicative of relaxation.
When even faster thawing of pre-rigor frozen muscle is achieved (by the use of
quantities of muscle containing only a few fibres) contraction is almost instanta-
neous (about 30s) and develops considerable power, being then followed by almost
complete relaxation. On the basis of these results, and investigations on model
systems, Bendall concluded that the first effect of thawing is to cause an extensive
salt flux whereby Ca++ ions are released by the sarcotubular system and stimulate
the breakdown of the considerable level of ATP present in the pre-rigor frozen
muscle. Where thawing is more or less instantaneous, calcium is quickly recaptured
by the sarcotubular system. Since, thereby, the stimulation of actomyosin ATP-ase
is so brief, ATP is still virtually at its pre-rigor level, H-meromyosin cannot cross
bond with actin and relaxation ensues. Luyet and co-workers (1965) demonstrated
the visual changes in this sequence of events on film.

The rate of ATP breakdown in thaw-rigor is also affected by the rate of pre-rigor
freezing: fast frozen muscles metabolize ATP faster than slow frozen muscles. This
is again a reflection of the degree of stimulation of the contractile ATP-ase of acto-
myosin by calcium ions which appear to be released by the sarcotubular system to
a greater extent in the former case (Scopes and Newbold, 1968). Both in thaw-rigor
and cold shortening phosphorylase is markedly activated by the AMP produced
(Newbold and Scopes, 1967; Scopes and Newbold, 1968).

According to Shikama (1963) the activity of isolated myosin ATP-ase is sub-
stantially lost by exposure to temperatures below –20 ºC for even 10min, due to dis-
ruption of the ordered array of water molecules adjacent to the protein surface.This
suggests that the rate of ATP breakdown on thawing muscle which has been frozen
pre-rigor might be somewhat less if the temperature attained on freezing was suf-
ficiently low. Arrest of ATP breakdown sometimes fails to occur despite rates of
freezing which are theoretically fast enough to achieve it (Howard and Lawrie,
1956).This is probably because the rate of ATP breakdown before freezing has been
enhanced by cold shock (and caused ‘cold-shortening’) or where localized concen-
trations of salt have arisen just before the tissue as a whole has frozen (Smith, 1929).
The rate of onset of rigor mortis at –3°C is as rapid as at 20°C (Behnke et al., 1973).
Moreover, when pre-rigor frozen muscle is held for a few days at –2°C (Marsh and
Thompson, 1958) or for a few weeks at –12°C (Davey and Gilbert, 1976a), there is
a slow breakdown of the ATP, whilst the structure is still rigid whereby the prereq-
uisites for the shortening and exudation are removed.

Where the rate of freezing is insufficient either to arrest ATP breakdown (as in
pre-rigor freezing) or to speed it up (as by salt concentration in slower freezing or
by ‘cold-shock’), it may be sufficient, nevertheless, to slow it. This would be associ-
ated with a greater water-holding capacity (§ 5.4.1) and less drip on thawing. The
rate of ATP breakdown can be further slowed by preslaughter injection of relaxing
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doses of magnesium sulphate (Table 7.13; Howard and Lawrie, 1957b), and drip on
thawing is diminished even more. It is of interest that various studies in which mag-
nesium sulphate has been included in the diet of pigs, have reported a reduced inci-
dence of PSE, with enhanced water-holding capacity and colour – possibly because
the rate of post-mortem glycolysis has been diminished thereby (Hamilton et al.,
2003) (cf. § 4.2.2).

Conversely, the pre-slaughter administration of calcium salts, by increasing ATP
breakdown during post-mortem glycolysis, enhances drip formation (Howard and
Lawrie, 1956).

There are other ways in which drip can be minimized despite the extracellular
ice formation which is inevitable with carcass meat. Conditioning of meat before
freezing (§ 5.4) diminishes drip – possibly by increasing intracellular osmotic pres-
sure and thus opposing the egress of fluid to the extracellular ice crystals (Cook 
et al., 1926; Bouton et al., 1958). Part of the conditioning effect may be due to alter-
ations in ion–protein relationships since, during holding, sodium and calcium ions
are released and potassium ions absorbed by the myofibrillar proteins (Arnold 
et al., 1956).

The work of Empey (1933) showed that one of the most important factors deter-
mining the availability of drip fluid was pH. Even with the relatively low rates of
freezing in carcass meat, which produce extracellular ice formation, the induction
of a high ultimate pH can virtually eliminate drip (Fig. 7.8). The necessary glycogen
depletion may be brought about in various ways (cf. §§ 4.2.2 and 5.1.2). With quar-
ters of meat, however, the diminution in drip caused by high ultimate pH is not so
marked, because much of the fluid in these circumstances is derived from blood
vessels and other extracellular spaces rather than from the muscular tissue as such
(Howard et al., 1960).

It is interesting to note that even with the same rate of post-mortem pH fall, and
at the same ultimate pH, drip from the l. dorsi muscle is generally twice as great as
that from psoas; and it has a different composition (Howard et al., 1960a). Clearly,
different muscles have different intrinsic susceptibilities to damage during freezing
and thawing (Fig. 7.8). Especially with the advent of frozen cuts and individual por-
tions of meat, there has been increasing interest in establishing optimum modes 
of thawing. Various investigations have been undertaken to clarify the issue. Thus,
Bailey et al. (1974) found that, for a given temperature, frozen pork legs thaw faster
in water than in air, although the appearance after the latter treatment was prefer-
able. According to Vanichsensi et al. (1972) the thawing of frozen lamb shoulders 
in water (45°C for 2–21/2 hours) is suitable for short-term batch or continuous 
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Table 7.13 Percentage drip from beef psoas muscles under
different conditions

Normal Blast

Treatment freezing freezing

after chilling without
prior chilling

Control 9.1 6.6
Pre-slaughter injection with

magnesium sulphate 7.9 4.4



processing immediately prior to boning out. For a batch process with a cycle time
of 8–10 hours, however, air thawing at 2–18°C and high humidity is better.

The long periods of storage which temperatures below the freezing point make
possible may lead to considerable oxidative rancidity in exposed fat.The fats of beef
and lamb are relatively resistant to such oxidation and may still be good after 18
months, storage at –10°C (Lea, 1938). The more highly unsaturated fat of pork
becomes rancid rather more quickly, and that of rabbit, which may have an iodine
value of 180, turns yellow and oxidizes after only 4 months at –10°C (Vickery, 1932).
As indicated above, the formation of brown metmyoglobin tends to develop in the
lean in parallel with fat oxidation and rancidity (Watts, 1954).

7.1.2.3 Prepackaging aspects
The sale of prepackaged frozen meat has developed in parallel with the fresh article
for several reasons. In the first place, it adds to the convenience of handling, since
there is a great extension of storage life, making it attractive for institutional and
other bulk catering. Secondly, and in relation to the increasing availability of freez-
ing compartments in domestic refrigerators, it gives the consumers a new facility in
creating a reserve of quasi-fresh food against unexpected demands. Although tem-
peratures below the freezing point are beneficial in permitting prolonged storage,
they may make more severe demands on the packaging material than do chill or
ambient temperatures (cf. Table 7.6). The meat is exposed for times long enough to
cause desiccation and for oxidation of the fat and the pigments, notwithstanding the
slowness of these changes because of the low temperature.The wrapping must effec-
tively prevent – or disguise – them at temperatures for which many packing mate-
rials are unsuitable. Over prolonged storage periods, exposure to strong light, as in
display cabinets, will accelerate oxidation of fats (Lea, 1938) and cause discoloration
(especially at wavelengths between 5600–6300Å:Townsend and Bratzler, 1958), and
this is one reason for the use of an opaque wrap for frozen prepackaged products.
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Fig. 7.8 The relationship between the percentage of drip on thawing and the ultimate pH 
in psoas (�) and l. dorsi (�) muscles of the ox (Lawrie, 1959).



Another reason is that frozen meat, by its hardness, is liable to pierce the films of
polyethylene or polyvinylidene chloride which are often used. To avoid this the film
can be prevented from making close contact with the meat surfaces by the walls of
the carton base. Because of the space above the meat, sublimation of ice can occur,
causing extensive desiccation on the surface. An opaque wrap – stamped with a 
photographic representation of the contents when cooked – offsets the superficially
unpleasant impression this would create. Moreover, instructions are frequently
given to cook without thawing, thus disguising drip – the major disadvantage of
frozen meats. Even so, the pieces of meat used in prepackaging are sufficiently small
to permit really fast freezing, with a consequently diminished tendency to drip on
thawing (Bouton and Howard, 1956). If the pieces of meat are free of sharp edges
and are thus not liable to rupture the packaging film, the latter may be shrunk on
to the meat surfaces, thus eliminating the possibility of surface desiccation.

There is a definite relation between the ability of wrapping materials to retain
moisture and a desirable flavour and odour in the cooked meat. For frozen prepack-
aged meat, aluminium foil, polyethylene and polyvinylidene chloride are particu-
larly good in this respect (Emerson et al., 1955; Bouton and Howard, 1956).
Palatability can be enhanced by packing in nitrogen (Steinberg et al., 1949) or in
vacuum (Hiner et al., 1951) although it is also more expensive. Dahl recommends
–30°C as the desirable temperature of storage for frozen meat, but this might be
difficult to achieve commercially on a large scale. Fluctuating temperatures are par-
ticularly damaging for discoloration, rancidity and desiccation (Emerson et al., 1955;
Townsend and Bratzler, 1958).

Packaging materials (such as ‘Sarlyn’) are available which soften on heating and
can be tightly wrapped over sharp areas under vacuum without causing puncturing.
These are particularly useful with frozen cuts. There is no residual space in which
frost can form. The films are transparent and have moderately high oxygen perme-
ability. Their use permits the retention of the bright-red colour of oxymyoglobin on
the surface of the frozen meat for up to a year, provide it is stored in the dark below
–20°C (Taylor, 1985). In a comparison of lamb cuts, either wrapped in film of high
oxygen permeability or vacuum-packed in film of low oxygen permeability, and
stored in the dark at –10 , –20 or –35°C for 0–20 weeks, it was found that the former
had better colour retention during subsequent display at –20°C (Moore, 1990). Cuts
stored at –10 ºC had no display life after 10 weeks, whereas those stored at –20 or
–35°C had acceptable display life after 20 weeks.

From what has already been indicated in relation to fresh meat (§ 7.1.1.2) the
lower the temperature of frozen storage, the longer is the time before oxidative ran-
cidity in fat, and the production of brown metmyoglobin in the lean, develop. These
features, and the greater susceptibility to spoilage of pork than beef, have been
emphasized in the work of many investigators (Emerson et al., 1955; Palmer et al.,
1955; Dahl, 1958b): Table 7.14 is taken from the latter. The feeding of vitamin E to
pigs was found to increase slightly the storage life of the vacuum-packaged pork
when stored at –20°C. Since the storage life of the commodity at this temperature
is 9 months without such supplement, its use seemed superfluous unless even longer
storage or storage in the presence of light were envisaged (Houben and Krol, 1985).
Similar supplementation of cattle was found to improve the stability of both lipids
and pigments when beef, prepackaged in film of both high and low oxygen perme-
ability, was stored at –20°C (Lanari et al., 1994). Kinetic studies showed that the rate
of auto-oxidation of oxymyoglobin was decreased by the vitamin E (cf. § 7.1.1.3).
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Glazing the meat with water greatly retards these changes since it protects the
meat itself from desiccation and by preventing access of oxygen to the surface
retards oxidation (Dahl, 1958b). In the USA the wrapping of frozen cuts in edible
coatings (such as acetylated monoglycerates) has been advocated. They can be
applied to frozen meat (–20°C) by dropping the latter in a bath of the coatings sub-
stance at 130 °C for 5 s. Even at –30°C such coatings will not crack, and will retain
their efficacy against desiccation.

Experiments with slices of l. dorsi (about 1 inch (25mm) thick) and ground ham-
burger beef have shown that cryogenic freezing in liquid nitrogen gives initially
lower weight losses than those with blast-freezing at –30°C. Subsequently, however,
cooking losses from the cryogenically frozen material are greater. It has been sug-
gested that cryogenic freezing causes cracks to develop in the product from which
moisture is readily lost on cooking (Jakobbson and Bergtsson, 1969).

Although the low temperatures involved in the storage of frozen prepackaged
meat diminish the risk of microbial contamination, they do not eliminate it 
(§ 6.1.2.2). The same dangers of contamination during preparation, which apply to
fresh prepackaged meat, apply here (§ 7.1.1.3). Spores and diseases caused by sporu-
lating organisms or toxins may survive freezing. In the first place, bacteria would be
able to multiply in the meat if it were to stay much above freezing temperatures
before consumption. In the second case, sufficient toxin may form before bacterial
growth is stopped by freezing to affect customers subsequently eating the meat after
frozen storage.

The salient points on the freezing of meat may be summarized.

Post-rigor meat
1. The faster the rate of freezing the less will be the drip on thawing. (Not all

research workers agree on this aspect.) A high speed of freezing will also tend
to enhance tenderness.

2. A high ultimate pH (however it arises) will give greatly enhanced water-holding
capacity and diminish drip on thawing if the meat is subsequently frozen; but it
may lead to excessive tenderness and to loss of colour and flavour.

3. Increased tenderness and enhanced water-holding capacity (with diminished
drip on thawing) will develop if the meat is ‘conditioned’ for some days after
reaching the ultimate pH. (This applies particularly to beef.)

Pre-rigor meat
The consequences of freezing are determined by the freezing rate which is feasible
in particular circumstances.
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Table 7.14 Approximate times for appearance of distinct rancidity in fat or discoloration
of lean in unwrapped meat

Meat
Storage temperature

-8°C -15°C -22°C -30°C

Beef (rib roasts) 3 months 6 months 12 months –
Pork (loin without rind and – 3 months 6 months 12 months

back fat)



1. With intact sides of pork and beef the rate of heat removal is likely to be too
slow to cause much ‘cold-shortening’: and there will be virtually none of the meat
frozen pre-rigor.

2. When freezing is applied to pre-rigor meat of smaller dimensions there may be
some diminution of drip insofar as the process of postmortem glycolysis is
slowed; but, as the rate of temperature fall is increased still further, firstly ‘cold-
shortening’ then ‘thaw-rigor’ (due to pre-rigor freezing) will ensue. When very
fast freezing rates are possible, pre-rigor freezing will ensue before ‘cold-
shortening’ can develop.

3. ‘Cold-shortening’ can be avoided by ensuring that the temperature does not fall
below 10–15°C before about 10h post-mortem by altering the mode of suspen-
sion of the side or by electrical stimulation of the warm carcass.

4. The extreme disadvantages of ‘thaw-rigor’ can be avoided if the time and tem-
perature of frozen storage are such as to allow the ATP level to fall before
thawing.

5. If pre-rigor meat is salted, freezing is not associated with loss of water-holding
capacity (cf. § 10.2.1.2).

7.2 Thermal processing

Preservation of meat by thermal processing dates from the beginning of the nine-
teenth century when Appert (1810), whilst not aware of the nature of the processes
involved, found that meat would remain edible if it were heated in a sealed con-
tainer and the seal maintained until the meat was to be eaten.This method of preser-
vation has developed into the canning industry (although glass containers as well
as metal cans may be employed). Canned meat and meat products may be subjected
to heat at two levels: pasteurization, which is designed to stop microbial growth with
minimum damage; and sterilization, in which all or most bacteria are killed, but
which alters the meat to a considerably greater degree.

An important consideration in achieving sterility is the fact that certain micro-
organisms form spores which may be exceedingly heat-resistant (cf. § 6.3.1). To
destroy the spores of certain thermophiles would require a degree of heating which
would greatly lower the organoleptic attributes of the commodity. In canning prac-
tice ‘commercial sterility’ is achieved by giving a degree of heat treatment sufficient
to kill non-sporing bacteria and all spores that might germinate and grow during
storage without refrigeration. To avoid the growth of any thermophiles potentially
present it is essential to cool the cans rapidly after processing and to prevent storage
at high ambient temperatures. The eating quality of canned, cured meats can only
be retained by using a low degree of heat treatment (pasteurizing) which is insuffi-
cient to kill spores; but in such products the curing ingredients reinforce the bacte-
ricidal and bacteriostatic effects of the heat.

7.2.1 Pasteurization
Pork is more susceptible to heat damage than other meats; moreover, the ingredi-
ents used in making certain products from pork (as in hams) tend to weaken the
structure still further. As a result, the heat treatment given to such commodities 
as canned hams cannot be sufficient to kill all micro-organisms. The definition of
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pasteurized or semi-preserved meats indicates that such products do not remain
unchanged, and consumable, for any length of time in temperate climates unless
special precautions are taken during transport and storage (Maillet, 1955).Although
containers of semi-preserved meats are labelled to recommend low-temperature
storage, this was frequently disregarded when United Kingdom consumption of
continental canned hams and other such products increased after the Second World
War, since there was a current impression that all canned meats were sterile. The
widespread spoilage of the product, manifested by ‘blown’ cans and otherwise,
altered this view and has led to appropriate handling precautions (Hobbs, 1955). It
is nevertheless a fact that pasteurized cured meats are usually remarkably free from
microbial spoilage. Perigo et al. (1967) found evidence that, on heating during the
pasteurizing process, nitrite reacts with some component of the medium to produce
a substance which is strongly inhibitory to the growth of Clostridia. This may help
to explain the fortunate – but unexpected – stability of this type of product. It is
evident that the efficacy of a given pasteurization treatment, at constant levels of
salt and nitrite, in controlling the growth of Cl. botulinum, varies between different
portions of the pig carcass and between individual animals (Gibson et al., 1982).
Breed appears to have no consistent effect.

Spoilage of canned hams may be attributed to various associations of bacteria,
including faecal streptococci of porcine origin. The organisms responsible can be
classified (Table 7.15: after Mossel, 1955). The frequent presence of micrococci
(which have only normal heat tolerance) indicates that under-processing often
occurs (Ingram and Hobbs, 1954).

Although it is not possible to sample the interior of a ham during heating to
determine the bacterial count, the process has been followed in ham which has 
been minced under sterile conditions. Typical data are given in Table 7.16 (after
Grever, 1955). No actual increase in bacterial numbers occurred; and after the 
centre temperature reached about 45–55°C there was a definite decrease in
numbers. Apart from ensuring that the meat used in the preparation of semi-
preserved products is kept cool before canning, and has the minimum bacterial 
load deriving from the animal or from slaughter operations, it is important to ascer-
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Table 7.15 Classification of bacteria causing spoilage in pasteurized canned meat
products

Degree of resistance Genera or species Type of spoilageto pasteurization

(1) Occasional Salmonella Human disease – public
health risk

Lactobacillus Greening
Achromobacter pseudomonas Putrefaction
Coliforms Swelling

(2) Frequent Strept. faecalis Off-flavours
Micrococcus Swelling

(3) Complete Bacillus Swelling and off-flavours
Clostridium Swelling



tain that the minor ingredients which may be used – such as spices, condiments,
curing salts, sugar, milk powder – are sterile: they frequently harbour micro-organ-
isms which may resist canning. Some of these may be harmful, for example spore-
bearing anaerobes in spices. Black pepper, pimento and mustard seed, in their
natural state, are reservoirs for moulds of Penicillium and Aspergillus spp.The latter
can include Aspergillus flavus (Hadlok, 1969). On the other hand, some spices,
because of their essential oil content, have bactericidal properties. Thus the anti-
bacterial action of cloves is due to eugenol and that of mustard seed to allyl 
isothiocyanate.

Many muscle enzymes are inactivated in the temperature range used in pasteur-
izing, especially the more complex ones such as hexokinase: others such as creatine
kinase are not inactivated until a temperature of 60°C is reached: but an enzyme
such as adenylic kinase can stand a temperature of 100°C at pH 1 and, clearly, would
still be operative (Dixon and Webb, 1958). Fortunately, changes effected by the latter
are of minor importance. Nevertheless, it is obvious that in semi-preserved meats,
wherein the temperature is not raised much above 60°C, there may still be residual
enzymic activity. This could be undesirable even though the microbial status of the
product was satisfactory.

From the point of view of minimizing damage to texture, it is preferable to 
administer the dose of heat required for stabilizing the microbial status of the
product by a short period at high temperature, rather than by longer period at 
lower temperature (Ball, 1938). In the future, the severity of the heat may be 
minimized if it is combined with the use of irradiation, infrared treatment or high 
pressure.

7.2.2 Sterilization
The majority of canned meats are ‘commercially’ sterilized, i.e. they are processed
to the point at which most micro-organisms and their spores have been killed: this
permits more or less indefinite storage life in the can, at any ambient temperature,
provided it is kept sealed; but the product is markedly different from fresh meat,
and may alter chemically and physically in the course of time. Canned meat has
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Table 7.16 Pasteurization of hams at 75°C: aerobic counts
of nutrient agar

Pasteurizing Temperature Bacterial count(h) of ham (°C)

0 10 1.25 × 106

1 15 2.0 × 106

2 30 2.1 × 106

3 44 1.15 × 106

4 55 2.5 × 105

5 62 7.9 × 103

6 66 700
7 69 <10



remained edible for 114 years (Drummond and Macara, 1938). In the early days of
canning, the meat products were heated in an open water bath. Under these condi-
tions, the temperature of the cans failed to attain 100°C and a long processing time
was necessary to achieve commercial sterility. Increasing the boiling point of the
water by adding salts such as calcium chloride made possible a great reduction in
the processing time. By 1874 a controllable pressure steam retort had been invented;
and between 1920 and 1930 information on the heat resistance of bacterial spores,
and on heat penetration into cans, permitted the preparation of time–temperature
processing schedules, to control the canning process instead of relying upon empiri-
cism (Howard, 1949). The concept of thermal death time (TDT) proved most useful
in evaluating the efficacy of thermal processes (Brigelow and Esty, 1920). It is also
referred to as the Fahrenheit value (F), with a subscript to represent temperature,
the unit F0 being most frequent and representing the time, in minutes, needed to
achieve sterility at a temperature of 250°F (121°C). The decimal reduction value
(D) is the time in minutes required to kill 90 per cent of the bacteria cells at a given
temperature. By plotting the log of F or D against heating temperature, a straight
line is obtained. Its gradient is known as the z-value, and it may be defined as the
number of Fahrenheit degrees by which the temperature must be raised to obtain
a ten-fold increase of death rate of bacterial cells. For spores of Cl. botulinum and
of some other sporulating anaerobes (in phosphate buffer) z has a value of 18 
(Doty, 1960).

As in the case of semi-preserved meats, underprocessed or faulty cans are liable
to microbial spoilage, which may take various forms. A frequent result is the pro-
duction of gas in sufficient quantities to swell or ‘blow’ the can (cf. Table 7.15).
Although its pH is generally on the acid side of neutrality, meat is regarded as a low
acid food. Since the most lethal food-poisoning organism, Cl. botulinum, has a lower
limit of growth at pH 4.5, all foods such as meat which support its growth are given
heat treatment sufficient to destroy it. Its F0 value is 2.8; and at 100°C the toxin is
destroyed in 10 min. The presence of curing ingredients in products such as canned
hams makes them less liable to harbour Cl. botulinum and this permits pasteuriza-
tion (Halvorson, 1955). Cl. sporogenes, another spore-forming organism capable of
growth on meat, is more heat resistant than Cl. botulinum and is used to evaluate
heat processing (Desrosier, 1959). Certain thermophilic bacteria capable of with-
standing very severe heat treatment may also be present. To eliminate these 
would require a degree of processing which would seriously affect the meat and
lower its nutritive value. These organisms are controlled, as far as possible, by 
avoiding initial contamination (Howard, 1949). The thermo-resistance of bacteria in
meat products appears to bear some relation to the type of meat. Thus S. faecalis is
more resistant to thermal inactivation in comminuted salt pork than in the corre-
sponding beef product (Zakula, 1969). The effect has been attributed to differences
in the aw.

There is evidence that the thermal stability of bacterial enzymes is determined
more by their intracellular environment than by their molecular structure. Thus,
when the luciferase activity of vibrio fischeri was expressed in strains of E. coli, S.
Typhimurium, Listeria monocytogenes and Brochothrix thermosphacta (following
introduction of the lux AB genes via the plasmid pSP13), it was found that the ther-
mostability of the enzyme was determined by the internal environment of the micro-
organism in which it was located (and not directly by the relative thermostability
of that organism) (Mackey et al., 1994).
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Since most proteins are denatured by heat (Putnam, 1953), sterilized canned
meats suffer considerable change in the process. There is an increase in free –SH
groups (Bendall, 1946) and the proteins may coagulate and precipitate. The texture
of canned meat after sterilization is thus more like the cooked than the fresh com-
modity. If heat treatment is excessive, marked deterioration in aesthetic appeal and
eating quality occurs. Moreover, since meat (especially pork) contains appreciable
quantities of thiamin (vitamin B1) and ascorbic acid (vitamin C) and these are
destroyed by heat, the nutritive value of the canned product will be lower than that
of fresh meat. It must be remembered, however, that meat is not primarily eaten
for its vitamin content, and that these vitamins would, in any case, be largely
destroyed in cooking.The loss of such labile nutrients will be exaggerated if the cans
are subsequently stored for long periods at high ambient temperatures. The colour
of canned meats will also tend to resemble that of the cooked commodity, since 
the high temperatures will change the red pigment (myoglobin) to brown myo-
haemochromogen (Lemberg and Legge, 1949). If the interior of the cans is not 
lacquered, there may be discoloration due to the reaction of H2S (produced from
the meat proteins) with the plate metals (Howard, 1949).

Except, of course, where there is microbial spoilage, flavour changes during
canning are not generally a problem since, as has been mentioned, canning repre-
sents a degree of cooking and meat is generally cooked before consumption.

There is some suggestion that the actual biological value of the proteins of meat
may be lowered if processing temperatures are mainained at 113°C for periods
longer than about 5min (Beuk et al., 1949).

A degree of heat adequate to kill micro-organisms, but insufficient to seriously
damage texture, has been achieved by agitation of the cans during the canning
process (Fischer et al., 1954) and by flash-heating the meat to temperatures ca.
150°C (Ball, 1938) before placing it in sterile cans (Martin, 1948). The latter two
processes are not readily applicable to meats, however; but the former process has
resulted in a 50 per cent reduction in the heating time required for corned beef and
pork (in a loose mix with muscle juices: Jul, 1957).

A further advance in achieving commercial sterility with minimal concomitant
damage to the product has been due to the development of heat-sterilizable flexi-
ble bags (retort pouches). These are produced from multiple laminates which are
hermetically sealable. A typical 4-ply laminate for this purpose could consist of 
12µm polyester/12 µm Al foil/12µm polyester/70 µm polyolefin (Paine and Paine,
1983). The retort pouch offers several advantages. Thus, the thermal process time
tends to be significantly shorter than that for metal or glass containers (which min-
imizes loss of quality in the product); the shelf-life is comparable to that of a frozen
product without the need for a frozen chain for storage and distribution; there is
less container/product interaction; and, by permitting ‘boil-in-the-bag’ (where this
operation is appropriate), the retort pouch speeds preparation and serving (Paine
and Paine, 1983).

7.2.3 Novel thermal generating procedures
Several other procedures for the thermal processing of meat (and other foods) have
become available, which achieve the required degree of microbial control with
minimum damage to the nutritive and organoleptic properties of the meat (Hugas
et al., 2002).Thus, in ohmic heating, an elevated temperature is developed by passing
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an electric current through the meat (which has a high resistance). The process
permits continuous production, without heat transfer, and pasteurization or sterili-
zation at relatively low temperature. Ohmic heating, however, can be applied only
to pumpable products and is costly.

In dielectric heating, high-frequency radiowaves (1–100MHz) cause oscillation
of water molecules in the meat and generate heat by friction. At even higher fre-
quencies (300MHz to 300GHz) – microwave heating – the temperature required
to decrease microbial loads, with minimum damage to the product, can be achieved
in minutes rather than hours (cf. § 10.3.3.3).
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Chapter 8

The storage and preservation of meat:
II Moisture control

From the considerations in § 6.3 it is apparent that deprivation of available mois-
ture can not only prevent the growth of the micro-organisms found on meat but
may also kill them. Water may be made unavailable by direct removal, as in dehy-
dration and freeze dehydration, or by increasing the extracellular osmotic pressure,
as in curing.With these processes the prevention of microbial change and the preser-
vation of edibility involves the creation of a commodity which necessarily differs
more from the fresh meat than does refrigerated meat, although on subsequent
cooking these differences in nature are less apparent.

8.1 Dehydration

As with refrigeration, the efficacy of drying had been empirically recognized in meat
preservation since very early times. The idea that dehydration could preserve mus-
cular tissue was obviously known in Egypt 5000 years ago and utilized in preparing
mummies. A variety of dried and cured meats was available 3000 years ago: indeed,
muscle fibres can still be recognized in material from Jericho (A. McM. Taylor, per-
sonal communication).

Early drying procedures, which are still continued in remoter areas of the world,
involved exposure of strips of lean meat to sunlight, as in the manufacture of pem-
mican by North American Indians, or a combination of light salting followed by air
drying, as in the preparation of charqui (in South America) and biltong (in South
Africa) (Sharp, 1953). Such products are considerably different from fresh meat –
and to most tastes lower in eating quality. Their preservation may be enhanced by
fermentation via halophilic micro-organisms.

The large-scale commercial production of dehydrated meat in a form which,
when cooked, was similar in nutritive value and in palatability to the fresh com-
modity resulted from research carried out during the Second World War (Dunker
et al., 1945; Sharp, 1953). To effect the necessary degree of moisture removal by the
current of hot air used in the process, it was essential to have a high surface : volume



ratio in the meat: minces were, therefore, used. The use of raw, minced meat proved
unsatisfactory, since it quickly became case-hardened, thus opposing further mois-
ture removal. By first cooking the meat in slices, however, mincing it and then drying
it under carefully controlled conditions (the temperature being kept below 70°C:
Dunker et al., 1945; Sharp, 1953) a product could be prepared which was almost
indistinguishable in flavour and texture from raw minced meat, when comparisons
of the fully cooked meats were made. Although minced and precooked dehydrated
meat obviously cannot serve the same purposes as fresh meat, it was designed to
conserve the essential nutrients and eating quality of the latter without refrigera-
tion and in small bulk – against emergency conditions. It was never issued as such
to the domestic consumer, although it was utilized for certain manufactured meat
products; but it proved most useful for the Armed Forces.

The data in Table 8.1 illustrate the saving in space involved. It is important to
note that although 1 ton of both canned corned beef and dehydrated beef occupies
54 ft3, the density of essential nutrients is more than twice as high in the latter, since
canned beef contains about 53 per cent water and the dehydrated meat quoted con-
tained a mean of 7.5 per cent water (Sharp, 1953).

Before outlining some of the considerations involved in preparing a dehydrated
meat of satisfactory quality, it is desirable to mention briefly some of the implicit
biochemical aspects.

8.1.1 Biochemical aspects
The difference between dehydrated and fresh meat will obviously be minimized if
the water removed from the former can be incorporated again on rehydration. The
degree of reincorporation depends on the surviving water-holding capacity of the
muscle – in terms both of microscopic structure and of the chemical state of 
the muscle proteins.

Loss of water from both raw and precooked meat is accompanied by diminish-
ing space between groups of muscle fibres and between the individual fibres and by
a progressive reduction in muscle fibre diameter (Wang et al., 1953). The rate of
moisture removal and of muscle fibre shrinkage is more rapid with precooked than
with raw meat and proceeds further. Potassium was found to accumulate on the
periphery of the dehydrated muscle fibres. Since this circumstance would denature
the proteins in this location, thus obstructing re-entry of water on rehydration,
experiments on muscle from which potassium has been removed by electrolysis
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Table 8.1 Comparative density of different forms of beef
(after Sharp, 1953)

Commodity ft3/tona ft3/ton meat
solids

Frozen quarters 95 264
Frozen quarters (boneless) 78 173
Canned corned beef 54 157
Dehydrated beef (compressed

to specific gravity 1) 54 75

a 1 ft3/ton ≈ 27 × 10−6 m3/kg.



were carried out (Wang et al., 1954a). On rehydration, electrolysed muscle absorbed
about twice as much water as control material: this was attributed to its pH (2.8)
which was considerably on the acid side of the iso-electric point. This procedure
could not be developed in practice. Ease of rehydration is said to be enhanced by
the use of irradiated meat (M. C. Brockmann, personal communication).

With hot-air drying procedures, lack of rehydratability is largely due to changes
similar to those occurring during heat denaturation. In the range 0–20°C (as meas-
ured by the amount of so-called bound water; Grau and Hamm, 1952) the water-
holding capacity of meat decreases with increasing temperature (Wierbicki and
Deatherage, 1958) presumably by its effect upon the sarcoplasmic proteins (cf.Table
5.3). Between 20–30°C there is no change in the degree of hydration (Fig. 8.1).
Between 30 and 40°C polypeptide chains in the muscle protein unfold and new elec-
trostatic or hydrogen bonds form (Wierbicki and Deatherage, 1958), and there is a
slight fall in the degree of hydration at the iso-electric point (about 5.5). Although
the heat coagulation of isolated actomyosin in vitro starts at about 35°C (Locker,
1956), muscle proteins are more stable in situ (Engelhardt, 1946), and marked
changes in hydratability do not occur until the temperature rises above 40°C (Fig.
8.1). Between 40 and 50°C, however, there is a loss in water-holding capacity which
is associated with a corresponding diminution in the titratable acidic groups. There
is a further decrease in the water-holding capacity between 50 and 80°C, but this is
less marked (although loss of acidic groups continues).Above 80°C, free H2S begins
to form and increases with increasing temperature (Tilgner, 1958). The loss of free
acidic groups explains the considerable rise in the pH of the meat (cf. Fig. 8.1) and
the iso-electric point of the muscle changes to higher pH values (Fig. 8.2), thus
tending to offset the increase in water-holding capacity which the higher pH would
normally cause (Hamm, 1960). It is important to note that relative differences in
the water-holding capacity of fresh meat are retained after heating. For example,
meat of high ultimate pH which has a high water-holding capacity when fresh, has
also a higher water-holding capacity after heating than that of normal ultimate pH
(Bendall, 1946; Hamm and Deatherage, 1960a). This circumstance is important in
the production of frankfurters (Grau, 1952) and canned ham (Koeppe, 1954).
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Fig. 8.1 The effect of temperature on degree of hydration, pH and acidic groups of beef
muscle homogenates (Hamm, 1960). (Courtesy Prof. R. Hamm.)



The collagen of associated connective tissue also changes as the temperature is
raised. Thus, at about 60–65°C collagen is transformed into more soluble form. At
somewhat higher temperatures the latter swells and softens as it takes up water and
finally disintegrates, forming gelatin. The latter does not occur appreciably below
100°C. These changes in collagen with heating will tend to increase the water-
holding capacity of the meat (Hamm, 1960), but the reactions of sarcoplasmic and
myofibrillar proteins are quantitatively much more important and clearly the lower
the heating temperature during drying the less will be the loss of water-holding
capacity and the greater degree of reconstitutability.

8.1.2 Physical aspects
Various physical factors determine the efficacy of a hot-air draught in dehydrating
precooked minced meat.

In the first place, while the size of the meat particles is not important in itself,
within the range 0.3–0.8cm diameter it influences the density of loading of the
drying trays and thus has an effect on the time of drying. Thus the time taken for
finely minced particles to reach a water content of 5 per cent was 3, 5 and 61/2 h with
loading of 1, 2 and 4 lb/ft2 (0.04, 0.08, and 0.16kg/m2) respectively (Sharp, 1953).

As will be apparent from § 8.1.1, the temperature of drying is important. Heat
damage is characterized by toughness, grittiness and burnt flavour. Whilst the water
content is still about 77 per cent air temperatures of 80°C can be tolerated for 2h
without loss of quality; but even 50°C can produce some deterioration when the
water content is low. Nevertheless, quality is maintained at a satisfactory level when
the drying temperature is 70°C throughout the process (Dunker et al., 1945; Sharp,
1953). A typical drying curve showing water content and meat temperature is given
in Fig. 8.3 (Sharp, 1953). The operating conditions refer to an air speed of 600 ft/min
(180m/min), an air temperature of 60°C, a relative humidity of 40 per cent and a
tray loading of 2 lb/ft2 (0.08kg/m2). It will be observed that the temperature of the
meat remains relatively low (at the web bulb temperature) until about half the mois-
ture has been driven off. It is at this same point that a relatively high fat content
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Fig. 8.2 The effect of temperature on the pH hydration curve of beef muscle of ultimate 
pH 5.5 (Hamm, 1960). (Courtesy Prof. R. Hamm.)



begins to retard the rate of drying, although it has little influence initially.This results
in a serious increase in the time of dehydration if the fat content is above about 35
per cent of the dry weight; and where it is above 40 per cent of the dry weight the
spongy texture of the dry meat can no longer hold the molten fat and it drips away
(Sharp, 1953; Prater and Coote, 1962). On the other hand, when the fat content is
below about 35 per cent of the dry weight, dehydrated meat of satisfactory water
content can be obtained in a continuous hot-air drier and at a fixed drying time,
despite considerable variability in the fat content. In general, however, a low-grade
meat from a leaner type of carcass is preferred for the preparation of dehydrated
meat in these circumstances.

The degree of precooking is an important factor. If the meat is overcooked its
connective tissue framework will be changed to gelatin, and although it will give dry
granules which reconstitute quickly, it will break down under compression (§ 8.1.3).
An undercooked meat, however, will have a slow drying rate and a slow rate of
reconstitution, yielding a dry and brittle texture. Since the aqueous liquor exuding
from the meat during the precooking period contains various soluble substances, it
must be returned to the cooked meat before dehydration commences to retain the
full meat flavour and nutritive value of the fresh commodity. Any fat rendered out
on cooking may be returned to the meat according to the fat content desired.

8.1.3 Organoleptic aspects
For long-term storage, such dehydrated meat must be compressed to exclude
pockets of air or moisture and kept in an airtight and moisture-proof container,
preferably a tin-plate can (Sharp, 1953), since its finely divided porous state makes
it specially liable to attack by oxygen. Non-oxidative changes, whether enzymic or

The storage and preservation of meat: II Moisture control 239

Fig. 8.3 Typical drying curve for meat. Drying temperature 60°C (dry bulb), 44°C (wet bulb,
R.H. 0.40 (Sharp 1953). ×–× = water content. �–� = meat temperature. (Courtesy the late 

Dr J. G. Sharp.)



chemical, are of secondary importance except at high storage temperatures. Thus,
while restriction of oxygen will maintain the flavour of dehydrated meat for 12
months or longer at 15°C, non-oxidative deterioration may develop under nitrogen
at 37°C.

In the absence of oxygen the main changes during storage are caused by the Mail-
lard reaction (Henrickson et al., 1955; Sharp, 1957), wherein carbonyl groups of
reducing sugars react with the amino groups of proteins and amino acids nonen-
zymically. A dark brown coloration and a bitter, burnt flavour develop. Glucose and
glucose-6-phosphate are formed in muscle post-mortem, the rate of formation being
much higher in pork and rabbit than in beef. In the former two species the break-
down of muscle glycogen by α-amylolysis is more intense (Sharp, 1958). The rate of
nonenzymic browning increases with pH (Sharp, 1957) and is not inhibited above
37°C unless the moisture content of the meat is 2 per cent or less. Dehydrated raw
meat deteriorates to a greater extent than the cooked product, possibly because the
residual amylolytic activity is greater. To keep the reactants at the lowest possible
concentration, meat must be dehydrated immediately after the death of the animal
or held for some time below –10°C before dehydration. The removal of glucose by
glucose oxidase is not practicable commercially. Because of the Maillard reaction,
dehydrated meat can become unpalatable in 6 months when kept at high tempera-
ture (Sharp and Rolfe, 1958). Concomitant losses in the water-holding capacity of
the proteins cause brittleness of texture. The storage life can be extended consider-
ably, however, by drying to very low moisture contents.

In the presence of oxygen, the storage of dehydrated meat (of high moisture
content) at high temperature causes it to become pale and yellow, due to the con-
version of myoglobin to bile pigments. A mealy odour develops and fat oxidation
occurs giving rise to paint-like odours. In dehydrated raw meat there is still consider-
able lipolytic action (Table 8.2). Precooking the meat before drying greatly reduces,
but does not destroy, its lipolytic activity which is greater the higher the storage 
temperature and the residual moisture content. Fat rancidity does not develop 
when the moisture content is reduced to 1.5 per cent, but at such a level flavour and
texture are likely to be seriously affected. The stability of the fat to oxygen is
increased by the incorporation of antioxidants such as gum guaiac or ethylgallate
in the meat during precooking (Anon., 1944). But other changes then become 
apparent. These are characterized by the mealy odours already mentioned (Tappel,
1956). Rancidity may also be avoided by gas-packing the dehydrated meat: only 
a slight odour, like that of crab meat, is then apparent and the latter disappears
during reconstitution and cooking. Dehydrated cured meat is especially liable 
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Table 8.2 Free acidity of fat in air-dried raw beef after 12
months’ storage (Sharp, 1953)

(As per cent oleic acid)

Moisture content Temperature of storage

20°C 37°C

7.5 17 36
5.0 12 24
3.2 6 13



to undergo oxidative rancidity because of the production of a pro-oxidant during
curing.

Generally the moisture content of dehydrated meat is too low to permit bacter-
ial growth, but if it rises above 10 per cent mould growth may occur after some
weeks (generally, Penicillium and Aspergillus spp.).

Ideally, foods undergoing dehydration should be heated at a temperature such
that microbial growth cannot occur before the moisture content has dropped suffi-
ciently low to prevent it. It appears, however, that even if Cl. botulinum were
present, it could not form appreciable amounts of toxin during the period of de-
hydration (Dozier, 1924). Precautions must be taken, however, to prevent contam-
ination during the period of reconstitution.

As with thermally processed meats, the thiamin content of dehydrated meat dimin-
ishes during storage, especially at high temperatures (Table 8.3: Rice et al., 1944).

In general, when compressed into blocks of specific gravity 0.8 to 1.0 in sealed
cans under nitrogen, dehydrated pork, mutton or beef will keep without deteriora-
tion in flavour and odour for 3 years or more at moderate storage temperatures
(Sharp, 1953) although the degree of reconstitution decreases after about 12 months
(Grau and Friess-Schultheiss, 1962).

8.2 Freeze dehydration

The necessity of using cooked mince to produce a satisfactory product with air
drying procedures has been mentioned above: the possibility of vacuum drying, with
advantages in quality resulting from the reduced heat treatment required, were real-
ized in commercial operations at the end of the Second World War when vacuum
contact-dehydration (VCD) plant was developed in Denmark (Hanson, 1961). Nev-
ertheless, although the VCD method permitted technological advances, the meat so
processed was difficult to reconstitute. The possibility of removing water from meat
by sublimation from the frozen state rather than by evaporation of liquid had been
apparent for some years, since freeze drying was a well-known procedure in the pro-
duction of highly priced pharmaceuticals and biological materials in laboratory scale
operations. It has been appreciated as the mildest method known for drying meat
(Wang et al., 1954b; Regier and Tappel, 1956). No satisfactory way of applying the
process to production line operations was initially foreseen. Between 1955 and 1960,
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Table 8.3 Loss of thiamine in dehydrated pork stored at
various temperatures

Storage Per cent thiamin retained

temperature (°C) 7 days 14 days 21 days

−29 100 100 100
3 100 100 96

27 – 89 77
37 70 55 43
49 15 7 0
63 4 0 0



however, a large-scale process for freeze drying was developed in the United
Kingdom. It was fully described by Rolfe (1958). Since it incorporated plates to
enhance heat exchange during the initial phase of sublimation and to supply heat
to them to aid drying during the second phase, the process was called accelerated
freeze drying (AFD). AFD permitted the freeze drying of hundreds of kilograms
of raw meat per run: in only 4 h the moisture content could be reduced to about 2
per cent. Moreover, whole steaks (about 1.5cm thick) could be processed; and they
rehydrated quickly and easily. In short, meat could be handled in portions similar
to those available to the consumer of fresh meat – or of that prepared by refriger-
ation, curing, canning or irradiation. The low operating temperatures and speed of
the process, the avoidance of translocation of salts, etc., during drying and the hon-
eycomb texture created by the direct sublimation of ice from the minute interstices
of the tissue, caused little damage to the meat proteins. The quality of the product
thus resembled fresh meat. The use of spikes, to conduct the heat into the centre of
the drying tissue, permitted the freeze drying of 21/2 lb (1.1kg) roasts in 5–8h (Brynko
and Smithies, 1956).

8.2.1 Histological aspects
If operated at a low plate temperature, the freeze drying process causes relatively
little gross histological change (Wang et al., 1954b; Luyet, 1962). Whereas evapora-
tion of water from the fluid phase involves the movement of salts with the water
front towards the surface of the meat, with consequent distortion of the muscle, sub-
limation of water vapour occurs direct from each crystal nucleus of ice during freeze
drying; and any distortion is limited to the areas around these nuclei (Luyet, 1961,
1962). Such distortion obviously depends on the size and number of the ice nuclei,
which, in turn, is a function of the rate of freezing (§ 7.1.2.1). The smaller they are
the less will be the histological damage, and the finer the honeycomb of air spaces
left after sublimation.With a sufficient speed of freezing, ice crystals will form inside
the myofibrils between the molecules of actin and myosin causing no alteration in
structure, even at the level of observation given by the electron microscope (Menz
and Luyet, 1961). It is obvious, of course, that such rates of freezing are impossible
with even the smallest piece of meat encountered by the consumer. In any case,
even with much slower rates, where ice crystal size and distribution is relatively gross,
the honeycomb structure left on sublimation can be too fine to permit easy rehy-
dration (Wang et al., 1954b), because air bubbles are trapped within the structure.
The pre-frozen steaks used in the AFD process have a relatively open honeycomb
structure which facilitates drying (Rolfe, 1958; Hanson, 1961). They also rehydrate
easily. If attempts are made to freeze-dry steaks which have been placed whilst
unfrozen into the vacuum chamber, their water will tend to freeze by evaporative
cooling, and, by causing local concentrations of salt on the surface, will create
thereon a skin of denatured, protein (cf. § 7.1.2.1) which will oppose re-entry of
water (Rolfe, 1958). On the other hand, if a small quantity of water forms in the
meat by thawing between pre-freezing and placing in a vacuum chamber, it quickly
re-freezes and sublimes satisfactorily. Nevertheless, if the rate of such re-freezing is
exceptionally fast, very small intracellular ice crystals will form causing a texture
which will oppose rehydration (Wang et al., 1954b).

Even when operated under optimum conditions, the AFD process appears to
cause some change in meat: when homogenized the myofibrils tend to adhere along
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their length as observed at the histological level (Voyle and Lawrie, 1964). It is thus
interesting to note that the sarcoplasmic reticulum, which is located between the
myofibrils (§ 3.2.2), will no longer stain with the Veratti reagent after freeze drying,
although electron microscopy indicates that the structure is still present (Voyle and
Lawrie, 1964).

If the plate temperature is below 60°C the histological appearance of the recon-
stituted muscle is similar to that of fresh (Aitken et al., 1962): above this tempera-
ture there is progressively greater histological change which is paralleled by
difficulty in reconstitution.

8.2.2 Physical and biochemical aspects
Unlike the heating involved in hot air dehydration (cf. Fig. 8.2), freeze dehydration
will not change the iso-electric point of muscle if operated under optimum condi-
tions. Moreover, instead of lowering the water-holding capacity generally, it 
tends to do so only at the iso-electric point (Fig. 8.4). According to Hamm and
Deatherage (1960b), this loss of water-holding capacity is not due to the freezing
aspect of the freeze-drying process. The plate temperature during the final phase of
drying is implicated. Although the latter has little effect on the total moisture
content after reconstitution (Table 8.4), it affects the amount of moisture which is
firmly bound (here defined as that remaining after centrifuging).
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Fig. 8.4 The effect of freeze drying on the pH hydration curve of beef muscle (Hamm, 1960).
� = fresh muscle. � = freeze dried and rehydrated muscle. (Courtesy Prof. R. Hamm.)

Table 8.4 The effect of plate temperature on various characteristics of freeze-dried meat
after rehydration (Aitken et al., unpublished)

Temperature of plate

Characteristic Control (°C)
(frozen)

20 40 60 80 100

Total moisture (per cent) 77.2 75.4 75.9 75.5 76.8 75.3
‘Bound’ water (per cent) 65.3 63.8 63.9 63.1 62.8 53.8
Meat solids (per cent)

in reconstitution water 12.3 10.1 9.9 10.9 10.3 5.4



There is a distinct drop between 80 and 100°C in the latter. Moreover, the per-
centage of total meat solids which is leached out by the reconstitution water is con-
siderably less at a plate temperature of 100°C, indicating that there has been heat
denaturation of sarcoplasmic proteins causing their insolubility. The contribution 
of sarcoplasmic proteins to water-holding capacity is also indicated by the effect of
the time of reconstitution of freeze-dried meat on its bound water content. This
decreases appreciably at times of reconstitution greater than 1h, due to the leach-
ing out of sarcoplasmic proteins. When the plate temperatures are about 20–30°C,
the accelerated freeze-drying process does not affect the extractability of the
myofibrillar proteins at any pH between 5 and 7 in comparison with frozen mate-
rial (Scopes, 1964). On the other hand, where the plate temperature is about
60–70°C (as is normal commercially), there is a drop in the solubility of the myofib-
rillar proteins, indicating some measure of denaturation (Table 8.5: Penny,Voyle and
Lawrie, unpublished data), and a change in the electrophoretic pattern, indicating
some alteration in the actomyosin complex (Thompson et al., 1962).

Clearly, in the AFD process under commercial conditions, there is some loss of
water-holding capacity attributable to the effect of the plate temperature on the
myofibrillar and sarcoplasmic proteins; and these changes may explain the woodi-
ness in texture already referred to. Occasionally, even with optimum operating con-
ditions, excessive woodiness and difficulty of reconstitution is encountered. This can
be explained on the basis of exceptionally severe denaturation changes in the sar-
coplasmic and myofibrillar proteins of animals, wherein post-mortem glycolysis has
been very fast or where the ultimate pH has been unusually low, for example in the
PSE condition of pigs (§§ 3.4.3, 4.2.2, 5.4.1). The induction of a high ultimate pH by
pre-slaughter injection of adrenaline will enhance the water-holding capacity of
these proteins. This is manifested, in both cattle and pigs (Penny et al., 1963, 1964),
by the behaviour of the myofibrils from the fresh meat at various environmental
pH levels; and the differences between muscles of originally high or low ultimate
pH are retained after freeze drying (Fig. 8.5). It is also reflected in easy reconstitu-
tion of the dehydrated muscles (Table 8.6) and organoleptically by the virtual
absence of woodiness of texture (cf. § 8.2.3).

It is important to note that rehydration of freeze-dried meat having originally a
low ultimate pH in a fluid of high ultimate pH does not enhance its water-holding
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Table 8.5 The percentage of myofibrillar protein soluble in
9.95m KCl-glycerophosphate buffer, pH 6

B. Adrenaline A. Control (low treated (high

Muscle
ultimate pH) ultimate pH)

Frozen Freeze Frozen Freeze
dried dried

L. dorsi 53 41 91 85
Psoas 49 40 80 68
Biceps femoris 55 46 88 75
Semimembranosus 54 46 85 77



capacity to the same extent as does the rehydration of freeze-dried meat having an
originally high ultimate pH in water (Fig. 8.6). This may well reflect the fact that
damage to sarcoplasmic proteins (and, to some extent, those of the myofibril) by
the normal low ultimate pH attained during post-mortem glycolysis (Scopes and
Lawrie, 1963; Bendall and Wismer-Pedersen, 1962; Scopes, 1964) cannot be com-
pletely overcome merely by raising the pH again. It may be that the protective
action of high ultimate pH involves some change in the mode of chemical union
between proteins and residual water. The high water-holding capacity of pre-rigor
meat can also be retained by salting before the onset of rigor mortis and subse-
quently freeze-drying the commodity (Honikel and Hamm, 1978).The AFD process
removes all the loosely held or capillary-condensed water in muscle (about
310g/100g dry protein), and much of the more tightly bound water (about 37g/100g
dry protein) which is attached in two layers of differing bond strength to hydrophilic
groups on the proteins (Hill, 1930; Hamm, 1960), since the residual moisture content

The storage and preservation of meat: II Moisture control 245

Fig. 8.5 The effect of environmental pH on water-holding capacity of myofibrils pre-
pared from fresh or freeze-dried muscle of high or normal ultimate pH (Penny et al., 1963).
� = fresh, ult. pH 6.7. � = rehydrated, ult. pH 6.7. � = fresh, ult. pH 5.6. � = rehydrated,

ult. pH 5.6.

Table 8.6 Reconstitution ratios (g H2O/g dry wt) of
dehydrated muscle from adrenaline-treated (high ultimate
pH) and control (low ultimate pH) steers

Muscle High ultimate pH Low ultimate pH

Semimembranosus 3.10 1.99
Biceps femoris 3.12 1.96
Psoas 3.58 2.08
L. dorsi (lumbar) 3.22 2.02
L. dorsi (thoracic) 3.34 1.98
Deep pectoral 3.65 1.95



in the freeze-dried product is about 2.5g water/100g dry protein. In general, pork
muscle is more susceptible to damage during freeze drying than in corresponding
beef muscle.

That proteins may survive freeze dehydration in a substantially unaltered condi-
tion is indicated by the finding that the ATP-ase activity of actomyosin in rehydrated
meat may still be 80 per cent of its initial value and that the muscle fibres (as
observed histologically) will still contract on the addition of ATP (Hunt and 
Matheson, 1958). After isolation from muscle, the ATP-ase activity of the heavy
microsomal fraction and its ability to accumulate Ca++ ions survive freeze drying
(Diehl, 1966). On subsequent storage, however, calcium-binding power is lost, due
to a structural deterioration of the sarcoplasmic reticulum membranes which com-
prise the heavy sarcosome fraction. This may explain the myofibrillar cohesion con-
comitantly observed in muscle samples which have been freeze-dried intact (cf.
§ 8.2.1). The mildness of the AFD process is further exemplified by the survival of
oxymyoglobin. Myoglobin on the exposed surfaces of the steaks used in the AFD
process is particularly susceptible to oxidation or denaturation, forming the brown
pigments metmyoglobin or myohaemochromogen (§ 5.4.1). Yet spectroscopic study
of aqueous extracts (Table 8.7) and of the meat surface (by reflectance measure-
ments) shows that the spectrum is mainly that of oxymyoglobin, indicating that a
considerable quantity of the myoglobin in the meat is not denatured by freeze
drying. This is especially so at a low plate temperature (Penny, 1960a) suggesting
that it is the temperature during the second phase of drying which is the important
factor causing denaturation (Fig. 8.7).

8.2.3 Organoleptic aspects
It will be apparent from Table 8.7 that although the raw steaks processed by acceler-
ated freeze drying retain much of the bright colour of fresh meat, there is a some-
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Fig. 8.6 The effect of adjusting the pH of homogenates of beef biceps femoris muscle, of
high or normal ultimate pH, on water-holding capacity of myofibrils (Penny et al., 1963).

� = ult. pH 6.7. � = ult. pH 6.7. � = ult. pH 5.6. � = ult. pH 5.6, adjusted to pH 6.7.



what higher concentration of brown metmyoglobin on the surface. Prolongation of
storage exaggerates this discoloration, which becomes worse the higher the storage
temperature and the longer the time of storage (Penny et al., 1963). But, as in the
case of the air-dried product (§ 8.1.3), non-enzymic Maillard browning (Sharp, 1957)
is also involved. The reactants glucose and glucose-6-phosphate disappear even at
a residual moisture level of 2 per cent, although the reaction is faster at higher mois-
ture levels (Matheson, 1962).The non-enzymic nature of the changes will be evident
in Table 8.8: cooking has little effect.

Other aspects of organoleptic deterioration can occur at extremely low residual
moisture levels. These include fat oxidation following surviving lipolytic activity
(Lea, 1938).
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Table 8.7 The effect of the AFD process on the proportion of myoglobin derivatives in
aqueous meat extracts

Metmyoglobin Oxymyoglobin Myoglobin

Fresh meat 5.2 91.8 3.0
Freeze-dried meat

(60–70°C plate temp.) 30.7 69.3 0.0
Freeze-dried meat

(30°C plate temp.) 14.7 85.3 0.0

Fig. 8.7 The effect of plate temperature during freeze drying on the reflectance spectrum
of dehydrated beef (Penny, 1960a). – – – = standard plate temp. —— = low plate temp.

(Courtesy Dr I. F. Penny.)



In comparison with fresh or frozen meat, freeze-dried meat is somewhat lower
in tenderness and juiciness (Penny et al., 1963). The data on tenderness are shown
in Table 8.9 wherein this attribute is given for various beef muscles as assessed by
taste panel: objective measurements of tenderness by tenderometer (Table 8.10)
confirm taste-panel results.

Some of this difference is attributable to ‘woodiness’, although it will be seen that
this characteristic is also noted in fresh (frozen) meat. The benefits of high ultimate
pH (induced by pre-slaughter injection of adrenaline) in protecting muscle proteins
and in enhancing their water-holding capacity are reflected in greatly enhanced ten-
derness and diminished ‘woodiness’ and these benefits are retained after freeze
drying (Tables 8.9 and 8.10; Penny et al., 1963). Results for pig muscles are similar
(Penny et al., 1964).
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Table 8.8 The effect of freeze dehydration and storage of glucose and glucose-6-
phosphate in raw and cooked pork

Glucose Glucose-6-phosphate
(mg/g dry wt) (mg/g dry wt)

Raw Cooked Raw Cooked

Fresh 4.9 3.6 3.0 1.5
Freeze-dried, initial 3.4 3.2 2.6 1.7
Freeze-dried, stored for

1 month at 37°C
(a) 2% residual moisture 1.0 1.4 1.5 1.0
(b) 10.5% residual moisture 0.4 0.4 0.0 0.0

Table 8.9 The sum of the tendernessa rankings given by
eight tasters for control (low ultimate pH) and adrenaline-
treated (high ultimate pH) beef before and after freeze
dehydration (after Penny et al., 1963)

B. Adrenaline-
A. Control (low treated (high 

ultimate pH) ultimate pH)

Frozen Freeze Frozen Freeze
dried dried

Semimembranosus 23 24 12 16
Biceps femoris 26 25 11 15
Psoas 23 25 12 14
L. dorsi (lumbar) 19 21 19 17
L. dorsi (thoracic) 26 25 11 12
Deep pectoral 25 27 10 16

Total 142 147 75 90
No. times ‘woodiness’ 10 16 2 9

detected

a i.e. low numbers in the table represent desirable degrees of tender-
ness and vice versa.



An interesting aspect of the adrenaline treatment was the differential effect it
had on the various muscles in altering their resistance to shear, the semimembra-
nosus showing the greatest increase in tenderness.The eating quality of freeze-dried
meat falls both with increasing storage temperature and increasing moisture content
(Thompson et al., 1962). For instance, if held at 37°C it is worse than at –20°C – as
manifested by tenderness, juiciness, flavour, shear force and non-enzymic browning
(as measured by reflectance at 400 µm). Again, however, a high ultimate pH in the
meat is beneficial not only in enhancing eating quality but in minimizing the storage
changes (Table 8.11).

Apart from the question of non-enzymic browning, the percentage of metmyo-
globin is increased by a higher temperature of storage; but this also is less marked
when the ultimate pH is high (Penny et al., unpublished data).

From the nutritive point of view, freeze drying does not alter the biological value
of the meat proteins (Hanson, 1961) and, indeed, may enhance it (Adachi et al.,
1958). Although there is a loss of about 30 per cent of the thiamin content of the
meat during freeze drying, this would occur on cooking in any case. The process
causes a similar loss in riboflavin from mutton but not from beef or pork (Hanson,
1961).
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Table 8.10 Measurement of work done (ergs × 106/cm) by
tenderometer in shearing beef

B. Adrenaline-
A. Control (low treated (high 

ultimate pH) ultimate pH)

Frozen Freeze Frozen Freeze
dried dried

Semimembranosus 24.5 25.6 9.8 15.4
Biceps femoris 12.6 15.2 12.1 13.6
Psoas 12.9 12.4 9.2 9.5
L. dorsi (lumbar) 15.2 17.7 11.5 11.8
L. dorsi (thoracic) 12.9 17.2 6.9 9.1
Deep pectoral 18.6 19.2 14.8 18.3

Table 8.11 Effect of storage and freeze-dried beef l. dorsi
muscle (after Penny et al., 1963)

Ultimate Ultimate 

Storage temperature (°C) pH 5.6 pH 6.7

-20 37 -20 37

Tenderness 3.4 2.0 4.3 4.1
Juiciness 4.3 3.1 4.4 4.4
Flavour 4.0 4.4 4.7 4.3
Shear force (ergs × 106/cm) 12.7 18.4 11.5 11.5
Reflectance (at 400 µm) 0.15 0.50 0.13 0.35



Rehydration of freeze-dried meat with aqueous solutions of tenderizing enzymes,
such as papain, helps to offset the somewhat adverse effect of freeze drying on ten-
derness (Wang and Maynard, 1955; Penny, 1960b). In the USA freeze-dried steaks
are now available in a moisture-proof pack with a compartment containing 
dried proteolytic enzymes, the latter being added to the reconstitution water on
rehydration.

Apart from its value under emergency conditions, freeze dehydration can provide
a very palatable and nourishing meat which will resist spoilage for a considerable
period without refrigeration in remote areas, and it has been successfully used
during the ascent of Everest and in trans-Antarctic expeditions.* Because of its
lightness and high protein content, it has proved valuable in space flights.The weight
of most other forms of meat would seem to preclude their use in such a context.
Although relatively high costs tended to depress the development of freeze drying,
there has been renewed interest in the process (e.g. the production of freeze-dried
beef for the Japanese market by Australia). As in the case of freeze-dried meat, the
tenderness of osmotically dehydrated meat can be enhanced by its rehydration in
solutions containing proteolytic enzymes (e.g. the proteases of Asperigillus oryzae)
(Gerelt et al., 2000).

8.3 Curing

The empirical observation that salting would preserve meat without refrigeration
was made several thousand years ago. By 1000 bc salted and smoked meats were
available (Jensen, 1949). The efficacy of the process, and of the many variants 
which have developed (including the use of sugar), arises primarily from the dis-
couragement to microbial growth caused by the enhanced osmotic pressure in 
such products. As time has passed, cured meats have come to be valued for their
organoleptic quality per se and there has thus been a tendency to lower the con-
centration of the curing ingredients. This has made these mildly cured or semi-
preserved products more liable to spoilage and reintroduced the need for some
degree of refrigeration. Recognition of the value of sodium nitrate in producing an
attractive colour may well have been due to adventitious impurities in the sodium
chloride employed. At the end of the nineteenth century it had become recognized
that meat-curing brines contained nitrite, that this was the colour-fixing agent and
that the nitrite was produced by a reduction of nitrate.

Preservation was originally effected by sprinkling salt on to the meat surfaces. In
due course the meat was placed in brine; but both dry salt curing and tank curing
have been practised until the present time. Vascular pumping, or multiple injection
of salt solution, is now employed to hasten curing. Granulated salt was formerly
called ‘corn’ and accounts for the term corned beef. It is of interest to note that the
crystalline form and size of the salt used may affect its preservative properties.
Smoking over a wood fire was originally employed to enhance the preservative
action of curing, but it is now used mainly because people like the flavour of the
smoked product.

250 Lawrie’s meat science

* The rehydration of beef, dehydrated osmotically, in a solution of calcium chloride, enhances
tenderness apparently due to its action in increasing myofibrillar fragmentation (Gerelt et al.,
2002).



As we have seen, the characteristics of the muscles of pork, beef and mutton are
different (§ 4.3) and this is reflected in the organoleptic quality of the cured meats
made from them. As a result, now that other methods of preservation are available,
salted mutton and beef have fallen in popularity, whereas the various forms of salted
pork, which are widely regarded as attractive, continue to be extensively prepared.
Predominant consideration will, therefore, be given here to cured pork. Neverthe-
less, because of the limited supply and high price of pig carcasses in New Zealand,
there has been renewed interest in the possibility of curing of mutton and lamb
(Moore et al., 1976–7). Lamb is far superior to mutton in this respect, and the
product, although distinguishable from cured pork, is equally acceptable. (It is
perhaps appropriate to mention that cured meats now face increasing competition
from cured turkey, which has low fat content.)

The part of the pig’s carcass which was most difficult to cure was the top of the
hind limb where the depth of meat was greatest. Consequently prolonged curing
was frequently required, sometimes up to 80 days (Jensen, 1949). Perhaps for this
reason the methods employed for curing this area are particularly diversified.Where
it is cut off from the side and separately cured it is referred to as ham. The names
of the available types in the United Kingdom – e.g. Yorkshire, Suffolk, Cumberland,
Bradenham, Belfast – indicate more or less subtle variations in the process. Where
the area concerned is cured on the side it is referred to as gammon.

In Europe various dry-cured hams, which are  eaten without cooking, are avail-
able, for example, Parma ham in Italy. During the long drying period, there is 
considerable proteolysis and lipolysis. These confer distinctive flavours on the 
products.

Before considering the biochemical factors involved in curing, it is desirable to
outline the procedure used in the production of Wiltshire sides, since this underlies
most other curing methods.

8.3.1 Wiltshire cure and variants
Much of the following description is based on that given by Callow (1934). Pigs,
preferably well rested, are anaesthetized (by electrical shock or carbon dioxide:
§ 5.2) and bled. The carcass is placed into a scalding tank at about 63°C to loosen
the hair which is then generally removed mechanically.* The carcass is then singed
to remove coarse hair, sprayed with cold water and cleaned. The backbone is
chopped out during butchering operations and the carcass (now as sides) is cooled
either at ambient temperatures or in a chiller. After cooling, the sides are trimmed.
This involves removal of the psoas muscle, the scapula and the aitch bone (bones
of pelvis). The trimmed sides are next chilled to the temperature of the curing cellar
(3–7°C) where curing takes place in four stages: (i) brine (pickle) is pumped into
the sides, (ii) the sides are either sprinkled with dry salt or placed in a tank of brine,
(iii) the sides are removed and stacked for some time in a maturing cellar (at 3–7°C)
and (iv) the sides may be smoked. Higher temperatures speed the curing and 
maturation processes but increase the danger of spoilage from the growth of un-
desirable bacteria and moulds. It has been suggested that the processing time for
cured sides would be considerably shorter, and their microbial status better, if they
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* Prescalding brushing of pig carcasses has been found to increase, not diminish, their micro-
bial load (Rahkio et al., 1992).



were stitch-pumped at body temperature immediately after slaughter, then placed
in brine at –10°C (Kassai and Kárpáti, 1963). Henrickson et al. (1969) compared the
effects of curing pork with brine at 35°C (followed by swift chilling) with normal
practice. The rate of salt penetration – and the extent of nitrosomyoglobin forma-
tion – were both somewhat greater in the former case.

For speed, the brine is introduced by pumping under a pressure of about 
75–100 lb/in2 (500–700 × 103 N).The concentration of sodium chloride in the injected
brine (pump pickle) is about 25–30 per cent. It also contains 2.5–4 per cent of 
potassium or sodium nitrate, and in some cases 0.5–1 per cent sugar. About 18–
25 injections are required, most being given to the gammon region. The total 
amount of brine injected is about 5 per cent of the weight of the side. The 
‘shoulder pockets’ (scapula cavities) are filled with solid salt and the sides placed in
curing tanks.

In a large tank the sides are stacked about 12 deep and lightly covered with
sodium chloride and potassium nitrate in the ratio 10 :1. They are battened down,
brine is run in and the sides remain submerged in it for 4–5 days. The composition
of this brine (tank pickle) is between 20 and 28 per cent with respect to sodium
chloride and 3–4 per cent with respect to potassium nitrate when first prepared; but
before it can be used in curing it must be seeded with specific, salt-tolerant micro-
organisms. They are encouraged to grow by traces of protein leached from meat
previously immersed in the brine and they are responsible for converting nitrate to
nitrite. The latter is essential for colour fixation. The number of micro-organisms
(and hence the nitrite content of the pickle) can be controlled by increasing the
sodium chloride content of the brine if the nitrite is too high and by omitting the
sprinkling of the sides if it is too low (Ingram et al., 1947).

After removal from the brine tanks the sides are stacked in cellars for 7–14 days
or longer. During this period, known as maturation, the sodium chloride, the nitrate
and the nitrite become more evenly distributed throughout the musculature and the
typical colour and flavour bacon develop.

The bacon thus produced may be consumed unsmoked (green), but probably the
greater proportion is smoked for 2–3 days. Apart from adding flavour, the smoke
contains phenols and phenanthrene derivatives. These have a preservative action
and also delay rancidity in the fat on the surfaces of the bacon sides. If the tem-
perature is allowed to rise too high during smoking, on the other hand, deep-seated
bacterial growth may be encouraged.

The addition of nitrite obviates reliance on micro-organisms to produce it from
nitrate, but the level must not rise above 0.05 per cent (cf. § 11.2). In this connec-
tion it may be mentioned that if all the nitrate added during traditional curing were
converted to nitrite, the level of the latter would rise to 0.25 per cent (Eddy et al.,
1960). Fortunately, most of the nitrate appears to be changed in some other way or
is not broken down (Eddy et al., 1960).That bacon could be made by the direct addi-
tion of nitrite and without bacterial intervention was shown in the early 1940s
(Brooks et al., 1940).

Another development in the preparation of bacon is slice curing (Holmes, 1960).
In this process slices of pork muscle 2–8mm thick are passed for 2–15min through
a brine containing 8–10 per cent sodium chloride and 0.02 per cent sodium nitrite.
Maturation occurs over a few hours. The process gives a uniform product in less
than a day instead of the 10–21 days of the traditional Wiltshire process. The brines
can be filtered under pressure to remove organisms which gradually accumulate,
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thus regenerating the brine and permitting a substantial saving in costs (Dyett,
1969).

Endeavours have been made to avoid the remote possibility of excess produc-
tion of nitrite from nitrate in the traditional Wiltshire cure, by omitting the use of
nitrate in the pickle and adding only about 200 ppm of nitrite. Such bacon is said to
develop the flavour associated with the traditional cure provided it is permitted to
mature for a reasonable period (e.g. upwards of 2 weeks). In such a cure the nitrite
content clearly cannot exceed 200ppm.

A more recent development in curing is the ‘tumbling’ or massaging of pork in
rotating drums. In effect this procedure involves massaging the pieces of meat
against one another in the presence of about 0.6% of their weight of salt. This 
draws out salt-soluble proteins (mainly actomyosin) to the meat surface and
enhances the overall water-holding capacity when these gel on heating. NMR has
elucidated the effect of tumbling on porcine muscle. The increase in water-holding
capacity observed is related to the concomitant binding of brine (Dolata et al.,
2004). Tumbling can shorten the curing period to 24h (US Pat. No. 3076713, 1960)
partly by aiding the distribution of curing salts. If tumbling is carried out for more
than 12h, however, the binding strength of the ham tends to decline. The procedure
has been increasingly applied to the production of ham (from the major muscles 
of the hindquarter) during the past 20–25 years. Most recently, tumblers which
operate under vacuum have been used, whereby subsequent cooking losses are 
virtually eliminated (partly because dissolved air is minimized: R. S. Hannan, per-
sonal communication), and this makes it possible to produce ham with a greater 
brine content than in traditionally produced ham.The low fat content of the muscles
now used for ham production also enhances the brine content of the muscular 
tissue.

In general, the composition of cured meat differs markedly from fresh (McCance
and Widdowson, 1946). As would be expected, its ash content is high (about 5 per
cent). There is also less water (about 45–55 per cent if tank cured and about 25 per
cent if dry salt cured compared with about 75 per cent raw), less protein (about 
14 per cent compared with 20 per cent) and considerably more fat. Moreover,
although the modern tendency to use very lean meat counters the latter feature, the
composition of cured products from tumbling procedures will include greater levels
of salt.

8.3.2 Biochemical aspects
8.3.2.1 Curing
The biochemical mechanisms of curing were first extensively investigated by Callow
(1932, 1933, 1936). During curing, the initial outward flow of water and soluble pro-
teins from the muscle to the brine, by virtue of the higher osmotic pressure of the
latter, is eventually reversed. This is because the salt, which diffuses inwards, forms
a complex with the proteins of the meat which has a higher osmotic pressure than
the brine. Normally, diffusion of sodium chloride into the muscles is rapid, equilib-
rium being established in about 48 h in 25 per cent brine (Callow, 1930). The slower
the diffusion inwards, however, the longer is the period of outflow of water from
the muscle. Slow inward diffusion is favoured by immersion of the meat in relatively
weak salt solutions and by a close micro-structure in the tissue. The amounts of
protein extracted are a function of salt concentration, the maximum being in 
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6–9 per cent brine. Smaller amounts are extracted by distilled water or brine of
higher salt concentrations (Callow, 1931).

When meat is initially placed in curing brine, the exterior muscles will be exposed
to a much higher concentration of salt than that established when equilibrium
between meat and brine is subsequently attained. On the other hand, interior muscle
locations will be subjected to a slow increase in salt concentration from physio-
logical to equilibrium level. Since the behaviour of meat in curing brines would thus
be expected to vary according to the relative position of its constituent muscles to
the brine, Knight and Parsons (1988) undertook a detailed histological and bio-
chemical study of the process. Their findings confirmed and extended those of
Callow in the early 1930s. When isolated myofibrils were exposed to 1 m sodium
chloride, they swelled maximally and A-band protein (mainly myosin) was extracted
from them. Further increase in concentration to 5m was associated with inhibition
of swelling and of protein extractability. Knight and Parsons (1988) also found that
when myofibrils were exposed to solutions of increasing molarity in 1m steps, the
extractability of protein was more complete when the muscles were exposed to 5m
sodium chloride as Callow’s more empirical observations had indicated (Callow,
1930, 1931). On the other hand, less protein was extracted from the A-band by 1m
sodium chloride if the myofibrils had first been subjected to 5m brine, possibly
because the latter had caused some denaturation of the myosin. Further aspects of
water-holding capacity in salted meat are discussed in § 10.2.

The greater water-binding capacity of the salt protein complex is indicated by the
fact that about 61g out of the 73g of water in 100g lean pork could be expressed
mechanically, whereas only about 26g of the 63g water in 100g lean bacon could
be so removed (Callow, 1927a). Studies on the electrical resistance of meat and
bacon suggest that this difference arises because of the more swollen structure in
the latter (Banfield and Callow, 1934, 1935). It is particularly interesting that the
electrical resistance of the muscles of pork sides which have been cooled quickly
and in which, therefore, post-mortem glycolysis is relatively slow (§ 4.2.2) is higher
than that of those which have been cooled slowly and in which, therefore, post-
mortem glycolysis is relatively fast. The high resistance of the muscles of rapidly
cooled sides gradually falls to the level of that of slowly cooled sides over some 14
days’ storage at 0 °C. It is conceivable that slow denaturation of the sarcoplasmic
proteins (§ 5.4.1) changes in the binding of ions by the proteins (K+ is taken up, Ca++

is slowly released on storage: Arnold et al., 1956) or the slow synaeresis of acto-
myosin filaments could be implicated.The degree of syneresis or shortening of acto-
myosin filaments increases with the speed of onset of rigor mortis (§ 4.2.3). Its extent
could be initially restricted by fast cooling; but shortening might slowly continue on
storage to the point immediately attained in slowly cooled muscles. Any or all of
these circumstances could lower the resistance of the fluid phase of the muscle; but
the phenomenon has not so far been elucidated.

Quick chilling, whilst lowering shrinkage losses at this stage in processing,
appears to be associated with an increase in the loss of fluid from the muscles during
curing and maturation. As a result there is no overall gain (Gatherum, 1956, unpub-
lished data; Jul et al., 1958).

Another circumstance causing high electrical resistance is a high ultimate pH
(Callow, 1936). Partly because of the greater difficulty of salt penetration into such
muscles, and of the direct effect of high ultimate pH in stimulating bacterial growth
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(§ 6.3.3), bacon made therefrom tended to taint frequently when curing by the dry
salt method was common. Indeed, tainted bacon was associated with factory killing
but not with farm killing, for the journey from farm to factory caused sufficient
fatigue and depletion of muscle glycogen (§ 5.1.2) to give a high ultimate pH
(Callow, 1936). Taint arises less frequently with tank curing, because a high con-
centration of salt builds up quickly and discourages bacterial growth – even if the
pH is high. It may be undesirable, nevertheless, because of its fiery colour and sticky
consistency (‘glazy’ bacon). On the other hand, organoleptic advantages are claimed
for bacon of relatively high ultimate pH, including increased tenderness, and
decreased shrink on curing and cooking (Kauffman et al., 1964). A high ultimate pH
has been deliberately induced in bacon by pre-slaughter injection of adrenaline
(Rongey et al., 1959) and by incorporating phosphate in the curing brine (Hall, 1950;
Brissey, 1952).

It may be mentioned that the salt flavour of bacon is not closely related to its
salt content, since apparently only some of the salt has time to affect the palate
before the bacon is swallowed (Ingram, 1949a). This effect is particularly marked in
the swollen structure of bacon at high ultimate pH. Attempts have been made to
cure pork with acid brines (about pH 4.5) in order to enhance antimicrobial action,
but increased disappearance of nitrite, precipitation of protein in the brine and
somewhat lowered eating quality in the bacon more than offset the moderate
increase in storage life brought about thereby (Ingram, 1949b). The slower pene-
tration of salt into pork muscle of high ultimate pH has been attributed to the phys-
ical effect of greater muscle fibre size rather than to a direct chemical change
(Körmendy and Gantner, 1958).

Proper resting before slaughter, or the feeding of sugar (Bate-Smith, 1937a;
Gibbons and Rose, 1950; Wismer-Pedersen, 1959b), builds up muscle glycogen,
giving a lower ultimate pH and increasing storage life (although this latter point has
been disputed). According to Wismer-Pedersen (1959b), the ultimate pH of the
muscle of sugar-fed pigs was about 0.2 pH units lower than that of controls. They
gained more weight during curing (5.65 per cent compared with 5.49 per cent) and
shrunk less during maturation (2.75 per cent compared with 3.16 per cent). Wismer-
Pedersen believed that the enhanced water-holding capacity of the meat of low ulti-
mate pH (contrary to expectation) was due to the greater ease of salt penetration
possible with its more open structure and the consequently greater formation of
salt–protein complex. The higher concentration of reducing sugars in the muscles
of the sugar-fed pigs may also have been partly responsible.

It would be anticipated that the lower waterholding capacity of the muscles of
pigs affected by the so-called PSE condition (§§ 3.4.3 and 4.2.2) would be reflected
in their reaction to curing. This was studied by Wismer-Pedersen (1960). Ground
meat from muscles, in which post-mortem glycolysis was fast, and in which the 
structure was watery, had a poor absorption of salt compared with normal meat,
the weight of brine absorbed being about 7 per cent in the former and 40 per cent
in the latter. The weight gain of sides from watery pork during curing was about 3
per cent, whereas it was about 7 per cent in normal pork. It must be presumed that
the greater penetrability of the watery pork to salt, which would have been expected
to increase water binding, is more than offset by loss of water-holding capacity
through damage to the proteins under the abnormally severe conditions of post-
mortem glycolysis. In this context, more recently, in comparing the cured meat 
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products from the three halothane genotypes (NN, Nn and nn: cf. § 2.2), Fisher 
et al. (2000) demonstrated that there was a progressive lowering of bacon yield, and
an increase in cooking loss, as the gene signifying halothane sensitivity (viz. nn)
increased. Nevertheless, in curing meat from PSE pork, the incorporation of porcine
collagen enhances the water-holding capacity of the product (Schilling et al., 2003).

Freezing affects the structure of muscular tissue (§ 7.1.2.1): the penetration of
salt into pork which has been frozen and thawed is about 20 per cent greater than
into fresh meat (Table 8.12; Callow, 1939), and when dealing with frozen carcasses
curers shorten the tanking period by 1 day in every 5.

Apart from the salt concentrations of the brine (and the time of contact with the
meat) and the microscopic structure of the musculature, various other factors affect
the penetration of salt during curing. An increased temperature will increase 
the velocity of penetration (Callow, 1934; Wistreich et al., 1959; Holmes, 1960;
Henrickson et al., 1969), but this obviously requires the strictest hygiene since it
increases the risk of microbial spoilage. Thus, if curing salts are added early post-
mortem, before the carcass has completely chilled, they diffuse more rapidly and
cured colour develops faster. Moreover, the yield of raw product is improved and
cooking loss is less (Wiener et al., 1964). Such hot curing has generally not been
applied to entire sides, as in the Wiltshire cure, because of chilling difficulties, but it
can be applied readily in a modified Wiltshire process in which immersion in brine
is replaced by dry salting (Taylor et al., 1980), and sides are chilled quickly by being
hung individually. Acceptable bacon can be produced in this way within 5 days of
slaughter (Taylor et al., 1982b).

Curing brines containing phosphates (especially polyphosphates) have been used
to enhance the water-binding capacity of bacon and hams (Taylor, 1958). In some
cases, the effect may be due to an elevated pH; but pyrophosphate is said to have
a specific effect because it resembles ATP and interacts with actomyosin (Bendall,
1954). On the other hand, Hamm (1955) believes that the polyphosphates increase
water-binding capacity by sequestering calcium ions.

8.3.2.2 Maturing
Relatively little is yet known about the reactions which cause the development of
flavour when sides of pork, after immersion in curing brine, are removed and
stacked in cellars to mature. But there has been much research on the development
of colour, both desirable and undesirable during processing.
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Table 8.12 Salt content of unfrozen and thawed pork
muscle during curing

Time of immersion in Salt (%)

25% brine (min) Unfrozen Frozen and
thawed

5 1.5 2.2
10 2.1 2.7
20 3.0 3.6
60 4.5 5.6



The attractive red (pink) colour of cured meats before cooking is essentially that
of nitrosomyoglobin (nitric oxide myoglobin). In vitro nitric oxide can combine
directly with myoglobin, and indeed a process for producing bacon by subjecting
pork to a high pressure of nitric oxide gas has been devised in the USA. Normally,
however, the sequence of events in cured meats is more complicated. In the latter,
nitrite firstly reacts with oxymyoglobin (i.e. in the presence of oxygen) to form met-
myoglobin (Greenberg et al., 1943).Although in the absence of oxygen, nitrite reacts
with haemoglobin to form

NO–
2 MygO2

+
(Nitrite) (Oxymyoglobin)

NO–
3 Metmyog.

→ + + O2
(Nitrate) (Metmyoglobin)

equimolar quantities of methaemoglobin and nitrosohaemoglobin, if substances
capable of reducing methaemoglobin and nitrite are not present (Brooks, 1937),
with myoglobin these conditions produce only metmyoglobin (C. L. Walters, per-
sonal communication). Subsequently, although brine micro-organisms can convert
nitrite to nitric oxide (Eddy et al., 1960), the reduction of both metmyoglobin to
myoglobin and of nitrite to nitric oxide is probably brought about by surviving activ-
ity of enzyme systems of the muscle itself (Watts and Lehmann, 1952a; Walters 
and Taylor, 1963, 1964). Some years ago, Fox (1962) and Fox and Thomson (1963)
showed that nitric oxide can react directly with metmyoglobin and that the complex
could then be reduced to nitrosomyoglobin. The rate of formation of nitrosomyo-
globin is proportional to the concentration of nitrite up to the point where the
nitrite :metmyoglobin ratio is 5 : 1. Beyond this point nitrite appears to be inhibitory
and this may explain why the conversion of myoglobin to the cured meat pigment
is frequently incomplete despite apparently much more than adequate nitrite 
concentrations. Detailed studies have elucidated the details of nitrosomyoglobin 
formation. The mechanism is as follows: (i) nitrite oxidizes myoglobin to metmyo-
globin; (ii) nitrite also oxidizes ferrocytochrome c to nitrosoferricytochrome c
(catalysed by cytochrome oxidase); (iii) the nitroso group is transferred from
nitrosoferricytochrome c to the metmyoglobin by NADH-cytochrome c reductase
action, forming nitrosometmyoglobin; and (iv) the nitrosometmyoglobin is re-
duced to nitrosomyoglobin by enzyme systems of the muscle mitochondria (even in
the presence of nitrite concentrations causing rapid oxidation of oxymyoglobin).
Nitrosometmyoglobin also autoreduces to nitrosomyoglobin under anaerobic con-
ditions, but aerobically it breaks down to give metmyoglobin (Walters and Taylor,
1965; Walters et al., 1967). Nitrite also reacts with tryptophan residues in non-haem
proteins and these are capable of transferring nitrite to metmyoglobin to form nitro-
sometmyoglobin which, as indicated, can be reduced to nitrosomyoglobin.

In processing sausages, emulsion curing has been employed in recent years. This
involves cooking the meat emulsion, immediately after adding the curing ingredi-
ents, for 90min at 75°C. The formation of nitrosomyoglobin in these conditions is
much better in the absence of air (Ando and Nagata, 1970). In comparison with
entire porcine muscles, colour development was decreasingly satisfactory with frac-
tions consisting of sarcoplasm, mitochondria, microsomes or myofibrils – a finding
of interest in relation to the colour fixing mechanism.
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Although reduction of nitrite to nitric oxide can be effected either by bacteria
or by the muscles’ own enzyme system, the reduction of nitrate can be effected only
by the former. Hence the need for careful control of bacon curing brines to ensure
that the necessary microbial reduction of nitrate will occur. Moreover, various con-
taminating organisms in the brine can exert a deleterious effect on the cured meat,
e.g. souring, putrefaction and excessive sweetening caused, respectively, by Lacto-
bacillus, Vibrio and Bacillus (Leistner, 1960). When nitrite is added as such (Brooks
et al., 1940; Holmes, 1960) colour fixation is a purely chemical process.

The stability of the red (pink) colour of bacon is enhanced if nitrosomyoglobin
is converted to nitric oxide myohaemochromogen in which the globin portion of the
molecule is denatured, e.g. by salts or heat, as in cooking. However, it is now believed
that the stable red ‘cooked’ pigment is a nitrosohaemochromogen, which is a penta-
coordinated ferrous haem, where nitric oxide is the fifth ligand and which is not
bound to the protein (Killday et al., 1988). Thus the same agents which cause dis-
coloration in fresh meat are advantageous in retaining the colour of cured meats
(Watts and Lehmann, 1952b).

Incorporation of ascorbic acid in the curing brine accelerates the reduction of
metmyoglobin and probably the conversion of nitrite to nitric oxide. Yet nitrite
alone converts oxymyoglobin to metmyoglobin, and ascorbic acid alone gives a
mixture of metmyoglobin and choleglobin (Lemberg and Legg, 1950, cf. Table 10.1).
Choleglobin may also form in meat when micro-organisms producing hydrogen per-
oxide are present. In fresh meat, hydrogen peroxide is quickly destroyed by cata-
lase, but the latter is destroyed during curing and thus cured meats are more liable
to become green. Another green pigment, which may appear during maturation, is
associated with the production of hydroxylamine during the reduction of nitrate
(Iskandaryan, 1958).

At an elevated pH the oxidation of nitrosomyoglobin to metmyoglobin is
retarded (Urbain and Jensen, 1940). Moreover, the activity of the muscle enzyme
systems which are capable of reducing metmyoglobin and nitrite is also increased
(Lawrie, 1952b; Walters and Taylor, 1963). As mentioned above, a high pH may be
induced in muscle by the preslaughter injection of adrenaline; a similar result may
be achieved by the incorporation of an alkaline phosphate in the cure (Hall, 1950;
Brissey, 1952). Unfortunately, a high ultimate pH enhances the bacterial conversion
of nitrate (as added, together with nitrite, in the traditional Wiltshire cure) to nitrite;
and unacceptably high levels of the latter can be produced during a few days’
storage at chill temperature of bacon derived from muscle of ultimate pH above 6
(Jolley, 1979). On the other hand, when bacon is produced rapidly, in the absence
of nitrate-reducing bacteria, as in slice curing, the levels of residual nitrite remain
within accepted limits, irrespective of the pH of the pork processed. Metmyoglobin,
formed by exposing cured bacon to the atmosphere, can be reduced by surviving
enzyme systems in the cured musculature, and reconverted to nitrosomyoglobin, by
repacking the bacon in vacuo and storing it at 5 °C for 1–2 weeks (Cheah, 1976).
Lactic dehydrogenase and NADH are involved.

It is not the purpose of this book to give detailed consideration to the nature of
the various processed meats that are available in many countries. Nevertheless there
is much recent interest in relating the changes occurring during maturing (ripening)
of such products as dry cured ham. The development of proteomic techniques, such
as two-dimensional gel electrophoresis, has revealed the protein components pro-
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duced by proteolysis at various stages in ripening (Luccia et al., 2005); and such
investigations can be expected to provide the knowledge necessary to deliberately
enhance the expression of desired flavour components.

8.3.2.3 Smoking
Smoke, generally produced by the slow combustion of sawdust derived from hard
woods (consisting of about 40–60 per cent cellulose, 20–30 per cent hemicellulose,
and 20–30 per cent lignin), inhibits microbial growth, retards fat oxidation and
imparts flavour to cured meat (Callow, 1927a, 1932). Traditionally, smoking was
uncontrolled and consisted of burning the wood beneath the meat. The process can
be more speedily carried out, and a product of consistent quality produced, by con-
trolled smoking in a kiln and by electrostatic deposition of wood smoke particles
(Cutting and Bannerman, 1951; Forster and Jason, 1954).

Part of the bactericidal action of smoke is due to formaldehyde (Callow, 1927b;
Hess, 1928), but the composition of wood smoke is complex. According to Foster
and Simpson (1961) it consists of two phases: a disperse, liquid phase containing
smoke particles and a dispersing gas phase. Direct deposition of smoke particles
makes a negligible contribution to the process: vapour absorption by surface and
interstitial water is much more important. The vapour phase can be separated into
acids, phenols, carbonyls, alcohols and polycyclic hydrocarbons (Hollenbeck and
Marinelli, 1963). The major components include formic, acetic, butyric, caprylic,
vanillic and syringic acids, dimethoxyphenol, methyl, glyoxal, furfural, methanol,
ethanol, octanal, acetaldehyde, diacetyl, acetone and 3,4-benzpyrene; but there are
said to be more than 200 components (Wilson, 1961).The various alcohols and acids
are derived from the celluloses and hemicelluloses which decompose at a lower tem-
perature than lignin. The latter decomposes above 310°C, yielding phenolic sub-
stances and tars.

The detection of carcinogenic compounds such as 3,4-benzpyrene and 1,2,5,6-
phenanthracene has led to studies of the effect of smoke-generating conditions on
their production. They are formed from lignin above 350°C and must be present,
generally, since the temperature of the combustion zone is about 1000°C (Miler,
1963). Although it is felt that the danger of carcinogenesis from smoked meat is
extremely small (Keller and Heidtmann, 1955), there have been many attempts to
produce carcinogen-free smoke, for example, by condensation, followed by frac-
tional distillation. The selected fraction is diluted with water in which the ben-
zpyrenes are insoluble (Lapshin, 1962). The use of such liquid smokes is increasing
on the continent, and they may be supplemented by the addition of specific phe-
nolic substances having a fruity flavour and odour (Wilson, 1961). The composition
of liquid smoke has also been elucidated by gas liquid chromatography (Fiddler 
et al., 1970).

The flavour imparted by smoking varies according to the conditions used to
produce the smoke (Tilgner et al., 1962). Moreover, the same smoke will produce
different aromas with different meats. To some extent, therefore, the flavour of the
smoked product depends on the reaction between the components of the smoke
and the functional groups of the meat proteins. Thus phenols and polyphenols react
with –SH groups and carbonyls with amino groups (Krylova et al., 1962). Organolep-
tic evaluation of the phenolic substances present in wood smoke suggests that guia-
iacol is the most effective (Wasserman, 1966).
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8.3.3 Organoleptic aspects
Unlike dehydration or freeze dehydration, curing is not designed to preserve meat
in a condition resembling that of the fresh commodity. Indeed, cured meats are
valued for the differences in organoleptic quality produced by curing. It may 
be mentioned that the biological value of the proteins is not lowered by curing
(Dunker et al., 1953) and the vitamins of the B group are almost unaffected
(Schweigert et al., 1944). During storage, cured meats deteriorate in the first instance
because of discoloration, secondly because of oxidative rancidity in the fat and
thirdly on account of microbial changes – the latter having become of somewhat
greater importance since the advent of prepackaged methods of sale.

Although the pigments of cured meats (nitrosomyoglobin or nîtrosomy-
ohaemochromogen) are stable in the absence of oxygen, or even under vacuum
(Urbain and Jensen, 1940), oxidation, to metmyoglobin in the uncooked product, is
very rapid when oxygen is present (Watts, 1954). Unlike myoglobin itself, where the
rate of oxidation is maximal at 4mm oxygen partial pressure, the rate of nitro-
somyoglobin oxidation increases directly with increasing oxygen tension (Brooks,
1935). The only practical and effective anti-oxidant so far extensively used is ascor-
bic acid, either incorporated in the curing brine or sprayed on to the surface of the
product after maturing (cf. § 8.3.2.2).

Nitrosomyoglobin and the cooked pigment are much more susceptible to light
than myoglobin. Cured meats may fade in 1h under display lighting conditions,
whereas fresh meats will not alter over 3 days (Watts, 1954).

The latter are not affected by visible light, although they oxidize under ultravio-
let radiation. The pigments of cured meats are equally affected by both. Since light
accelerates oxidative changes only in the presence of oxygen, however, vacuum
packaging, or packaging under nitrogen, can eliminate the effect – although, of
course, adding to the cost of the product. Occasionally, a particularly swift fading of
the red pigment of cured meat is observed. In such cases the labile form may be
nitric oxide metmyoglobin and not nitrosomyoglobin or nitrosomyohaemochro-
mogen, since in vitro the former is very easily dissociated by oxygen forming brown
metmyoglobin. If this is so, it suggests that the enzyme systems in the muscle which
reduce nitrite and metmyoglobin are not identical.

In uncooked bacon and hams the maximum formation of nitrosomyoglobin is
attained with a high ultimate pH, whereas in the cooked products a low ultimate
pH gives a greater proportion of cured pigment (Hornsey, 1959).

Salt has an accelerating effect on the oxidation of fat. As a result, cured meats
are more liable than fresh to spoil through oxidative rancidity in the fat (Lea, 1931).
For this reason it is preferable to import frozen pork and cure it than to import
frozen bacon (Callow, 1931). The process of curing reduces the resistance of pork
fat to oxidation to a much greater extent than would be expected if the direct 
influence of temperature were the sole factor involved. This is said to be because
salt accelerates the action of a lipoxidase present in the muscle (Lea, 1937). Never-
theless, those pork muscles that have relatively high contents of glutathione perox-
idase and catalase are less susceptible to salt-accelerated lipid oxidation (Hernandez
et al., 2002). Smoking decreases oxidative rancidity, partly on account of the phe-
nolic anti-oxidants it contains (cf. § 8.3.2.3). Exclusion of oxygen by storage under
carbon dioxide in the case of sides (Callow, 1932) effectively prevents fat oxidation
in cold storage; but the concentration of the gas required is dangerous and also 
difficult to maintain. For packaging, as already indicated, gas packs employing 
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nitrogen, or vacuum packs, are effective. Nevertheless, nitrite per se has an anti-
oxidant effect, inhibiting fat oxidation in cooked cured meats (Zipster et al., 1964).
This appears to be due to its chelation of non-haem iron and to the effect of the
cooked pigment in blocking the prooxidant action of haem iron (Morrissey and
Tichivangana, 1985).

Unfortunately, ascorbic acid, notwithstanding that it preserves the colour of cured
meats, can accelerate the oxidation of fat when the tocopherol content of the fat is
low (Abrahamson, 1949; Scarborough and Watts, 1949) or in the absence of other
specific fat anti-oxidants. Ascorbic acid has an inhibitory effect on fat oxidation,
however, when a metal-chelating agent (e.g. polyphosphate) is present (Lehmann
and Watts, 1951). As in the case of nitrosomyoglobin, light accelerates the oxidation
of fat (Lea, 1939). In addition to the independent oxidation of unsaturated fatty
acids and pigments in cured meats, each accelerates the oxidation of the other
(Robinson, 1924; Niell and Hastings, 1925; Tappel, 1952). The effect is eliminated in
cooked cured products, since it depends on the presence of relatively undenatured
proteins.

Apart from the general preservative effect of salt, the storage life of cured meats
is enhanced by the specific antimicrobial action of nitrite in the curing brines 
(§ 6.3.3). As indicated in § 7.1.1.3, however, the recent development of prepackag-
ing has introduced new potential hazards of spoilage from microbial action. Thus,
while the procedure obviously lowers the risk of contamination of the product after
wrapping, it increases the possibility of contamination during preparation, especially
as large areas of cut surface are frequently exposed (Ingram, 1962). The relatively
high salt content of bacon, and its own halophilic microflora, tend to discourage the
growth of the kinds of micro-organism likely to be introduced during handling:
but with cooked, cured products and, especially, semi-preserved items, the nature
and number of introduced contaminants might have a pronounced effect on the
organoleptic behaviour of the product and, if they happened to be pathogens, on its
safety.

Because vacuum packaging helps to prevent the oxidation of fat and pig-
ments in cured meats, it is frequently employed. As a result the atmosphere within
the pack may be altered by surviving microbial activity. For example, oxygen (resid-
ual) may be absorbed and carbon dioxide generated (Ingram, 1962). This circum-
stance would inhibit the normal microflora of cured meats, causing their
replacement by other micro-organisms capable of changing flavour, odour and
perhaps the safety of the products, e.g. lactic acid bacteria will grow, causing souring
(Kitchell and Ingram, 1963). Higher temperatures of storage will, of course, increase
the number of micro-organisms, and the eating quality decreases faster. It is of inter-
est, however, that bacterial numbers reach their maximum many days before the
eating quality is noticeably affected (Cavett, 1962; Kitchell and Ingram, 1963).
Unpacked bacon generally goes off organoleptically when the bacterial load has
attained only 10 per cent of its final maximum (Haines, 1933). The development of
unpleasant odours may be related to the preferential growth of certain types of
micrococci which split fat and protein. Above 20°C organisms like Staph. aureus
dominate the microflora (Cavett, 1962), when the spoilage odour is ‘scented-sour’,
and at 30°C it is putrid. The tendency for prepacked cured meats (like other
prepacked products) to be subjected to temperature conditions which would not 
be considered suitable for meat in more traditional form, makes such spoilage a dis-
tinct possibility.
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Although the potential nitrite content of bacon, represented by the nitrate
employed, is not attained in normal practice because of destruction of both nitrite
and nitrate by bacterial or tissue enzymes (Eddy et al., 1960; Walters and Taylor,
1963), dangerously high concentrations of nitrite (0.27 per cent) can occur, if rarely,
in vacuum-packaged bacon (Bardsley and Taylor, 1962). The necessary conditions
are as yet unknown, but temperatures of storage about 15–20°C cause maximum
nitrite accumulation (Eddy and Ingram, 1965). It has been shown, also, that when
the pH of bacon is above 6.5, bacteria will convert an exceptionally high proportion
of nitrate into nitrite (Jolley, 1979).

The possibility that carcinogenic nitrosomines may be produced from nitrite in
curing processes has been raised (Lijinsky and Epstein, 1970), but so far there has
been no evidence to indicate that any public health hazard exists with cured meats.
Nevertheless, there have been vigorous efforts to lower the residual nitrite contents
of such products. Although the pigment nitrosomyoglobin requires only 5ppm of
nitrite for its formation, a stable pink colour – and the variability of myoglobin con-
centration between muscles – necessitates 50ppm. For the development of bacon
flavour, 5–100ppm is needed; and, most importantly, a minimum of 100ppm is
required to inhibit Cl. botulinum (Anon., 1974a). Cl. botulinum has been demon-
strated in pork in the United Kingdom; and in pasteurized, cured meat heat treat-
ment, nitrite concentration and storage temperature are important factors in
determining whether growth of Cl. botulinum types A and B will occur (Roberts
and Ingram, 1976). The frequent production of toxin at 15°C emphasizes the need
for refrigerated storage of pasteurized cured meat products and the dangers which
might arise if nitrite were to be markedly reduced in such products, without any
compensatory safeguard. In terms of the destruction of Cl. botulinum, safe long-
term storage life at ambient temperature can be as assured without using nitrite if
the bacon is sterilized by 2–3 Mrad of ionizing radiation (Wierbicki and Heiligman,
1980), but 20–40ppm of nitrite is necessary to ensure normal colour and flavour. In
such circumstances no nitrosamines have been detected. They were also reported
to be absent from cured pork which had been prepared without nitrite and in which
colour was derived from preformed cooked cured meat pigment (Shahidi et al.,
1994).

8.3.4 Intermediate moisture meat
The need by expeditions and similar groups for palatable and nutritious food which
would be stable under tropical conditions (Brockmann, 1970) and for astronauts
(Klicka, 1969) has led to the development of intermediate moisture food technol-
ogy. The intention is to lower water activity to the point at which bacteria will not
grow, even at high ambient temperature, without lowering the water content to the
point at which the product becomes unpalatable. As usually applied, the method
involves the soaking of the food in an infusing solution of higher osmotic pressure
so that, after equilibration, its water activity is lowered to the desired level. Equili-
bration can be accelerated by raising the temperature, as in the cook–soak–
equilibration procedure (Hollis et al., 1968).

As applied to meat, the lean is cut into portions about 1cm3 in volume and
immersed in about one and a half times their weight of infusing solution. This is
aqueous, containing about 10 per cent sodium chloride, 0.5 per cent of an antimy-
cotic and sufficient glycerol (between 33–40 per cent) to achieve a water activity of
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about 0.82–0.6.The mixture is heated to 70°C for 15min in cans (Pavey, 1972).After
a subsequent period of about 15h at room temperature, the meat pieces are surface-
dried and stored in impermeable Cryovac bags. Such meat will remain acceptable
for several months at 38°C, although it undergoes textural and colour changes. At
first it becomes more tender, there being a concomitant breakdown of collagen: later
there is increasing toughness which is associated with Maillard-type cross-linking
reactions (Obanu et al., 1975).
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Chapter 9

The storage and preservation of meat:
III Direct microbial inhibition

In Chapters 7 and 8 methods of preserving meat were considered which depended
essentially on discouraging microbial growth through the creation of unfavourable
environments in the meat. As should be apparent from Chapter 6, other modes of
preservation are possible. These involve action more directly inhibitory or lethal to
moulds and bacteria.The latter may be destroyed by ionizing radiation or poisoned,
either by specific microbial poisons (antibiotics) or by substances of general toxic-
ity for biological tissues which are virtually harmless to consumers at the levels
effective against micro-organisms (chemical preservatives).

9.1 Ionizing radiation

The concept of employing ionizing radiation to preserve food has developed since
around 1940. In the period 1954–64, the US Quartermaster-Generals Department
carried out long-term studies on various meat products including ground beef and
pork and bacon. It was concluded that foods which had been irradiated with up to
5.6 Mrad by γ-rays from Co60 or by electrons of energy up to 10 MeV were whole-
some (US Surgeon General, 1965). Subsequently, in 1968, the Food and Drug Admin-
istration withheld approval for irradiated ham; but an international project on the
future of irradiation was initiated in 1970,and in 1980 the participating bodies (includ-
ing the FAO and WHO) proposed that irradiation with a dose less than 1 Mrad should
be accepted as a process for preserving all major categories of food (Anon., 1981).

Of the many types of ionizing radiation which are known, only high energy
cathode rays or soft X-rays from generators and γ-rays from radioactive sources
(e.g. Co60) are useful in practice for treating foodstuffs (Hannan, 1955). Whatever
the type of radiation used, it is important that the energy level of the rays should
not exceed about 10MeV since otherwise an induced radioactivity may arise in
certain elements in the meat (McElhinney et al., 1949), although this effect would
not be large at energy levels below about 15MeV (Hannan, 1955). In fact, energy
levels above a few MeV are not practicable.



The relative characteristics of cathode rays, soft X-rays and γ-rays will not be dis-
cussed here; the former are more useful for the treatment of surfaces, the latter
where treatment in depth is necessary. Within broad limits the important factor is
the total dose received by the product, but there is evidence that if it is delivered at
a high rate there may be a greater biological effect and less chemical change than
at a low rate (Hannan, 1955).

The advantages of ionizing radiation for food preservation include their highly
efficient inactivation of bacteria, the low total chemical change they cause and the
appreciable thickness of material which can be treated after packing in containers
– even those made of metal. Some of the disadvantages will be considered below.
Meats preserved by irradiation are superior in quality to thermally processed meats
(e.g. canned products), the only other shelf-stable meat products available for imme-
diate consumption (Wierbicki, 1980).

9.1.1 Chemical and biochemical aspects
As the adjective signifies, ionizing radiations produce ions and other chemically
excited molecules in the exposed medium; but this is only the first of a series of
chemical effects many of which are not beneficial and have to be offset against their
antimicrobial action. The activated molecules react further and in unusual ways,
forming free radicals, polymers and, in the presence of oxygen, peroxides. In meat,
and in other foods, where there is a substantial aqueous phase, destruction of organic
molecules also takes place indirectly – largely through their reaction with the H
atoms and OH radicals of irradiated water molecules, whereby they are reduced or
oxidized respectively (Dainton, 1948; Hannan, 1955).

Irradiation damage to molecules is approximately proportional to their molecu-
lar weight. Thus, the very large DNA molecules, which are essential to microbial
survival, are particularly vulnerable. Since the nutrients derived on digestion from
proteins, carbohydrates and fats have molecular weights of ca. 150–200Da, the
damage they sustain is about a million-fold less than sustained by DNA. A steriliz-
ing dose which reduces the numbers of Cl. botulinum by 1012 changes only about
0.2 per cent of the proteins, 0.3 per cent of the carbohydrates and 0.4 per cent of
the lipids in the product concerned (Brynjolfsson, 1980). Irradiation in the frozen
state reduces all changes by 75 per cent.

Proteins are the principal organic constituents of meat. The changes produced in
them by ionizing radiations are determined both by the intrinsic nature of the pro-
teins and by the dose. Such large protein molecules as titin and nebulin are more
susceptible to irradiation than myosin or actin (Horowits et al., 1986). Random coil
structures in proteins are less resistant than helical arrangements (Elias, 1985);
collagen is thus more labile than globular proteins (Bailey and Rhodes, 1964). In
general, the amount of change detected by the consumer arises from alterations in
only a small proportion of the total molecules exposed. The effects in meat are less
than they would be in some other foods, since much of the water it contains is bound
– thus limiting secondary reactions. Moreover, many substances are present which
can act as free radical acceptors. There is little destruction of amino acids as com-
bined in the proteins, but soluble amino acids are deaminated (Strenström and
Lohmann, 1928) forming keto acids and aldehydes, and, in the case of S-containing
amino acids, H2S (Dale and Davis, 1951). Nevertheless, structural modifications
occur in the proteins, even with low doses, which do not cause any apparent 

The storage and preservation of meat: III Direct microbial inhibition 265



alteration (Fricke, 1938). Observed chemical changes include loss of solubility at the
iso-electric point (or ‘denaturation’), polymerization and degradation to aggregates
of lower molecular weight (Svedberg and Brohult, 1939). As with proteins dena-
tured by other means, there is a rise of pH (Batzer et al., 1959a).

With a dose of 5 Mrad (50 kGy) (approximately that required for microbial 
sterility) meat proteins show a noticeable loss of water-holding capacity
(Schweigert, 1959). The changes are paralleled by the response of isolated myofib-
rils to added ATP. At low ionic strength myofibrils which have been subjected to 
5 Mrad synaerese less on addition of ATP than do non-irradiated controls: at high
ionic strength irradiated myofibrils swell less on the addition of ATP (Lawrie et al.,
1961).The latter effects indicate, amongst other features, a measure of enzymic inac-
tivation. Such effects have been intensively studied, and in some cases they are due
to the oxidation of the SH-groups of the enzyme proteins (Barron and Dickman,
1949). It has been pointed out that irradiation of meat with 1–10kGy could be useful
in retaining quality since proteolysis by endogenous enzymes would thereby be
diminished (Lakritz and Maerker, 1988). At the higher dose, overall proteolytic
activity was found to be reduced by 40 per cent, although β-glucuronidase was not
affected. Nevertheless, most enzymes require much more than 5 Mrad for inactiva-
tion, and this can be a serious problem in the storage of irradiated foods, since,
although there may be sufficient freedom from bacteria to permit storage at high
temperatures, the latter may accelerate adverse enzymic change. In particular, pro-
teolytic enzymes may survive up to 70 Mrad (Schweigert, 1959), although the pro-
teolytic activity of beef muscle is reduced 50 per cent by 1.6 Mrad (16kGy).

Notwithstanding the relative resistance to irradiation of amino acids in proteins,
a soluble protein has been prepared from heated meat which gives a so-called ‘wet-
dog’ odour when it is irradiated, and there may be concomitant destruction of about
13 per cent of the amino acids (Headin et al., 1961). Rhodes (1966) found little 
evidence for amino acid destruction with doses up to 20 Mrad. The effect is more
noticeable in beef than in pork and appears to be associated with a gelatin-like
protein derived from collagen (Headin et al., 1961).

Collagen shrinks when irradiated in a dry state and becomes soluble in water if
irradiated wet (Perron and Wright, 1950), and, indeed, irradiation caused softness
and tenderness of texture as an immediate effect (Coleby et al., 1961). The
hydrothermal shrink temperature of collagen decreases with increasing dosage.
After 5 Mrad it falls from 61°C to 47°C, and after 40 Mrad to 27°C, i.e. it shrinks
at room temperature (Bailey et al., 1962). The effect is probably due to the 
destruction of some of the hydrogen bonds which hold together the triple helix 
(cf. Fig. 3.5).

Changes in the pigment proteins of meat on irradiation are sometimes benefi-
cial. Thus, under some conditions, myoglobin may yield a bright red compound
having an absorption spectrum similar to that of oxymyoglobin but rather more
stable (Ginger et al., 1955). It is formed more particularly in pork: the myoglobin of
beef tends to oxidize to brown metmyoglobin on irradiation (Coleby et al., 1961).
On the other hand, irraditation of cooked meat reconverts the brown colour to red
(cf. § 10.1). In the presence of air, some of the meat pigments may be converted into
green sulphmyoglobin (Fox et al., 1958), especially where the ultimate pH is about
5.3, by H2S produced from smaller molecules such as amino acids.

In a detailed study of colour changes in wrapped meat packs irradiated with 
5kGy, and stored at 4 °C, Miller et al. (2000) found evidence for the development 
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of carbon monoxide myoglobin.This was more evident in pork than in beef or lamb.
Carbon monoxide is produced in meat when subjected to ionizing radiation
(Dauphin and Saint-Lèbe, 1977).

In a comprehensive review of the effects of ionizing radiation on meat colour,
Brewer (2004) concluded that the susceptibility of the iron atom in myoglobin to
energy input was largely responsible for colour changes. Its electrons can exist in
various spin states and its orbital electrons exist at more than one energy level,
making the environment of the iron atom especially susceptible to energy-donating
compounds. The bright red colour of fresh meat can be enhanced, during irradia-
tion, by the addition of anti-oxidants, the pH and oxygen status of the environment,
by gas packaging and temperature control.

It has already been mentioned that the soluble amino acids are much more liable
to attack than those in proteins, yielding ammonia, H2S, etc. The principal compo-
nents of the volatile off-flavour produced on irradiation are methyl mercaptan and
H2S (Batzer and Doty, 1955). Studies with S35 have shown that most of the methyl
mercaptan is derived from methionine. Although H2S is produced from both
methionine and glutathione, it is mainly derived from other amino acids (Martin 
et al., 1962). The quantities of methyl mercaptan, ethyl mercaptan, diethylsulphide,
isobutyl mercaptan produced all increase as the dose rate rises from 1 to 6 Mrad
(Merritt et al., 1959). Meat of high ultimate pH appears to resist the changes that
produce S-containing volatiles on irradiation. Thus, in a study of vacuum-packed
pork, stored after irradiation with 4.5 Mrad, Ahn et al. (2001) found that DFD pork
was more resistant to subsequent undesirable changes than PSE pork or that of
normal ultimate pH – a factor of importance, since the antimicrobial action of irra-
diation would be more marked in meat of high pH (cf. § 6.3.3).

Ionizing radiation brings about changes in meat lipids which resemble those 
of oxidative rancidity (Coleby, 1959). In the absence of oxygen, fatty acids are 
decarboxylated (Whitehead et al., 1951) and, if unsaturated, they are polymerized
(Burton, 1949); but in the presence of oxygen, hydroperoxides and carbonyls are
formed (Dugan and Landis, 1956). The quantity of carbonyls produced increases
with increasing dose (Table 9.1; Batzer et al., 1959b). Since, however, it does not
increase with increasing fat content, it is clear that most of the carbonyls produced
on irradiation are not derived from the oxidation of neutral fat. Ionizing radiation
may break C–C links, forming various aliphatic hydrocarbons.

There is a regular increase in acetaldehyde, acetone and methylethylketone 
with increasing dose (Merritt et al., 1959). Nevertheless, Ahn et al. (2000), in a 
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Table 9.1 Effect of irradiation dose and fat content of beef
on carbonyl production (×10−5M carbonyl/g meat)

Irradiation dose % Fat in meat

(Mrad) 6 8 13 23.3

0 1.27 3.22 0.98 0.92
2 4.31 4.93 2.13 2.30
4 6.60 8.74 3.40 3.57
6 8.63 11.50 4.65 5.06
8 11.20 12.88 6.46 7.25

10 11.50 10.35 7.42 4.95



comparison of non-irradiated porcine l. dorsi with that subjected to 5–10kGy
(0.5–1Mrad), and subsequently stored at 4 °C, found no increase in volatiles derived
from lipid oxidation, but higher levels of those arising from the breakdown of 
S-containing amino acids. The slightly stronger odour of the irradiated samples was
not disliked.Although cholesterol oxidation products are formed in fresh, raw meat,
their level is enhanced by ionizing radiation (Nam et al., 2001).

The carbohydrates of meat tend to be oxidized in the 6 position, yielding glu-
conic acids and aldehydes (Phillips, 1954).

Although irradiation affects only a relatively small proportion of the molecules,
this fact becomes rather more important when the molecules concerned are present
in small amounts – as in the case of vitamins, although, of course, this applies also
to other methods of preservation. Vitamin C and thiamin are particularly affected,
destruction of the latter representing, perhaps, the greatest nutrient loss with 
irradiated meat (Groninger et al., 1956), although vitamin B12 is the most radio-
sensitive vitamin (Markakis et al., 1951).

Irradiation of cured meats converts nitrate to nitrite, but the amount of nitrite
produced is insufficient to constitute a hazard, especially as it also is destroyed by
irradiation (Hougham and Watts, 1958).

The potential drawback of ionizing radiation in meat processing is not so much
the destruction of the proteins (which is negligible) or of vitamins (which is not neg-
ligible but of no nutritional importance) or even the production of off-flavours and
off-odours (which can be serious organoleptically). It is the possibility of producing
minute quantities of biologically potent and toxic chemicals, e.g. carcinogens from
sterols (Weiss, 1953). As experiments involving a long-term ingestion of irradiation
foods continue, however, this danger appears to be receding.

9.1.2 Organoleptic aspects
9.1.2.1 Immediate effects
It will have been apparent from § 9.1.1 that, depending on the dose, various
organoleptic changes will arise on irradiating meat. Odour and flavour can be
adversely affected by the production of H2S and mercaptans, carbonyls and alde-
hydes – this being worse in beef than in pork or lamb (Huber et al., 1953); colour
by the production of metmyoglobin and sulphmyoglobin; and texture and water-
binding capacity by denaturation changes in the structural proteins. The tenderiz-
ing effect caused by changes in the collagen molecules would only be apparent at
doses so high that the meat would be inedible. To achieve sterility in the meat – and
the possibility of indefinite storage without refrigeration – upwards of 5 Mrad would
be required (§ 6.4.4) and this would cause marked deterioration in the attributes of
eating quality. Attempts have consequently been made to minimize such adverse
effects. Although the presence of oxygen exacerbates irradiation-induced chemical
change, in general, its removal has not given appreciable benefits (Hannan, 1955).
Radiochemical changes can be decreased considerably, however, by irradiating in
the frozen state and the meat quality is much improved if the commodity is frozen
and held at a very low temperature before irradiation (Table 9.2). In these circum-
stances removal of oxygen is advantageous (Huber et al., 1953).

The beneficial effects of low temperatures may well be due to the virtual removal
of the aqueous phase, thus preventing secondary chemical changes (Hannan, 1955).
A somewhat larger dose may be required to achieve sterility in meat at such low
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temperatures, but the order of this requirement is much less than the decrease
achieved in irradiation damage to the meat (Hannan, 1955). Irradiated frozen meat
could subsequently be stored at a relatively high temperature but, of course, it would
be subject to the disadvantages of drip in these circumstances. Off-flavour devel-
opment is minimal if irradiation is carried out below –20°C (Merritt et al., 1978).

The possibility of minimizing irradiation damage by the incorporation of pro-
tective compounds has been considered on the assumption, that they would react
with the activated molecules and free radicals produced and thus prevent them
attacking the organic molecules of the meat. The potential additives and their 
irradiation products must be non-toxic. Ascorbic acid, nitrite, sulphite and benzoate
have been used in this context (Huber et al., 1953; Pratt and Eklund, 1954). It is
interesting to note that irradiation odour was markedly decreased by adding ascor-
bate after irradiation. This suggests that it may act by directly reducing irradiation
products rather than by reacting with free radicals during irradiation.The major dif-
ficulty with the use of protective compounds in practice is that of ensuring their
effective distribution throughout the meat.

Another approach is the use of in-package odour scavengers; activated charcoal
has been employed with some success (Tausig and Drake, 1959). Pre-irradiation
storage above the freezing point does not lessen organoleptic damage (Batzer et al.,
1959a).

9.1.2.2 Storage changes
Since the purpose of any method of meat preservation is to permit its storage in a
form as near as possible to that of the fresh commodity, nonmicrobial changes
during storage are as important as the immediate effects of the preservative process
employed. The prolonged storage period at relatively high temperatures, which is
possible with radiation sterilized meats, permits various chemical and biochemical
changes which would be precluded during the more limiting conditions with other
methods of preservation. Among the purely chemical changes is non-enzymic
browning (§ 8.1.3). Both because of the increased storage times and temperatures,
and because irradiation produces carbonyls, Maillard-type browning is greater in
irradiated meat (Lea, 1959).
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Table 9.2 Effect of prestorage at various temperatures on
odour, flavour and colour of raw beef given 1.5Mrad (Huber
et al., 1953)

Prestorage treatment Organoleptic ratinga

Time (h) Temp. (°C) Odour Flavour Colour

24 3 2.5 2.8 1.5
24 −15 3.0 3.5 1.5
72 3 3.0 2.8 2.8
72 −15 4.8 4.5 4.5
72 −35 5.0 4.0 4.5
72 −180 4.5 4.5 4.5
96 3 3.8 3.0 3.5
96 −15 4.8 4.3 4.5

a Average taste panel of five members: controls rated as 5.



The immediate effects of irradiation in causing fat oxidation have been men-
tioned: during storage of meat irradiated at low temperature there is a possibility
of further oxidation due to an after-effect, first noted by Hannan (1955).

Coleby et al. (1961) found that the initial irradiation odours and flavours of beef
and pork exposed to 5 Mrad gradually changed, during storage at 37°C, to stale and
bitter flavours; and the not unpleasant pink colour of irradiated pork tended to turn
brown.

Some protein denaturation occurs on irradiation. This increases during storage,
especially at high temperature, and the resultant loss in water-holding capacity
causes considerable exudation (Cain et al., 1958; Schweigert, 1959).

The most important detrimental changes during the storage of irradiation 
sterilized meat, however, are those due to surviving activity of proteolytic enzymes
(§ 5.4.1).

The storage for 1 year at 37°C of beef and pork steaks, which had been irradi-
ated in depth and had received 5 Mrad (50kGy), caused a marked increase in total
soluble nitrogen. Protein equivalent to about 25 per cent of the original total nitro-
gen was broken down to peptides and amino acids and insoluble aggregates of 
crystalline tyrosine formed on the meat surface (Lawrie et al., 1961). This proteol-
ysis principally involved sarcoplasmic proteins, for there was no increase in soluble
hydroxyproline (indicative of connective tissue breakdown) and, microscopically,
the myofibrils appeared to be unchanged. Although it was evident that the acto-
myosin complex had not been proteolysed, its altered nature was reflected in a
diminution of ATP-ase activity and accounted for some of the loss in water-holding
capacity. Apart from exudation, the stored, irradiated meat had a coagulated,
crumbly texture similar to that of lightly cooked meat. Zender et al. (1958) and
Radouco-Thomas et al. (1959) found that the texture of sterile rabbit muscle was
almost completely broken down during storage at 25°C or 37°C over some months.
To some extent the greater breakdown can be attributed to the fact that the rabbit
was sterilized by irradiation only on the surface, and that within it proteolysis was
unimpaired. Doty and Wachter (1955) indicated that the proteolytic enzymes of
meat are diminished somewhat by irradiation. There appeared to be species differ-
ences in the degree of post-mortem proteolysis since, under comparable conditions,
beef is not so extensively broken down as rabbit (Sharp, 1963).

It is evident that there are some proteolytic enzymes in meat which substantially
survive even a sterilizing dose of ionizing radiation. Consequently, degradative
changes and organoleptic deterioration will occur if the meat is held at the storage
temperatures which sterilizing doses of irradiation make possible from the micro-
biological standpoint. Attempts have been made to overcome this defect in the
product. One approach is to heat the meat, before irradiation, to inactivate the pro-
teolytic enzymes. Cain et al. (1958) subjected fresh and heated beef and pork (71
and 77°C, respectively) to 2–3Mrad (20–30kGy) and stored the meat for about 
8 months at 22°C. Although there was extensive fluid loss, protein breakdown and
formation of tyrosine crystals in the fresh meats, the corresponding preheated meats
were acceptable in texture and flavour. These workers also noted that bacon stored
satisfactorily for 8 months at 22°C after irradiation – possibly because its proteolytic
enzymes had been denatured by the curing salts. Enzyme inactivation by preheat-
ing may be achieved by exposure to a relatively high temperature for a short 
time (e.g. 163 °C for 2h) or to a lower temperature for a longer time (e.g. 50–80°C
for 20h): the latter causes undesirable texture changes due to partial breakdown of
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connective tissue (Whitehair et al., 1964). More recently, the attainment of a tem-
perature of 70–75°C in the centre of products has been regarded as sufficient to
inactivate enzymes, and, following irradiation in a hermetically sealed container
with a sterilizing dose of either γ-rays, X-rays or electrons, to ensure a long storage
life at ambient temperature without quality deterioration (Wierbicki, 1980). After
such pre-heating, of course, meat can no longer be considered fresh and thus one
of the intended advantages of irradiation – the preservation of meat in a state 
close to that of the fresh commodity – is automatically lost. If taste panel testing of
cooked meat were the only criterion of acceptability, this would be less serious 
than the aforementioned organoleptic changes in sterilized fresh meat stored at high
temperature.

9.1.3 Radiation pasteurization
There is growing realization that, whereas the prolonged storage of fresh meat at
high temperatures after sterilizing doses of ionizing radiation would be offset by
proteolytic and other deterioration, a substantial extension of the storage life of
meat preserved by refrigeration would be possible if this were combined with a low
dose. Although such ‘pasteurizing’ doses would increase the useful life of the meat,
they would be too low to cause organoleptic changes (Ingram, 1959). There would
be little advantage with frozen meat, since this is not directly affected by micro-
organisms (although pasteurizing doses of irradiation might increase its storage life
after thawing), but spoilage of fresh or chilled meat, stored at 0–5°C, can be use-
fully discouraged. This is especially so since the microorganisms which tolerate such
temperatures are particularly sensitive to irradiation (Ingram, 1959). It is apparent
that meat stored at 0–5°C, after irradiation with 50,000–1,000,000 rad, can be held
from 5 to 10 times as long as unirradiated meat before microbial spoilage (Morgan,
1957; Shea, 1958; Niven, 1963).

Despite the general susceptibility of the cold-tolerant micro-organisms to pas-
teurizing doses of irradiation, certain more resistant species are bound to survive
even in small numbers, e.g. B. thermosphacta (McLean and Sulzbacher, 1953). Such
micro-organisms spoil meat by producing a sour odour rather than the stale, musty
odour from the pseudomonads which grow in stored, unirradiated chilled meat.

Although irradiation with pasteurizing doses can prolong the refrigerated storage
life of meat microbiologically, other concomitant changes of non-microbial origin
may become apparent. Doses as low as 50,000 rad (0.5kGy) can cause flavour
changes detectable by trained individuals: doses above 200,000 rad intensify those
off-flavours and make them noticeable to a higher percentage of consumers (Niven,
1963). Symptoms of accelerated oxidation may be found in beef irradiated with
25,000–100,000 rad (Lea et al., 1960) indicated by the development of a tallowy
odour and flavour; and the yellow carotenoid may be perceptibly bleached. Lea 
et al. concluded that, where the surface of the meat was exposed to the atmosphere,
the margin between desirable and undesirable effects of pasteurizing doses of irra-
diation (as in the carriage of chilled beef between Australia and the United
Kingdom) scarcely justified its adoption. On the other hand, where the surface of
the meat is covered with an oxygen impermeable wrap, oxidative changes are largely
eliminated and recontamination of the irradiated surfaces is avoided. In these cir-
cumstances the process may be beneficial. An extensive experiment with pasteuriz-
ing doses, in combination with chill temperatures (1 °C), was carried out on lamb

The storage and preservation of meat: III Direct microbial inhibition 271



and beef shipped from the United Kingdom to Australia and New Zealand (Rhodes
and Shepherd, 1966). 400,000 rad was the maximum dose of surface irradiation
which could be tolerated without causing detectable colour or odour changes. Such
a dose delayed microbial growth on the surfaces of lamb carcasses (in packs free of
air), or in beef joints, for more than 8 weeks. Although, since frozen lamb is an
accepted standard commodity, the procedure would not be commercially attractive
with lamb, it could have real advantages with beef – a commodity which commands
a markedly higher price when chilled than when frozen.

Such observations have been fully substantiated by many other investigations.
Thus, Lefebvre et al. (1992) demonstrated that irradiation of ground beef with
1–5kGy extended the storage life at 4 °C by 4–15 days, microbial growth being pro-
gressively suppressed, although the flora tended to change from Gram-negative
bacilli to Gram-positive cocci as the dose of irradiation increased. Irradiation was
associated with increased peroxide values during storage and taste panels detected
some loss of flavour, but the latter was insignificant in ground beef irradiated at
1kGy (100,000 rad) (Lefebvre et al., 1994).

The antimicrobial benefits of ionizing radiation clearly must be evaluated against
the concomitant effects in causing discoloration and rancidity due to the oxidation
of unsaturated fatty acids. Formanek et al. (2003) demonstrated that such undesir-
able effects can be minimized when α-tocopherol is fed to the animal, or added to
meat after mincing.

A bacteria-proofed container, applied before treatment, is necessary to prevent
recontamination; auto-oxidation is simultaneously eliminated by making the pack-
aging material relatively impermeable to oxygen. Thus the need for carbon dioxide
to prevent the growth of moulds would be dispensed with, eliminating the consid-
erable expense of gas storage. However, the mechanical problem of avoiding
rupture of the pack in handling arises. Similarly, pasteurizing doses of irradiation,
combined with light refrigeration, may be of benefit with prepackaged cuts. At the
moment, the practical usefulness of irradiation preservation of meat would seem to
be within such contexts.

9.1.4 Policy and detection
On the basis of joint meetings of an expert committee of FAO/IAEA/WHO (1981)
it was declared that no hazard occurs in food irradiated with doses up to 1 Mrad
(10 kGy) and, in the UK, a comprehensive report was published by the Advisory
Committee on Irradiated and Novel Foods in 1986 which sanctioned the use of 
irradiation in food treatment, but with certain qualifications. These were that the
maximum average dose should not exceed 1 Mrad; that the energy of the rays
employed should not exceed 5MeV (if em rays were used) or 10MeV (if an elec-
tron beam was used); that the patterns of consumption by the public be monitored
in relation to nutrient and toxicological contents; and that the irradiated food should
be so labelled.The presence of E. coli O157 :H7 in ground beef led the Federal Drug
Administration in the USA to approve the irradiation of red meat in 1997, and the
use of ionizing radiation is now widespread in that country to control pathogens in
fresh and frozen meat (Satin, 2002); but there is still some resistance to its use in
Europe.

Under the UK Food (Control of Irradiation) Regulations of 1991, certain classes
of food may be irradiated up to a maximum dosage (the value being 7kGy for
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poultry) and under the Food Labelling (Amendment) (Irradiated Food) Regula-
tions of 1990, all irradiated foods are required to have a display indicating that they
have received such treatment.

For labelling to be effective, it is clearly important that there should be a proce-
dure available which is capable of detecting whether or not a food has been irradi-
ated. Since a major feature of ionizing radiation is the negligible chemical change
produced in the target, detection is most difficult; but several exceedingly sensitive
methods have been suggested. As indicated earlier, ionization involves the produc-
tion of free radicals which are usually short-lived. These persist, however, when pro-
duced in hard material such as bone, and can be detected by electron spin resonance
(Phillips, 1988). Radiolytic products from DNA (e.g. cis-thymidine glycol) can be
detected immunologically at a level as low as 10–15 moles. Dihydrothymidine is pro-
duced under anoxic conditions by the interaction of water-derived radicals and
thymidine (Deeble et al., 1990). It is a highly specific index of radiation treatment.
Again, the OH• radicals produced by ionizing radiation from phenylalanine in 
proteins yield o-, m- and p-tyrosine. Since only the last of these occurs naturally, the
titre of the o- and m-tyrosine can be used as a measure of the irradiation received
by the product (Elias, 1985). Radiolysis of the saturated triglycerides of foods 
produces 2-alkylcyclobutanones and methods have been developed for the specific
detection of 2-dodecyl- and 2-tetradecylbutanone (Stevenson et al., 1993). Irradia-
tion of triglycerides also produces much larger quantities of carbon monoxide than
would be found in control material (Furuta et al., 1992).A relationship can be shown
between the concentration of water-derived radicals from connective tissue and the
relative viscosity of hyaluronic acid solutions.

It should be pointed out that, apart from the usefulness of ionizing radiation in
preserving food for human consumers, the procedure can offer protection indirectly.
Thus, about 250 tonnes of frozen horsemeat is imported annually for the manufac-
ture of pet foods. Sixty per cent of it is contaminated with Salmonella spp, but the
safety of the animal consumers, and of their owners, can be ensured by treating the
horsemeat with 0.65 Mrad (e.g. from a Co60 source).

9.2 Antibiotics

Since antibiotics are chemicals, it is arguable whether they should be categorized
separately from chemical preservatives (§ 9.3). Insofar as they are selective in their
action between microbial species, however, and may foster the development of
resistant strains of micro-organisms, they differ from such general antimicrobial
chemicals as organic acids and alcohols.

The events leading to the use of certain so-called broad-spectrum antibiotics in
food preservation have been outlined in § 6.4.3. The choice of a suitable antibiotic
depends on the type of spoilage to be controlled, on the stability and solubility 
of the antibiotic at the pH of the food, on its stability to heat and on its lack 
of toxicity. Two aspects of the use of antibiotics are particularly important 
(Deatherage, 1955) and should be reiterated. Firstly, since they are mainly bacte-
riostatic rather than bactericidal, they are most effective where the total bacterial
population is low – discouraging their indiscriminate use with highly contaminated
or partially spoiled meat. Secondly, since they do not sterilize foods, they delay
rather than prevent spoilage; and they may alter the bacterial flora since the latter
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will differ in sensitivity. One disadvantage of antibiotics, therefore, is the possible
development of resistant micro-organisms in the meat after susceptible bacteria,
which normally compete with them for the available nutrients, are eliminated.
As already indicated (§ 6.4.3), this difficulty can be overcome to some extent by
employing, for preservative purposes, antibiotics which are not applied in human
medicine; but, in commercial practice, elimination of normal spoilage organisms,
and thereby of the unpleasant superficial symptoms of contamination, could con-
ceivably permit the growth of dangerous bacteria whose toxic by-products would
not be easily detectable before consumption of the meat. This danger can be 
circumvented by combining the use of antibiotics with refrigeration (Barnes, 1956),
since most pathogens will not grow rapidly at chill temperatures, and it is in this
context that antibiotics are most useful. Nevertheless, under experimental condi-
tions, antibiotics have also been used successfully against potential deep spoilage
organisms where meat is to be exposed to a high temperature for a short time,
rather than subjected to prolonged storage. Notwithstanding their disadvantages,
they can give the benefits of enhanced storage life without themselves causing any
chemical or biochemical change in the meat. Few are effective against yeasts and
moulds.

With antibiotics there is a remote possibility of toxicity from residues which are
not destroyed during cooking (§ 6.4.3).This danger can be overcome to some extent
by legislating for permissible limits for residues; and generally the level of anti-
biotics initially present in meat declines during storage and before the meat is 
consumed (Weiser et al., 1954).

Virtually no work has been done on the relative efficacy of antibiotics in differ-
ent muscles, but there is some suggestion that they may be destroyed more rapidly
in muscles of high ultimate pH – or where bacterial growth causes the pH to rise
(E.M. Barnes, personal communication).

In general, the storage of fresh meat at chill temperatures is curtailed by the
development of micro-organisms on the exposed surfaces belonging to the genera
Pseudomonas and Achromobacter (§§ 6.2 and 6.3.1), although deep spoilage organ-
isms may be involved in some cases where cooking has been delayed or there is
bone taint. Since, under such conditions, the microflora is mixed, the use of a ‘broad-
spectrum’ antibiotic (e.g. oxytetracycline or chlortetracycline) can appreciably delay
spoilage by both types of organisms.The meat so preserved will of course be thereby
more liable to the non-microbial changes already indicated in the case of fresh and
chilled meat (§ 7.1.1).

The antibiotics may be injected (intravenously or intraperitoneally) into the
animals pre-slaughter (McMahan et al., 1955–6; Ginsberg et al., 1958), perfused after
death (Deatherage, 1955, 1957), sprayed on to the carcasses or cut surfaces and, if
packaging operations are involved, incorporated into the film (Firman et al., 1959).
Alternatively, the meat may be dipped in an antibiotic-containing solution (Tarr 
et al., 1952).

Many examples of the efficacy of such treatment could be given. Thus Goldberg
et al. (1953) showed that the storage life of ground beef could be extended to 9 days
at 10°C by the incorporation of 0.5–2 ppm of chloramphenicol, chlortetracycline 
or oxytetracycline. Controls, and samples treated with penicillin, bacitracin or 
streptomyocin, spoiled in 5 days. In particular, the storage of fresh comminuted
meat, such as pork sausages, can be doubled or trebled by the use of antibiotics
(Wrenshall, 1959).
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The relative efficacy of antibiotics as administered by preslaughter injection, by
spraying and by the use of impregnated wraps is shown in Table 9.3.

It is evident that each procedure has antimicrobial action but that preslaughter
injection is the most effective: distribution of the antibiotic is clearly more complete
when it can be carried by the animal’s bloodstream into the most minute interstices
of the muscle. Moreover, the inhibitory antibiotic is present in situ before contam-
inating organisms can start to multiply.

Although the tetracyclines extend the refrigerated storage life of meat, moulds
and yeasts tended to grow after about 14 days at 2 °C (Barnes, 1957). On the other
hand, Niven and Chesebro (1956) showed that sorbic acid could be used to suppress
yeasts in minced beef. Should the temperature of such meat products rise to 15°C,
antibiotic-resistant pathogens, unhindered by the presence of normal spoilage
organisms, may be able to multiply, e.g. Salmonella Typhimurium (Hobbs, 1960).
Animals are more likely to be carrying antibiotic-resistant organisms if they have
been fed with antibiotic supplements (Barnes, 1958; and cf. § 2.5.2.2).

The tetracycline antibiotics and irradiation appear to be complementary in
extending the refrigerated life of fresh meat (Niven and Chesebro, 1956). Low-level
irradiation of meat tends to change the spoilage flora from a Gram-negative one to
a Gram-positive one (McLean and Sulzbacher, 1953) – and the tetracyclines are 
particularly effective in retarding the growth of the latter. Table 9.4 illustrates an
experiment where small pieces of beef were irradiated with 10,000 rad or treated
with 10ppm oxytetracycline and then irradiated. The complementary effect of irra-
diation and antibiotics against the bacteria is evident.

The problems for control by antibiotics in canned meats are very different 
from those in fresh meat.An antibiotic which is relatively heat stable (e.g. nisin, sub-
tilin or tylosin) is needed and it must be especially effective against spore-forming
bacteria (Barnes, 1957; Hawley, 1962). During prolonged storage the retention of
nisin activity is enhanced by acid conditions and by short-time, high-temperature
heat treatments. For low-acid foods, such as meat, the use of nisin and of similar
antibiotics can only be considered in conjunction with sufficient heat to kill 
Cl. botulinum.
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Table 9.3 Microbial counts on steaks treated with
chlortetracycline (CTC) in various ways and stored at 5 °C
(after Firman et al., 1959)

Treatment Micro-organisms
(¥ 106/g meat)

Preslaughter Surface Type of (days at 5 °C)

injection film 0 5 10

– – Plain 0.013 8.56 897
– – CTC 0.012 0.73 276
– CTC Plain 0.002 0.14 225
– CTC CTC 0.001 0.19 88
CTC – Plain 0.005 0.001 14
CTC CTC Plain 0.006 0.012 6
CTC – CTC 0.0001 0.002 1
CTC CTC CTC 0.005 0.005 0.25



Antibiotics might be usefully employed to control spoilage bacteria which are
very heat resistant and which cannot otherwise be killed unless the product is given
a heat treatment so excessive that its texture is damaged (Hansen and Riemann,
1958). In semi-preserved products, such as canned hams, mild heat treatment (or
pasteurizing) will suffice to destroy any surviving faecal streptococci which would
resist the antibiotics and would otherwise necessitate refrigerated storage for the
product. The possibility of diminishing heat treatment, or curing salts, through the
use of antibiotics could lead to some danger from Cl. botulinum, however, and
antibiotics are, therefore, not permitted with semi-preserved meats (Hawley, 1962),
although certain antibiotics are known to lower the heat resistance of spores of 
Cl. botulinum and Cl. sporogenes (Leblanc et al., 1953).

Antibiotics have also been employed to permit the conditioning of meat (§§ 5.4.2
and 10.3.3.2) in a relatively short period at high temperature – both alone and 
in combination with pasteurizing doses (45,000 rad) of ionizing radiation (Wilson 
et al., 1960).

Insofar as competition between micro-organisms may involve the production of
chemicals by one type which are inimical to the survival of another (as well as 
competing in the same pool of nutrients), bacterial cultures have been deliberately
employed to extend the shelf life of various meat products (Luecke, 1990). Such
protective cultures can suppress the growth of food poisoning organisms. However,
although the use of antibiotics can effectively preserve meat, their widespread use
is currently unlikely because of concerns about the development of resistance
strains of micro-organisms. Genetic manipulation of starter cultures (such as lactic
acid bacteria) in fermented meat products could increase their protective and 
probiotic capacity as represented by catalase and bacteriocin (Hammes and Hertel,
1998).

9.3 Chemical preservatives

When hygienic principles were little practised, and less understood, chemical preser-
vatives were not infrequently used in foods to offset what is now recognized as
microbiologically dangerous action. Nevertheless, this remedy has drawbacks
because chemical preservatives may be non-specific protoplasmic poisons and as
undesirable for the consumer as for the micro-organisms against which they are
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Table 9.4 Effect of gamma irradiation (10,000 rad) alone
or in combination with oxytetracycline (10ppm) on bacterial
flora of beef muscle stored at 2 °C (Niven and Chesebro,
1956)

Micro-organisms (¥ 103/g meat)

Treatment (days)

0 8 14 20

Control 90 700,000 4,000,000 –
Irradiated 0.5 100 60,000 800,000
Irradiated + antibiotic 0.05 1 60 2,000



directed; moreover, their effect may be cumulative rather than immediate. The term
was defined by the United Kingdom Preservatives Regulations of 1962 as follows:

‘Preservative’ means any substance which is capable of inhibiting, retarding or
arresting the process of fermentation, acidification or other deterioration of 
food or of masking any of the evidence of putrefaction; but does not include
common salt (sodium chloride), lecithins, sugars or tocopherols; nicotinic acid or
its amide; vinegar or acetic acid, lactic acid, ascorbic acid, citric acid, malic acid,
phosphoric acid, pyrophosphoric acid or tartaric acid or the calcium, potassium
or sodium salts of any of the acids specified in this subparagraph; glycerol, alcohol
or potable spirits, isopropyl alcohol, propylene glycol, monoacetin, diacetin or 
triacetin; herbs or hop extract; spices or essential oils when used for flavouring
purposes.

More recently, however, the addition of nicotinamide and ascorbic acid to meat,
as colour preservatives, was prohibited. Formaldehyde, as such, is also prohibited,
since it is demonstrably toxic (Wiley, 1908), but is permitted up to 5ppm if extracted
from wet strength wrapping materials.

Fresh meat, when in the intact carcass, is not usually severely contaminated
except on the surface (cf. § 6.1). On the other hand, in preparing products contain-
ing comminuted or minced meats, there is every opportunity for massive bacterial
contamination from the hands of operatives and from equipment, and this certainly
occurred frequently in the past. It was in such a context that chemical preservatives
were particularly employed in relation to meat.

Very few chemicals are now permitted as preservatives – and these only in minute
specified quantities. Apart from nitrate, nitrite, sorbic acid and tetracyclines (which
have already been considered in relation to curing and antibiotics), the United
Kingdom Preservatives in Food Regulations 1962 lists only seven, namely sulphur
dioxide, propionic acid, benzoic acid, methyl-p-hydroxy-benzoate, ethyl-p-hydroxy-
benzoate, diphenyl, o-phenylphenol and copper carbonate. Of these seven only
sulphur dioxide is permitted in meat preservation, up to 450ppm being in sausage
and sausage meat (Anon.,1972a).Its effect is antimicrobial,and at the permitted level
it has no beneficial effect on meat colour, so the public would not recieve an erro-
neous impression of the meat’s freshness (Kidney, 1967).Although the use of sulphur
dioxide as a preservative at permitted levels is generally regarded as safe, it has been
associated, nevertheless, with an increase in the severity of asthmatic and other res-
piratory conditions in some individuals (Simon, 1998) and means of further limiting
dependence on sulphites have been sought.Chitosan,a polysaccharide from the shells
of crabs and shrimp, and carnocin, an antimicrobial agent produced by Carnobac-
terium piscicola, have been shown to be effective antimicrobials in combination with
low levels of sulphite in preserving chilled sausage meat (Roller et al., 2002). Boric
acid was also employed until relatively recently both in sausage meat and in curing,
but its use in the United Kingdom was discontinued by the aforementioned Act of
1928. (This prohibition was temporarily suspended during the Second World War.)

Spices and essential oils are excluded from the UK Preservative Regulations
‘when used for flavouring purposes’ (above). Various essential oils have preserva-
tive properties, however, and have been used to extend the storage life of meat prod-
ucts (McNeil et al., 1973). These include eugenol in cloves and allyl isothiocyanate
in mustard seed. Shelef, Naglik and Bogen (1980) demonstrated that 0.3 per cent of
sage or rosemary was inhibitory and 0.5 per cent bactericidal. With the increasing
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resistance of consumers to the use of synthetic preservatives in food there is
renewed interest in the identification and use of naturally occurring chemicals that
have antimicrobial properties. Thus, Roller (2002) has reviewed the antifungal and
antimicrobial properties of the polysaccharide chitosan. Its efficacy, especially in
combination with other antimicrobial agents, warrants further development.

Marinades (cf. § 10.2.1.1), defined as pickles containing vinegar and wine with
herbs and spices which have been traditionally used to steep fish and meat, would
be excluded from the above definition of ‘preservative’; but, of course, these are a
mode of chemical preservation depending primarily on the antimicrobial action of
acetic acid. The scientific basis of the process has been studied by Gault (1991) since
there has been a recent increase in the range of meat products offered in super-
markets and these include a range of marinades, either in final form or which can
be prepared from ingredients supplied. Instructions for the latter include marinad-
ing at chill temperature for 1–2 hours and subsequent grilling. Although not all
marinades lower the pH to the extent required for microbial stability or optimal
eating quality, there is now sufficient scientific understanding of the process to
permit successful marketing of acid-marinaded meat products having specific 
attributes.

As already indicated (cf. §§ 6.4.3 and 9.2), various micro-organisms produce
organic acids and alcohols by anaerobic fermentation of food substrates and these,
by inhibiting other organisms that are concomitantly present and which could spoil
the food or make it toxic, can act in its preservation. The particular antimicrobial
chemicals produced during fermentation depend on the nature of the food (and
other aspects of the environment) and on the micro-organism. In recent years the
traditionally recognized benefits of lactic acid bacteria in promoting health (pro-
biosis) have been more positively exploited (Salminen et al., 1998), and certain
strains appear to have anticarcinogenic action (Zabala et al., 2001). Lactic acid is
frequently the effective inhibitory agent. Its efficacy, and that of other such agents
may be enhanced by curing salts and dehydration. Fermentation of fresh and salted
meats is an ancient process (Brothwell and Brothwell, 1969; Zeuthen, 1995),
although as traditionally operated, was uncontrolled and slow. Faster methods have
been developed which use starter cultures rather than relying upon indigenous
micro-organisms (Bacus, 1984). Moreover, meat fermentation by bacteria and fungi
is now being applied to hitherto non-fermentated products to accelerate flavour
development, extend storage life and control pathogens (Smith and Palumbo, 1981)
(Lücke, 2000). Staphylococcus spp. limit fat oxidation and aldehyde production, and
contribute to the production of desirable flavour components, such as esters (Mantel
et al., 1998). A review of the nature and variety of fermented meats has been pub-
lished (Campbell-Platt and Cook, 1995).

Perhaps, under the general heading of chemical preservatives, carbon dioxide
should be included (Callow, 1955a); also ozone (Kefford, 1948; Kaess, 1956), both of
which have been used to discourage the growth of surface micro-organisms on beef
carcasses during prolonged storage at chill temperatures. Although ozone leaves no
toxic residues in the meat, its use in the store can be dangerous for personnel. More-
over, it accelerates the oxidation of fat and is more effective against air-borne micro-
organisms than against those on the meat. The latter destroys the gas (Kaess, 1956).
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Chapter 10

The eating quality of meat

Considering the diversity and duration of the events which determine the nature of
meat, it seems curious that the consumer’s palate can only react to the commodity
over a few minutes during mastication. No conscious sensation is derived from the
process of digestion over the subsequent 10hr or so when the amino acids, fatty
acids, vitamins, minerals and other constituents are being liberated and absorbed
into the body. Nevertheless, however fleeting, the organoleptic sensations may
enhance or impair the efficacy of digestion by their reflex action on the production
of gastric and intestinal juices – and thus the nutritive value of the food, as the work
of Claude Bernard and Pavlov suggested in the nineteenth century and as most text-
books on physiology imply or testify. The attributes of eating quality will be con-
sidered in this chapter.

Of the attributes of eating quality, colour, water-holding capacity and some of the
odour of the meat are detected both before and after cooking and provide the con-
sumer with a more prolonged sensation than do juiciness, texture, tenderness, taste
and most of the odour which are detected on mastication.

The increased sale of meat as relatively small prepackaged cuts for the individ-
ual consumer, has emphasized the inherent differences in eating quality between
muscles (as well as revealing variability from unidentified causes). The concomitant
development of ‘seaming out’ muscles (or groups of muscles) from the (frequently
still warm) carcass which is now undertaken widely instead of the more traditional
carcass dressing (cf. § 5.2.2), makes quality control more feasible. By introducing
standards for the quality of retail meat, and guidelines for their attainment (e.g. a
minimum postslaughter ageing time and optimal processing operations) general
improvements have been achieved in New Zealand (Bickerstaffe et al., 2001).

In a detailed reassessment of some 30 anatomically defined bovine muscles, in
respect of their biochemical composition and its relation to eating quality, Jeremiah
et al. (2003a, b, c) emphasized that they differed significantly in tenderness, juiciness,
flavour and overall palatability, and that these attributes were related to such con-
ditions as losses in cooking and after freezing and thawing. Jeremiah et al. concluded
that the mode of cooking would be required to be tailored to the intrinsic nature



of individual muscles, rather than to type of joint insofar as the latter comprised
various muscles of mixed nature, if consumers were to enjoy maximum satisfaction.
(This view has been supported by Kolle et al., 2004.)

Clearly, whatever the scientific basis of the attributes of eating quality in meat,
their significance will be determined by regional preferences and by the views of
the individual consumer. Some prefer markedly tough meat: others prefer excessive
tenderness. Nevertheless, between the member countries of the European Union
less extreme opinions prevail and attempts to identify common standards of meat
quality have been made in the interests of international trade. A major study of 
the eating quality of grilled l. dorsi and casseroled semimembranosus muscles from
Galloway and Charollais steers was undertaken by Dransfield et al. (1984). This
involved the assessment of beef from the same animals by the meat research labo-
ratories of eight member countries, using both local scales and those of the other
countries. It was evident Irish and English panels tended to value flavour more
highly than tenderness and juiciness, whereas the latter attributes were of predom-
inant importance to Italian panellists. French and Belgian taste panels showed a
preference for the flavour of aged beef from older animals. It was concluded that it
was not feasible to recommend a standard scale or cooking procedure for the 
eight participating countries, but the assessment of texture was consistent and 
comparable.

In a comparison of the attributes of eating quality of 15 species used for meat in
Norway, Rødbotten et al. (2004) found that colour was the most significant after
texture, flavour being the least important attribute. Liver flavour and ‘gamey’ flavour
were the best descriptions of flavour between species.

Increasingly detailed information on the structure and function of genes and on
the pattern of their expression via mRNA transcription, protein synthesis and the
metabolic pool, which the emerging disciplines of genomics and bioinformatics (cf.
§ 3.3.1) have provided, is potentiating the deliberate selection of the characteristics
of muscular tissue which determine the nature of meat. Thereby the differences in
the attributes of eating quality and nutritive value required to satisfy the exacting
and individual requirements of modern consumers of meat could be met (Eggen
and Hocquette, 2003).

In recent years there has been a considerable development of so-called ‘organic’
rearing of animals, this being reported to produce meat of superior eating quality.
So far, scientific studies have failed to demonstrate that the meat has any organolep-
tic advantage over that produced conventionally (cf. Millet et al., 2005).

10.1 Colour

Since 1932, when Theorell crystallized the principal pigment of muscle and it was
shown that myoglobin was not identical with the haemoglobin of the blood, it 
has been accepted that the colour of meat is not substantially due to haemoglobin
unless bleeding has been faulty (§ 5.2.2). The appearance of the meat surface to the
consumer depends, however, not only on the quantity of myoglobin present but also
on the type of myoglobin molecule, on its chemical state and on the chemical and
physical condition of other components in the meat. Each of these, in turn, is deter-
mined by a variety of factors.
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10.1.1 The quantity and chemical nature of myoglobin
Factors determining the quantity of myoglobin were incidentally indicated in § 4.2.
As one generalization, it is clear that a high level of muscular activity evokes the
elaboration of more myoglobin – reflecting, in this respect, differences due to
species, breed, sex, age, type of muscle and training. Thus, muscles of the hare have
more myoglobin than those of the rabbit; those of racing thoroughbreds have more
than those of draught horses; those of bulls have more than those of cows; and those
of steers have more than those of calves. A very pale red colour is a predominant
consumer prerequisite for the raw flesh of the young bovine (veal) (cf. § 4.3.4). Much
of the pigment present in veal is derived from residual haemoglobin of the blood
(Klont et al., 1999).

The constantly operating muscle of the diaphragm has more myoglobin than the
occasionally and less intensively used l. dorsi; and free range animals have more
muscle pigment than their stall-fed counterparts.Another kind of factor is the plane
and nature of nutrition – a high plane, and a diet low in iron, both leading to low
myoglobin concentrations (although by different mechanisms). Japanese consumers
prefer beef that is less red than that which prevails in Europe. It has been found
that the myoglobin content of the muscles can be reduced by feeding green tea to
the cattle (Zembayashi et al., 1999). The quantity-determining factor which is most
difficult to understand is that causing the variability, occasionally encountered
within a given muscle, when the myoglobin concentration may be several hundred-
fold different over distances of 1cm.

Species differences in the myoglobin molecule have been observed. The hues of
red oxymyoglobin and of brown metmyoglobin from beef and pork are not identi-
cal; but this subject has been little investigated. When freshly cut, the surface of 
pork l. dorsi forms oxymyoglobin at a faster rate than that of beef (Haas and 
Bratzler, 1965).

Most of the striking differences in the colour of meat surfaces arise from the
chemical state of the myoglobin molecules. It is not appropriate to consider here
details of the chemistry of the muscle pigment, which are available elsewhere (e.g.
Lemberg and Legge, 1949), but brief comments are desirable. Some of the chemi-
cal states in which myoglobin may be encountered in meat are shown in Table 10.1.
The myoglobin molecule consists of a haematin nucleus attached to a protein com-
ponent of the globulin type: the molecular weight is about 17,000. The haematin
portion comprises a ring of four pyrrole nuclei co-ordinated with a central iron
atom. The iron may exist in both reduced and oxidized forms. In the ferrous form
it can combine with gases such as oxygen and nitric oxide. The ability to combine
with oxygen is lost when the globin portion of the molecule is denatured and 
the tendency for the iron to oxidize to the ferric form is then greatly increased;
but union of the iron with nitric oxide is strengthened (Lemberg and Legge,
1949). Whilst, therefore, the oxidation of purplish-red myoglobin or of bright red
oxymyoglobin to brown metmyoglobin is accelerated by any factors which cause
denaturation of the globin (Brooks, 1929b, 1938; Watts, 1954) by the absence of
reducing mechanisms and by low oxygen tension (cf. Fig. 7.3), these same circum-
stances enhance the stability of the red colour of cured meat, converting nitric 
oxide myoglobin into nitric oxide haemochromogen (Watts, 1954; Killday et al.,
1988). In these pigments the iron is in the ferrous form, but nitrite will also react
with metmyoglobin to form a red compound (Barnard, 1937) – metmyoglobin
nitrite.
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In the myoglobin, oxymyoglobin and metmyoglobin of fresh meat, or the nitric
oxide myoglobin and metmyoglobin nitrite of cured meat, the haematin nucleus is
intact and the protein is in a native form, but the colour and valency of the iron
vary. On heating, as in cooking, the globin is denatured, but the haematin nucleus
still remains intact as in the red globin haemochromogen, or more commonly 
brown globin haemichromogen and in pink nitric oxide haemochromogen. It has
been suggested that the colour complexes in cooked meat are denatured haemo-
proteins wherein the protein may be one or other of the several denatured proteins
present, and not only globin (Ledward, 1971b). Irradiation of brown globin
haemichromogen converts it to red globin haemochromogen (Tappel, 1957a).
Reduction of the haematin nucleus occurs when myoglobin is exposed simultane-
ously to hydrogen sulphide and oxygen (forming green sulphymyoglobin) on the
one hand, or to hydrogen peroxide and ascorbic acid (or other reducing agents) on
the other (forming green choleglobin) – as caused by the growth of certain micro-
organisms, or in tissue injury in vivo. Sulphmyoglobin formation is more likely to
be observed in meat having an ultimate pH above 6 since, at lower pH values,
bacteria capable of producing H2S are unable to do so (Nicol et al., 1970; Shorthose
et al., 1972). If these conditions are intensified the porphyrin ring may be opened,
although the iron remains, forming green verdohaem; and finally, on further or 
more intense exposure, the iron will be lost from the porphyrin, which will split 
from the protein moiety and open out, forming the chain of pyrroles characterizing
yellow or colourless bile pigments. Excess of nitrite in cured meats can produce the
crimson-red colour of metmyoglobin nitrite, and if the latter is treated with an 
even greater excess of nitrite and heated in acid conditions, green nitrihaemin is
formed.

In fresh meat, before cooking, the most important chemical form is oxymyoglo-
bin. Although it occurs on the surface only, this pigment is of major importance,
since it represents the bright red colour desired by purchasers. In uncooked meat
the cytochrome enzymes (§§ 4.2.1 and 5.3) are generally still capable of utilizing
oxygen for a considerable period post-mortem. Although there is no oxygen in the
depths of the meat, the gas can diffuse inwards for some distance from meat sur-
faces exposed to the air, and a point of balance is established between the rates of
diffusion and of uptake by the cytochrome enzymes – and by myoglobin, in forming
oxymyoglobin. The depth of penetration d is given by d × √2cOD/A0, where cO is the
pressure of oxygen on the surface and D and A0, respectively, the coefficients of dif-
fusion and consumption (Brooks, 1938). The bright red colour of oxymyoglobin will
predominate and be apparent to the observer – from the outside in to the point
where the ratio oxymyoglobin : myoglobin is about 1 :1, i.e. about 84 per cent of the
total depth of oxygen penetration (Brooks, 1929b). Since different muscles have dif-
ferent inherent surviving respiratory activity, d will vary under a given set of con-
ditions. Thus, after exposure of cut surfaces to the air for 1h at 0 °C, the depth of 
the oxymyoglobin layer was found to be 0.94mm in horse psoas muscle in which
respiratory activity is relatively high and 2.48mm in horse l. dorsi in which respira-
tory activity is relatively low (Lawrie, 1953b). In bacon, where the respiratory
enzymes are largely inactivated by the high salt concentration, the depth of pene-
tration is about 4mm (Brooks, 1938). Again, since the coefficient of diffusion
decreases less than the respiratory activity for a given fall in temperature, the depth
of the bright red layer of oxymyoglobin will be greater at 0 °C than, for example, at
20°C (Brooks, 1929b, 1935; Urbin and Wilson, 1958) – hence the tendency for the
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colour of meat surfaces to become somewhat brighter when stored at lower 
temperatures.

As will be apparent from the above considerations, the principal pigment of
cooked meats is brown globin haemichromogen and, in the case of cooked bacon,
red nitric oxide haemochromogen. Tappel (1957b), however, believes that a globin
nicotinamide haemichromogen also contributes to the colour of cooked meat. The
bright red (pink) colour of Parma ham – achieved without the addition of nitrate 
or nitrite – is due to Zn-protoporphyrin IX (Wakamatsu et al., 2004). Brown 
pigmentation in cooked meats, unlike that in fresh, is normally a desirable attribute
of meat quality. The temperature of cooking naturally affects the degree of conver-
sion of the pigments. Thus, beef cooked to an internal temperature of 60°C has a
bright red interior; that cooked to an internal temperature of 60–70°C has a pink
interior; and that cooked to an internal temperature of 70–80°C or higher is greyish
brown (Jensen, 1949). Denaturation of myoglobin in meat is considerable at tem-
peratures which cause negligible denaturation of the pigment in solution (Fig. 10.1;
Bernofsky et al., 1959). Below 65°C, myoglobin denaturation, as measured by the
percentage extractability of the pigment, may arise from enzymic action or co-pre-
cipitation rather than from the temperature. Myoglobin is one of the more heat-
stable of the sarcoplasmic proteins. It is almost completely denatured, however,
between 80 and 85°C, and this has been made the basis of a test for determining
whether or not meat has been heated to 90°C (Roberts, 1971). Meat so heated is
unlikely to be a source of viable foot-and-mouth virus. As a precaution against poi-
soning from meat infected with pathogens such as E. coli O157 :H7, it was recom-
mended by UK health authorities that minced meat products should be heated
for at least 2 minutes at 70°C, until no red colour remained, it being the assumption
that the organism would be destroyed before myoglobin was denatured and con-
verted to myohaemochromogen. An investigation of lamb products by Lytras et al.
(1999) demonstrated, however, that denaturation of myoglobin occurred consider-
ably before the temperature required to inactivate E. coli O157 :H7 was attained.
(Moreover there was some difference between muscles in the formation of the
brown pigment.) From its colour the meat could thus appear ‘cooked’ before 
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Fig. 10.1 The effect of temperature on percentage denaturation of myoglobin from beef, as 
measured by decreased water extractability (Bernofsky et al., 1959). (Courtesy Dr J. B. Fox.)



potential danger from the organism was removed. It has been suggested that deter-
mination of the relative proportion of deamidated actin components may also
provide a measure of the severity of heat treatment sustained by cooked meat (King,
1978). Parsons and Patterson (1986a) demonstrated that the content of soluble
nitrogenous components remaining in saline extracts of heated bovine l. dorsi and
semimembranosus muscles decreased systematically as the heating temperature was
raised from 40 to 90°C. In a subsequent study (Parsons and Patterson, 1986b) using
differential scanning calorimetry, they showed that the three peaks in the thermo-
grams of raw beef gradually changed on heating as the proteins denatured. There
was a correlation between the maximum temperature applied and the onset of denat-
uration and between the area of the thermograms and the duration of heating.These
features were believed to be diagnostic of the heat treatment received by the meat.

Other factors contribute to the brown colour of cooked meat, including the
caramelization of carbohydrates and Maillard-type reactions between reducing
sugars and amino groups. The latter is particularly marked in pork, where consid-
erable production of reducing sugars occurs through amylolytic action post-mortem
(Sharp, 1957, 1958) and largely determines the degree of browning in this meat,
which has relatively little myoglobin (Pearson et al., 1962). During cooking, there is
a significant release of non-haem iron from haem pigments and these enhance lipid
oxidation (Igene et al., 1979).

10.1.2 Discoloration
If the ultimate pH of the meat is high, the surviving activity of the cytochrome
enzymes will be greater (Lawrie, 1952b). Moreover, because the muscle proteins will
be considerably above their iso-electric point, much of the water in the muscle will
still be associated with them and the fibres will be tightly packed together, pre-
senting a barrier to diffusion. As a result of these two factors, the layer of bright red
oxymyoglobin becomes vanishingly small and the unpleasant, purplish-red colour
of myoglobin itself will predominate to such an extent that the meat will appear
dark (dark-cutting beef, ‘glazy’ bacon). Furthermore, the high ultimate pH alters the
absorption characteristics of the myoglobin, the meat surfaces becoming a darker
red (Winkler, 1939). Such meat will also appear dark because its surface will not
scatter light to the same extent as will the more ‘open’ surface of meat of lower 
ultimate pH.

On the other hand, in the so-called PSE condition in pigs (§§ 3.4.3 and 5.4.1) the
meat is very pale. One reason is the relative absence of myoglobin; another is chem-
ical change in the pigment. The latter occurs either because the rate of pH fall has
been very fast (and the sarcoplasmic proteins, including myoglobin, exposed to low
pH whilst post-mortem temperatures were still high) or the ultimate pH is very low
(Brooks, 1930). In both cases the myoglobin is exposed to conditions causing its oxi-
dation to metmyoglobin which has a low colour intensity. In addition, the structure
is ‘open’ and scatters light. The colour stability of muscles from pigs of NN geno-
type is significantly greater than that from nn muscles: the chemical status of the
latter promotes faster metmyoglobin formation (Tam et al., 1998). Refraction may
contribute to the inverse relationship between the pH of meat and its paleness
(Swatland, 2002, 2003).

Metmyoglobin is the most commonly occurring undesirable pigment on meat sur-
faces: its brown colour is noticeable when about 60 per cent of the myoglobin exists
in this form (Brooks, 1938). As already indicated, the production of metmyoglobin
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from myoglobin or oxymyoglobin is accelerated by all conditions which cause denat-
uration of the globin moiety (Brooks, 1929b; Watts, 1954). These include (as well as
low pH) heat, salts and ultraviolet light. Prolonged storage, as is possible at chill
temperatures, or shorter holding at higher temperatures, cause surface desiccation
(§§ 7.1.1.1 and 9.1.2.2) thus increasing salt concentration and promoting the for-
mation of metmyoglobin. Low temperatures delay metmyoglobin formation both
directly and indirectly by suppressing the residual activity of the oxygen-utilizing
enzymes. Further details of the molecular changes involved in metmyoglobin for-
mation may well be revealed by the use of monoclonal antibodies (Levieux and
Levieux, 1996).

The formation of metmyoglobin is maximal at about 4m oxygen pressure (cf. Fig.
7.3, p. 206: Brooks, 1935). The layer of brown metmyoglobin is thus formed a little
below the meat surface (Brooks, 1935). On the other hand, oxidation of the pigment
of cured meat, nitric oxide haemochromogen, is directly proportional to increasing
oxygen tension (cf. §§ 8.3.2.2 and 8.3.3). It is thus not surprising that the rate of dis-
coloration of cured meats increases directly with the pressure of oxygen under
which they are packed, whereas that of fresh meat is inhibited by increasing oxygen
pressure in the pack (Rickert et al., 1957). Lamb has a higher residual oxygen
demand than either beef or pork, and this may be related to its greater tendency to
discolour when stored as fresh meat (Atkinson and Follet, 1971).

Metmyoglobin, once formed, can be reduced both anaerobically (Lawrie, 1952b)
and aerobically by surviving enzymes of the cytochrome system and with nicoti-
namide adenine dinucleotide (NADH) as coenzyme (Watts et al., 1966). Oxygen
uptake, and the concentration of this coenzyme, are highly correlated in beef and
lamb (Atkinson and Follet, 1973). The metmyoglobin reductase, dependent on
nicotinamide-adenine as coenzyme, which is present in muscle, is inactivated at ca.
50°C; but there is evidence for a more robust form of this enzyme (or of some other
heat-tolerant system) which can operate at up to 70°C (Osborn et al., 2003). Its
action may explain the occasional occurrence of an undesirable pink or red discol-
oration in the interior of cooked, uncured meat.

Metmyoglobin reduction by NADH-cytochrome b5 reductase involves cyto-
chrome b5 at the mitochondrial membrane and cytochrome b at the sarcoplasmic
reticulum (Arihara et al., 1995). While there is a high negative correlation between
aerobic reducing activity and metmyoglobin formation, however, there is little
between the latter and metmyoglobin-reducing activity anaerobically (Ledward,
1972). O’Keefe and Hood (1982) found relatively little correlation between the 
tendency of the pigment of different muscles to oxidize and their power to reduce
metmyoglobin once it had formed.

The mechanism is probably similar to that in red blood cells whereby any ten-
dency for methaemoglobin to form is normally opposed by effective reducing
systems involving flavoprotein enzymes (Gibson, 1948; Watts et al., 1966). Because
the bright red of oxymyoglobin is desirable, most prepackaged fresh meat is placed
in an oxygen-permeable wrap; but after a few days, even at chill temperatures, some
of the surface pigment begins to oxidize to metmyoglobin or to myohemichro-
mogen, through incipient denaturation of the globin moiety. This originally dis-
couraged central packaging of fresh meat in oxygen-permeable wraps. If the meat
is vacuum-packed, however, no oxygen can get in and the surviving activity of the
cytochrome enzymes reduces the small amount of metmyoglobin which forms in
these circumstances, replacing it by the purplish red of myoglobin (Dean and Ball,
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1960). Vacuum-packed meats (e.g. in oxygen-impermeable shrinkable film) can be
stored under chill conditions for some weeks. They can be allowed to reoxygenate
before sale (thus restoring the bright-red colour of oxymyoglobin) when the film is
removed. Centralized prepackaging of fresh meats has been established on such 
a basis.

Controlled within-package atmospheres of CO2 or nitrogen, now frequently
employed to prolong the storage life of chilled meat, will often contain (initially)
traces of oxygen, whereby the meat surface will tend to form metmyoglobin. The
latter, however, will be converted back to myoglobin by the above reducing enzyme
systems of the muscles. Such discoloration, albeit transient, could be a problem if
the meat were opened to the atmosphere after too short a period of equilibration
(Gill and McGinnis, 1995).The latter have pointed out that the relationship between
the degree and duration of such discoloration, on the one hand, and the volumes
and oxygen concentration of within-package atmospheres on the other, will require
better definition if transient metmyoglobin formation is to be avoided.

The cherry-red colour of the carbon monoxide derivative, which is more stable
than oxymyoglobin, has been suggested as an alternative for prepacked meats.
The colour stability of refrigerated meat can be retained for 15 days at 3 °C by this
method (Flain, 1964). Although the cherry-red colour of carboxymyoglobin will
present an attractive appearance for longer than oxymyoglobin under packaging
conditions, deterioration in the microbiological status may be masked thereby
(Kropf, 1980). The amount of carbon monoxide which is effective in colour reten-
tion (ca. 0.4%) in an atmosphere of 60% CO2, 40% N2, does not constitute a toxic
hazard (Sørheim et al., 1999) but its incorporation has not been generally accepted.
Some success in retaining the bright-red colour of oxymyoglobin has attended the
use of mixtures of carbon dioxide and oxygen as in-pack atmospheres. The carbon
dioxide inhibits microbial growth (Taylor, 1971). Not surprisingly, the intrinsic bio-
chemical differences between individual muscles (cf. § 4.3.5) affect the relative ten-
dency of their pigment to oxidize to metmyoglobin under post-mortem conditions.
Thus, the surface of both bovine and porcine psoas and gluteus medius muscles tend
to form metmyoglobin faster than l. dorsi when exposed to air, even at comparable
pH levels (Hood, 1971; Owen and Lawrie, 1975; Gill and McGinnis, 1995). This
reflects the greater residual oxygen uptake of the former which, in turn, reflects the
great intrinsic cytochrome oxidase and succinic dehydrogenase activities and also
their usually higher ultimate pH (Lawrie, 1952a, b). Under oxygen, however, bovine
psoas, gluteus medius and l. dorsi muscles show a comparable resistance to discol-
oration at 4 °C (MacDougall and Taylor, 1975).

It is now known that nitric oxide naturally occurs in the body, being produced in
many cells by nitric oxide synthetase (Kou and Schroeder, 1995); and participating
in a number of vital biochemical reactions. It can react with superoxide to form per-
oxynitrite (Koppenol, 1999) and this reaction probably contributes to the formation
of metmyoglobin when fresh meat discolours (Connolly and Decker, 2004).

Discoloration of both fresh and cured meats has become a serious problem with
modern methods of prepackaging and display. Light of visible wavelength, which
does not affect the pigment of fresh meat over 3 days, dissociates the nitric oxide
from the cured meat pigment, and cured meats may be discoloured after only 1h
exposure to visible light (Watts, 1954). Partially cooked cured products are espe-
cially susceptible. Incandescent, tungsten-filament and fluorescent lighting all cause
the same degree of fading for a given time of exposure and light intensity. While
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ultraviolet light does not appear to have any greater effect than visible light on the
fading of cured meats, it will cause brown discoloration in fresh meat – possibly
through denaturation of the globin (Haurowitz, 1950). Freezing affords no protec-
tion against discoloration by light.

Attempts to avoid browning due to metmyoglobin formation, by incorporating
ascorbic acid in meat products to reduce the oxidized pigment as soon as it forms
(Bauernfeind, 1953) – and before extensive denaturation of the globin – or by the
use of niacin (Coleman and Steffen, 1949), which is said to form a stable red pigment
of myoglobin, have been made. The efficacy of ascorbic acid in this context has been
utilized by pre-slaughter injections (D. E. Hood, personal communication). Whilst
nicotinamide slows the rate of metmyoglobin formation, amounts as great as 
60 mg/per cent are required, and nicotinic acid actually accelerates metmyoglobin
formation (Kendrick and Watts, 1969). Both these expedients have been forbidden
by legislation in the United Kingdom.That the brown pigment can be reduced again
does not automatically mean that it will thereafter take up oxygen to form oxy-
myoglobin. The circumstances causing the pigment to oxidize may also have dena-
tured the globin, and brown globin haemichromogen, although it can be reduced to
reddish globin haemochromogen, cannot then form a co-ordination complex with
oxygen. Meat of pH above 6 is considered unsuitable for holding in evacuated, gas-
impermeable packs since bacterial production of H2S leads to the formation of
green sulphmyoglobin (Nicol et al., 1970; Shorthose et al., 1972).The relative absence
of muscle glycogen in the immediate pre-mortem period, to which a high ultimate
pH is usually due, is also responsible for failure to produce an appreciable quantity
of glucose post-mortem. As a result, micro-organisms are obliged to utilize amino
acids for energy instead, and at a lower population than in meat of normal ultimate
pH. Thereby, off-odours become detectable when microbial counts are 10-fold less
than those required to produce off-odours in the latter (Newton and Gill, 1978).

Among other undesirable colours in meat reference may again be made to those
discolorations caused by microbial growth (§ 6.2) and to the excessive degree of
unpleasant browning, accompanied by bitterness, occurring in dehydrated meats
(especially pork) during storage (§ 8.1.3). Again, although the freezing of meat after
the onset of rigor mortis is not detrimental to colour, there is considerable darken-
ing of the lean and whitening of the fat observable in the fresh and cooked product
when the meat has been blast frozen whilst post-mortem glycolysis is proceeding
(Howard and Lawrie, 1956, 1957b). The nature of the colour change is unknown.
Apart from browning of exposed surfaces through desiccation, increased time and
temperature of holding post-mortem also tend to decrease the ability of freshly
exposed surface to form oxymyoglobin (Bouton et al., 1957).

Pink or green discolorations are occasionally encountered in the fat of cured meat.
These are probably due to the metabolic products of halophilic bacteria (§ 6.2;
Jensen, 1945). The fat of fresh meat from old dairy cows is sometimes distinctly
yellow, due to the accumulation of carotenoid pigments in the tissue and much of
the present popular demand for young meat animals arises from the paleness of their
intramuscular fat. If fed on grain instead of pasture for about two months prior to
slaughter cattle lay down a whiter fat. In yellow fat, as the carotenoid content
increases, the ratio of cis-monounsaturated fatty acids also increases (Zhou et al.,
1993). Yellow or brownish discoloration of back fat in bacon has long been a
problem. Three lipofuscin-like pigments have been isolated from discoloured 
areas, but conditions responsible for their accelerated production have not yet been
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elucidated (Juhász, et al., 1976). The yellow colour of pork backfat increases with
increase in the content of linoleic and α-linoleic acids (Maw et al., 2003). For meat
products, such as sausages, the addition of porphyrins prepared from blood would
give an attractive red colour at 100 ppm, and, being of natural origin, would not con-
stitute an artificial contaminant (C. L. Walters, personal communication).

Occasionally a rainbow-like iridescence appears on meat products which con-
sumers assume (wrongly) represents some aspect of spoilage. Swatland (1988) con-
sidered the phenomenon was related to hydration of the tissue and Wang (1991)
showed that the iridescence increases as the water-holding capacity decreases.
Surface iridescence varies between different types of muscle, being particularly
prevalent in bovine semitendinosus and associated with younger animals and rela-
tive low values of ultimate pH (Kukowski et al., 2004). Absorbance of light by mito-
chondria in porcine muscles may well contribute to the red colour in addition to the
myoglobin content and the pH (Swatland, 2004).

10.2 Water-holding capacity and juiciness

In that it affects the appearance of the meat before cooking, its behaviour during
cooking and juiciness on mastication, the water-holding capacity of meat is an attrib-
ute of obvious importance. This is particularly so in comminuted meats such as
sausages, where the structure of the tissue has been destroyed and is no longer able
to prevent the egress of fluid released from the proteins. Diminution of the in vivo
water-holding capacity is manifested by exudation of fluid known as ‘weep’ in
uncooked meat which has not been frozen, as ‘drip’ in thawed uncooked meat, and
as ‘shrink’ in cooked meats, where it is derived from both aqueous and fatty sources.

Lawson (2004) showed it was possible that water forced from between myofib-
rils during the contraction of rigor mortis, could enter channels formed between the
fibre and the cell membrane because of the destruction of the integrin complex by
calpain (cf. § 3.2.2.). From such channels water could flow to the exterior as weep
or drip. If, however, the calpain-mediated degradation of integrin occurred post-
rigor, it was hypothesized that water is expelled into the surrounding connective
tissue which, since it has an affinity for water, could lead to diminished loss of fluid.
Longitudinal muscular contraction, together with myofibrillar shrinkage, are the
major factors driving water out of the myofibrillar system (Bertram et al., 2004a).

Most of the water in muscle is present in the myofibrils, in the spaces between
the thick filaments of myosin and the thin filaments of actin/tropomyosin. The inter-
filament space has been observed to vary between 320 Å and 570 Å in relation to
pH, sarcomere length, ionic strength, osmotic pressure and whether the muscle is
pre- or post-rigor (Offer and Trinick, 1983). This corresponds to a threefold change
in volume, and it signifies a far greater change in the interfilament water content
than can be accounted for by the binding of water to muscle proteins. Indeed Hamm
(1960) pointed out that not more than 5 per cent of the total water in muscle could
be directly bound to hydrophilic groups on the proteins. This amount is little altered
by changes in the structure and charges of the latter although it is important in pro-
cessing since its presence accelerates renaturation of proteins during dehydration
and freezing (Greaves, 1960). The stepwise release of water from meat by the appli-
cation of different temperatures has indicated that water is bound by the proteins
in several layers (Hamm, 1960; Wierbicki et al, 1963).
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The complexity of the system has also been shown by NMR studies. Water exists
in at least two environments in muscle, and in each of these a proportion is ‘bound’
or ‘free’ (Pearson et al., 1974). During the onset of rigor mortis, there is little change
in the ‘bound’ water, but the proportion of so-called ‘free’ water in the extracellu-
lar region increases at the expense of the ‘free’ intracellular water. Careful histo-
logical studies have shown that at least two extracellular environments develop in
muscle during rigor mortis (Offer et al., 1983–85a).

In detailed studies of myofibrils, Offer and Trinick (1983) presented evidence in
support of their view that most of the water in muscle is held by capillary forces
between the thick and thin filaments. The relative unimportance of the binding of
water to the surface of proteins was demonstrated by the fact that maximum water
holding by myofibrils occurred under conditions when a considerable amount of the
A-band proteins had been extracted. Interfilament spacing determines the major
water-holding capacity of myofibrils, and that spacing is mainly determined by long-
range electrostatic forces. Constraints opposing swelling when the negative charges
on the protein filaments are increased at elevated pH include the attachments 
of the actin filaments to the Z-line, those of the myosin filaments to the M-line 
proteins and the cross-links between the actin and myosin filaments themselves
(Millman and Nickel, 1980; Offer and Trinick, 1983). In explaining the swelling of
myofibrils due to the uptake of water when they are bathed in salt solutions (as in
curing), Offer and Trinick believe that the increased interfilament spacing is due not
only to increasing negative charges on the filaments but also to an effect of the salt
on the restraining links. As long as the cross-links between the thin (actin) and thick
(myosin) filaments remain attached, the lattice cannot swell appreciably. Conversely,
if the lattice does swell, the cross-links cannot remain attached.When the cross-links
dissociate they must all do so at the same time to allow swelling. Swelling must
therefore be a highly co-operative phenomenon (Offer and Trinick, 1983).

In pre-rigor muscle, wherein cross-linking between the actin and myosin fila-
ments is prevented by the high ATP concentration (cf. § 4.2.3), expansion of the fil-
ament lattice in the presence of salt will be greater than in post-rigor muscle and
will then be restrained only by the holding of the thick and thin filaments by the M-
and Z-line proteins respectively. With sufficient salt concentration, the A-band will
be extracted (cf. § 10.2.1.2).

Various procedures have been employed to determine the water-holding capac-
ity of meat. The filter press method of Grau and Hamm (1953) has been used for
many years and the gravimetric bag method of Honikel (1998) more recently.
Because these methods involve some pressure damage to the structure, Bertram et
al. (2001) suggested that they measured free water rather than water-holding capac-
ity; and they have shown that low field NMR transverse relaxation (termed T2) is
an effective, non-invasive alternative for its determination. The technique revealed
a component at 30–45ms (referred to as T21) and one at 100–180ms (T22). During
rigor mortis the T21 water population is affected and contributes to myofibrillar
water characteristics. T22 represents extracellular water in vivo.

10.2.1 Uncooked meat
10.2.1.1 Factors determining exudation
The exudation of ‘weep’ or ‘drip’ will depend on the quantity of fluid released from
its association with the muscle proteins on shrinkage of the lattice of thin and thick
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filaments, whereby the water held by capillarity will be diminished, and on the extent
to which, if released, fluid is permitted access to the exterior. Some considerations
apply generally to all muscles.Thus, since post-mortem glycolysis in a typical muscle
will normally proceed to an ultimate pH of about 5.5 – and this is the iso-electric
point of the principal proteins in muscle – some loss in water-holding capacity is an
inevitable consequence of the death of the animal (§§ 5.3 and 5.4.1). The extent of
post-mortem pH fall will, therefore, affect the water-holding capacity, and the higher
the ultimate pH the less will be the diminution in water-holding capacity (Cook 
et al., 1926; Empey, 1933).

An unusually low ultimate pH is found in the muscles of certain breeds of pig
(Lawrie et al., 1958; Monin and Sellier, 1985) and this causes the development of
very watery flesh in the meat of such animals post-mortem. Thus, both limited and
excessive extents of post-mortem glycolysis affect the water-holding capacity of
meat. The former is reflected by dry, firm and dark-cutting (DFD: cf. §§ 5.1.2 and
10.1.2) and the latter by pale soft exudative (PSE: cf. §§ 2.2 and 3.4.3) conditions.

The sarcoplasmic proteins to which some of the water-holding capacity is due
(Hamm, 1960, 1966) are especially affected by post-mortem pH fall (Scopes, 1964).
Moreover, the loss of ATP and the consequent formation of actomyosin as muscles
go into rigor mortis will cause loss of water-holding capacity at any pH (cf. § 4.2.3).
This arises both because the water holding capacity of actomyosin is less than that
of the myosin and actin from which it forms (Millman, 1981) and also because the
lower ATP level initiates denaturation in those proteins whose integrity in vivo is
particularly dependent on the provision of energy (§ 5.3). Additionally, the extent
of sarcomere shortening pre-rigor contributes to loss of water-holding capacity
during post-rigor storage (Honikel et al., 1986). Fluid from the myofilaments is
released, dilutes the sarcoplasm (Pearson et al., 1974; Penny, 1977), lowers the intra-
cellular osmotic pressure and, thereby, increases the extracellular space (Offer and
Trinick, 1983).

The rate of post-mortem pH fall is also an important determinant of water-
holding capacity (Lawrie, 1960b; Penny, 1977). Denaturation of the sarcoplasmic 
proteins is worsened the faster the rate of pH fall (Scopes, 1964; Bendall and
Wismer-Pedersen, 1962).A fast rate of pH fall (i.e. of ATP breakdown) will increase
the tendency of the actomyosin to contract as it forms (Bendall, 1960) and thus
express to the exterior fluid which has become dissociated from the proteins. When
a fast rate of pH fall post-mortem is due to elevated temperatures (§ 4.2.2) the
enhanced loss of water-holding capacity observed is partly due to increased denat-
uration of the muscle proteins, and partly to enhanced movement of water into
extracellular spaces (Penny, 1977).

An abnormally rapid rate of post-mortem glycolysis also occurs in the muscles
of certain pigs and produces pale soft exudative meat (muscle proteins being
exposed to low, but not abnormal, ultimate pH values whilst still at near in vivo
temperature). This aspect of PSE was considered in some detail in §§ 2.2 and 3.4.3.
The condition arises in muscles when control of the release of Ca++ ions from the
sarcotubular system is impaired because of faulty stereochemical configuration in
junctional foot protein (cf. § 2.2).

Conditioning the meat (§ 5.4.1) increases its water-holding capacity (Cook et al.,
1926) and this at various environmental pH values (Fig. 10.2; Hamm, 1959).
Although the pH of the meat itself may rise in these circumstances, this does not
account for the phenomenon (Hamm, 1960). The increase in the water-holding
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capacity is more likely to be caused by changes in the ion–protein relationships,
there being a net increase in charge through absorption of K+ ions and release of
Ca++ ions (Arnold et al., 1956). According to the hypothesis of Kristensen and
Purslow (2001), who observed slow proteolysis of vinculin and desmin, and rapid
proteolysis of talin, during conditioning, such destruction of the cytoskeletal
members removes the linkage between shrinkage of the muscle fibres per se and
that of the myofibrils, whereby the force expelling water from within the cell is elim-
inated and re-entry of the water-potentiated, water-holding capacity is increased.

Apart from these general effects, the water-holding capacity of meat is affected
by several of the factors which cause differentiation in muscles, such as species, age
and the muscular function (§ 4.3). It is found, for instance, that the water-holding
capacity of pork is higher than that of beef (Körmendy, 1955; Schön and Stosiek,
1958b; Hamm, 1975). Again, although the age of the animal does not appear to be
an influence with pork, it is with beef, calves having a greater water-holding capac-
ity (Schön and Stosiek 1958a).To some extent, these differences are a further reflec-
tion of differences in the rate and extent of pH fall (Fig. 4.4), the ultimate pH in
pork and veal tending to be higher than that in beef (Lawrie, 1961; Lawrie et al.,
1963b). Some of the differences between and within muscles in water-holding capac-
ity (Taylor and Dant, 1971) can be similarly explained – but not all. Thus, the water
content of different muscles in beef and pork varies (Table 4.21(i) and 4.21(ii)), but
this could be due to pH differences (Lawrie et al., 1963b). On the other hand, both
in beef and pork the l. dorsi has a lower water-holding capacity than the psoas
(Hamm, 1960). This is so even when the rate and the extent of pH fall are identical
(Howard et al., 1960a), suggesting that there are different types of protein present
(Lockett et al., 1962; cf. Table 4.28).

Muscles having a high content of intramuscular fat tend to have a high water-
holding capacity (Saffle and Bratzler, 1959). The reasons for this effect – which is
real enough – are unknown: possibly the intramuscular fat loosens up the
microstructure, thus allowing more water to be entrained (Hamm, 1960). Within a
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Fig. 10.2 The effect of conditioning on pH hydration curve of beef muscle (Hamm, 1960).
� = 1 day post-mortem. � = 7 days post-mortem. (Courtesy Prof. R. Hamm.)



given muscle, the water-holding capacity may vary appreciably, even when the ulti-
mate pH is virtually constant (Fig. 10.3; Urbin et al., 1962).

All the factors affecting the water-holding capacity of muscle apply equally well
to frozen and unfrozen meat. With frozen meat, however, removal of water from
within the muscle cells during the process of freezing, as normally carried out com-
mercially, provides an additional potential reservoir of fluid which appears as ‘drip’
on thawing (§ 7.1.2.2) although it can be ameliorated by the same means as ‘weep’
and can be largely avoided with very fast rates of freezing. These are not feasible
commercially.

It is to be expected (and made clear in Fig. 10.2) that just as pH values above the
iso-electric point of the muscle proteins enhance water-binding capacity, so will
those below it. The latter, of course, would not arise naturally in meat since the
enzymes affecting post-mortem glycolysis tend to be inactivated as the pH falls to
5.4–5.5 which is the iso-electric point of the muscle proteins. Only very rarely does
the pH fall below 5.0. The preservation of foods by organic acids (cf. § 9.3) as in the
traditional preparation of marinaded meat by vinegar and spices, however, involves
conditions which enhance the water-holding capacity of muscle proteins on the
acidic side of their iso-electric point. Rao et al. (1989) made a detailed study of such
systems using various beef muscles in acetic acid solutions of 0.01–0.25 m.The water-
holding capacity increased over the range 5.1 down to 4.0 in the six muscles inves-
tigated, that in l. dorsi having a significantly higher swelling ratio than that of the
other muscles in the range between pH 4.3 and 4.0. Between pH 5.1 and 4.4 swelling
increased in all muscles, both along and across the fibre axis. As the pH of the mari-
nading solution approached 4.0, however, fibre swelling occurred predominantly in
the ‘white’ type muscles, whereas fibre shrinkage occurred in predominantly ‘red’
type muscles. Interactions between the swelling of the muscle fibres and that of 
the connective tissue determined the total swelling of the muscles between pH 4.5
and 4.0.

The relative responsiveness of muscles on marinading to swell also reflects their
total content of protein and the proportion of the latter which is connective tissue.
Thus the swelling of muscle fibres dominates over that of collagen in muscles with
a relatively high content of total protein such as l. dorsi at pH levels below 4.3. In
this same pH range, however, the swelling of supraspinatus, in which the total
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Fig. 10.3 Relative water-holding capacity with pork l. dorsi muscle (Urbin et al., 1962).
(Courtesy Dr M. C. Urbin.)



protein content is relatively low and that of connective tissue high, is dominated by
that of collagen (Gault, 1991). Both the perimysial collagen and that of the reticu-
lar fibres of the endomysium swell in marinading, but the effect is more marked in
muscles in which the endomysium is thin (e.g. l. dorsi). Generally, however, the effect
of marinading in swelling the myofibrillar proteins appears to be more important
than that of the connective tissue proteins.

Gault (1991) demonstrated that mildly acid conditions during marinading are
associated with an increased toughness in the cooked meat when the pH was ca.
5.0. He attributed the effect to the increased denaturation of myofibrillar proteins
and the increased shrinkage of collagen when heated in this pH range. The effect
was noted irrespective of the age of the animal providing the meat (although peak
shear force was greater in that of older animals) or of the extent of sarcomere short-
ening (although the peak shear force was less in meat with longer sarcomeres).

Marinading in 75 millomol CaCl2 was reported to enhance beef tenderness (pos-
sibly by stimulating calpains) but to create a bitter taste (Lourdes-Perez et al., 1998).
Since marinading requires a considerable period of time, the direct injection of acids
has been considered. Eilers et al. (1994) showed that the injection of lactic acid
improved the tenderness of tough meat and,more recently,Berge et al. (2001) demon-
strated that the injection of 10 per cent (w/v) 0.5 m lactic acid,either pre- or post-rigor,
tenderized beef by accelerating the release of lysosomal enzymes, increasing degra-
dation of myosin heavy chains and decreasing the heat stability of perimyseal colla-
gen, although they noted that discoloration could limit acceptability of the product.

10.2.1.2 Measures minimizing exudation
In relation to sausage (and other comminuted meats), small retail cuts and, more
recently, prepackaged cuts, there has, naturally, been much interest in means of
diminishing ‘weep’ or ‘drip’. From the considerations above, it is clear that the use
of meat having a high ultimate pH, or in which post-mortem glycolysis (ATP break-
down) is slow, and rapid cooling of the carcass before the onset of rigor mortis, will
enhance water-holding capacity. Of course, if the temperature of the carcass is
reduced too quickly during post-mortem glycolysis, cold-shortening with toughen-
ing and loss of water-holding capacity will ensue (cf. § 5.4.1). Clearly the bulk of the
portion of meat which is being considered, and the capacity of the refrigeration facil-
ity, will determine whether the effect on water-holding will be beneficial or delete-
rious. Again, the actual exudation will be less if the area of cut surface of meat is
minimized, if it is cut along instead of across the grain, and, in the case of prepacked
meat, if the wrapping film used is not shrunk too tightly on to the meat. With frozen
meat it is desirable to use the fastest possible freezing rate after the onset of rigor
mortis, but pre-rigor freezing is liable to cause the excessive ‘drip’ of thaw rigor 
(§ 7.1.2.2). Preslaughter injections, designed to raise the ultimate pH (Howard and
Lawrie, 1956; Penny et al., 1963, 1964; Hatton et al., 1972), can lead to commercially
significant decreases in exudation from fresh and preserved meat.

Sausage and comminuted meats are, on the one hand, more liable to exude fluid
(even if the water-holding capacity of the proteins is intrinsically high) because the
structure of the meat is destroyed in their preparation, thus removing its contribu-
tion to the physical retention of fluid. On the other hand, however, the nature of
these products permits direct manipulation of the meat to enhance its water-holding
capacity artificially. Before considering special effects, the behaviour of water itself
as an additive should be noted. The ratio of water to meat affects the overall 

The eating quality of meat 295



waterholding capacity of the mix. The latter, as measured by a centrifugal method
(Sherman, 1961), is maximal when the ratio is about 2:1 (Table 10.2).

The incorporation of the salts of strong acids, such as sodium chloride, in the com-
minuted meat mix is important in enhancing water-holding capacity (Gerrard, 1935).
The efficacy of different sodium salts and of different chlorides is shown in Table
10.3, for an ionic strength less than 0.4. While the order for the sodium salts is the
same at both high and low pH, that for the various cations is markedly different,
the divalent species being less effective than the monovalent at relatively high pH,
the converse tending to be true at relatively low pH.

The more strongly ions are bound by the protein the stronger will be the hydrat-
ing effect (Hamm, 1957). The effect of anions in shifting the iso-electric point to
more acid values and in enhancing the water-holding capacity above the original
isoelectric point was shown by Hamm in 1960. It has been presumed that the water-
holding capacity of connective tissue proteins is similarly enhanced by ions.

Offer and Trinick (1983) suggested that the water up-take by myofibrils in strong
salt solutions is caused both by expansion of the lattice of thick and thin filaments
as the increasingly negatively charged components repelled one another and also
by disruption of the forces which determine the regular arrangement of the fila-
ments at the Z- and M-lines and between the heads of the myosin molecules and
the adjacent actin filaments. Both sodium chloride and pyrophosphate exert these
two effects (Bendall, 1954; Greene, 1981).
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Table 10.2 Influence of water to meat ratio on water
retention of pork muscle (after Sherman, 1961)

Water :meat ratio Per cent water retention at 0 °C

No water added −4.0
1 :2 −1.0
1 :1 −1.5
3 :2 0.5
2 :1 9.5
3 :1 5.0
4 :1 −5.0
5 :1 −5.0
6 :1 −6.0

Table 10.3 The relative effects of various sodium salts and
chlorides of different metals in enhancing the water-holding
capacity of muscle homogenates: ionic strength 0.4 (Hamm,
1960)

pH Order of efficacy

(a) Sodium salts
6.4 and 5.5 F− < Cl− < Br− < CNS− < I−,

(b) Chlorides
6.4 Ca++ < Ba++ < Mg++ < K+ < Na+ < Li+

5.5 K+ < Na+ < Mg++ < Ca++ < Li+ < Ba++



The propensity of muscle fibres to swell in hypertonic solutions is initially
opposed by the restraint of the endomysium, but with increasing time post-mortem
the degree of swelling increases. Wilding et al. (1986) attributed this to a weakening
of the endomysium per se during conditioning, but Knight et al. (1989) demonstrated
that the proportion of fibres without endomysial sheaths increases at this time. Such
stripped fibres swell more in hypertonic media than those in which the endomysium
is intact. Earlier evidence of a weakening in the link between muscle fibres and their
endomysium during conditioning was given by Stanley (1983) who showed that
endomysial tubes empty of myofibrillar material could only be prepared after
ageing. It would thus appear that myosin extraction by salt would be more readily
effected from fibres which have lost their endomysia. Muscles may contain fibres of
several types (cf. § 4.3.5) and it is thus not surprising that the myofibrils they contain
react differently to hypertonic treatment (Offer et al., 1983–85a), a feature which
could be important in explaining and controlling the variability of meat in curing.

At high ionic strength, salt has a dehydrating effect: hydration is at a maximum
when the ionic strength is about 0.8–1.0. This corresponds to 5 and 8 per cent of
sodium chloride for meat without, and with, 60 per cent added water, respectively
(Callow, 1931; Hamm, 1957). Knight and Parsons (1988), however, in observing the
swelling of myofibrils in concentrated salt solutions, attributed the effect to entropic
swelling pressure caused by a steric resistance to the rotational movement of the
tails of myosin molecules imposed by the actin filaments to which they were
attached: the swelling was greatest in ca. 6 per cent (m) sodium chloride.They attrib-
uted the apparent dehydrating effect of higher salt concentrations to the precipita-
tion of myosin, a feature which would reverse its depolymerization in m sodium
chloride and cause shrinkage.

Certain salts of weak acids, in particular phosphates and polyphosphates, are also
added to comminuted meats to enhance water-holding capacity, especially in conti-
nental-type sausages. Hamm and Grau (1958) found the following order of increas-
ing efficacy of the sodium salts – monophosphate, cyclotriphosphate, diphosphate,
tetraphosphate and triphosphate. The efficacy of triphosphate addition appears to
depend upon its being enzymically broken down to diphosphate (Hamm, 1975). In
agreement with the finding of Arnold et al. (1956) that increased hydratability in
conditioned meat parallels loss of Ca++, they suggested that the effect of such phos-
phates depended on their sequestering action on divalent cations, although this has
been refuted (Sherman, 1961). Bendall (1954) concluded that the effects of most of
these phosphates was largely one of ionic strength and pH, whereas that of
pyrophosphate (in the presence of 1 per cent sodium chloride), which was much
greater, was specific and due to the splitting of actomyosin into actin and myosin
and to the formation by the latter of a sol, the effect reflecting that of ATP itself.
This view was confirmed by Hellendoorn (1962).

In this context Offer and Trinick (1983) have shown that pyrophosphate sub-
stantially reduces the salt concentration required to produce maximum swelling
when myofibrils are placed in solutions of sodium chloride. In the absence of
pyrophosphate the protein in the middle of the A bands is extracted, but, in its pres-
ence, all of the A band protein dissolves. In a subsequent study by Knight and
Parsons (1988), when myofibrils were supported between grid bars rather than
resting on a coverslip, it was observed that some material in the centre of the sar-
comeres resisted extraction by m sodium chloride: it appears to be titin or nebulin
(i.e. the material of the ‘gap filaments’: cf. § 3.2.2). The extraction of both A band
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and Z proteins, which occurs in m sodium chloride, is progressively inhibited at
higher salt concentrations, presumably because myosin is salted out.

The loss of water-holding capacity arising from the formation of actomyosin
when the in vivo ATP level falls and rigor mortis ensues (§ 4.2.3), and the efficacy
of pyrophosphate in improving it in minces, suggests that there would be some
benefit in keeping the ATP high post-mortem. Unfortunately, no means of pre-
venting rigor mortis by preslaughter treatment have been found, and the injection
of pyrophosphate is fatal because of hypocalcaemia (Howard and Lawrie, 1957a).
But comminuted meats permit manipulation to retain the high pre-rigor water-
holding capacity of the myofibrillar proteins (Körmendy, 1955; Savic and Karan-
Djurdjic, 1958). Successful procedures depend on there being a sufficiency of ATP
remaining in the muscle. The addition of 2 per cent sodium chloride to pre-rigor
meat appears to prevent the onset of rigor mortis and, thereby, the slight shorten-
ing of sarcomeres and the loss of waterholding capacity which always accompany
actomyosin formation, provided the salt penetrates the tissue sufficiently swiftly
before the ATP level has fallen to the point of rigor onset. Strangely enough, it does
not prevent the subsequent breakdown of ATP (Hamm, 1957). Indeed it is acceler-
ated by the salt. Since sodium acetate has no such effect, Hamm believes that the
binding of chloride ions is responsible. In practice, advantage can be taken of this
effect by freezing comminuted pieces pre-rigor storing the frozen meat below
–18ºC, to limit ATP breakdown, and subsequently thawing them in the presence of
salt. In the absence of salt, the thawing of meat frozen pre-rigor causes excessive
exudation (§ 7.1.2.2). The retention of water-holding capacity is even greater – and
lasts much longer – if the pre-rigor meat is comminuted with salt then frozen
(Hamm, 1966). This is because in the region of the freezing point (ca. –1°C) ATP
breaks down slower in salted meat than unsalted. It is better therefore to salt pre-
rigor meat before freezing than to add the salt during the preparation of the sausage
emulsion (Honikel and Hamm, 1978). A similar enhancement of the water-holding
capacity of sausage can be obtained if the salted meat is freeze-dried in the pre-
rigor state (Honikel and Hamm, 1978). The phenomenon has been reviewed in
detail by Hamm (1981). Whereas the onset of rigor mortis has little effect on the
water-holding capacity of unsalted meat homogenates, as measured either by
cooking loss or by the exudate from unheated tissue, it causes severe loss of water-
holding capacity in homogenates which have been salted post-rigor.This reflects the
action of salt in preventing the union of actin and myosin in pre-rigor meat and its
predominant denaturing action post-rigor. It is of interest to note that the occur-
rence of cold-shortening does not affect the water-holding capacity of salt com-
minuted meat, provided salting has taken place before the onset of rigor mortis.
Since the salt added to pre-rigor meat has an inhibitory effect on the enzymes
involved in post-mortem glycolysis, the pH attained is about 0.3–0.4 units higher
than that in corresponding comminuted meat which has been salted post-rigor; and
this means that the added salt is less detectable to the palate.

Much of the success of comminuted meat production depends on the ability of
the muscle proteins to hold fat as well as water. The factors determining the stabil-
ity of sausage meat emulsions are thus important. A major function of salt in these
products is to loosen the myofibrillar proteins and to increase their ability to emul-
sify fat, especially at pH values near their iso-electric point (Swift and Sulzbacher,
1963). O’Neill et al. (1989a, b) made a detailed study of muscle proteins as emulsi-
fiers in meat systems. Myosin was more surface-active than actin or actomyosin at
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water–air interfaces. The fragments derived from myosin by proteolytic enzymes
were less surface-active than the parent myosin molecule, although fraction S1 (cf.
§ 3.2.2) was more active than fragments from the myosin tail.

Myofibrillar proteins derived from ‘fast’ (white) muscles (e.g. cutaneous trunci)
produce gels which are different in nature in emulsified meat products than those
from ‘slow’ (red) muscles (e.g. masseter) (Young et al., 1992). Products made from
cutaneous trunci gelled at temperatures 10°C lower than those made from masseter.
The reduced tendency for myofibrils from masseter muscles to aggregate at high
(cooking) temperatures in comparison with those from cutaneous trunci is associ-
ated with a greater water-holding capacity (Egelansdal et al., 1995).

There are limitations to the amount of fat which the protein water gel can hold
if the sausage is to maintain its structure during handling and processing. These
limits are determined by a number of factors. Thus although mild warming of the
emulsion in a chopper aids in releasing soluble proteins, temperatures above 22°C
may cause the emulsion to break down (Wilson, 1960). Over-chopping increases the
surface area of the fat particles to the extent that the water–protein phase is unable
to hold them in the emulsified state. Over-mixing of the emulsion, particularly at
temperatures from 18 to 22°C, may cause moisture and fat to separate. The addi-
tion of cooked rind, which contains partly denatured collagen and elastin, enhances
the water-holding ability of sausage meats to some extent (Heidtmann, 1959).
Mixing microbial transglutaminase with isolates of myofibrillar protein and soya
enhances the adhesion of the gels whereby a greater quantity of the meat protein
can be replaced by that of soya (Ramirez-Suarez and Xiong, 2003). During the
heating of sausage mix, the coagulating network of proteins or filaments surrounds
the melting fat particles which cannot therefore coalesce. The larger the meshes of
the coagulated network, the less coalescence can occur and the greater the water-
holding capacity (Hamm, 1975). Little is known about the role of the phase transi-
tions of fats on the stability of emulsions. Differential thermal analysis has been
used to examine such phenomena with a view to achieving better emulsion control.
It has been found that there are two primary ranges of melting in both beef and
pork fats (Townsend et al., 1968). The ranges are 3–14°C and 18–30°C for beef fats
and 8–14°C and 18–30°C for pork fats.The stability of emulsions above 18.5 °C coin-
cides with the onset of melting of the higher melting portion of the fats. The state
of the proteins used is among the factors of importance.Thus, for example, the emul-
sifying capacity of beef semitendinosus muscle decreases from 30 min to 4 days post-
mortem: thereafter, on storage at –4°C, it increases (Graner et al., 1969).

Sugars, which are sometimes added to continental-type sausage meat, have no
effect in enhancing water-holding, although they have such an effect in intact mus-
cular tissue (Hamm, 1960).

10.2.2 Cooked meat
10.2.2.1 Shrink on cooking
The factors affecting loss of ‘weep’ or ‘drip’ from uncooked meat also apply to the
water-holding capacity of cooked meat: relative differences are retained on heating
(Bendall, 1946; Hamm and Deatherage, 1960a, b). The losses due to the shrinkage
on cooking, however, will be greater – to an extent determined by such extraneous
circumstances as method, time and temperature of cooking – since the high tem-
peratures involved will cause protein denaturation and a considerable lowering in
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waterholding capacity (Baker, 1942; Wierbicki et al., 1954; Paul and Bratzler, 1955).
Moreover, some of the shrink or juice on cooking will represent nonaqueous 
fluid, since the high temperatures will melt fat and tend to destroy the structures
retaining it.

As an example of how the factors in § 10.2.1 are reflected in shrinkage and loss
of juice on cooking, it may be mentioned that the induction of a high ultimate pH
in muscle will diminish that particular portion of the cooking loss which is due to
the exudation of moisture (Bouton et al., 1957),* and the benefits of adding pyro-
phosphate to comminuted meats are retained on cooking (Bendall, 1954). On the
other hand, a fast rate of pH fall will increase moisture loss in cooking. Thus, Sayre
et al. (1964) found that where the pH of pork muscle at 40 min post-mortem (pH1)
was lower than 5.9, cooking losses were about 40–50 per cent, whereas when the
pH1 was above 6.0, losses were only 20 per cent. Again, the effect of conditioning
meat in enhancing water-holding capacity is to some extent reflected in diminished
cooking losses, but this effect is not apparent with all joints (Bouton et al., 1958).
Fjelkner-Modig and Tornberg (1986), using pulsed NMR, found that the juiciness
and tenderness of pork when fried at 80°C was largely determined by the distribu-
tion of water between the intra- and extracellular phases. The greater juiciness 
of fried pork from Hampshire pigs in comparison with those of the Swedish 
Yorkshire breed was associated with a greater percentage of intracellular water in
the former.

Losses from good quality meat tend to be less overall than those from poor-
quality meat (Table 10.4).Although the former lose more fat (which can be expected
in view of their greater fat content) they lose less moisture, possibly because the
structural changes caused by the presence of the fat enhance water-holding capac-
ity (Saffle and Bratzler, 1959).

Table 10.4 also indicates the effect of the type of joint in determining cooking
loss. In the sirloin, where there is considerable intramuscular fat, the shrink is largely
due to fat.

Chemical changes in meat proteins on subjection to dry heat up to 80°C were
indicated in §§ 8.1.1 and 8.2.2. There is a loss of free acidic groups and of water-

300 Lawrie’s meat science

* The greater loss of moisture from meat of normal pH tends to cause more evaporative
cooling; and under comparable conditions meat of high pH tends therefore to reach a rather
greater internal temperature on cooking (Lewis et al.. 1967).

Table 10.4 Percentage cooking losses from good- and poor-
quality beef joints (Bouton et al., 1958)

Category
Good grade Poor grade

of loss Sirloin Topside Sirloin Topside
roast roast roast roast

Total 28.9 41.3 41.7 48.3
Fat 17.8 1.4 4.8 −1.4a

Water 9.4 36.9 34.0 47.7
Residue 1.7 3.0 2.9 3.0

a Fat increment arises from that added to pan on cooking.



holding capacity, and a rise of pH, as the temperature is increased from 0 to 80°C
(Fig. 8.1).

There is also an increase in the buffering power of the meat in the region 5.0–7.0.
Bendall (1946, 1947) attributed these effects to denaturation changes, particularly
in the sarcoplasmic proteins. They were consistent with the fission of protein chains
at labile linkages involving imidazole, –SH and –OH groups, followed by hydrogen
bonding between carboxyl and amino groups.

However common the empirical observation that increasing temperature
increases cooking loss, few controlled experiments have been carried out on this
topic. Sanderson and Vail (1963) cooked beef muscles to constant internal temper-
ature of 60, 70 and 80°C and observed that, in these circumstances, the total cooking
loss increased, only some of the increment, however, being due to loss of moisture
(Table 10.5).

Meat cooked quickly to a given internal temperature has a lower cooking loss
and is more juicy than that cooked slowly to the same temperature (Bramblett and
Vail, 1964).

Although the conversion of collagen to gelatin at 100°C will tend to increase
water-holding capacity (Hamm, 1960), this is offset by severe changes in the sar-
coplasmic and myofibrillar proteins, for the overall water-holding capacity drops
markedly as the temperature is raised between 80 and 100°C (Table 8.4).

These changes are sufficiently severe to make it relatively immaterial how long
they are applied; on the other hand, with cooking temperatures below 70–80°C
shrinkage increases with increasing time of cooking (Savic and Suvakov, 1963).
Time–temperature curves of meat during cooking reveal a plateau at about 70°C
suggesting that some chemical change is occurring at this point. It does not appear
to be due to connective tissue breakdown (Lawrie and Portrey, 1967).

The quantity of juice obtained on heating increases further between 107 and
155°C (Tischer et al., 1953). This probably reflects some of the protein breakdown,
with destruction of amino acids, which occurs in such ranges of temperature (Beuk
et al., 1948). During roasting of the meat, coagulation of the proteins on the surface
inhibits loss of fluid, and the more rapid the heating, the faster the formation of this
layer and the lower the shrink (Andross, 1949). A similar explanation accounts for
the lower shrink in meat cooked after immersion in boiling water rather than after
slow raising of the temperature of initially cold water. Grilling and dielectric heating
lower the loss of juice still further (Causey et al., 1950). In recent years there have
been increasing complaints from consumers about the amount of whitish fluid that
exudes on cooking bacon, especially as the exudate darkens on further heating. The
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Table 10.5 Effect of internal meat temperature on cooking
loss in beef

Internal temperature
of meat (°C)

60 70 80

Total cooking loss (% wet weight) 10.5 28.8 40.5
Moisture loss (% wet weight) 5.6 9.6 14.0



phenomenon possibly reflects the higher moisture, and lower salt, content of
modern bacon.The exudate contains sarcoplasmic proteins, with only traces of those
of the myofibrils (Sheard et al., 2001).

Because the majority of investigations on the effects of cooking on the loss of
fluid from meat have tended to be empirical, Bendall and Restall (1983) made a
controlled study of the behaviour of myofibres at different levels of aggregation.
Loss of water reflected the configurational changes which characterized the type of
aggregate concerned. Whereas thin muscle strips and small bundles of myofibres
tended to shorten above 64°C, individual myofibres did not do so, but only
decreased in diameter, when heated in aqueous media at temperatures up to 90°C.

Expulsion of water from individual myofibres was slow between 40–53°C, but
was rapid at 60°C, apparently under the influence of a new force. This suggested
that some protein was denaturing and shrinking at the latter temperature; and
Bendall and Restall (1983) identified it with type IV/V collagen in the basement
membrane (cf. § 3.2.1). Since about 60 per cent of the water of the myofibre had
been expressed at this stage, the subsequent shrinkage of the endomysial collagen
above 64°C failed to express further moisture.*

When small bundles of myofibres were heated below 60°C they behaved simi-
larly, decreasing in diameter only. Above 64°C, however, they shortened, attaining
30 per cent of their initial length at 90°C with a loss of 70 per cent of their initial
water content.Thin muscle strips shortened even more markedly at above 64°C, the
severity of the shortening being determined by the amount of perimysial collagen
in the muscle from which they had been prepared.

Based on their observations with such model systems, Bendall and Restall (1983)
concluded that the behaviour of a large piece of meat when stewed (i.e. heated in
an aqueous medium) could be explained in four stages. Firstly, a slow loss of fluid
from the constituent myofibres into extracellular spaces as sarcoplasmic and myo-
fibrillar proteins denature between 40 and 53°C, there being no concomitant short-
ening. Secondly, rapid fluid loss from myofibres as the temperature rose to 60°C as
the collagen of the basement membrane heat shrinks. Thirdly, heat shrinkage of the
endomysial, perimysial and epimysial collagens between 64 and 90°C, there being
much shortening, decrease in myofibre diameter and increased cooking loss. Finally,
during prolonged heating, conversion of epimysial, then of endomysial and per-
imysial, collagens, to gelatin – and concomitant tenderizing – occurs.

10.2.2.2 Juiciness
The degree of shrinkage on cooking is directly correlated with loss of juiciness to
the palate (Siemers and Hanning, 1953). Juiciness in cooked meat has two
organoleptic components. The first is the impression of wetness during the first few
chews and is produced by the rapid release of meat fluid; the second is one of sus-
tained juiciness, largely due to the stimulatory effect of fat on salivation (Weir, 1960).
This function of the latter explains why, for example, the meat of young animals

302 Lawrie’s meat science

* Offer and Trinick (1983) further elucidated the mechanism for loss of fluid on cooking by
a microscopic examination of individual myofibrils. They showed that these actively shrink
in diameter on being heated to 45–60°C. Above 65°C they actively shorten: concomitantly,
shrinkage of the collagen network contributes to expression of sarcoplasmic fluid to the exte-
rior from the anular spaces between fibres and their endomysial sheaths.



gives an initial impression of juiciness but, due to the relative absence of fat, ulti-
mately a dry sensation (Gaddis et al., 1950). Good-quality meat is more juicy than
that of poor quality, the difference being at least partly attributable to the higher
content of intramuscular fat in the former (Gaddis et al., 1950; Howard and Lawrie,
1956). An association between juiciness and intramuscular fat has been noted in
comparing rib roasts from several groups of steers and bulls which had the same
sire (Bryce-Jones et al., 1963): juiciness varied significantly between the groups.
Several studies have shown the benefits, in overall eating quality as well as in juici-
ness, of an increased content of intramuscular fat (Bejerholm and Barton Gade,
1986; Warriss et al., 1996).

There is some suggestion that juiciness reaches a minimum when the pH level of
the meat is about 6 (Howard and Lawrie, 1956); this possibly reflects the greater
ability of the muscle proteins to bind water in this pH region; but, if this were the
entire explanation, juiciness would be expected to decrease still further with even
higher pH levels.

The process of freezing does not itself affect juiciness (Law and Vere-Jones, 1955),
there being no difference in this respect between meat which has been chilled or
frozen and held for the same length of time. On the other hand, there is an effect
of storage. Thus, the beef held at –10°C for 20 weeks was much less juicy than cor-
responding beef held for a few days at 0 °C (Howard and Lawrie, 1956). This effect
is also apparent during conditioning, roasts and grills of beef being most juicy some
24h after slaughter and thereafter decreasing in juiciness in the following order:
3 days at 0 °C, 2 days at 20°C, 14 days at 0 °C (Bouton et al., 1958).

Freeze drying, even when operated under optimum conditions, causes some loss
in juiciness (Hamm and Deatherage, 1960a, b); this can be offset to some extent by
the induction of a high ultimate pH in the meat (Table 10.6).

The ranking order shows that juiciness was greatest in the fresh (frozen) meat of
high ultimate pH, and somewhat less in corresponding dehydrated material; but
both were considerably more juicy than the meat of low ultimate pH both before
and after freeze drying.
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Table 10.6 The sum of the juiciness rankings given by eight tasters for control (low
ultimate pH) and adrenaline-treated (high ultimate pH) beef before and after freeze
dehydration (after Penny et al., 1963)

A. Control B. Adrenaline treated 

Muscle (low ultimate pH) (high ultimate pH)

Fresh (frozen) Dehydrated Fresh (frozen) Dehydrated

Semimembranosus 23 23 13 19
Biceps femoris 26 22 15 12
Psoas 23 25 12 16
L. dorsi (lumbar) 19 24 11 14
L. dorsi (thoracic) 26 25 10 20
Deep pectoral 25 24 10 19

Total 142 143 71 100



10.3 Texture and tenderness

10.3.1 Definition and measurement
Of all the attributes of eating quality, texture and tenderness are presently rated
most important by the average consumer and appear to be sought at the expense
of flavour or colour. This notwithstanding it is most difficult to define what is meant
by either term.

According to Hammond (1932a), texture, as seen by the eye, is a function of the
size of the bundles of fibres into which the perimysial septa of connective tissue
divide the muscle longitudinally (§ 3.2.1). Coarse-grained muscles – in general those
that have the greatest rate of post-natal growth – such as semimembranosus, have
large bundles, fine-grained muscles (e.g. semitendinosus) have small bundles. The
size of the bundles is determined not only by the numbers of fibres but also by the
size of the latter. Coarseness of texture increases with age but in muscles where the
fibres are small it does not become quite so apparent as in those where they are
large. In general, coarseness of texture is greater in the muscles of male animals,
and in those of large frame; breed also has an effect (Hammond, 1932a). The thick-
ness of the perimysium in beef differs between muscles and contributes to variation
in tenderness (Brooks and Savell, 2004).

The size of the fibre bundles is not the only factor determining coarseness,
however. The amount of the perimysium round each bundle is important, the per-
imysial layer being thick in coarse muscles (Ramsbottom and Strandine, 1948). Since
the elements defining texture are aspects of connective tissue, it might have been
expected that there would have been a direct correlation between coarseness of
grain and toughness after cooking. This is not so, however (Ramsbottom and Stran-
dine, 1948); yet there is an indirect correlation between muscle fibre diameter and
tenderness (Hiner et al., 1953). Such observations emphasize the complexity of
texture and tenderness as attributes of eating quality.

The overall impression of tenderness to the palate includes texture and involves
three aspects: firstly, the initial ease of penetration of the meat by the teeth; sec-
ondly, the ease with which the meat breaks into fragments; and thirdly, the amount
of residue remaining after chewing (Weir, 1960).

There have been many attempts to devise objective physical and chemical methods
of assessing tenderness which would compare with subjective assessments by taste
panels.The difficulty of doing so is considerable.Thus physical methods have included
the basis for measuring the force in shearing (Warner, 1928; Kramer, 1957; Winkler,
1939), penetrating (Tressler et al., 1932; Lowe, 1934), ‘biting’ (Lehmann, 1907;
Volodkevitch, 1938), mincing (Miyada and Tappel, 1956), compressing (Sperring 
et al., 1959) and stretching the meat (Wang et al., 1956). Chemical methods have
involved determination of connective tissue (Lowry et al.,1941;Neumann and Logan,
1950) and enzymic digestion (Smorodintzev, 1934) amongst other criteria. The com-
pression of meat through a small orifice (Sperring et al., 1959) gives, on raw meat, an
objective assessment closest to the tenderness ratings obtained by taste panel. The
concepts of fracture mechanics have been used to relate quantitative measurements
of raw meat texture to qualitative observations in cooked bovine m. semitendinosus
(Purslow, 1985). It is evident that the muscle fibre bundle is an important structural
feature in fracture behaviour and that the strength of the perimysial connective tissue
containing the bundle has a major influence on the toughness of the cooked meat,
confirming, in objective terms, the subjective impressions of 50 years ago.

304 Lawrie’s meat science



The degree of tenderness can be related to three categories of protein in muscle
– those of connective tissue (collagen, elastin, reticulin, mucopolysaccharides of the
matrix), of the myofibril (actin, myosin, tropomyosin) and of the sarcoplasm 
(sarcoplasmic proteins, sarcoplasmic reticulum). The importance of their relative
contribution depends on circumstances such as the degree of contraction of the
myofibrils, the type of muscle and the cooking temperature. Measurements of the
shear, compression and tensile force reflect changes in the myofibrillar structure.
After the initial yield, applied forces reflect the state of the connective tissue. The
latter may be determined by measuring adhesion values (Bouton et al., 1975).

Since the sarcoplasmic proteins are water-soluble, it might seem that they could
not contribute to meat texture. However, in situ, their concentration is ca. 25 per
cent in the sarcoplasm (Scopes, 1970), they coagulate on heating, a proportion is
bound to structural elements in the muscle cell (Clarke et al., 1980) and the viscos-
ity of F-actin is modified thereby (Morton et al., 1988). It must be presumed, there-
fore, that their contribution cannot be entirely dismissed. It is worth noting that the
viscosity of muscle press juice, which is substantially composed of sarcoplasm, is
twice as great as that of blood plasma (Jalango et al., 1987), the functionality of which
as a binding agent in heated foods is well known.

10.3.2 Preslaughter factors
Species is the most general factor affecting tenderness. To some extent this is a
reflection of texture (§ 10.3.1). Thus the large size of cattle, in relation to sheep or
pigs, is, generally, associated with a greater coarseness of their musculature
(Hammond, 1932a). Although it has been the impression that pork contains little
connective tissue compared with beef (Mitchell et al., 1927), Tables 4.21(i) and
4.21(ii) show, respectively, that the hydroxyproline content of corresponding
muscles of beef and pork vary from 350 to 1430 µg/g and from 420 to 2470 µg/g. Since
hydroxyproline can be equated to connective tissue, this fact, and the discrepancy
between the greater tenderness of veal and its high content of connective tissue in
relation to beef, indicates that the type of connective tissue, as well as its quantity,
is important.

Texture may also be implicated in breed differences in tenderness. The relatively
greater tenderness of the meat from Aberdeen Angus cattle can be partly explained
by their small size – this being reflected in fine grain (Hammond, 1963a). Never-
theless, other factors are involved, since dwarf beef was judged less tender than beef
from normal-sized animals (Jacobson et al., 1962) on the one hand, while the hyper-
trophic muscles of ‘doppelender’ beef were at least as tender as those from normal
animals (I. F. Penny, personal communication). The latter feature is also evident in
cross-bred progeny. Thus, the toughness of the semitendinosus muscles of the off-
spring of ‘doppelender’ Aberdeen Angus bulls and Jersey cows was found to be less
than in those where the sires were normal (Bouton et al., 1976).

Carpenter et al. (1955) showed that the introduction of the Brahman breed
decreased beef tenderness. The decrease in tenderness, associated with an increased
contribution from bos indicus in the cross-breed, is recognized as an important
factor in the management of tenderness in Australia (Thompson, 2002).
More detailed data on the effect of breed are given in Table 10.7 (Palmer, 1963).
Although no marked differences between breeds has been found in the gross
content of connective tissues, other factors such as the chemical nature of collagen
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(cf. §§ 3.2.1 and 4.3.5) could be implicated in creating differences in the tenderness
of their meat.

Even within a breed, however, tenderness is heritable to an extent of over 60 per
cent (Cartwright et al., 1958), again indicating that texture is by no means its sole
determinant. Different sires are associated with different degrees of tenderness
(Bryce-Jones et al., 1963); data in Table 10.8 indicate that such differences are co-
variant in different portions of the carcass.

The connective tissue content of a given muscle may vary indeed between the
individual pigs within a litter (Lawrie and Gatherum, 1964).

As indicated before (§ 3.2.1), variations in tenderness of a given muscle between
pigs of the same age and slaughter weight may not correlate well either with their
total collagen content or with the amounts of immature or mature collagen cross-
links present. This discrepancy may partially be explained by differences in the
factors controlling the rate of post-mortem glycolysis and of autolysis, but other, as
yet identified, physiological factors may be responsible (Avery et al., 1996). Thus,
Maltin et al. (1997) found a positive correlation between the diameter of fast 
twitch glycolytic fibres from l. dorsi of the pig and toughness, as determined 
instrumentally.

In general, increasing age connotates decreasing tenderness, although, as already
mentioned, also a decrease in connective tissue content (Bate-Smith, 1948; Hiner
and Hankins, 1950; and cf. Tables 4.15 and 4.19). This apparent contradiction may
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Table 10.7 The relationship of breed to tenderness (taste
panel)

Breed No. of Per cent cattle giving score ofa

cattle 5–6 4–5 3–4 2–3 1–2

Angus 84 59 27 11 2 –
Brahman 196 9 27 40 21 3
Brangus 18 10 48 38 5 –
Devon 12 58 42 – – –
Hereford 48 40 48 11 2 –
Shorthorn 122 20 37 38 4 2

a Range 1–6: 1 being inedible, 6 excellent.

Table 10.8 Influence of sire on mean tenderness (shear
force) of beef roasts from groupsa of cattleb

Sire group 7–8th rib 9–10th rib

1 5.8 6.1
2 6.1 6.2
3 7.4 6.8
4 7.6 7.6
5 9.4 7.3

a Increased force signifies less tenderness.
b Six cattle in each group.



probably be explained by the fact that the connective tissue in young animals has
less cross-bonding (Boucek et al., 1961; Goll et al., 1963; Light and Bailey, 1989).
Typical data for beef animals at 18 and 30 months of age are given in Table 10.9.

The results of other workers are similar. Decrease of tenderness appears to be
less marked with beef from animals older than 18 months, differences between 40
and 90-month-old animals being relatively small (Tuma et al., 1962). With increas-
ing animal age, the proportion of salt- and acid-soluble collagens decrease in bovine
muscle; such differences have been demonstrated by starch gel electrophoresis. The
extent of intra- and intermolecular cross-linking between the polypeptide chains of
collagen concomitantly increases (Carmichael and Lawrie, 1967a, b; Bailey, 1968).
Further reflections of the changing character of collagen with increasing animal age
include a decreasing solubility on heating (19–24 per cent of total collagen is soluble
in calves, 7–8 per cent in 2-year-old steers, and 2–3 per cent in old cows: Sharp, 1963,
1964) and decreasing susceptibility to attack by enzymes (Goll et al., 1963); cf. Table
10.10. Progressive increases in toughness have also been shown with the cooked
meat from sheep aged from 2 months to 8 years (Bouton et al., 1978b).

Young and Braggins (1993) endeavoured to clarify the relative importance of the
concentration and the solubility of collagen in determining the tenderness of sheep
meat. They concluded that the former was the predominant determinant of eating
quality, whereas solubility was more closely associated with the objective determi-
nation of shear force.

In situ examination of meat by ultraviolet optical probes has revealed an increase
in the incidence of fluorescence peaks as the perimysium increases in beef animals
between 12–17 months of age. A subsequent decrease in fluorescence of the meat
of animals between 17–24 months reflects the separation of perimyseal layers by
muscular tissue but the fluorescent peaks broaden as the perimyseal layers thicken
(Swatland, 1994).
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Table 10.9 Tenderness (taste panel) ratingsa of various
muscles from beef steers of two ages (after Simone et al.,
1959)

Muscle 18 months 30 months

Adductor 4.67 3.85
Semimembranosus 3.91 3.35
L. dorsi (level 6–8th rib) 6.21 5.95
L. dorsi (level 9–11th rib) 6.16 5.57

a High signifies greater tenderness.

Table 10.10 Release of soluble proteins, hydroxyproline and ninhydrin-positive material
from the connective tissue of biceps femoris of beef by collagenase after 12h incubation

Animal age, months
Sol. protein Hydroxyproline Ninhydrin-positive

(mg/ml incubation medium)

11/2 230.7 ± 9.2 28.8 ± 0.9 456 ± 10
13–16 122.7 ± 8.5 11.3 ± 0.2 148 ± 7



As Bouton et al. (1978a) have indicated, age/tenderness relationships reflect not
only direct chronological changes in muscular and connective tissues, but also 
associated effects due to the increasing bulk and fatness of carcasses with age.
These influence the differential effect of cooling conditions on the extent of ‘cold-
shortening’ in specific muscles.

In a comparison of the eating quality of bull and steer beef, using a series of entire
and castrated twins, Bryce-Jones et al. (1963, 1964) found that steer meat was more
tender, the difference being especially marked in l. dorsi and semitendinosus
muscles, and at the level of the 7–8th vertebrae.

Table 10.9 also indicates that there are distinct differences in tenderness between
muscles. Many years ago intermuscular variability in tenderness was compre-
hensively studied in 50 beef muscles by Ramsbottom and Strandine (1948). For the
raw muscles, the shear (i.e. the force required in lb to shear a sample of 1/2 inch
(12mm) diameter) ranged from 3.8 in the l. dorsi to 20.0 in the cutaneous members,
and in the cooked muscles from 7.1 in psoas major to 15.6 in sternocephalicus. In
agreement with the latter data, the taste panel rated psoas major as most tender,
whereas sternocephalicus was one of the toughest. The data for both beef and pork
(Table 4.21) indicate that psoas major had least hydroxyproline of the muscles
studied by Lawrie et al. (1963a, 1964) although stroma nitrogen, representing insol-
uble protein of various origin, was higher in psoas than in l. dorsi (Table 4.28). Loyd
and Hiner (1959) showed that muscles differed in their contents of (apparent) col-
lagen and elastin and that there was a significant inverse correlation between 
the hydroxyproline of these alkali-insoluble protein fractions and tenderness 
(Table 10.11).

Insofar as different muscles have differing proportions of epimysial, perimysial
and endomysial connective tissue, and these are characterized by differing types of
collagen (Bailey and Sims, 1977) – the polypeptide chains of which would be more
or less firmly cross-linked (cf. § 3.2.1), and affected by heat to different extents
(Bendall and Restall, 1983) – it is not surprising that they differ considerably in 
tenderness. Apart from the effect of their connective tissue on this parameter, of
course, muscles’ relative susceptibility to shorten before or during rigor mortis (cf.
§ 10.3.3) will accentuate tenderness differences between them. Again, increased
understanding of the intrinsic biochemical differences between individual muscles
is being directed to improving the eating quality of such cuts as the steakmeat
(chuck) and round (cf. Fig. 3.1). In a more recent survey of the tenderness of 40
bovine muscles, Belew et al. (2003) found that the Warner-Bratzler shear force
ranged from 2.03 and 2.73kg in diaphragm and psoas major, respectively, to 5.12
and 7.74kg in m. pectoralis profundis and m. flexor digitorum superficialis, respec-
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Table 10.11 Hydroxyproline content of collagen and elastin
fractions from beef muscles (mg/100g muscle)

Muscle Collagen Elastin
hydroxyproline hydroxyproline

Semitendinosus 84 3
L. dorsi 11 1
Psoas major 9 1



tively. Belew et al. also found significant differences between 20 locations along the
length of bovine m. gluteobiceps.

Tenderness within a given muscle may also vary significantly (Bryce-Jones et al.,
1964). For example, there is a systematic decrease in tenderness in proceeding from
the proximal to the distal end of beef semimembranosus (Paul and Bratzler, 1955;
Ginger and Weir, 1958). The tenderness of beef biceps femoris increases from inser-
tion to origin (Rogers, 1969), and lateral portions of pork l. dorsi are more tender
than medial portions (Urbin et al., 1962). An investigation of the biceps femoris,
semitendinosus, semimembranosus and adductor muscles of beef showed that defin-
able intramuscular differences in tenderness were significant, especially within
biceps femoris (Reuter et al., 2001).

It has been suggested that systematic and significant differences in tenderness
between locations within muscles could be exploited, known regions of toughness
being removed for manufactured products (Denoyelle and Lebihan, 2003).

The other principal protein found in connective tissue is elastin. Its properties
have been fully described by Partridge (1962). The molecule has a central core con-
taining two unusual amino acids, desmosine and isodesmosine, which are derived
from lysine. Being most resistant to heat and thus to degradation on cooking, elastin
would, at first sight, appear to constitute an important factor contributing to meat
toughness. Fortunately the amount of elastin in most muscles, other than that asso-
ciated with blood vessels, is very small. Nevertheless, notwithstanding its minor con-
centration, the intractible nature of elastin cannot be entirely ignored in assessing
meat texture, especially in those muscles where it appears to be more prevalent (e.g.
semitendinosus). The mucoprotein of the ground substance, in which the fibres of
collagen and elastin are embedded, is a minor constituent; its distribution parallels
that of elastin (McIntosh, 1965).

It is probably justifiable to include the sarcoplasmic reticulum in the category of
connective tissue. It surrounds individual myofibrils, and enhanced cohesion of
myofibrils parallels ‘woodiness’ in freeze-dried meat (Penny et al., 1963), toughness
in meat held aseptically at 37°C for 30 days (Sharp, 1963), and toughness in fish
stored in ice (Love and Elerian, 1963).

Intramuscular fat (marbling) tends to dilute the connective tissue of elements in
muscle in which it is deposited, and this may help explain the greater tenderness
reported for beef from well-fed good-quality animals (Beard, 1924).*

There is tentative evidence that both the quantity and quality of collagen may
be modified by the nutrient regime of growing animals. Rapid growth in young
animals would be expected to foster a higher proportion of less cross-linked colla-
gen and thus increased tenderness (Bailey and Light, 1989). Although the increased
growth rate effected by the administration of anabolic hormones does not appear
to affect tenderness consistently, that of β-agonists has been associated with tough-
ness (cf. § 2.5.2.1).

Since the connective tissue content of the muscles is not increased by the admin-
istration of β-agonists (Fiems et al., 1989; Warriss et al., 1991b), it must be presumed
that the collagen is more cross-linked than normal (Dawson et al., 1990). Similar
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* Another factor, however, may be a decreased susceptibility of heavier fatter carcasses to
cooling fast enough to encounter the toughening of ‘cold-shortening’ (cf. § 7.1.1.2(c)).



toughening has been found in veal calves treated with clenbuterol (Berge, Culioli
and Ouali, 1993).

Increasing consumer awareness of differences in tenderness (and in other attrib-
utes of eating quality) between specific muscles is promoting developments in their
marketing, especially in the USA (‘muscle profiling’: Jones et al., 2001) and in select-
ing the most palatable muscles from joints that, overall, have hitherto been regarded
as being of lower quality. Such muscles as infraspinatus and teres major show most
promise for development into palatable steaks; whereas semimembranosus and
vastus lateralis, for example, are less suitable for upgrading.

10.3.3 Post-slaughter factors
In general, the preslaughter factors which affect tenderness do so by determining
the amounts and distribution (texture) and the type of connective tissue.As we have
seen, there is a common but not invariable indirect correlation between connective
tissue and tenderness. Within a given muscle, however, where amounts and type of
connective tissue are constant, there can be considerable differences in tenderness
caused by post-slaughter circumstances. The most immediate of these is post-
mortem glycolysis.

10.3.3.1 Post-mortem glycolysis
Howard and Lawrie (1956) found that the rate of pH fall post-mortem was inversely
related to tenderness of the meat on subsequent cooking and Marsh (1962) indi-
cated that there was a direct relationship between the time elapsing before rigor
mortis and tenderness. Increased tenderness is observed when the pH falls slowly,
either because of naturally occurring variability (Marsh et al., 1981) or because of
deliberate manipulation (Howard and Lawrie, 1956), and a relatively high pH is thus
maintained for some time in combination with near in vivo temperatures, and may
well induce early conditioning changes (Marsh et al., 1981) by such enzymes as
CASF (cf. § 5.4.2).

Such observations were made in circumstances when the shortening of high tem-
perature rigor could not develop. Locker (1960a) showed that for muscle not
attached to the skeleton or otherwise held taut, the loss of tenderness during the
onset of rigor mortis was directly related to the degree of shortening at that time
(i.e. to the degree of interdigitation of actin and myosin filaments: Fig. 4.2). The
degree of shortening, or of tension development, during the onset of rigor mortis in
muscle which is free to shorten, is a direct function of temperature (Bendall, 1951;
Marsh, 1954, 1962) down to about 15°C (Locker and Hagyard, 1963). If such iso-
lated muscle is exposed to temperatures lower than about 14°C at this time, there
is again an increasing tendency to shorten – it being as great at 2 °C as at 40°C –
and this is associated with decreased tenderness on cooking (cf. § 7.1.1.1).

Although the marked rigor shortening of muscle at high temperatures had long
been known, the cold-shortening phenomenon is a more recent factor. The cold-
shortening/toughness relationship is by no means linear. On exposure of excised,
pre-rigor muscle to temperatures which cause cold-shortening, the degree of tough-
ness in the cooked meat increases as the degree of pre-rigor shortening increases
from 20 to 40 per cent of the initial length; thereafter, as the degree of shortening
increases to 60 per cent, toughness once more decreases (Marsh and Leet, 1966).
Shortening up to 40 per cent of initial length signifies a greater degree of interdig-
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itation of actin and myosin, a greater measure of crossbonding during the onset of
rigor mortis, and is reflected by a greater degree of toughness in the meat. Electron
micrographs show that, in such muscles, the ends of the myosin filaments buckle
against (or pierce) the Z-lines. It is conceivable that the myosin filaments then link
through the Z-line, leading to toughness (Dickinson, 1969; Voyle, 1969). It is sug-
gested that, in shortened muscles, the myosin filaments fuse to form a continuum
(Locker, 1976). Thus, whereas in cooking non-shortened muscle the myosin fila-
ments would coagulate in discrete masses and myofibrils would break at the I band
(from which myosin is absent), this weak point would not occur in shortened sar-
comeres in general.

Voyle (1969) and Dransfield (1994) cautioned against accepting too readily the
interdigitation of myosin and actin filaments as the sole explanation for toughness.
Indeed Bouton et al. (1973c), whilst confirming that shear values are highly depend-
ent on the degree of myofibrillar contraction in muscles of normal ultimate pH, also
noted that adhesion values (which reflect the state of the intrafibrillar connective
tissue) are significantly increased in contracted fibres. As an indication that colla-
gen may make a more positive contribution to the degree of toughness in shortened
muscle, Rowe (1974) found evidence for alterations in the perimysial connective
tissue which paralleled the degree of shortening of the sarcomeres. As the muscle
contracted, the loose configuration of the collagen changed to a well-defined lattice.
In studying raw beef muscles. Rhodes and Dransfield (1974) found that the resist-
ance to shear increased with extension above rest length. They explained this phe-
nomenon by postulating that the cross-sectional area of stretched sarcomeres
contained a relatively increased proportion of connective tissue. As Davey and
Winger (1980) pointed out, although there is much evidence to associate shortened
sarcomeres with toughness in the cooked meat, it has been observed that, when ox
sternomandibularis muscle is rigor-shortened at 37 ºC or is cold-shortened at 2 °C
and then allowed to enter rigor mortis at 37°C, there is no increased toughness over
corresponding non-shortened muscle (Locker and Daines, 1975, 1976). In such
instances early conditioning changes may be involved in tenderizing the meat, as
suggested above. Savell et al. (1977a) demonstrated that markedly greater tender-
ness ratings could be established in meat having sarcomeres of a given length, when
greater proteolytic action had taken place in them.

It is important to note that, if muscle is cooked for four hours at 100°C (when
connective tissue is destroyed), and whilst stretched to the point where there is no
overlap of actin and myosin filaments, tensile strength remains at about two-thirds
of corresponding unstretched muscle (Locker, 1976). This suggested that the gap fil-
aments might be a major factor determining the tensile strength of cooked muscle,
although broken down during ageing or conditioning (§ 5.4.2). Yet King (1984)
demonstrated that connectin breaks down during heating of muscle at 60–80°C –
and to a greater extent than during ageing at 2 °C for three weeks. He thus con-
cluded that the coagulation of myosin, either alone or in association with other 
myofibrillar proteins, was more important for the surviving structure of cooked
meats than a continuum of gap filaments, as suggested by Locker and Wild (1982).*
Subsequently the latter workers reassessed the problem. They postulated that
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being more active at the former temperature (King, 1984). It also occurs in ‘cold-shortened’
muscle wherein the tenderizing changes of conditioning are inhibited.



nebulin, rather than being the protein of the N-lines (§ 3.2.2), is present in the gap
filaments, together with titin, and that it is the breakdown of nebulin which accounts
for the lability of the gap filaments in conditioning (Locker and Wild, 1984).

It is of interest that the curves representing the inverse relationship between sar-
comere length and toughness, whilst similar in shape, differ in the range of tough-
ness values according to the connective tissue content of the muscle (J. R. Bendall,
personal communication). The decrease in toughness observed in cooking muscles
which have shortened beyond 40 per cent of their initial length may signify disrup-
tion or tearing of the structure (Marsh and Leet, 1966). Indeed electron micrographs
have indicated that the phenomenon is probably due to the fracturing of certain
sarcomeres by those which have severely shortened (Dickson et al., 1970). Later
studies (Marsh et al., 1974) by electron microscope revealed that, with shortening
greater than 50 per cent, a series of nodes developed in the fibre.These were regions
of supercontraction: between them there was fracturing of the fibre which appeared
sufficient to account for the decreased toughness. Similar considerations may apply
to the tenderizing effect of high pressure (~100 MPa) on muscle, despite severe con-
comitant shortening (McFarlane, 1973).

If shortening of the muscle is prevented during the onset of rigor mortis as, for
example, when the muscles are not excised but held rigid on the carcass, the tem-
perature effect is not directly reflected by the degree of toughness in cooking.
Nevertheless, even when held on the carcass, as in normal commercial practice,
certain muscles still have a limited freedom to contract, and certain parts of muscles
may shorten whilst other parts lengthen, thus causing local toughening even if the
overall length is fixed (Marsh and Leet, 1966; Marsh, 1964; Marsh et al., 1968).
(Clearly, it is not possible to cool the entirety of a large carcass to 15°C within a
few moments of death when the in vivo temperature is about 37°C.) An interest-
ing aspect of the limited shortening to which some muscles would be liable, even
when held on the carcass, has been demonstrated (Herring et al., 1965). Thus, when
beef carcasses were suspended horizontally during post-mortem glycolysis, the sar-
comere lengths in such muscles as psoas major and rectus femoris were greater –
and toughness was less – than when carcasses were suspended in a vertical position.
Similar findings have been reported by Hostetler (1970). Suspension by the obtu-
rator foramen proved the most effective. Davey et al. (1971) found that the tender-
ness of biceps femoris, semimembranosus and l. dorsi (lumbar) was more than
doubled by processing lamb carcasses in a standing rather than a vertical position.
Decreased shortening of l. dorsi and increased tenderness on cooking has also been
reported with pork carcasses when these are suspended by the pelvis rather than
by the Achilles tendon. Fisher et al. (2000) demonstrated that pelvic suspension of
pig carcasses markedly increased tenderness, and enhanced the brine uptake and
yield, of hams prepared from the semimembranosus and gluteobiceps muscles,
without adversely affecting the quality of those from biceps femoris. The stretch-
ing which various muscles undergo in horizontally suspended carcasses reduces that
element of toughness due to contracted myofibrils and also to a minor degree the
adhesion of intrafibre connective tissue (Bouton et al., 1973a).

The efficacy of electrical stimulation immediately after death in swiftly lowering
the pH of muscles to the point at which they no longer react to cold by shortening
and toughening was considered in detail in § 7.1.1.2. As indicated, Marsh et al.
(1987), in experiments where the rate of post-mortem glycolysis was altered by
various combinations of modes of electrical stimulation and of temperature, found
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that a rate whereby a pH of 5.9–6.0 was attained at ca. 3h post-mortem (pH3), was
associated with optimal tenderness. The use of electrical stimulation to maximize
pH fall early post-mortem, although it prevents that element of toughness due to
‘cold-shortening’, may not induce a pH of 5.9–6.0, and tenderness may thus be less
than optimal.

It has been pointed out that cold-shortening is not likely to affect muscles deep
in the carcass, as in the rump area of beef (L. Buchter, personal communication).
Because of the initial high temperature in this region and its insulation, post-mortem
glycolysis will be swift and will have proceeded to completion long before refriger-
ation can lower the temperature below 15°C. Indeed the speed of glycolysis in this
region may lead to an exudative condition in beef, somewhat comparable to PSE
in the pig. This can be avoided by removal of the meat from the hot carcass and
swift cooling in air at 15°C.* Moreover, at this temperature and under these con-
ditions there will be no ‘cold-shortening’ and, possibly because the shortening which
tends to accompany the onset of rigor mortis when it occurs at body temperature
will also be avoided, such meat may be somewhat more tender than that left on the
carcass (Schmidt et al., 1970), and will have an enhanced water-holding capacity
(Taylor and Dant, 1971). Thus, the bulk of the meat, in relation to the refrigeration
capacity applied, will determine whether refrigeration during post-mortem glycol-
ysis will enhance or detract from various aspects of meat quality (cf. § 10.2.1.2).

At temperatures below the freezing point, damage to the sarcotubular system
would be relatively severe in both ‘red’ and ‘white’ muscles, and its ability to recap-
ture calcium ions adversely affected. If freezing had been sufficiently rapid after
death to fix ATP concentrations at pre-rigor levels, this would be manifested as the
phenomenon of ‘thaw-rigor’ (unless thawing were extremely fast: cf. § 7.1.2.2). It is
found, in fact, that both ‘red’ and ‘white’ muscles are susceptible to the massive
shortening of ‘thaw-rigor’ (above). A comparison of the behaviour of ‘red’ (semi-
tendinosus) and ‘white’ (psoas) muscles of the rabbit substantiates the view that
‘cold-shortening’ and ‘thaw-rigor’ both reflect abnormal post-mortem stimulation
of the contractile actomyosin ATP-ase (Lawrie, 1968; Newbold, 1980), whatever may
be the precise mechanisms.

It should be noted that whilst muscle which has been frozen pre-rigor and then
thawed rapidly, thereby undergoing ‘thaw-rigor’ and becoming very tough when
cooked, it is tender if it is cooked directly in the pre-rigor state without thawing.
This has been attributed to the retention of much of the muscle’s water because the
high temperature fixes the pH at near in vivo values (Miles and Lawrie, 1970).

Shortening and toughening of muscles can be arrested, even if they are frozen
pre-rigor, provided either that they are thawed on the carcass or, if they are excised,
that they are slowly thawed at about –2°C, when the rigidity of the remaining ice
will prevent shortening (Marsh, 1964; Marsh and Thompson, 1958). Dransfield
(1996) attributed the tenderness of pre-rigor frozen muscle held at –3°C (when the
rate of ATP breakdown is relatively rapid) to the proteolytic action of the calpains.
If pre-rigor frozen muscle is held for a month at –12°C, there is an even slower rate
of ATP breakdown; but over this period it is sufficient to remove the prerequisite
for ‘thaw-rigor’ (Davey and Gilbert, 1976b). The breakdown appears to be due to
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* It should be noted that the rate of heat removal is probably as important in causing ‘cold-
shortening’ as the cold temperature itself. Thus the high rate of cooling of excised muscles in
a water bath could cause shortening and toughening even at 15°C (unpublished).



direct enzymic action; post-mortem glycolysis does not occur at this temperature
(rapid thawing of such meat leads, of course, to the marked shortening of thaw-
rigor). Empirical observation also illustrates the effect of a fast rate of post-mortem
glycolysis. Thus Gray (1966) refers to mid-Western Canada where temperatures in
winter may fall to –40°C and the cooling power of the air is greatly increased by
strong winds. Steers would be killed in the field and the meat cut up and allowed to
freeze. No culinary procedure could produce anything but a tough roast from such
beef which, as is now evident, froze pre-rigor and underwent thaw-rigor on cooking.

Again, in the country areas of Nigeria, beef is frequently tough.To avoid the rapid
proliferation of bacteria in the prevalent hot, humid environment, carcasses are dis-
membered for sale in local markets. Rigor mortis thus occurs at an ambient tem-
perature of 30–37°C and the unrestrained muscles undergo shortening (Prof. D. A.
Ledward, personal communication). It is evident that high-temperature rigor is an
important factor contributing to toughness in these circumstances.

The rate of post-mortem glycolysis has another effect on tenderness in addition
to that on shortening during the onset of rigor mortis. Where the rate of pH fall is
inordinately fast, as with the PSE condition in pigs (Bendall and Wismer-Pedersen,
1962), sarcoplasmic proteins are denatured and precipitate on to those of the
myofibrils; and the latter may also be denatured to some extent, since they become
less soluble in these circumstances. It has been shown that the ratio of insoluble
myofibrillar protein to total protein in muscle is directly correlated with toughness
(Hegarty et al., 1963).

The extent of post-mortem glycolysis, apart from its rate, also has an effect on the
tenderness of beef, pork and lamb (Howard and Lawrie, 1956; Lewis et al., 1962;
Bouton et al., 1973b; Watanabe et al., 1996). As the ultimate pH increases from 5.5
to 6.0, tenderness appears to decrease; at ultimate pH levels above 6, however,
tenderness increases once again (Fig. 10.4). It has been amply confirmed in beef
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Fig. 10.4 Relationship between shear force and ultimate pH of bovine l. dorsi et lumborum
muscles. (After Watanabe et al., 1996; reproduced by kind permission of Dr C. E. Devine and 

Elsevier Science Ltd.)



(Jeremiah et al., 1991; Purchas and Aungsupakorn, 1993) and lamb (Devine et al.,
1993) that tenderness is minimal at ultimate pH values between 5.8 and 6.2.
Watanabe and Devine (1996) subsequently showed that the breakdown of titin and
nebulin is minimal at an ultimate pH in this region and concluded that one effect
of ultimate pH on tenderness is exerted through its action on proteolytic enzymes.*
Both shear force and adhesion, as respective measures of the contributions of
myofibrils and connective tissue to toughness, decrease as the ultimate pH rises
(Bouton et al., 1973c). In the region of pH 6.8, tenderness becomes excessive and is
associated with a jelly-like consistency in the meat which lowers its overall accept-
ability (Bouton et al., 1957). The exact tenderness/pH relationship varies between
different muscles. Thus, in mutton, the pH of minimum tenderness was 5.64, 5.90
and 6.05 for biceps femoris, semitendinosus and l. dorsi respectively (Bouton and
Shorthose, 1969). If pre-rigor meat is heated quickly enough, so that the enzymes
effecting post-mortem glycolysis are inactivated faster than the heat can accelerate
their activity, a high pH will result. If it is of the order of 7 this would be expected
to enhance tenderness (cf. Fig. 10.4) to a much greater extent than the shortening
of the excised muscle would diminish it (even though such shortening during
cooking is especially severe with pre-rigor meat; Marsh, 1964). It has been shown,
in fact, that the relative tenderness of pre-rigor cooked meat is directly related to
the level of pH which has been attained at the moment of cooking (Miles and
Lawrie, 1970). The enhanced tenderness may be a reflection of the greater water
content and water-holding capacity of the muscle proteins (§ 5.4.1) and of the con-
sequent swollen nature of the muscle fibres at high pH. Some of the tenderness of
pre-rigor meat can be similarly explained. Changes in the distribution of water
between the intracellular environment and extracellular spaces may also be a factor,
additional to those of myofibrillar contraction and the nature and orientation of
connective tissue, in determining tenderness (Currie and Wolfe, 1980). As indicated
in § 10.2.1.1, the water-holding capacity of meat increases for at least 2 pH units 
on each side of the iso-electric point of the muscle proteins. It is evident that a 
high pH, at least within the physiological range, is associated with enhanced ten-
derness: it has now been shown that pH values on the acidic side of the iso-electric
point are also associated with increased tenderness (Gault, 1985). Such pH values
would not be encountered naturally, of course, but during the manufacture of
pickled products.

10.3.3.2 Conditioning (see also §§ 5.4 and 7.1.1.2)
That the tenderness of meat increases when it is conditioned (e.g. stored at chill
temperatures for 10–14 days) has long been recognized (Lehmann, 1907); and, of
course, such meat as venison is regularly aged for this purpose. The decrease in ten-
derness which is associated with the onset of rigor mortis (§ 10.3.3.1) is gradually
reversed as the time of post-rigor conditioning increases. To reiterate the views in
§ 5.4.2, this is not due to the dissociation of the actomyosin formed during the onset

The eating quality of meat 315

* The tenderness of the flesh from animals which had been chased to exhaustion,and in which,
presumably, glycogen reserves had been significantly lowered, was commented on by Hunter
in 1794. The effect of excitability in lowering in vivo glycogen reserves and raising the ulti-
mate pH of the musculature is implicity recognized in Thomas Hardy’s Mayor of Casterbridge
(1886). He refers to a town square in which there was ‘. . . a stone post . . . to which the oxen
had formerly been tied for baiting with dogs to make them tender before they were killed . . .’.



of rigor mortis (Marsh, 1954), and the absence of any increase in end groups
(Locker, 1960b) shows that the myofibrillar proteins are not appreciably proteol-
ysed in these circumstances. Moreover, the absence of soluble hydroxyproline-
containing substances in meat, even after one year at 37°C, indicates there is no
extensive proteolysis in connective tissue proteins (Sharp, 1959). Although there is
little proteolysis of connective tissue proteins, certain cross-links in the telopeptide
region of collagen molecules are apparently broken, possibly due to the action of
lysosomal enzymes (Etherington, 1971, 1972). In respect of the myofibrillar proteins,
although no massive proteolysis occurs, it has already been indicated (§ 5.4.1) that
a number of subtle alterations occur.Thus, the calcium-activated sarcoplasmic factor
(calpains) attacks troponin T (above pH 6), the Z-lines (desmin), the M-line pro-
teins, tropomyosin and the so-called gap filaments (connectin) (Locker et al., 1977;
Penny and Dransfield, 1979; Penny, 1980;Young et al., 1980); and lysosomal enzymes
attack troponin T (below pH 6) as well as the cross-links of the non-helical telopep-
tides of collagen and the ground substance. There is extensive proteolysis of the
soluble sarcoplasmic proteins (Hoagland et al., 1917), and the cytoskeletal proteins
(Kristensen and Purslow, 2001). These changes, together with a loss of calcium ions,
and uptake of potassium ions, by the muscle proteins (Arnold et al., 1956), cause
their water-holding capacity to increase during conditioning.

Proteomic techniques have revealed, in great detail, that changes in the patterns
of proteins occur during post-mortem glycolysis and conditioning. It is envisaged
that these changes in pattern will be related subsequently to a series of specific ten-
derness levels in meat (Lametsch et al., 2003).

Whatever the nature of the particular protein changes during conditioning which
are significant in relation to the increased tenderness, it has long been clear that
muscles contain proteolytic enzymes (§ 5.4.2) which operate much more readily at
37°C than at 5 °C (Sharp, 1963), and that, in general, higher temperatures of condi-
tioning produce a given degree of tenderizing in a considerably shorter time than
do lower temperatures.This effect was studied by Bouton et al. (1958) and by Wilson
et al. (1960). The former workers found that conditioning for 2 days at 20°C gave
the same degree of tenderizing as 14 days at 0 °C, and that the benefits of condi-
tioning were more marked with beef of poor quality (cf. also Moran and Smith,
1929), which was initially tougher although the final degree of tenderness achieved
was similar in beef of good and poor quality.

Wilson et al. (1960) employed antibiotics to control bacterial spoilage and were
thus able to study temperatures as high as 49°C. Semimembranosus muscles from
the rounds of beef carcasses which had been infused with oxytetracycline (to a con-
centration of 30–50 ppm) were employed. The muscles were prepared as 3/4 inch
steaks and vacuum sealed in plastic film. After appropriate conditioning periods at
2°C, 38°C, 43°C and 49°C, the meat was cooked and assessed for tenderness by a
taste panel. Some of the results are given in Table 10.12.

As Table 10.12 shows, the tenderness score was increased by all conditioning pro-
cedures over that of controls. Moreover, the meat held for 2 days at 38°C, or for 
1 day at 43°C or 49°C, was more tender than that kept for 14 days at 2 °C. The ten-
derness increment was particularly high in the meat held at 49°C, but the latter had
a somewhat undesirable flavour. Conditioning at 38°C was difficult to control, even
with the dose of ionizing radiation given to steaks at this temperature (in addition
to the antibiotics) because of the greater risk of bacterial growth.The optimum time
and temperature required to have the same degree of tenderizing as that arising
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during 14 days at 0 °C was 1 day at 43°C. Nevertheless, the rate of conditioning
decreases gradually as holding temperatures rise from 40°C to 60°C. It then
decreases sharply, ceasing altogether at 75°C (Davey and Gilbert, 1976b). The
observations of Penny and Dransfield (1979) are relevant in this context. Although
proteolysis of troponin T correlated with increasing tenderness in beef muscles
when conditioning took place at temperatures between 3 and 15°C – and the rates
of proteolysis increased with increasing temperature – the concomitant increase of
tenderness was proportionately less at higher temperatures of ageing. This may
reflect protein denaturation as an additional factor in the latter circumstances 
and recalls the observations of Sharp (1963) (§ 5.4.1), who found that muscles which
had been stored at 37°C homogenized less readily than those stored at 0 °C.
However, it is known that CASF (calpains) (Dayton et al., 1976) and cathepsin B
(Swanson et al., 1974) lose activity above 40°C and 50°C, respectively. At higher
temperatures (ca. 60°C) carboxyl proteases are active in proteolytic breakdown of
muscle proteins (King and Harris, 1982); but, nevertheless, their capacity to break
down connectin is less at 80°C than at 60°C.

Another interesting aspect of the large temperature coefficient of conditioning
changes is the use of electrical stimulation to avoid cold-shortening in meat 
which is refrigerated swiftly post-mortem. As indicated in § 7.1.1.2, electrical stim-
ulation produces a low pH rapidly in the musculature at a time when the tempera-
ture is still at in vivo levels. The combination of low pH and relatively high
temperature activates lysosomal proteases, and, before the pH falls below 6, the 
temperature possibly activates calpains. Electrical stimulation promotes significant
conditioning changes to occur during the short period when the meat is still at 
in vivo temperature (Devine and Graafhuis, 1995). If the meat is cooled too quickly
after electrical stimulation, however, this advantage is lost and the tenderizing action
does not operate, although the toughness due to cold-shortening can be avoided
thereby.

Very fast chilling has been defined in the European Union as chilling to a tem-
perature of –1°C by 5h post-mortem. As Joseph (1996) has pointed out, the very
low temperatures required to achieve this in the refrigerating environment 
would cause much variation in the biochemical and biophysical status of muscles,
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Table 10.12 Mean tenderness values for beef steaks
conditioned in various ways (after Wilson et al., 1960)

Time and temperature Tenderness

of conditioning Initial Residual

Non-conditioned controls 5.2 5.2
14 days at 2 °C 5.9 5.8
Non-conditioned controlsa 5.3 5.5
2 days at 38°C 6.0 6.1
Non-conditioned controls 5.1 5.2
1 day at 43°C 6.3 6.2
Non-conditioned controls 5.2 5.4
1 day at 49°C 7.4 7.2

a Given 45,000 rad ionizing radiation.



especially in those nearest the source of the refrigeration. On one hand calcium 
ions, released by the cold shock, would tend to cause the toughening of cold-
shortening; on the other hand they would tend to enhance tenderness either 
directly or by stimulating the action of proteolytic enzymes. In remote areas of
developing countries there are considerable advantages in using solid CO2 as an
alternative to mechanical chilling for hot, deboned meat (Gigiel, 1985). The 
procedure, however, promotes cold-shortening and toughness in the meat (Swain 
et al., 1999).

If high temperature conditioning is applied to meat immediately after slaughter,
this can induce marked shortening of the muscles as they go into rigor mortis and
subsequent toughness, an adverse effect long known in the laboratory and observed
in practice in lamb carcasses (Davey and Curson, 1971). When, however, muscles
are restrained from shortening, they are more tender if they undergo rigor mortis
at 37°C than at 15°C (Locker and Daines, 1975). This may possibly be due to
enhanced activity, at this temperature, of calpains (which operate optimally at near
in vivo pH), since there is evidence that, in muscles held at 37°C (but which were
not free to shorten), tenderness was greatest in those wherein the pre-rigor pH, for-
tuitously, was slow to fall (Marsh et al., 1981; Marsh, 1983). Harris and McFarlane
(1971) found that beef l. dorsi muscle tenderized more rapidly than semimembra-
nosus when aged at 0–1°C for up to 6 weeks (cf. § 5.4.1). This was true whether or
not the muscles were stretched by hanging the carcasses by the obturator foramen.
Stretching was found to give a tenderizing effect equivalent to that obtained by
ageing for 2 weeks at 0–1°C when using the conventional method of suspension.
Ouali and Talmant (1990) and Monin and Ouali (1991) have extensively reviewed
the reasons for differentiation between muscles in the rates and extents of ageing
which they undergo post-mortem (cf. § 5.4.2).

Further evidence for differences between muscles in their behaviour during con-
ditioning has been provided by Bailey and Light (1989) based on the extractability
of perimysial collagen (Table 10.13) and Stanton and Light (1990) have shown that
although the extractability of endomysial collagen is much greater before condi-
tioning in bovine psoas major and gastrocnemius than in extensor carpi radialis and
supraspinatus, the subsequent increase in solubility of such collagen during condi-
tioning is markedly more extensive in the latter two muscles. Simões et al. (2005)
found that the tenderness of biceps femoris was the most accurate predictor for the
overall carcass tenderness after ageing for 7 days at ca. 0°C.

In general, endomysial collagen is much more labile during conditioning than
that of the perimysium; and, within the endomysium, type III collagen is preferen-
tially attacked in comparison with type I (Stanton and Light, 1990).

318 Lawrie’s meat science

Table 10.13 Extraction of perimysial collagen from various
bovine muscles before and after conditioning

Muscle Unconditioned Conditioned

Psoas major 0.8 10.5
Supraspinatus 0.4 4.6
Gluteus medius 0.6 2.3
Gastrocnemius 0.8 1.7
Pectoralis profundus 0.4 1.3



10.3.3.3 Cooking
Whether cooking will cause an increase or a decrease in tenderness depends on a
variety of factors, including the temperature to which the meat is raised, the time
of the heating and the particular muscle being considered.

Whilst, in general, cooking makes connective tissue more tender by converting
collagen to gelatin, it coagulates and tends to toughen the proteins of the myofib-
ril. Both these effects depend on time and temperature, the former being more
important for the softening of collagen and the latter more critical for myofibrillar
toughening. Prolonged cooking times and relatively low temperatures are thus 
justified for meat which has much connective tissue and conversely (Weir, 1960).
The tenderizing effects of prolonged cooking is additional to that of ageing (condi-
tioning) (Davey et al., 1976).

The degree of solubility of collagen increases with temperature. At about
60–65°C collagen shortens and is converted into a more soluble form (Bendall, 1946;
Bear, 1952; Machlik and Draudt, 1963). The shrinkage temperature of collagen is
fairly characteristic. Meat juices, and the sarcoplasmic proteins therein, appear to
play some part, however, in the effect (Giffee et al., 1963) since the shrinkage tem-
perature is 65°C, when collagen is heated in water (Winegarden et al., 1952). The
helical structure can be seen to unwind on heating for 10 minutes at 64 °C (Anon.,
1974b; Snowden and Weidemann, 1978). The percentage of collagen (beef) solubi-
lized by heat increases gradually from about 60°C to 98°C. At the latter tempera-
ture conversion to gelatin is marked (cf. Table 10.14; Paul, 1975). Gelatin formation
is swift with pressure cooking at 115–125°C (Bendall, 1946); but with retorting, there
is a marked loss of collagen solubility above 100°C (Palka, 1999).

Partial reversion of the collagen to gelatin transformation explains the finding
that, whereas meat cooked at 80°C is tougher when measured at 20°C than at 70°C,
that cooked at 55°C shows no difference with the temperature of assessment
(Ledward and Lawrie, 1975). Some of the discrepancies between objective assess-
ment of meat tenderness at room temperature and subjective assessment by taste
panel, using warm meat, may well be explained thereby.

In experiments with beef sternomandibularis muscle (Locker et al., 1977), in
which the time of heating at 70°C was varied, it was reported that when muscles
were cooked beyond 40min, myosin and actin denatured, but not collagen or the
gap filaments (cf. § 3.2.2). The latter appeared to withstand heating for 4h at 100°C
(Although conditioned muscles, they are attacked by the calpains and then disinte-
grate on cooking: cf. § 5.4.1). Evidence for the heat stability of the gap filaments was
based on electrom microscopy (Locker and Wild, 1982); but subsequent work by
King (1984), using sodium dodecylsulphate gel electrophoresis), revealed a degree
of breakdown of connectin (i.e. gap filament) which was difficult to reconcile with
its being responsible for the integrity of the muscle structure after heating.

Scanning calorimetric studies (Martens et al., 1982; Ma and Ledward, 2004) show
that actin is relatively stable to heat, not being denatured until the temperature is
above 75°C.The relatively high denaturation of titin (Pospiech et al., 2002) may con-
tribute to the increase in toughness on cooking.

There is increased tenderness with increased solubilization of collagen in brais-
ing, but relatively little softening, despite increased collagen solubility, on roasting
(Table 10.14).

The attainment of a given temperature by microwave energy is associated with
less denaturation of the myofibrillar and sarcoplasmic proteins than when attained
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by conventional heating; but this can be attributed to the further progression of the
same type of effects due to the increased time of cooking necessary with the latter
process (Roberts and Lawrie, 1974). On the other hand, there is evidence that
microwave heating preferentially increases the solubilization of collagen (McCrae
and Paul, 1974).

These conflicting influences help to explain why different muscles react differ-
ently to cooking (cf. Table 10.14). Thus, beef l. dorsi is tender and biceps femoris
(which has about twice as much collagen) is tough when boiled to 61°C; but the
converse holds when they are braised at 100°C (Cover and Hostetler, 1960). While
l. dorsi cooked at 60, 70 or 80 ºC showed no difference in shear force, there was a
considerable decrease in the force required to shear semitendinosus and semimem-
branosus when cooked at 70 and 80°C compared with 60°C (Sanderson and Vail,
1963), the latter two muscles having more connective tissue than l. dorsi. In study-
ing the effect of cooking porcine steaks (l. dorsi) and leg roasts (gluteobiceps) to
final internal temperatures of 65, 72.5 and 80°C, Wood et al. (1995) detected some
loss of tenderness at the higher temperatures.

In their study of bovine sternomandibularis muscles, Davey and Gilbert (1974)
found that increasing cooking temperature produced two separate phases of tough-
ening.The first occurred between 40 and 50°C, and was apparently due to the denat-
uration and insolubilization of the contractile proteins. The second occurred
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Table 10.14 Effect of temperature cooking on shear force and collagen solubilization in
various beef muscles (after Paul, 1975)

Muscle
Mean internal temperature (°C)

(a) Roasting

58 67 75 82

L. dorsi and Shear force (kg) 4.5 3.3 3.5 3.5
triceps brachii Collagen solubilized

(% total) 2.7 4.8 6.4 7.7
Semitendinosus Shear force (kg) 3.5 3.1 3.3 3.3

Collagen solubilized
(% total) 4.3 6.0 8.0 11.0

Biceps femoris Shear force (kg) 4.3 3.9 3.6 3.6
Collagen solubilized
(% total) 6.3 8.7 8.5 13.6

(b) Braising

70 98 98 98
(held (held
30 min) 90 min)

L. dorsi and Shear force (kg) 3.9 3.4 2.9 2.2
triceps brachii Collagen solubilized

(% total) 3.7 11.3 21.5 44.9
Semitendinosus Shear force (kg) 4.9 3.8 3.0 2.2

and Collagen solubilized
Biceps femoris (% total) 4.9 10.2 23.3 52.0



between 65 and 75°C, and was apparently due to fibre shrinkage as collagen dena-
tured. Above 75°C – and with increasing time of cooking – toughness diminished 
as collagen breakdown occurred. If the predominant collagen in a muscle has 
thermally-labile cross-links, then heating will cause greater solubility and decreased
shear values; whereas, if the collagen has heat-stable crosslinks, increased tension
and toughness will result on heating (Bailey and Sims, 1977). The relative contri-
butions made by the collagens of the basement membrane, epimysium, perimysium
and endomysium – and by the degree of heat-stable cross-linking in each – will 
influence the toughness of a given muscle when heated at constant sarcomere
length.

Following shrinkage on heating, the muscle fibres are held together by denatured
perimysial collagen, the strength of the latter depending on the proportion of its
heat-stable cross-links. At the higher temperatures attained during prolonged
cooking, shear values decrease, probably due to cleavage of peptide bonds and of
mature cross-links, especially the former (Bailey, 1989).

In using the scanning electron microscope, Rowe (1989) found that the collagen
fibres of the endomysium appeared to become beaded after heating at 50°C for an
hour, possibly because of the concomitant denaturation of the closely associated
myofibrillar proteins. The sarcolemma denatured after one hour at 60°C and disin-
tegrated at 70°C (when the endomysial collagen had shrunk). On the other hand,
the basement membrane appeared to survive at 100°C for an hour.

Davey and Gilbert (1975b) showed that, for a given degree of shortening during
the onset of rigor mortis, and a given cooking temperature, the meat of young beef
animals was more tender than that of older ones. During the cooking of veal the
collagen readily dissolves to set as a gel on cooling. On the other hand, using the
same muscle and temperature, the collagen from older animals is insoluble and 
the meat tough. The highly cross-linked intramuscular collagen of the older animals
binds the myofibrils together even when it is denatured, and generates greater
tension during heat contraction (Bailey, 1974).

The effect of shortening during the onset of rigor mortis on subsequent tough-
ness in cooked meat has been considered in detail above (§ 10.3.3.1). The shorten-
ing observed in these circumstances reflects the extent to which individual
sarcomeres contract, i.e. the degree of interdigitation of actin and myosin filaments
in each sarcomere. Cooking produces further, additional shortening by causing the
sarcomeres to shrink overall. Such shrinkage of sarcomeres does not occur at tem-
peratures up to 60 ºC but it does at 79°C (Giles, 1969). At the latter temperature
the M-lines and I-bands become disrupted and changes are observed in the colla-
gen fibres (which, at 70°C, are above their shrink temperature). Whereas with
unshortened muscle, cooking shrinkage occurred along the fibres and precedes fluid
discharge (transverse swelling accommodates entrapped fluid), such discharge
occurs during the cooking of highly shortened muscle, and across the fibres. Cooking
shortening at 80°C, of muscle which has not shortened during the onset of rigor
mortis, contributes to toughening to the same degree as cold-shortening (Davey and
Gilbert, 1975b, c) (cf. also § 10.2.2.1).

The high concentration of the sarcoplasmic proteins in the aqueous phase of
muscle (§ 3.2.2), and their lability post-mortem (§ 5.4.1), have already been men-
tioned. There is evidence that their precipitation on cooking above ca. 40°C causes
the muscle fibres to adhere to one another and leads to gelling (Tornberg and
Persson, 1988). They make an important contribution to the adhesion of cooked
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sausage batters (Farouk et al., 2002). Thus, although the sarcoplasmic proteins are
extractable by water, their potential contribution to texture/tenderness in situ
should not be dismissed.

However desirable from the point of view of increased tenderness, pressure
cooking may be associated with detrimental changes in the biological value of the
meat proteins. Thus, Beuk et al. (1948) showed that when pork was autoclaved at
112°C for 24h, 45 per cent of the cystine was destroyed. It appeared that the essen-
tial amino acids were unaffected, but this was as determined by acid hydrolysis of
the meat. Enzymic digestion showed a lowered availability of several essential
amino acids – tryptophan being especially affected. This would be reflected in their
value during digestion. It should be emphasized, however, that no lowering of the
nutritive value of meat would occur at temperatures below 100°C (Rice and Beuk,
1953), and the latter is substantially above the normal temperatures attained by
meat during cooking. In Australia, critical control points (cf. §§ 6.1.2.2 and 6.4.1),
based on the various pre- and post-slaughter factors that affect tenderness, have
been identified and incorporated into a grading scheme for the management of meat
tenderness (referred to as Meat Standards Australia: Thompson, 2002).

10.3.3.4 Processing

Subsequent processing may alter meat tenderness. The effects of pre-rigor freezing
have already been considered in relation to post-mortem glycolysis. Alterations of
tenderness through freezing post-rigor meat are also known. Although the rates of
freezing normally used in commerce have no effect in this respect, meat blast frozen
at a rate sufficient to freeze the deepest portion of the carcass in 24h (§ 7.1.2.2)
tends to be tougher on cooking than corresponding meat which has been chilled for
the normal 2–3 days before freezing (Howard and Lawrie, 1956) – possibly because
the latter has had what amounts to a short conditioning period (§§ 5.4 and 10.3.3.2).
If, however, the rate of blast freezing is increased, so that the deepest part of the
carcass freezes in only 18h, the meat is found to be as tender as corresponding meat
frozen after 2–3 days chilling (Howard and Lawrie, 1957b). Since the absence of a
chilling period in the former would again operate against tenderness, it must be pre-
sumed that this is more than offset by microstructural changes effected by the
greater rate of freezing. Their nature is unknown for, although freezing makes post-
rigor meat more tender when the rate is fast enough to cause intrafibrillar ice for-
mation (Hiner et al., 1945; Hiner, 1951), such rates are virtually impossible with beef
quarters. On the other hand, the necessary rates could occur in freezing steaks for
prepackaged sale. An alternative or additional explanation of the toughening
observed in the blast freezing of hot beef carcasses could be the induction of ‘cold-
shortening’ (cf. § 10.3.3.1 above). The observed increase in tenderness with even
faster blast freezing could signify immobilization of the surface musculature by
freezing before cold-shortening could occur.

In the accelerated freeze drying of meat, even under optimum operating condi-
tions, the rehydrated product is somewhat less tender and more ‘woody’ than fresh
meat. This appears to be partly attributable to the effect of the plate temperature
on the sarcoplasmic and myofibrillar proteins (§ 8.2.2) and it is largely obviated by
the induction of a high ultimate pH. The latter, whilst producing excessive tender-
ness in fresh meat, restores a desirable degree of tenderness to the meat after accel-
erated freeze drying (Tables 8.9 and 8.10).
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Ionizing radiation at sterilizing doses (about 5 Mrad; 50 kGy) or above, causes
changes in the meat proteins which increase tenderness (Coleby et al., 1961). This
is probably due to changes in the collagen molecule, for the shrink temperature 
of isolated collagen decreases from 61°C to 47°C with 5 Mrad and to 27°C with 
40 Mrad (Bailey et al., 1962).

Experiments in Australia (Anon, 1971) showed that it was possible to tenderize
both beef and mutton by subjecting the muscles from freshly slaughtered animals
to very high pressures for short periods. Pressure of 100MN m−2 applied for 2–4min
reduced the shear value (Warner–Bratzler) for various cuts by three to four-fold.

Microscopic examination showed that such high pressures cause severe contrac-
tion and disorganization of the muscles and Macfarlane (1973) demonstrated that
the application of prerigor pressure (100MPa) at 30°C produced shortening of the
muscles of the same order as that obtained in ‘cold-shortening’, without the accom-
panying increase in toughness. Subsequently, it was found that combined pressure
heat treatments (150MPa at 60°C for 30min) effects a substantial decrease in shear
force even in cold-shortened meat (Bouton et al., 1977a), and it was shown that it
is the myofibrillar proteins which are primarly affected by the treatment (Bouton
et al., 1977b). Adhesion values, which are believed to derive from connective tissue,
are not affected. The imidazole groups of histidine appear to be implicated in the
pressure solubilization effect (Macfarlane and Mackenzie, 1976) (cf. § 12.1.2) Ma
and Ledward (2004) studied the phenomena further in post-rigor beef and con-
firmed the marked tenderization seen at high (60–70°C) temperature and pressures
around 200MPa, although they also observed some loss of adhesion under these
conditions. The causes could include increased enzymic action on the drastically
modified myofibrillar proteins or on the slightly modified collagen. Jiminez-
Colmenero, et al. (2001) thought the effect could be due to enzymic action on the
myosin heavy chain or connectin. It would appear, however, that changes in the col-
lagen are also important (Ma and Ledward, 2004). If the pressure and temperature
are applied sequentially, and not in combination, no such tenderization is seen.

10.3.4 Artificial tenderizing
Attempts to make meat tender artificially are by no means new. They have included
beating the meat, cutting it into small portions so that the strands of connective
tissue were severed, marinading it with vinegar, wine or salt and enzymic tenderiz-
ing – inadvertently employed at least 500 years ago by the Mexican Indians when
they wrapped meat in pawpaw leaves during cooking. In recent years such attempts
have become more systematic.The tradition of wrapping food in fern leaves for pro-
tection during transit is still found in certain parts of Colombia. A typical odour and
texture concomitantly develop which are considered attractive. Proteolytic enzymes
in the fern increase degradation of the perimyseal connective tissue, enhancing ten-
derness (Sotelo et al., 2004).

Recognition that certain plants, fungi and bacteria produced nontoxic proteolytic
enzymes (Balls, 1941; Hwang and Ivy, 1951) was followed by their incorporation 
into commercial meat tenderizers. These were first used as dips. As such, they 
were somewhat unsatisfactory since they overtenderized the surface, producing a
mushy texture (and sometimes unusual flavour), and, since they were unable to
penetrate within the meat, left the interior unaffected. One method of overcoming
this difficulty was to introduce the enzyme solution into the pieces of meat before
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cooking through fork holes (Hay et al., 1953).Another was to pump the major blood
vessels of the meat cuts post-mortem with enzyme-containing solution. A third was
to rehydrate freeze-dried steaks in a solution containing proteolytic enzymes (Wang
and Maynard, 1955). This ensured a much better distribution of the enzyme than
did dipping or perfusion, but was still not ideal. Preslaughter injection of the live
animal was proved to be the most effective method of introducing proteolytic
enzymes into meat so that they penetrate uniformly into the furthest interstices of
the tissue.This method was patented by Beuk et al. in 1959.A concentration of about
5 to 10 per cent of tenderizing enzyme is advocated, and the total quantity injected
approximates to 0.5mg/lb (0.25mg/kg) live weight, although it varies according to
the enzyme employed.There is some suggestion that the more active muscles, which
have more connective tissue, get more enzyme because they have a greater vascu-
larity. At enzyme levels suitable for tenderizing the muscles, the tongue, and organs
such as liver may accumulate excessive quantities of enzyme and disintegrate on
cooking. Animals are slaughtered 1–30 min after injection. In general, the injected
enzymes do not harm the live animal. This is because the pH of the blood is con-
siderably above their optimum pH, because they depend on  – SH groups for activ-
ity and these are inoperative at in vivo oxygen tensions, and because they do not
reach their optimum temperature of activity until, during cooking, the range
70–85°C is attained (Gottschall and Kies, 1942). Nevertheless, the oxygen supply is
limited within the cartilage matrix, allowing in vivo enzymic activity. As a result the
injection of papain (temporarily protected by oxidation against inactivation during
its passage in the blood) is manifested in rabbits by a dropping of the ears
(McLuskey and Thomas, 1958). Again, structural and histochemical changes have
been detected in animal livers after injection of papain and ficin at doses of 
200 mg/kg body weight (Nestorov et al., 1970). The toughness of lamb, induced by
‘cold-shortening’, can be offset by preslaughter injections of papain at commercial
dose levels (Rhodes and Dransfield, 1973).

There is significant breed effect. The introduction of Brahman blood into cattle
leads to a greater resistance to the tenderizing effects of papain (Huffman et al.,
1967).

Some of the enzymes which have been used in the tenderizing of meat are listed
in Table 10.15.

324 Lawrie’s meat science

Table 10.15 Relative potency of preparations of proteolytic
enzymes on muscular tissue (after Wang et al., 1957)

Enzyme Activity against

preparation Actomyosin Collagen Elastin

Bacterial and fungal
Protease 15 + + + – –
Rhozyme + + – –
Fungal amylase + + + Trace –
Hydralase D + + + Trace –

Plant
Ficin (fig) + + + + + + + + +
Papain (pawpaw) + + + + +
Bromelin (pineapple) Trace + + + +



It will be seen from Table 10.15 that the bacterial and fungal proteolytic enzymes
act only on the proteins of the muscle fibre.They first digest the sarcolemma, causing
disappearance of nuclei, then degrade the muscle fibre, eventually causing loss of
cross-striations. The action of the proteolytic enzymes of plant origin is preferen-
tially against connective tissue fibres. They first break up the mucopolysaccharide
of the ground substance matrix, then progressively reduce the connective tissue
fibres to an amorphous mass. It should be emphasized that these enzymes do 
not attack native collagen: they act upon the collagen as it is denatured by heat
during cooking (Partridge, 1959). Elastin is not altered during conditioning or
cooking and the activity of the proteolytic enzymes against elastin fibres suggests
the presence of an elastase (Wang et al., 1958). Unlike the tenderizing changes
during conditioning (§§ 5.4 and 10.3.3.2), the enzymes used in artificial tenderizing
break down connective tissue proteins to soluble, hydroxy-proline-containing 
molecules.

Some idea of the relative efficacy of these enzymes in tenderizing meat is given
in Table 10.16 It will be noted that, in agreement with its lack of effect on connec-
tive tissue, the fungal enzyme has no effect on the residue as assessed by the taste
panel after mastication.

As an alternative to the addition of proteolytic enzymes, meat might be artifi-
cially tenderized by stimulation of the muscles own proteolytic (catheptic) activity.
Induced vitamin E deficiency would enhance the activity of the lysosomal enzymes
(Tappel et al., 1962); their liberation from the containing cell particles may be
increased by excess vitamin A.

As another alternative, the formation of the mucopolysaccharide of the ground
substance matrix and of collagen could be suppressed by the administration of cor-
tisone and through vitamin C deficiency respectively (Whitehouse and Lash, 1961;
Stone and Meister, 1962).

Sodium chloride itself, and other salts, have a tenderizing action on meat 
which is not inconsiderable (Wang et al., 1958; Kamstra and Saffle, 1959) and post-
mortem perfusion of joints with salt solutions has been of some success in this
context (Bouton and Howard, 1960). Some of these effects are due to an enhanced
water-holding capacity – either direct, or, as in the case of phosphate, through a 
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Table 10.16 Increasing tenderness, and decreasing residue,
through enzymic treatment of beef (after Wang et al., 1958)

Enzyme Concentration Mean taste panel score

(%) Tenderness Residue

Fungal amylase 0 6.5 5.5
0.045 7.4 5.4

Bromelin 0 6.5 5.5
0.0003 7.6 4.5

Ficin A 0 6.2 6.1
0.0003 7.9 5.9

Ficin B 0 5.8 5.8
0.0003 6.5 5.2

Papain 0 5.5 5.6
0.0003 7.0 4.6



concomitant raising of the pH (Bendall, 1954). Even the injection of water enhances
tenderness (Williams, 1964a).

The reported effects produced by calcium chloride on meat tenderness, however,
have been conflicting. Thus, when injected preslaughter, calcium salts accelerate the
onset of rigor mortis and induce toughening (Howard and Lawrie, 1956). On the
other hand, when meat is infused with calcium chloride solutions post-mortem,
enhanced tenderness has resulted and this has been attributed to stimulation of 
calpains during subsequent conditioning (Whipple et al., 1994; Polidori et al., 2000;
Gonzalez et al., 2001; Geesink et al., 2001) (cf. § 5.4.2), even when such infusion does
not take place until 24h post-mortem (Boleman et al., 1995). Rehydration of dehy-
drated meat with a calcium chloride solution, however, appears to increase tender-
ness by increasing myofibrillar fragmentation (Gerelt et al., 2002). Other workers
have found that the infusion of calcium chloride increases exudation and toughness
(Farouk and Price, 1994), especially if injected into the meat pre-rigor (Rousset-
Akrim et al., 1996). Increased tenderness, after calcium infusion at 0.5 to 6 hours
post-mortem, has been attributed not to enhanced proteolysis by calpains, but to
the reduction in cold-shortening through acceleration of post-mortem glycolysis by
the Ca++ ions (Rees et al., 2002b). It is evident that our understanding of the action
of salts on meat tenderness is still incomplete.

10.4 Odour and taste

10.4.1 Definition and nature
Flavour is a complex sensation. It involves odour, taste, texture, temperature and
pH. Of these, odour is the most important. Without it one or other of the four
primary taste sensations – bitter, sweet, sour or saline – predominates.* Odour and
taste are most difficult to define objectively. It is true that gas chromatography has
permitted precise measurement of the volatiles from foodstuffs, but this has not
infrequently confused the issue. The compounds isolated have not always cor-
responded with recognized subjective odour responses.

It is becoming appreciated that the nature of flavour involves simultaneous mul-
tisensory perception – an integration of responses from touch and auditory recep-
tors with those for the chemical senses, odour and taste, as well as sight and various
psychological factors, such as experience and expectation. (The agreeable odour 
of roast beef is nauseating when it emanates from a flower – Iris foetidissima,
Moncrieff, 1951.) Multimodal neurones, which respond to stimulation from more
than one sensory receptor, have been identified (Cook, 2003).

Considerable progress in clarifying the nature of consumers’ perception of
flavour has been made by ‘nosespace’ analysis, a development in which the air
expelled from the food during mastication is collected and analysed by gas chro-
matography-mass spectroscopy (Linforth and Taylor, 1993). The use of electronic
noses and tongues in flavour analysis has increased rapidly. Although there are still
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* The Japanese recognize a fifth classification of taste, ‘umami’, which describes the savoury
quality of monosodium glutamate and certain peptides. Such substances act as flavour
enhancers: their receptors are sterically different from those responsible for the four common
taste sensations (Kuninaka, 1981).



problems with the technique, it is anticipated that these will be resolved in due
course (Deisinge et al., 2004).

The oral stimulus from the viscosity of food is related to the perception of its
flavour: a combination of texture measured by electromyography and ‘nosespace’
analysis is further elucidating its nature (Cook, 2003). A recent approach involves
controlling the rate and quantity of selected flavours when individual solutions of
each are mixed and fed via a multichannel device into the mouth (Cook, 2003);
and the analysis of saliva, collected by cotton buds at intervals during chewing
(Davidson et al., 2000), has increased understanding of the sensations perceived by
the consumer.

The evaluation of odour and taste still depends mainly on the taste panel. Vari-
ability between individuals in intensity and quality of response to a given stimulus,
and in a given individual due to extraneous factors, makes the choosing of taste
panel members, and the conditions of operation of the panel, matters of importance.
The question has received considerable attention (Ehrenberg and Shewan, 1953;
Peryam, 1958; Dawson et al., 1963;Williams and Atkins, 1983).The operation of meat
taste panels in particular has been investigated by Harries et al. (1963). It is not dif-
ficult to appreciate that there may well be genuine disagreement over the more
subtle aspects of odour and taste.

The mechanisms by which human beings normally detect odour and taste will
not be detailed here since full descriptions are available in physiological textbooks,
but a few comments should be made. Response to odour occurs in the olfactory
cells of the nasal surfaces and is conveyed from these to the brain for interpretation
by the olfactory nerves. It is now known that the olfactory sensory neurones link
the external surface of the mucosal membrane, where they are associated with an
extensive system of cilia and, via axons, to the olfactory bulb of the brain. The cilia
contain proteins, consisting of seven helical segments, which span the thickness of
the membrane, linking specific receptor sites for odoriferous molecules on the exte-
rior with proteins on the cytoplasmic side which are united with guanosine triphos-
phate (G-proteins) and, in a series of reactions involving cyclic AMP, transmit
signals along the axons to the brain (Goodenough, 1998). There appears to be a 1 :1
relationship between the frequency of molecular vibration of the stimulating odor-
iferous compounds and the properties of the corresponding responses of the olfac-
tory bulb (Wright et al., 1967). In adults, response to taste occurs in specialized cells
on the tongue, the soft palate and the top of the gullet. As in the case of odour, it
probably involves chemical reactions between the molecules concerned and the
nerve endings in the taste cells – interpretation of the sensation again being made
in the brain. Proteins have been isolated from the taste buds of cows and pigs, which
form complexes with bitter and sweet substances directly in proportion to the actual
bitter or sweet tastes of the latter (Dastoli et al., 1968). While it has not been un-
equivocally shown how the dozen or so classes of responses (Bate-Smith, 1961) of
the different olfactory cells are reflected morphologically, taste cells can be roughly
localized, different areas of the tongue responding to the four primary sensations
(bitter, sweet, sour and salt). There are also secondary taste reactions which can be
described as metallic or alkaline (Moncrieff, 1951).

In considering the objective determination of taste, it is desirable to remember
that, even with the primary sensation of bitterness, one person in three considers
phenylthiocarbamide tasteless, although it is intensely bitter for two-thirds of the
population (Blakeslee, 1932).
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In ideal circumstances response to odour is about 10,000 times more sensitive
than that to taste. Thus, while ethyl mercaptan can be detected in air at a concen-
tration of 3 × 10–9 per cent, the sensation of bitterness, which is the most acute taste,
is detectable from strychnine at a concentration in water of 4 × 10–5 per cent. Odour
and taste in foodstuffs are important both aesthetically and physiologically for, if
pleasant, they stimulate the secretion of digestive juices.

10.4.2 General considerations
It has long been a matter of common observation that the organoleptically desir-
able taste and odour of meat develops on cooking. The taste of raw muscle is bland,
being only slightly sweet, salt, sour or bitter, according to its biochemical state and
origin.

Fifty years ago it was established that water-soluble dialysates of muscle, which
contained inosinic acid and a glycoprotein, gave a meaty odour on heating (Crocker,
1948; Batzer et al., 1960), and that odours resembling those of cooked meat could
also be produced on heating the various amino acids of the glycoprotein with
glucose and inosine (Batzer et al., 1962). Gel permeation chromatography of
extracts of raw beef yields a dozen fractions; half of these produce a recognizable
boiled beef aroma on heating (Mabrouk et al., 1969). The two fractions giving the
strongest odour represented nearly 80 per cent of the diffusate and contained
methionine, cysteic acid and 2-deoxyribose. By heating an S-containing amino acid
(cysteine or methionine) with ribose, Morton et al. (1960) demonstrated that a pork-
like aroma could be produced; whereas if other amino acids, quantitatively equiva-
lent to 1–3 times the weight of the S-containing amino acid, were included, an aroma
closer to that of beef resulted. In further patents, inorganic S-containing compo-
nents and carbohydrate derivatives were specified (May and Morton, 1961; May,
1961). Thus sulphides yielded a bacon-like odour when heated with 2- or 3-
methylbutyraldehyde (Wiener, 1972); and when thiamine, diacetyl and hexanal were
heated with S-containing polypeptides, a poultry-like aroma developed (Giacino,
1968). (Meaty odours could also be obtained on heating nitrite with a mixture of
amino acids: Hoersch, 1967.)

These relatively empirical observations have been supported and extended by
more specific chemical studies of heat-induced changes in amino acids, carbohy-
drates and fats, both in isolation and in mixtures. Upwards of 750 compounds have
now been identified in the volatiles from heated beef (Ho, 1980; MacLeod and
Seyyedain-Ardebili, 1981; MacLeod, 1986) (Table 10.17).

Many types of heat-induced reactions lead to the production of meat flavours.
Those believed to be particularly important have been summarized (Van den 
Ouweland et al., 1978) and include the pyrolysis of peptides and amino acids, the
degradation of sugars, the oxidation, dehydration and decarboxylation of lipids, the
degradation of thiamin and ribonucleotides and interactions involving sugars, amino
acids, fats, H2S and NH3.

Volatile products are derived from amino acids on pyrolysis via Strecker degra-
dation which involves deamination and decarboxylation of amino acids into alde-
hydes containing one carbon atom less, and by Maillard reactions, which are
initiated by interactions between amino and carbonyl groups, leading to a complex
series of degradation products (including N-substituted, 1-amino, 1-deoxy-2-
ketones). Thus, for example, acetaldehyde forms on pyrolysis of phenylalanine, β-
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alanine, cysteine and methionine, methylpropanal from valine, 3-methylbutanal
from leucine, indole from tryptophan, toluene and ethylbenzene from phenylala-
nine, and carbon disulphide and sulphur dioxide from cysteine and methionine
(Fujimaki et al., 1969;Arroyo and Lillard, 1970; Kato et al., 1971;Watanabe and Sato,
1971; Patterson, 1975). The aromas derived from heating mixtures of amino acids
do not correspond exactly to those produced on heating meat extracts containing
these amino acids (Merritt and Robertson, 1967), and this may be because the
sequence of amino acids is important.

The carbohydrates of meat are also important in producing flavour on heating.
They lose the elements of water in two stages (at 180°C and 220°C), forming fur-
fural from pentoses and hydroxymethylfurfural from hexoses.At about 300°C there
is caramelization with the formation of a large number of odoriferous compounds,
including furans, alcohols and aromatic hydrocarbons (Fagerson, 1969).

Although amino acids and carbohydrates can each yield odoriferous compounds
when heated in isolation, relatively little heating is required when these are mixed
together (Wasserman and Spinelli, 1972).

Notwithstanding the evident capacity of water-soluble precursors to produce
flavours resembling those of different meat species on heating, fats or fat-soluble
precursors were also shown to be implicated in accounting for species differences
and in contributing generally to meat flavour. There are, of course, considerable 
differences between species in intramuscular fat (cf. Table 4.6 and Dahl, 1958a).
Thus, the volatile carbonyls from heated pork fat include octanal, undecanal,
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Table 10.17 Volatile components of cooked beef aroma
(after MacLeod, 1986)

Type No. Identified

Aliphatic hydrocarbons 73
Alicyclic hydrocarbons 4
Terpenoids 8
Aliphatic alcohols 46
Aliphatic aldehydes 55
Aliphatic ketones 44
Alicyclic ketones 8
Aliphatic carboxylic acids 20
Lactones 32
Aliphatic esters 27
Aliphatic ethers 5
Aliphatic amines 20
Chlorinated compounds 10
Benzenoid compounds 86
S-compounds (non-heterocyclic) 68
Furans and derivatives 43
Thiophenes and derivatives 40
Pyrroles and derivatives 20
Pyridines and derivatives 17
Pyrazines and derivatives 54
Oxazoles and oxazolines 13
Thiazoles and thiazolines 29
Other S-heterocycles 13
Miscellaneous 12



hepta-2:4-dienal and nona-2:4-dienal. Few of these are derived from heated lamb
fat and none from heated beef fat (Hornstein et al., 1960, 1963). Deca-2:4-dienal is
present in appreciable quantities in the volatiles from beef and pork fat, but absent
from lamb fat. 4-methyloctanoic acid appears to contribute to the odour of mutton
and goat flesh (Wong et al., 1975a); and Young et al. (1997) demonstrated that the
odour and flavour of sheepmeat were specifically related to branched chain fatty
acids (e.g. 4-methyloctanoic and 4-methylnonaoic). Their intensity is increased by
pasture-derived 3-methylindole and alkyl phenols. Long-chain aldehydes, such as 
2-undecanal, reflect a pasture diet: a grain diet is characterized by the presence of
2,3-octanediol. Grass contains significant quantities of linoleic acid and this par-
tially explains the difference in eating quality between grass-fed and concentrate-
fed cattle and sheep. (Wood et al., 2003).

Traditionally it has been believed that the full flavour of meat cannot be devel-
oped without its associated fat; but the possible health hazards of the ingestion of
fat have led producers to rear leaner animals. Fortin et al. (2005), in a study of pork,
concluded that unless there is a minimum of 1.5 per cent intramuscular fat, the meat
lacks flavour (and tenderness).

Pork and beef can be clearly distinguished, using canonical analysis, by quanti-
tative differences in the pattern of lipid-derived volatiles in the head-space above
the cooked meats (Mottram et al., 1982).

The importance of phospholipids rather than triglycerides in explaining the con-
tribution of lipids to cooked meat flavour has been shown by Mottram and Edwards
(1983). Removal of the intramuscular triglycerides had relatively little effect on the
pattern of volatiles but subsequent removal of the phospholipids caused a loss of
aliphatic aldehydes. There was also a marked decrease in pyrazines, which suggests
that, in cooked meat, lipids are normally involved in Maillard reactions and inhibit
the production of pyrazines.

Using model systems, Campo et al. (2003) assessed the importance of oleic,
linoleic and α-linoleic acids, with or without the presence of cysteine and ribose, in
relation to the development of odour in cooked meat. ‘Fishy’ notes were experi-
enced only with mixtures including linoleic acid – an effect exacerbated by the pres-
ence of ferrous iron.

The off-flavour referred to as ‘warmed-over flavour’ in cooked meat was 
ascribed to the oxidation of lipids by Tims and Watts (1958) and, more specifically,
to that of phospholipids catalysed by both haem and non-haem iron (Love, 1983).
The rancidity develops much faster than that in uncooked meat during refrigerated
storage. Any process which damages muscle membranes, such as chopping or emul-
sification, exacerbates the condition, but it can be retarded by the use of antioxi-
dants, such as nitrite, phosphate and naturally occurring herbs and spices (e.g.
rosemary, which contains various factors which inhibit rancidity). The characteris-
tics, and the means of control, of ‘warmed-over flavour’ were reviewed by Gray and
Pearson (1987).

Preslaughter stress was found to reduce the sensory perception of ‘warmed-over
flavour’ in pork, an observation attributed to the high ultimate pH developed
(Byrne et al., 2001). Rapid identification of the sensory and chemical components
responsible can be made using low field nuclear magnetic resonance (Brøndum 
et al., 2000).

Species-specific flavours may also be related to subtle differences in the amino
acid and carbohydrate content of adipose tissue (Wasserman and Spinelli, 1972).
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The gas chromatographic profile for the volatiles from lean whale meat has a com-
ponent which is not present in other mammalian species (Hornstein et al., 1963).
This has proved to be trimethylamine, however, which is exogenous to the whale,
being derived from bacterial degradation of the trimethylamine oxide of ingested
krill (cf. Table 4.3 and Sharp and Marsh, 1953).

Apart from amino acids, carbohydrates and fats, thiamin appears to be an impor-
tant precursor of meat aroma (MacLeod and Seyyedain-Ardebili, 1981). The
thermal degradation of thiamin produces at least eight volatile compounds which
have been identified in cooked meat aroma (Galt and MacLeod, 1984) – including
H2S, formic acid and heterocyclic furanoid compounds. The odour threshold of bis-
2,3-furyl disulphide is only 2 parts per 1014 of water vapour (MacLeod, 1984).

Clearly, whether derived from water-soluble or fat-soluble precursors, the pattern
of volatiles produced on heating meat must be important for flavour. Ammonia,
acetaldehyde, acetone and diacetyl, volatile fatty acids (formic, acetic, propionic,
butyric and isobutyric), dimethylsulphide and H2S were early detected (Yueh and
Strong, 1960), but as identification techniques have progressed, the full complexity
of the pattern has become more apparent. The concentration of H2S, and of other
reactive sulphur compounds such as methanethiol, increases with increase in heating
time (Persson and Von Sydow, 1974). Cooked pork contains 1.2 to 1.3 times as much
H2S as cooked beef, possibly because of its higher level of free sulphydryl groups
(Martehenko and Kozenyasheva, 1974). These are a source of H2S during the
cooking of meat (Hofmann and Hamm, 1969). Aliphatic sulphur-containing com-
ponents account for more than 50 per cent of the total volatiles from beef treated
for one hour, but with extension of heating time to 4h, a considerable increase in
heterocyclic sulphur compounds is observed (Galt, 1981).

The incorporation of sulphur into heterocyclic ring systems (e.g. thiazoles) is 
a general feature of increased time or temperature of heating (Schwimmer and
Friedman, 1972; Kato et al., 1973). A 3,5-dimethyl-1,2,4-trithiolane has been identi-
fied in the volatiles from boiled beef (Chang et al., 1978), 2-alkylthiophane in those
from roast beef (Min et al., 1979) and 4,6-dimethyl-2,3,5,7-tetrathiaoctane in those
from roast pork (Ho, 1980).

Two unusual S-containing compounds have been found only in the aroma
volatiles of cooked mutton, viz. bis-mercaptomethylsulphide and 1,2,3,5,6-
pentathiepane(lenthionine). They possibly arise from the interaction of formalde-
hyde with H2S (MacLeod, 1984). It is likely that 4-methyl- and 4-ethyloctanoic acids,
which are found at relatively high concentrations in lamb tissues, contribute signif-
icantly to the flavour of this species (Brennand and Lindsay, 1992).

Pyrazines (paradiazines) are a second group of heterocyclic compounds which
are particularly important for meat aroma. They also increase with time of heating
(Koehler and Odell, 1970). They arise on heating aliphatic aminohydroxy com-
pounds and they figure prominently in more recent attempts to identify compounds
significant for meat flavour. Both pyrrolopyrazine (Flamant et al., 1977) and 4-
acetyl-2-methylpyrimidine (Ohloff and Flamant, 1978) are associated with roast
beef odour. The bicyclic pyrazines have roasted or grilled animal notes (Flamant 
et al., 1976).

The more severe heating involved in roasting appears to be associated with
increased production of both thiazoles and pyrazines. Nevertheless, in a detailed
study of the effect of mode of cooking on beef volatiles, MacLeod and Coppock
(1976) found that pyrazines tended to be associated with underdone, boiled or
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microwave cooking, whereas benzenoid compounds were associated with well-
cooked or boiled beef (Table 10.18).

Pyridines are produced from the reaction of aldehydes with ammonia, from the
pyrolysis of amino acids (such as β-alanine and cystine), and from Maillard reac-
tions (Galt, 1981). Under roasting conditions proline and glucose react to produce
pyridines (Tressl et al., 1979). Pyridine formation tends to be related to species: the
relatively high concentration of alkylpyridines in the volatiles from lamb may well
be a significant factor in determining the acceptibility of its flavour (Buttery et al.,
1977).

Beef volatiles produced during the more intensive cooking procedures also
contain furans and high MW hydrocarbons, whereas low MW hydrocarbons were
more characteristic of underdone beef (Table 10.18). A not dissimilar pattern is
found in the volatiles from cooked pork (Heidemann and Wismer-Pedersen, 1976).
Fat is assumed to be the precursor of furan and methylfuran (Persson and von
Sydow, 1974). Several other sources have been implicated: viz. the Amadori
rearrangement of carbohydrates and amino acids in the Maillard reaction, the
thermal decomposition of thiamin and the breakdown of ribonucleotides (Baines
and Mlotkiewicz, 1984). The meat-like odour of furanoid compounds varies with 
the degree of substitution of the furan ring (Ho, 1980). 4-Hydroxy-5-methyl-3(2H)-
furanone, which may be isolated from beef broth, can react with H2S to produce a
complex mixture having the odour of roast beef (Van den Ouweland et al., 1978).

During cooking, various alcohols and esters appear to be generated. Thus iso-
hexanol, iso-heptanol and iso-decanol, and a range of acetic acid esters, arise on
cooking pork (Kevel and Kogma, 1976) (cf. Table 10.19).

Heating also causes changes in the pattern of nucleotides in meat (Wismer-
Pedersen, 1966; Macy et al., 1970; Gorbatov and Lyaskovskaya, 1980). It is of 
interest to recall that Japanese workers concluded that mononucleotides are sub-
stantially responsible for meat flavour. It appears to be essential that the purine
moiety should be substituted with a hydroxyl group at position 6 and that the ribose

332 Lawrie’s meat science

Table 10.18 Effect of mode of cooking on beef volatiles
(after MacLeod and Coppock, 1976)

Well-cooked, boiled Underdone, boiled or 
microwave

High MW hydrocarbons Low MW hydrocarbons
tetra-, penta-, hexa- and heptane, octane, decane,
hepta-decanes undecane, hept-l-ene,

undec-4-ene
Benzenoids Pyrazines

Benzene, n-propylbenzene, dimethyl-, ethyl- and
toluene, o- and p-xylenes, dimethylethyl-pyrazines
ethylbenzaldehyde

Furans
2-ethyl- and 5-n-pentyl-

furans
Misc. Misc.

3-methylbutanol, pyridine, acetone, methylbutanol
2-methylthiophen



be substituted with a phosphate group at position 5 (Kodama, 1913; Yoshida and
Kageyama, 1956). As well as glutamic acid, inosine and hypoxanthine have been
available as flavouring condiments in Japan. Nevertheless, although from time to
time this group of substances has been supposed to contribute to flavour – either
because of a decrease or an increase in their concentration – Patterson (1975) con-
cluded that they played a minor role.

It will be clear that both the duration and temperature of cooking must influence
the nature and intensity of odour and taste in meat. Since, except with pressure
cooking, the interior of the pieces of meat which are being cooked cannot rise above
100°C until all the water has been driven off (Crocker, 1945), it will have relatively
little flavour in comparison with the exterior, where the high temperature and the
relative absence of moisture produce various substances having appreciable odour
and taste. It may be that the high temperature attained in the depth of the meat
with pressure cooking explains why it is said to have a somewhat better flavour
(Fenton et al., 1956). Leg roasts of lamb cooked to an interior temperature of 65°C
have an odour and taste more characteristic of lamb than if cooked to an internal
temperature of 75°C (Weir, 1960).

In a reassessment of the effects of cooking temperature on the flavour of the
leaner pork meat which consumers have demanded, Wood et al. (1995) confirmed,
with both loin steaks (l. dorsi) and leg roasts (gluteobiceps), that an increase in the
final internal temperature from 65 to 80°C enhanced pork flavour and diminished
abnormal flavour.

10.4.3 Variability in odour and taste
The flavour of meat is subject to variability due to both intrinsic and extrinsic
factors. Of the former, differences due to species have already been referred to.
There is some evidence for differences due to breed (Jacobson et al., 1962; Warriss
et al., 1996). Elmore et al. (2000) found that levels of pyrazines and sulphur-
containing compounds (volatiles derived from Maillard reactions) were much
higher in the meat from Soay than in that of Suffolk lambs. Even within a breed it
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Table 10.19 Esters identified in raw and cooked pork
(Kevel and Kogma, 1976)

Ester Raw meat Cooked meat
peak area (cm2)

Methyl acetate 0.36 –
Propyl acetate 0.44 4.29
Ethyl butyrate* 0.30 1.08
Butyl acetate – 3.48
Iso-amyl acetate* 119.60 3.58
Iso-amyl butyrate* – 3.68
Heptyl acetate* – Traces
Octyl acetate – 0.42
Ethyl pelargonate – 17.80
Iso-amyl caprilate – 3.60
Iso-amyl pelargonate – 0.84

* Presumed identification.



is sometimes possible to detect inherited aspects of meat flavour (Bryce-Jones et al.,
1963).

Increasing animal age is associated with increased intensity of flavour, as the
bland flavour of veal and the characteristic flavour of beef testify. Strength of flavour
in beef tends to increase up to 18 months of age and thereafter to reach a plateau
(Tuma et al., 1962). This fact must be presumed to be determined by age-related
changes in the precursors (cf. § 10.4.2) but detailed information on the substances
responsible is awaited. The distinctive flavours of sheep and goat meat are much
less noticeable when derived from the young animals of these species (Schönfeldt
et al., 1993).

Since the meat of older animals tends to contain more fat – and that of a more
saturated character – no doubt fat-soluble precursors are amongst those involved.
As the percentage of intramuscular fat increases in porcine l. dorsi there is a con-
comitant increase in the percentage of mono-unsaturated fatty acids and a decrease
in that of polyunsaturated fatty acids, and this is associated with improved flavour
(Cameron and Enser, 1991). Nevertheless, although fat is clearly essential for
flavour, there is an optimum and no evidence that excess fat causes progressive
increments (Patterson, 1975).

Since there are systematic biochemical differences between muscles, it is not sur-
prising that these should have different flavours when cooked, as the relative bland-
ness of that from psoas muscle (tenderloin) and the strength of that from diaphragm
(skirt) indicates. Again, bovine l. dorsi has a stronger flavour than semitendinosus
(Howard and Lawrie, 1956; Doty and Pierce, 1961). Carmack et al. (1995) ranked 12
muscles from steers of a single maturity level and grade in order of flavour inten-
sity after cooking and found that the biceps femoris had the highest score and the
supraspinatus the lowest score. Both Mabrouk et al. (1969) and Dannert and Pearson
(1967) demonstrated that there were differences between different beef muscles in
flavour-precursor molecules; but, there has been relatively little investigation of this
topic so far.

There is also one major biochemical variable which affects muscle flavour – the
ultimate pH. In general, the higher the ultimate pH, the lower is the flavour inten-
sity as determined by taste panel – possibly because the consequently swollen struc-
ture interferes with access to the palate of the substances involved (cf. Fig. 10.5;
Bouton et al., 1957). A similar effect has been noted in cured meats. Thus bacon of
relatively high ultimate pH appears less salty to the palate than that of low pH, even
when the salt content is the same (Ingram, 1949a). Apart from this effect of high
pH, however, substantial differences have been detected in the steam volatiles from
normal lamb and beef (ultimate pH 5.5–5.8) and that having an ultimate pH above
6 (Park and Murray, 1975). In the latter, as well as quantitative differences, specific
increments in trimethylamine, ammonia and collidine have been shown (Ford and
Park, 1980). In stored, vacuum-packed pork, a high ultimate pH (ca. 6.3–6.6) is asso-
ciated with the production of relatively high concentrations of hydrogen sulphide,
methanethiol, dimethylsulphide and various other sulphur-containing volatiles in
comparison with corresponding products of normal ultimate pH (ca. 5.5–5.6)
(Edwards and Dainty, 1987) and this reflects differences in the predominant micro-
bial flora.

A second important biochemical variable arises from the changes which occur
when meat is held for some time after the ultimate pH has been reached to ‘age’ or
‘condition’ it. During this period it becomes more tender, but the flavour also tends
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to increase or alter (Howe and Barbella, 1937; Harrison, 1948; Bouton et al., 1958).
Objective study has shown that there is, concomitantly, a marked increase in high
MW hydrocarbons, benzenoid components and pyrazines (Coppock and MacLeod,
1977). Changes in the free fatty acids during ageing no doubt contribute to the
flavour changes observed. Thus the level of oleic acid in the intramuscular fat of 
l. dorsi has been observed to increase during 21 days storage of beef at 2 °C (Hood
and Allen, 1971). Moreover, progressive nucleotide breakdown (§ 4.2.3), whereby
ADP and AMP are ultimately split to ribose, hypoxanthine, phosphate and
ammonia, may be a contributing factor.

The intrinsic factors considered above tend to cause expectable, and generally
desirable, variability in meat flavour – although what is desirable is partly deter-
mined by custom. Thus, the caprylic acid odour of goat flesh is disliked in Western
Europe.

Of extrinsic factors causing variability in flavour, diet can be significant, although
this often refers to relatively undesirable features derived from specific components
rather than to the level or intensity of feeding. According to Rhodes (1969) there
was little evidence for flavour differences between the cooked meat from grass-fed
animals or those fed intensively on concentrates (other than those that can be
expected from animal age), unless the pasture includes plants with specific flavour-
inducing compounds (Hedrick et al., 1980).An international investigation by Sanudo
et al. (2000) showed, however, that Spanish consumers preferred the flavour of lamb
containing a relatively high content of n-6 polyunsaturated fatty acids derived from
concentrates, whereas British consumers preferred the stronger flavour of lamb asso-
ciated with n-3 polyunsaturated fatty acids derived from grass; but consumer pre-
ferences were clearly dominated by previous experience and custom.

Most processing operations, albeit designed to retain organoleptic quality as well
as to prevent microbial spoilage, tend to cause flavour deterioration (and will thus
be considered in § 10.4.4). On the other hand, attempts at deliberate enhancement
of meat odour and taste have mainly been confined to cured and comminuted meats
and sausages, which frequently contain added spices, condiments (including sodium
glutamate), sugars, etc. (Gerrard, 1935; Wilson, 1960).
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Fig. 10.5 Relationship between mean flavour (as determined by taste panel) and ultimate 
pH in beef muscle. (After Bouton et al. 1957.)



The flavour of cured meats is acknowledged as being different from that of the
uncured commodity – and sought for this reason. Since pork is the meat most fre-
quently preserved by curing, it is not surprising that most of the research on the
effects of curing on flavour has been on bacon and ham.

A comparison of the volatiles from cooked ham and cooked pork shows that
curing strongly inhibits hexanal formation in comparison with other carbonyls
(Cross and Ziegler, 1965). Nitrite is one of the components in the curing salts which
has been implicated; it also appears to inhibit the production of various other higher
MW carbonyls (Bailey and Swan, 1973). On the other hand, a higher percentage of
carbonyls of chain length C2–C5 is found in the headspace of cooked cured meat
(Heidemann and Wismer-Pedersen, 1976). There thus appears to be a direct 
relationship between the aroma of cured pork and a low concentration of the sec-
ondary products of lipid oxidation (Cross and Ziegler, 1965), but volatile sulphur-
containing compounds are also important. There is considerable evidence that a
high ratio (> 5:1; Heidemann and Wismer-Pedersen, 1976) of H2S/mercaptans devel-
ops on cooking cured pork and is associated with its typical flavour. Increasingly
sophisticated methodology has elucidated the role of nitrite in altering the pattern
of flavour volatiles in bacon from that characteristic of uncured pork. Thus, alkyl
nitrates and nitriles have been detected in the former (Mottram et al., 1984), and
these may result from modification by nitrite of the pattern of thermal oxidation of
lipids.

The cooking of raw bacon and ham causes an increase in ammonia and a decrease
in methyl- and dimethyl-amines (Gorbatov and Lyaskovaskaya, 1980).

Curing also causes an increase in free amino acids which is further enhanced on
cooking (Balabukh and Lyaskovskaya, 1978), and their conversion to various
volatiles no doubt contributes to flavour development. Indeed, the addition of
amino acids (such as methionine) to the curing brine has been suggested as a 
means of improving the flavour of cured pork products (Heidemann and Wismer-
Pedersen, 1977).

Attempts at extraneous enhancement of meat odour and taste have mainly been
confined to cured meats and sausages, which frequently have added spices, condi-
ments (including sodium glutamate), sugars, etc. (Gerrard, 1935;Wilson, 1960). Much
of the flavour of bacon and of continental-type sausages depends on the metabolic
activities of micro-organisms whose growth is fostered by traditional manufactur-
ing procedures (Tanner, 1944). To some degree this flavour is derived from the
hydrolysis of fats and the breakdown of free fatty acids.The order in which the latter
are attacked by the micro-organisms depends on the microbial species which are
present (Wahlroos and Niinivaara, 1969). Systematic attempts have been made to
introduce micro-organisms deliberately in order to produce particular desired
flavours. For instance, Niven et al. (1958) proposed the use of Pediococcus cerevisiae
as a sausage starter culture, and McLean and Sulzbacher (1959) demonstrated that
the addition of a species of Pseudomonas to a meat curing brine significantly altered
its flavour. In a comprehensive study, using various combinations of lactic acid bac-
teria strains and Staphylococcus spp., Berdagué et al. (1993) demonstrated the pre-
dominant importance of starter cultures in determining the production of specific
flavour volatiles in dry fermented sausages.

It seems likely that very considerable advances will be made in the enhancement
and control of meat odour and taste. This might be done by the addition to the com-
minuted product of controllable micro-organisms capable of fostering flavour, or
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even by the preslaughter administration of desired, flavour-producing chemicals or
micro-organisms (e.g. Thamnidium elegans; Williams, 1964b). Although preslaugh-
ter administration may not yet be realistic, the addition of exogenous enzymes, in
the manufacture of dry fermented sausages, is already undertaken (Ansorena et al.,
2002a).

For many years the water-soluble flavour constituents of meat have been
processed in the preparation of concentrated meat extracts. The non-volatile com-
ponents in these are very similar to those present in the fresh meat (Wood and
Bender, 1957; Bender et al., 1958). In each, there are appreciable quantities of salts,
lactic acid, carnosine, creatine and hypoxanthine. The concentrates, which are sub-
jected to prolonged heating, contain more creatine and are considerably darker –
amino acids and sugars having reacted to form Maillard-type compounds. Addi-
tional volatile components in the concentrates include H2S and isovaleraldehyde
(Bender and Ballance, 1961).

10.4.4 Undesirable odour and taste
In a study at the Food Refrigeration Process Engineering Research Centre of
Bristol University, beef which had been stored frozen for over 10 years was found
to have a flavour which was as acceptable as that of fresh meat. Nevertheless there
is a gradual loss in flavour during storage and this may occur even in the frozen con-
dition (Howard and Lawrie, 1956) – possibly due to the slow loss of highly volatile
substances. In this connection it is interesting to note that a faint odour of diacetyl
is not infrequently observed in frozen meat stores at –10°C. Such losses are unavoid-
able, but undesirable odour and taste may arise during the storage of meat because
of microbial growth, chemical deterioration on the surface or tainting by extrane-
ous agents.

Odours produced by micro-organisms growing on meat surfaces are not so
objectionable as those due to the metabolic products of anaerobes (§ 6.2): the
former tend to be sour rather than putrid. The lipases of such micro-organisms will
attack fat, splitting off fatty acids with more or less unpleasant consequences accord-
ing to their nature (§ 7.1.1.3). The exact nature of the off-odours will, of course,
depend on the types of micro-organisms growing, and these in turn will be deter-
mined by such factors as the temperature of storage and the nature of the product
(fresh, cured, comminuted), as described in Chapter 6. Relatively high temperatures
and the absence of oxygen will produce putrid off-odours through the breakdown
of proteins, as in prepacked bacon stored at 20°C (Cavett, 1962), or in bone taint 
(§ 6.1.2.2) – in those deep-seated portions of the carcass which have not been cooled
sufficiently quickly after death and where there is a reservoir of suitable micro-
organisms in the lymph nodes (Nottingham, 1960).

Jackson et al. (1992) reported that, in an atmosphere of 20 per cent carbon
dioxide/80 per cent oxygen, packaged beef loins developed stale off-odours when
stored at 3 °C for 28 days: 1-hexene, 1-heptene, ethyl acetate and benzene con-
tributed to this effect. The predominant micro-organism was Ps. putida. Compara-
ble beef stored under vacuum, under 100 per cent carbon dioxide or in 40 per cent
carbon dioxide/60 per cent nitrogen developed much less off-odour, the predomi-
nant micro-organisms being Lactobacillus plantarum in the first two packs and 
Leuconostoc mesenteroides in the third. The volatiles associated with these two
micro-organisms appeared to be a mixture of acetone, toluene, acetic acid, ethyl

The eating quality of meat 337



acetate and chloroform. A high ultimate pH in the muscles causes the predominant
microflora of vacuum-packed pork to be Gram-negative organisms which produce
a series of volatile, sulphur-containing compounds with concomitant off-odour
development. Such does not arise from the lactic acid bacteria which predominate
in this product when it has a normal ultimate pH (Edwards and Dainty, 1987). A
species of Proteus inconstans has been isolated which produces ‘cabbage odour’ –
due to methane diol – in sliced, vacuum-packed bacon (Gardner and Patterson,
1975). Microbiologically derived taints in meat occur in the order: buttery, cheesy,
sweet, fruity and putrid.

Free fatty acids, produced by microbial action or otherwise, will accelerate the
development of oxidative rancidity. The latter will occur even at –10°C during long
storage. The conditions predisposing towards oxidative rancidity in intramuscular
fat have been thoroughly investigated (Lea, 1939; Watts, 1954). Relatively little is
known, however, concerning the compounds responsible for off-flavours which are
produced by comparatively minor reactions, although they are principally carbonyls.
Since there are over 200 different species of carbonyls present in such circumstances
(Evans, 1961), it is not surprising that positive identification of the most trouble-
some members has proved difficult. Species differences in the development of off-
odours and tastes arise from the different spectra of fatty acids produced by
lipolysis, and of carbonyls produced during oxidative rancidity The phospholipids
of meat fats are the most unstable constituents and they may well play a major role
in accelerating flavour deterioration (Younathan and Watts, 1960). The separated
cephalin fractions of both beef and pork intramuscular fats produce fishy odours,
but, during the oxidation of the corresponding unfractionated fats, their effect is less
noticeable with pork (Hornstein et al., 1961). The deliberate induction of a high ulti-
mate pH has been shown to greatly retard the oxidation of fat in pork even at rel-
atively elevated frozen storage temperature (cf. § 7.1.1.3). On the other hand, when
formaldehyde-treated feed containing a high percentage of unsaturated fatty acids
is fed to pigs, their fat is made even more unsaturated, and this is associated with
an oily aroma (Ford et al., 1975). Such feeding to ruminants also leads to an
enhanced tendency to undergo oxidative rancidity (although this can be controlled
by permitted antioxidants). Moreover, the meat has a sweet aroma and flavour
which some consumers find objectionable (Ford et al., 1974). The sweet aroma 
and flavour has been attributed to increased amounts of cis-6-γ-dodecenolactone
(Park and Murray, 1975) and the oily aroma to increased levels of trans, trans-2,4-
decadienal.

Elmore et al. (2000) varied the content of n-3 polyunsaturated fatty acids in the
muscles of lambs by feeding supplements of linseed oil (which increased the level
of α-linoleic acid) and of fish oil (which increased the levels of eicosapentenoic and
docosahexaenoic acids). These also increased the amount of aromatic volatiles
derived from auto-oxidation of the polyunsaturated fatty acids on cooking.

Despite the hydrogenating action of rumen micro-organisms, the degree of unsat-
uration of ruminant fat can be enhanced by feeding linseed and fish oils (without
exacerbating fat oxidation), if ribose and cysteine are also fed. Maillard reactions
between them and the fatty acids strengthen meat flavour (Campo et al., 2003). Such
feeding studies have not, however, increased the ratio of polyunsaturated fatty acids
to saturated ones. Feeding a mixture of two parts soya oil to one of linseed oil raises
the polyunsaturated : saturated fatty acid ratio to 3 without significantly raising the
ratio of n-6 :n-3 acids (Enser et al., 2001).
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Even without protection against the hydrogenating action of rumen micro-
organisms, the pattern of fat laid down can be affected by the nature of the diet.
Thus significant differences in the percentages of hexanoic acid, and of its branched
chain isomers, and in those of the unsaturated octadecenoic acids (oleic, linoleic and
linolenic), have been found in the subcutaneous fat of lambs fed on pastures of white
clover or perennial ryegrass (Purchas et al., 1986).

Insofar as so-called ‘organic’ food is desirable, forage-fed beef is said to have
advantages over grain-fed; but its high content of polyunsaturated fatty acids, and
‘grassy’ flavour, make it less palatable, especially after frozen storage, since there is
more lipid deterioration. If propyl gallate and a beef flavouring agent are incorpo-
rated when restructuring steaks from forage-fed beef, however, its palatability is
enhanced (Deveaux et al., 2003).

Cattle fattened immediately before slaughter, on crops which have been treated
with dieldrin, may acquire a taint from this chemical, whilst animals grazing on pas-
tures containing certain weeds (including peppercress and ragweed) are unable to
excrete indole and skatole derived from the metabolism of tryptophan. This causes
skatole taint (Empey and Montgomery, 1939) in the flesh. Skatole taint can also be
a problem with the meat of boars. It seems that the large quantity of oestrogens
produced in boar testes decreases voluntary feed intake, increases gut transit time
and thus fosters the activity of those micro-organisms which produce skatole from
tryptophan (Claus, et al., 1994). A number of off-flavours are detected in the meat
of sheep when they graze certain pastures for some weeks before slaughter (Table
10.20). The effects are more noticeable at particular times of the year, at certain
stages of growth of the plants and within specific soil conditions. A period of about
two weeks on neutral feed will generally overcome any such problems in lambs
(Ford and Park, 1980).

When the flesh of certain pigs is heated, an unpleasant odour arises which is com-
monly referred to as boar odour – although it has been reported in the flesh of both
sexes (Self, 1957). The agent responsible is fat soluble, but unsaponifiable (Craig 
et al., 1962). Deatherage (1965) found that boar odour could be eliminated by
implanting the animals with hexoestrol sometime before death. Using a combina-
tion of gas liquid chromatography and mass spectroscopy Patterson (1968a) has
identified the substance responsible as 5α-androst–16-ene–3-one. It is present in the
flesh of most boars over 200 lb (100kg) live weight, but not in that of gilts or hogs.
He suggested it is related to the corresponding alcohol, which is present in boar sub-
maxillary gland (Patterson, 1968b). Physiological aspects of the formation of
androstenone in the boar were comprehensively reviewed by Claus et al. (1994). It
is of interest to note that 44 per cent of men are unable to detect ‘boar odour’ but
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Table 10.20 Effect of fodder plants on flavour of meat from sheep (Anon., 1973b)

Plant Meat flavour

Lucerne, white clover, sweet glycine Sharp odour; objectionable when strong
Perennial ryegrass, panic grass, kikuya Strong meat odour/flavour (acceptable to some 

grass consumers)
Green oats Strong meat flavour, pungent odour (acceptable 

to lamb consumers)
Rape Sickly odour and flavour, undesirable to most



only about 8 per cent of women cannot do so (Griffiths and Patterson, 1970). It has
been shown that there is no effect of taint on eating quality until the level of
androstenone rises above 1 µg/g (Patterson and Stenson, 1971). This signifies that
about 50 per cent of boars would yield satisfactory meat.

An international assessment of the significance of skatole and androstenone in
causing boar taint was undertaken by a group of seven collaborating, European
countries. The study was based on the analysis of data from 4000 entire male pigs
and 400 gilts (Bonneau et al., 2000a). Overall, most consumers were dissatisfied with
the odour and flavour of the flesh from entire males. High levels of skatole were the
predominant cause of boar odour, whereas skatole and androstenone contributed
equally to unpleasant flavour.There were national differences.Thus, whereas British
consumers were generally satisfied with the odour and flavour of meat from both
entire males and gilts, Danish and Dutch consumers strongly objected to the odour
of that from males. French, German, Spanish and Swedish consumers found both
the odour and flavour of the meat from entire males unacceptable (Bonneau et al.,
2000b). It was concluded that, in the short term, a reduction in the levels of skatole
would achieve a limited improvement in consumer satisfaction, but that, in the
longer term, a reduction in the levels of both skatole and androstenone would be
necessary to overcome the problem of boar taint (Bonneau et al., 2000b).

The investigation of Amor-Frempong et al. (1997) indicated that instrumentation
for on-line classification (and sorting) of pigs should be based on response criteria
to androstenone, skatole and indole, rather on the concentration of these com-
pounds. Subsequently Amor-Frempong et al. (1998) compared the responses to boar
odour by a sensory panel with those by an electronic ‘nose’. Their findings indicated
that the latter was comparably effective.

Meishan pigs from China have distinct advantages, maturing at an early age, pro-
ducing large litters and providing meat that is more tender and highly flavoured
than that of pure Western breeds (Touraille et al., 1989); but they have higher levels
of androstenone and skatole in the backfat, which are conducive to boar taint
(Prunier et al., 1987). Castration causes a fall in the androstenone level and an
increase in the titre of the enzyme cytochrome P4502EI, which enhances the break-
down of skatole in the liver (Whittington et al., 2004). Since neither animal age nor
weight is correlated with taint in the average boar of potential commercial value, a
simple test to make an early detection of taint involves the heating of a sample of
fat to about 375°C using an electrically operated soldering iron.

Under certain conditions of heating, H2S liberated from the meat proteins can
react with mesityl oxide (derivable from the acetone in tin lacquers) to give various
compounds, including 4-methyl-4-mercaptopenta-2-one, which produces a most
offensive ‘catty’ odour (Aylward et al., 1967). From time to time phenolic substances,
used in dipping sheep, have been detected in the meat at time of consumption.

Meat, especially meat fat, which has been in refrigerated storage for a consider-
able time, as in shipment from the Southern Dominions to the United Kingdom,
may become unmarketable due to taints absorbed from extraneous sources such as
diesel oil and fruits.Activated charcoal, placed in the cold store, will frequently reab-
sorb the taint from the meat (Macara, 1947).

The off-odours developed in meat stored above or below the freezing point are
not a direct consequence of refrigeration, but other commercial processes may cause
flavour changes, e.g. dehydration, freeze dehydration and irradiation. Dehydrated
and freeze-dried meat is not only particularly susceptible to oxidative rancidity in
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the presence of oxygen but also, especially at high temperatures, to the develop-
ment of mealy and paint-like odours. In the absence of oxygen, bitter tastes develop
because of Maillard-type reactions. Prophylactic procedures have been discussed in
§§ 8.1.3 and 8.2.3. Irradiation causes both immediate and storage changes in the
odour and taste of meat (§§ 9.1.2.1 and 9.1.2.2). The production of H2S, mercaptans,
carbonyls and aldehydes, especially in beef (Huber et al., 1953), is largely responsi-
ble. In this context, within-package odour scavengers (Tausig and Drake, 1959), the
addition of protective compounds such as ascorbic acid (Huber et al., 1953) and irra-
diation at temperatures far below the freezing point (Hannan, 1955) have been used
with some success. On storage, meat which has been sterilized by irradiation devel-
ops stale and bitter flavours. Some of these are due to surviving activity of the meat’s
proteolytic enzymes which produce free tyrosine from proteins. Prolonged cooking,
by causing marked breakdown of the meat proteins and the production of H2S, is
undesirable – though it may be necessary for tough meat (Weir, 1960). The odour
and taste of beef roasts, cooked to an internal temperature of 82°C over 2h in an
oven at 177°C, generally received a lower taste panel rating than grills from the
same animal cooked to the same internal temperature over 2h in an oven at 288°C
(Howard, 1956; Howard and Lawrie, 1956; Bouton et al., 1957, 1958). In canning,
meat is subjected to high temperature for considerable periods determined by the
product and intention, and there are concomitant changes in the concentrations of
aroma components. Perrson and Von Sydow (1974) compared the effects of canning
beef when processed to F0 = 10 by three temperatures. The shorter heating time
required at higher temperature decreased the concentrations of those compounds
which could be related to the off-flavour in canned beef, i.e. aldehydes and sulphur-
containing compounds (Table 10.21). The addition of lysine or arginine to the beef
before canning decreased the concentration of aldehydes and that of fumarate or
malonate decreased the concentration of S-compounds. On storage of the canned
beef over 12 months at 20°C the intensity of typical meat aroma decreased, but
reheating at 121°C restored some of the original flavour attributes.
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Table 10.21 Concentrations of volatiles from beef canned
to F0 = 10 at different temperatures (ppb)

115°C 121°C 131°C

H2S 6900 6400 4400
Methylmercaptan 1400 1200 780
Dimethylsulphide 810 770 530
2-methylpropanal 83 54 9
2-methylbutanal 79 43 30
2-ethylfuran 180 120 89



Chapter 11

Meat and human nutrition

11.1 Essential nutrients

Regarded nutritionally, meat is a very good source of essential amino acids, and, to
a lesser extent, of certain minerals. Although vitamins and essential fatty acids are
also present, meat is not usually relied upon for these components in a well-
balanced diet. On the other hand, an organ meat, such as liver, is a valuable source
of vitamins A, B1 and nicotinic acid. Even in respect of its accepted nutrient role,
however, little is yet known about possible differences in the value of meat from
different species, breeds and muscles. Although the role of muscular tissue is the
same wherever it occurs, and consists predominantly of contractile proteins, the
amino acid composition of which is said not to vary grossly between species 
(Crawford, 1968), the accessories of the contractile process are certainly not iden-
tical even between the muscles of a given species (cf. § 4.3). There are differences
in the contents of ancillary proteins, of free amino acids, of fatty acids and of various
other substances, and in their character. These can be presumed not to be without
nutritional significance, albeit subtle.

It is well known of course that a muscle containing much connective tissue will
provide meat which is relatively resistant to digestion and absorption, and that this
will be worsened by faulty cooking; but how important this may be in relation to
the absorption of the nutrients of the meat has been little studied. Moreover, since
connective tissue proteins have a lower content of essential amino acids than those
of contractile tissue, meat having a high percentage of collagen or elastin will also
have relatively lower intrinsic nutritive value. There is less of the essential sulphur-
containing amino acids in connective tissue (Bender and Zia, 1976), and an inverse
relationship in meat samples between hydroxyproline (as an index of connective
tissue) and tryptophan (Dahl, 1965). Nevertheless, Kofranyi and Jekat (1969)
demonstrated that, for human consumers, connective tissue may not be nutrition-
ally disadvantageous until the ratio of connective tissue nitrogen to muscular tissue
nitrogen is greater than 1. Indeed a mixture of 84 per cent muscle nitrogen and 16
per cent gelatin nitrogen was shown to have a biological value of 99, whereas that



of 100 per cent beef muscle was 92 (in relation to whole egg protein as 100). Inci-
dentally, although the replacement of meat by beef tendon in emulsion-style
sausages lowers the overall acceptability of the product, preheating the tendon at
as low as 60°C permits a higher level of incorporation before adverse effects are
noted (Sadler and Young, 1993).

The increasing development of the mechanical deboning of meat, and the inclu-
sion of mechanically recovered meat in food products, has made an assessment of
its nutritional value important. When whole animal carcasses are mechanically
recovered, the overall composition is close to that of hand-deboned meat (Field,
1974), but the content of calcium, ash and iron is higher in the former (Newman,
1980–81). It is likely to contain bone collagen. Clearly, the nutritional value of
mechanically recovered meat will vary with the bone source and the levels of con-
nective tissue and calcium present.

Insofar as connective tissue may be added to meat products, however, in amounts
greater than those naturally associated with the muscular tissue there is clearly a
need, in the interests of consumers, for methodology to identify added collagen.
In this regard, artificially prepared collagen (rind) can be differentiated histo-
chemically from natural collagen by its birefringent colour under polarized light
(Flint and Firth, 1983).

11.1.1 Amino acids
The amino acid composition of the proteins of the principal types of meat is shown
in Table 11.1. In respect of the essential amino acids, beef would appear to have a
somewhat higher content of leucine, lysine and valine than pork or lamb, and a lower
content of threonine. Despite the minor nature of these species differences,
however, it should be pointed out that the meat represented in Table 11.1 is of
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Table 11.1 Amino acid composition in fresh meats
(Schweigert and Payne, 1956) (as % crude protein)

Amino acid Category Beef Pork Lamb

Isoleucine Essential 5.1 4.9 4.8
Leucine Essential 8.4 7.5 7.4
Lysine Essential 8.4 7.8 7.6
Methionine Essential 2.3 2.5 2.3
Cystine Essential 1.4 1.3 1.3
Phenylalanine Essential 4.0 4.1 3.9
Threonine Essential 4.0 5.1 4.9
Tryptophan Essential 1.1 1.4 1.3
Valine Essential 5.7 5.0 5.0
Arginine Essential for infants 6.6 6.4 6.9
Histidine Essential for infants 2.9 3.2 2.7
Alanine Non-essential 6.4 6.3 6.3
Aspartic acid Non-essential 8.8 8.9 8.5
Glutamic acid Non-essential 14.4 14.5 14.4
Glycine Non-essential 7.1 6.1 6.7
Proline Non-essential 5.4 4.6 4.8
Serine Non-essential 3.8 4.0 3.9
Tyrosine Non-essential 3.2 3.0 3.2



random origin. It is certainly feasible that more significant differences may exist
between specific muscle locations, or that breed, and animal age, have important
effects. It has been reported, for example, that the contents of arginine, valine,
methionine, isoleucine and phenylalanine increase (relative to the concentrations
of other amino acids) with increasing animal age (Gruhn, 1965).

Further, there is evidence that the content of certain essential amino acids may
differ at different parts of the carcass. Some data on tryptophan and lysine in certain
pork muscles are given in Table 11.2.

The amino acid content may be affected by processing (e.g. heat, ionizing radia-
tion: §§ 7.2.2 and 9.1.1 above); but, unless processing conditions are both severe and
prolonged, such destruction is minimal. Rather more important is the possibility that
certain amino acids may become unavailable (Bender, 1966). Thus Dvorak and 
Vognarova (1965) found that after heating beef for 3 h at a series of temperatures,
90 per cent of the available lysine was retained at 70°C and only 50 per cent at
160°C. There is a linear relationship between loss of available lysine in canned beef
and the severity of the process (Ziemba and Mälkki, 1969). A 20 per cent fall in
available tryptophan and methionine was observed in canned pork after only 
40 min at temperatures above 70°C (Hibbert, 1973). Bender and Husaini (1976)
found no loss in available methionine when beef was autoclaved for 1 h at 115°C,
but when it was processed in the presence of other food constituents, such as wheat
flour and glucose, there was a loss in net protein utilization which could be related
to a fall in available methionine. Amino acids can also become unavailable during
the prolonged storage made possible by canning. Bender (1966) found that veal,
canned in 1823, had a biological value of only 27 when examined in 1959, although
analysis after acid hydrolysis indicated that there had been no destruction of amino
acids, i.e. prolonged storage led to grossly reduced availability. On the other hand,
over practical storage periods, he detected no diminution in biological value (after
the initial loss caused by the process itself). Smoking and salting may also slightly
diminish amino acid availability. Storage of freeze-dried meat for 1 year at 20°C, in
air and with about 5 per cent available water, has been found to cause a loss of 
50 per cent in available lysine, although this is unusual (Bender, 1966).

11.1.2 Minerals
Mineral components in several meats are shown in Table 11.3 (after McCance 
and Widdowson, 1960). Of these, potassium is quantitatively the most important,
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Table 11.2 Tryptophan and lysine in pork muscles (Hibbert
and Lawrie, unpublished data)

Muscle Tryptophan Lysine
(mg/g) (mg/g)

L. dorsi (4–6 lumbar) 0.015 0.089
L. dorsi (13–15 thoracic) 0.012 0.078
L. dorsi (8–12 thoracic) 0.018 0.061
Psoas 0.017 0.072
Semimembranosus 0.015 0.083
Rectus femoris 0.013 0.059
Supraspinatus 0.021 0.071



followed by phosphorus, except in cured meat where sodium from the added salt
predominates.

Another general feature is the increase which occurs on cooking (which is mainly
due to moisture loss). In respect of species differences the high content of iron in
beef no doubt reflects the greater concentration of myoglobin in this species than
in mutton or pork. In this respect the lean of sperm whale and seal will contain
about 30 mg Fe/100g wet weight because of the high myoglobin concentration in
these species (cf. § 4.3.1). The proportion of iron present as soluble haem was found
to decrease from 65 per cent (for uncooked meat) to 22 per cent when cooked at
60°C – and decreased further with increasing cooking temperature. The proportion
of insoluble iron increased rapidly and significantly (Purchas et al., 2004b). Never-
theless these changes were not regarded as sufficient to impair nutritive value.

Corresponding data for the mineral content of various offal tissues is shown in
Table 11.4 (after Paul and Southgate, 1978; Kiernat et al., 1964).

It is evident that the iron, copper and zinc contents of kidney and liver are much
higher than those in muscular tissue.The titre of iron in the liver of the pig is notice-
ably greater than those in ox and sheep but there are no other marked interspecies
differences.
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Table 11.3 Mineral content of meat and meat products (after McCance and Widdowson,
1960)

Meat
Mineral (mg/100 g)

Na K Ca Mg Fe P Cu Zn

Beef, steak (raw) 69 334 5.4 24.5 2.3 276 0.1 4.3
Beef, steak (grilled) 67 368 9.2 25.2 3.9 303 0.2 5.9
Mutton, chop (raw) 75 246 12.6 18.7 1.0 173 0.1 2.1
Mutton, chop (grilled) 102 305 17.8 22.8 2.4 206 0.2 4.1
Pork (raw) 45 400 4.3 26.1 1.4 223 0.1 2.4
Pork, chop (grilled) 59 258 8.3 14.9 2.4 178 0.2 3.5
Bacon (raw) 975 268 13.5 12.3 0.9 94 0.1 2.5
Bacon, back (fried) 2790 517 11.5 25.7 2.8 229 0.1 3.6

Table 11.4 Mineral content of offal tissues (after Kiernat et al., 1964; Paul and Southgate,
1978)

Source
Mineral (mg/100 g)

Na K Ca Mg Fe P Cu Zn

Brain 140 270 12 15 1.6 340 0.3 1.2
Kidney, Sheep 220 270 10 17 7.4 240 0.4 2.4

Ox 180 230 10 15 5.7 230 0.4 1.9
Pig 190 290 8 19 5.0 270 0.8 2.6

Liver, Sheep 76 290 7 19 9.4 370 8.7 3.9
Ox 81 320 6 19 7.0 360 2.5 4.0
Pig 87 320 6 21 21.0 370 2.7 6.9



The importance of the zinc content of meat has been recently emphasized. It has
been reported that infants on an entirely vegetarian diet may suffer from retarded
cognition activity because of zinc deficiency.

In mammalian tissue selenium is found in selenoproteins, including the enzyme
glutathione peroxidase, which is involved in protecting cells against oxidation 
by catalysing the reduction of hydrogen and lipid peroxidases (Burk, 1997). In a
comparison of the glutathione peroxidase activity of different organs, Daun and
Akesson (2004) found that the concentration of the enzyme was highest in porcine
liver and kidney, but much lower in muscle. In cattle values were relatively low in
organ meat and high in muscle.

11.1.3 Vitamins
The content of vitamins in various meats is shown in Table 11.5.

It is clear that the content of vitamin B1 in pork (and even in bacon) is consid-
erably higher than that in other meats, and that there is a relatively high concen-
tration of folic acid in beef.

Typical values for the vitamin content of various offal tissues are given in Table
11.6.

It is evident that organ meats, in general, possess markedly higher contents of
vitamins than muscular tissue. This is especially so in respect of the concentrations
of vitamins A and B12. Interspecies differences are relatively small. In this context
it is of interest to note that the concentration of thiamin in pig offal is no greater
than that in the offal of ox or sheep, despite its ten-fold higher concentration in mus-
cular tissue of the species. Meat can be regarded as an important dietary source of
vitamins B1 and B2 and in the United Kingdom meats provide about 40 per cent of
the average nicotinic acid intake. The lability in processing of vitamin B1, in partic-
ular, has been studied extensively. Some data, comparing conventional heating pro-
cedures with microwave heating, are given in Table 11.7 (Hallmark and van Duyne,
1961).

Despite shorter cooking times, losses were rather greater by the microwave pro-
cedure, but overall losses of vitamin B1 were similar by both methods. The relative
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Table 11.5 Vitamin content of various raw meats (after McCance and Widdowson, 1960)

Vitamin units/ Beef Veal Pork Bacon Mutton100g raw flesh

A (I.U.) trace trace trace trace trace
B1(thiamin) (mg) 0.07 0.10 1.0 0.40 0.15
B2(riboflavin) (mg) 0.20 0.25 0.20 0.15 0.25
Nicotinic acid (mg) 5 7 5 1.5 5
Pantothenic acid (mg) 0.4 0.6 0.6 0.3 0.5
Biotin (µg) 3 5 4 7 3
Folic acid (µg) 10 5 3 0 3
B6(mg) 0.3 0.3 0.5 0.3 0.4
B12 (µg) 2 0 2 0 2
C (ascorbic acid) (mg) 0 0 0 0 0
D (I.U.) trace trace trace trace trace



retention of vitamins B1 and B2 in several kinds of meat when cooked convention-
ally is shown in Table 11.8 (after Noble, 1965).

Vitamin B1 is mainly lost from meat by leaching. Losses average about 15–40 per
cent on boiling, 40–50 per cent on frying, 30–60 per cent on roasting and 50–70 per
cent on canning (Harris and von Loesecke, 1960). Vitamins B6, B12 and pantothenic
acid have a similar order of lability to vitamin B1.As distinct from B vitamins, 90–100
per cent of vitamin A is retained after heating to internal temperatures as high as
80°C.

Since the biological activity of 25-hydroxy vitamin D is several-fold greater than
that of vitamin D itself, its specific concentration in meat and its associated tissues
(cf. Tables 11.5 and 11.6). for which accurate analytical methods are available, is
probably more significant than that of the latter.

11.1.4 Fatty acids
The unsaturated fatty acids, linoleic (C 18:2), linolenic (C 18:3) and arachidonic 
(C 20:4) appear to be essential. They are necessary constituents of cell walls,
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Table 11.7 Comparison of cooking losses and vitamin B1 retention in conventional and
microwave cooking

Internal Cooking Vitamin B1

Sample Cooking method temp. losses retention in meat

(°C) water and fat and dripping
(% initial wt) (% initial)

Beef Conventional 62.5 18–20 81–86
Microwave 71 29–39 70–80

Pork Conventional 85 34 80
Microwave 85 37 91

Beef loaves Conventional 85 24 76
Microwave 85 27 80

Ham loaves Conventional 85 18 91
Microwave 85 28 87

Table 11.6 Vitamin content of various offal tissues (after Kiernat et al., 1964; Paul and
Southgate, 1978)

Vitamin (units/100 g raw tissue)

Source Nicotinic Folic
A B1 B2 acid Biotin acid B6 B12 C D
(I.U.) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg)

Brain Tr. 0.07 0.02 3.0 2 6 0.10 9 23 Tr.
Kidney, Sheep 100 0.49 1.8 8.3 37 31 0.30 55 7 –

Ox 150 0.37 2.1 6.0 24 77 0.32 31 10 –
Pig 110 0.32 1.9 7.5 32 42 0.25 14 14 –

Liver, Sheep 20,000 0.27 3.3 14.2 41 220 0.42 84 10 0.50
Ox 17,000 0.23 3.1 13.4 33 330 0.83 110 23 1.13
Pig 10,000 0.31 3.0 14.8 39 110 0.68 25 13 1.13

Lung, Sheep – 0.11 0.5 4.7 – – – 5 31 –
Ox – 0.11 0.4 4.0 6 – – 3 39 –
Pig – 0.09 0.3 3.4 – – – – 13 –



mitochondria and other intensely active metabolic sites. Whilst the body can
produce oleic acid from saturated precursors, it cannot readily produce any of the
above, unless one of them is available in the diet. Oleic, linoleic and linolenic acids
each belong to a different family of compounds in which unsaturation occurs at the
n–9, the n–6 and n–9, and the n–3, n–6 and n–9 carbon atoms, respectively, in the
hydrocarbon chain numbering from the methyl carbon (n). They are thus referred
to as the n–9, n–6 and n–3 series. (or the ω-3, ω-6 and ω-9 series). Linoleic acid is
abundant in vegetable oils (such as soya and corn oils) and at about 20 times the
concentration found in meat; and linolenic acid is present in leafy plant tissues.
Eicosapentaenoic acid (C20:5, n–3) and docosahexaenoic acid (C22:6, n–3) are nor-
mally present at low concentration in meat tissues, but there are high concentra-
tions in fish and fish oils. This has been associated with the rarity of coronary
thrombosis among the Greenland Inuit despite their very high intake of fat and cho-
lesterol. Differences in the component fatty acids are reflected in the iodine number
of the fats. Those of plant origin have iodine values averaging about 120, whereas
those of meat animals average about 60, that of pork being somewhat higher, and
that of lamb somewhat lower, than the value for beef (cf. Tables 4.3 and 4.5). That
there are differences between muscles within a given species in the concentrations
of unsaturated fatty acids, and between different fractions within a single muscle,
has already been indicated (§ 4.3.5).

Comparative data on the content of polyunsaturated fatty acids and of choles-
terol in the muscular tissue and offal of the common meat species are given in Table
11.9. It is clear that the titre of linoleic acid is markedly greater in the lean meat of
pigs than in that of either the ox or sheep. Such species differences are also reflected
in the composition of kidney and liver. The latter tissue in all three species is a par-
ticularly rich source of polyunsaturated fatty acids. Brain, as Crawford (1975) has
emphasized, has a uniquely high content of C 22 polyunsaturated acids. It is also
noteworthy in Table 11.9 that the cholesterol concentration in offal (and particu-
larly brain) is very much greater than that in muscular tissue.
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Table 11.8 Retention of vitamins B1 and B2 on cooking
(cuts of beef and veal cooked at 149°C; pork cooked at
175°C)

Type of meat Time of cooking % retention

(min/lb) B1 B2

Beef
Short rib 30 25 58
Chuck 35 23 74
Round (roast) 27 40 73
Round (steak) 18 40 65

Veal
Chops – 38 73
Round (steak) – 48 76

Pork (Total time, min)
Chops 50 44 64
Spare rib 120 26 72
Tenderloin 40 57 83



To avoid possible health dangers from the consumption of the flesh of ruminants,
a greater degree of unsaturation could be introduced into their fats. Normally the
feeding of highly unsaturated vegetable fats to sheep and cattle with this intention
would be invalidated because ingested fats would be reduced by the rumen bacte-
ria. If, however, they are first treated with formaldehyde, they resist reduction and
can raise the degree of unsaturation in the ruminant fat stores very considerably
(Cook et al., 1970).The reported benefits to human consumers of increasing the pro-
portion of mono-unsaturated acids to saturated acids in the diet in comparison with
that of increasing the ratio of polyunsaturated acids has fostered attempts to modify
the fat of the pig by feeding high-oleic sunflower oil (Ziprin et al., 1990) (cf. § 11.3).
Again, selection for ‘doppelender’ development in cattle, it has been suggested,
would not only provide meat with greater efficiency but would also ensure that the
fat was more highly unsaturated (Ashmore and Robinson, 1969).

There is also evidence that polyunsaturated components of animal fats are essen-
tial for brain development, especially in the foetus (Crawford, 1975). When linoleic
and linolenic acids are ingested, they are metabolized by animal liver to produce
two families of long chain polyunsaturated fatty acids which are specific to animals,
respectively, the n-6 and n-3 series. It is significant that brain cells contain these acids
and not the parent linoleic and linolenic. Moreover, the chain-elongation and desat-
uration of linoleic acid also gives rise to the prostaglandins which are important in
controlling blood pressure and for other essential purposes. These include prosta-
cyclin, produced in the arterial lining, which has vasodilatory and antiaggregating
properties in the blood, and thromboxane, which is thrombotic, promotes aggrega-
tion and is produced in the platelet membranes. The lipids of free-living mammals
such as the eland are predominantly polyunsaturated and phospholipid in nature,
whereas those of intensively reared animals are mainly saturated triglycerides.These
facts suggest not that vegetables should be eaten and meat avoided, but that meat
from wild or unimproved species should be preferentially sought (Crawford, 1975)
(cf. § 1.3). In this context it is of interest to note that the concentration of C20 and
C22 polyunsaturated fatty acids in whale muscle is about seven-fold greater than in
that of domestic animals (Tveraaen, 1935) a reflection of the lipid composition of
the krill upon which this species subsists.
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Table 11.9 Polyunsaturated fatty acids and cholesterol in lean meat and offal (after Paul
and Southgate, 1978) (as % total fatty acids)

Source C18:2 C18:3 C20:3 C20:4 C22:5 C22:6 Cholesterol
(mg/100 g)

Beef 2.0 1.3 Tr. 1.0 Tr. – 59
Mutton 2.5 2.5 – – Tr. – 79
Pork 7.4 0.9 – Tr. Tr. 1.0 69
Brain 0.4 – 1.5 4.2 3.4 0.5 2200
Kidney, Sheep 8.1 4.0 0.5 7.1 Tr. – 400

Ox 4.8 0.5 Tr. 2.6 – – 400
Pig 11.7 0.5 0.6 6.7 Tr. – 410

Liver, Sheep 5.0 3.8 0.6 5.1 3.0 2.4 430
Ox 7.4 2.5 4.6 6.4 5.6 1.2 270
Pig 14.7 0.5 1.3 14.3 2.3 3.8 260



Notwithstanding the beneficial attributes of polyunsaturated fatty acids, it should
be noted that lipid oxidation products are believed to adversely affect the health of
cells. Fortunately muscular tissue contains several enzymes that protect cells against
such change, the most important of which is glutathione peroxidase (Halliwell et al.,
1995). Moreover, there is evidence that conjugated linoleic acid has an anti-
mutagenic effect (Kritchevsky, 2000).

Where as in recent years consumers have been advised to limit their intake of
saturated fats (and to achieve a ratio of polyunsaturated : saturated fatty acids
greater than 4), the type of polyunsaturated fatty acid is now being emphasized and
a higher ratio of n-3 :n-6 fatty acids is advocated (Wood et al., 2003). There is also
now concern about the consumption of trans-unsaturated fatty acids in which the
double bonds are in the trans-stereometric position.These acids tend to form during
high-temperature hydrogenation of oils for use in food products.

11.2 Toxins and residues

As already described (§§ 8.3.1 and 8.3.3), the adventitious presence of nitrate in the
salts used to cure meats in early times, and its microbiological reduction to nitrite
by halophilic organisms, was responsible for the desirable pink colour of the prod-
ucts, for their flavour and for their safety from Cl. botulinum. Because nitrite can
destroy blood pigments and vitamin A (Roberts and Sell, 1963), the residual level
in cured meats was restricted to 500 ppm about 35 years ago. The effect of nitrite is
very serious for infants since foetal haemoglobin is particularly susceptible to oxi-
dation until they are three months old and the enzyme systems capable of reduc-
ing metmyoglobin back to myoglobin are often deficient in the very young (National
Research Council, 1981).

Awareness that nitrite can react with secondary and tertiary amines to produce
carcinogenic nitrosamines, such as N-nitrosodimethylamine (Lijinsky and Epstein,
1970), led to a further reduction in the permitted level of residual nitrite to 200 ppm
and to attempt to cure meat without nitrite, although this latter possibility cannot
be contemplated unless some other means of eliminating Cl. botulinum can be
found. The most prevalent secondary amines in raw pork appear to be piperidine,
diethylamine, pyrrolidine and dimethylamine (Bellatti and Parolari, 1982). During
the maturation of cured pork products, the level of dimethylamine rises from ca.
0.1 ppm to 3 ppm.

A comparative assessment of the amine content of sausages from Northern and
Southern Europe showed that tyramine and phenylethylamine were present at
higher concentrations in the latter, possibly due to the decarboxylase activity of
certain strains of the starter organisms Kocuria varians and Staphylococcus carnosus
(Ansorena et al., 2002a).

It is clearly important, however, to maintain perspective in such problems. Thus
about 65 per cent of the nitrite ingested by humans is that present in human saliva
(Greenberg, 1975), and it would be virtually impossible to eliminate its precursor,
nitrate, from any diet. Nitric oxide is produced in skeletal muscles (and in other
tissues) by nitric oxide synthatase (Brannan and Decker, 2002); and it has been sug-
gested that nitrates, and the nitrites derived from them, enhance the body’s defences
against gastroenteritis by suppressing pathogens (Dykhuisen et al., 1996). Never-
theless, the WHO (1977) recommends that the level of nitrate in drinking water
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should not exceed 11 ppm. The quantity of nitrate in vegetables is ten-fold greater
than in cured meats, although their relatively high content of ascorbic acid would
tend to inhibit nitrosation (Walters, 1983). Moreover, at the low concentrations of
residual nitrite in cured products, amines form nitrosamines only with difficulty
(Walters, 1973). Random surveys of hams have revealed less than 1 ppb of N-
nitrosodimethylamine (Fiddler et al., 1971), although heating of fat, especially at
high temperature, increases its concentration (Patterson and Mottram, 1974).

It should be mentioned that N-nitrosodimethylamine has been found in the blood
of 97 per cent of healthy individuals (Laknitz et al., 1980). In those with hypochlorhy-
dria, however, the relatively alkaline conditions in the intestinal tract permit growth
of nitrate-reducing bacteria whereby concentrations of nitrite are enhanced con-
siderably and may become carcinogenic per se (Newberrie, 1979). On the other
hand, it has been suggested that it is the natural production of nitrite in the human
intestinal tract, a capacity developed in early infancy, which usually affords 
protection against environmental spores of Cl. botulinum, which are ubiquitous
(Tannenbaum et al., 1978), and certain unexplained cot deaths have been attributed
to the absence of this capacity.

When meat products are smoked, polycyclic aromatic hydrocarbons (including
carcinogenic substances such as 3,4-benzpyrene) may precipitate on to surfaces.
Smoke produced when the temperature of the smouldering wood exceeds 500°C is
more likely to produce them (Potthast, 1975), but it is only when fat falls on to hot
cinders during charcoal grilling of meats that the levels become significant.

Various hormones are now administered to enhance the growth of animals (cf.
§ 2.5.2.1) and some of these, such as hexoestrol, are believed to be carcinogenic
(Gass et al., 1964). Synthetic oestrogens have thus been prohibited in a number 
of countries. It seems unlikely, however, that residues of these would be present at
significant levels in meats. Early studies indicated that there were no detectable
residues of the hormones in the flesh of treated cattle (Perry et al., 1955) or 
pigs (Braude, 1950), provided they were used in accordance with instructions.
Radioimmune assays have enabled very precise assessments to be made.

The technique has placed the problem into a more rational perspective since 
it has been shown, for example, that the levels of testosterone in treated animals
may be substantially less than those in untreated animals of different age or 
sex (Hoffman and Kung, 1976). Moreover, it has been calculated that it would be
necessary to consume 200 tonnes of beef liver or 200 tonnes of lean meat from cattle
implanted with diethylstilboestrol to obtain the amount of oestrogen administered
in a single birth control pill (Jukes, 1976). Legislative and public health aspects of
the use of anabolic agents have been reviewed (Coulston and Wills, 1976).

Attempts have been made to standardize the mode of monitoring meat for
residues within the member states of the European Union. In 1985 the European
Parliament proposed to prohibit the use of certain substances having a hormonal
action in increasing the growth of animals, whilst permitting the use of oestradiol-
17β, progesterone, testosterone, trenbolone and zeranol until there was a unanimous
decision of the European Court on their safety. A Select Committee of the House
of Lords (1985–86) noted that a total ban on the use of hormones for growth pro-
motion would reduce the quantity of lean meat available to consumers.

It is feasible that meat could be the vehicle for various mycotoxins produced by
moulds. These could be acquired when animals ate contaminated feeds. They could
also arise in such products as mould-fermented sausages. Although selected moulds
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are encouraged to grow on the latter during the maturation period, undesirable
species capable of producing toxins could also thrive. Thus the presence of ochra-
toxins, produced by Aspergillus ochraceus (and by various Penicillium spp.) and
ingested from mouldy feed, causes swine disease and carcass condemnations
(Krogh, 1977). Aflatoxins are also produced by Aspergillus spp. These are believed
to be carcinogenic to humans. The significance of ochratoxins for human consumers
is still unknown.

Certain lactic acid bacteria have been shown to produce undesirably high levels
of histamine and tyramine in fermented sausages (Maijala and Eerola, 1993). In such
sausages it appears that the concentrations of putrescine, cadaverine and tyramine
depend not only on the nature of the raw materials used but also on the interaction
between processing temperature and the particular starter organisms employed
(Maijala et al., 1995). There is increasing evidence that fermented meat products,
although hitherto considered safe, may cause outbreaks of gastroenteritis involving
such micro-organisms as Salmonella and verocytotoxigenic E. coli (Moore, 2004).

Since bone tends to concentrate heavy metals, such as lead, barium and stron-
tium, it might seem that an increased use of mechanically recovered meat could be
a hazard. However, the overwhelming balance of evidence indicates that these ele-
ments are not present in the product at sufficient concentrations to be significant
for health (Newman, 1980–81).

The use of pesticides in agriculture, especially those which are persistent, such as
the organochlorine group, could lead to their deposition in the tissues of animals
grazing treated pastures or feeds, and, accordingly, various surveys of pesticide
residues in meat have been made. Thus, Madarena et al. (1980) assessed meat for
residues of 14 organochlorine pesticides. These included BHC isomers, the DDT
group and cyclodienes. Total organochlorine residues in beef, pork, rabbit and horse
were, respectively, 10, 80, 110 and 160 ppb.

11.3 Meat-eating and health

It is evident (cf. § 11.1) that meat provides the majority of the nutrients required
for health by human consumers. Nevertheless, there continues to be vigorous con-
troversy about the effects on health of its long-term consumption, since it has been
alleged to be associated with the development of carcinoma, cardiovascular disease
and hypertension.

Since diet modifies the enteromicrobial ecology of the alimentary tract, it would
be supposed that carnivorism would promote the predominance of different
microflora having a different capacity to affect its histology than herbivorism 
(Paterson, 1975). There is some evidence that increased consumption of meat, with
concomitant alterations in other dietary constituents, and increased gut transit time,
may play a rôle in the development of carcinoma of the large intestine. In areas of
high incidence of the disease the intestinal flora has an increased proportion of
anaerobic organisms, such as Bacteroides which produce 7-α-dehydroxylase. This
enzyme converts cholic acid to the suspected carcinogen, deoxycholate. Insofar as
meat consumption tends to reflect affluence, the impression that cancer of the bowel
is more prevalent in richer societies may appear logical: conversely, cancer of the
stomach appears to be more prevalent among the less afffluent.

352 Lawrie’s meat science



The balance of present opinion, however, indicates that meat consumption per
se is not a factor in carcinogenesis (Pearson, 1981; Roberts, 1999). When adjusted
for all malignant neoplasms (other than lung cancer, which is positively associated
with cigarette smoking), mortality rates in the USA were found not to have changed
in the period 1940–1975 although the consumption of meat and poultry had greatly
increased in this period (Leveille, 1980).

On the other hand, in that meat could be the repository of extraneous carcino-
gens (e.g. residues of benzpyrenes from smoking operations, anabolic hormones) it
could constitute a hazard, as could any other food so contaminated (cf. § 11.2).

Since the intake of the saturated fatty acids, lauric, myristic and palmitic, raises
plasma levels of cholesterol (Grande, 1975), and these are found in relatively high
concentrations in animal fats, an association between this phenomenon and meat
consumption might be anticipated. It has been suggested, therefore, that a high ratio
of unsaturated/saturated fatty acids in the diet would be desirable since this might
lower the individual’s susceptibility to cardiovascular diseases, in general, and to
coronary heart disease and cerebral vascular disease, in particular (Keys et al., 1960).
Partly in response to the views of the Committee on Medical Aspects of Food Policy
(1984), altered breeding, feeding and butchery methods have led to a marked fall
in the fat content of beef, pork and lamb (Higgs, 2000), from ca. 20–26 per cent to
ca. 4–8 per cent in the 1990s.

Cholesterol is transported in the plasma by three types of lipoprotein – very low
density, low density and high density. High levels of high-density lipoproteins and
low levels of low-density lipoproteins have been associated with a low incidence of
coronary diseases (Jackson et al., 1975). Whereas, however, it has been found that
increasing the content of polyunsaturated fatty acids in the diet lowers the level of
low-density lipoprotein cholesterol in the blood, it also lowers that of the protec-
tive high-density lipoproteins (Vega et al., 1982). This latter adverse effect appears
to be due to the n-6 acids (e.g. linoleic and arachidonic): acids of the n-3 series (e.g.
linolenic, eicosapentaenoic and docosahexenoic) are now believed to be responsi-
ble for the beneficial effects of polyunsaturated acids in protecting against coronary
heart disease (Leaf and Weber, 1988) even in those with a high intake of fat and
cholesterol (Dyerberg and Bang, 1979). Since there is also evidence that mono-
unsaturated (n-9) fatty acids have an effect in lowering serum cholesterol levels
which is similar to that of the n-3 acids (Mattson and Grundy, 1985), it may be desir-
able to consider their concentration in any attempt to specify desirable ratios of sat-
urated to unsaturated fatty acids in meat or other foods. Although high levels of
serum cholesterol have been positively correlated with death from cardiovascular
diseases in women and younger men, mortality is negatively related to this param-
eter in men over 45 (Kennel and Gordon, 1970).

Insofar as the polyunsaturated n-3 fatty acids have a marked tendency to oxidize,
the titre of lipid oxidation products could be expected to be relatively high in food
sources containing them and in the tissues of human consumers thereof. Lipid per-
oxides have been associated with various aspects of coronary heart disease (Addis,
1986).There are indications that it is the oxides of cholesterol which are toxic rather
than cholesterol (Taylor et al., 1979; Paniangvait et al., 1995). These can be found in
fresh meat, but ionizing radiation increases their level. Whereas cholesterol oxida-
tion can occur without concomitant lipid oxidation in beef, the oxidation of fatty
acids accelerates that of cholesterol (Nam et al., 2001). A survey of processed meats
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revealed that cholesterol oxides were absent from meat samples, but certain uniden-
tified components were found (Higley et al., 1986).

If fish oils were to be incorporated into feeds to modify the lipids in the tissues
of non-ruminants in the believed interests of the human consumer (cf. § 11.1.4), it
would be necessary to control lipid oxidation. Processing meat pre-rigor has been
suggested for this purpose (Judge and Aberle, 1986).

It is worth noting that the feeding of polyunsaturated fatty acids has been asso-
ciated with an increased incidence of carcinoma and immuno-suppression (Dayton
et al., 1969; Bennet et al., 1987).

It is clear that the relationship between cardiovascular disease, the consumption
of fat and serum cholesterol levels is complex, and, in the present state of our knowl-
edge, correlations which can be demonstrated within individuals should not be 
presumed to apply to the population as a whole and vice versa. In the 1970s and
1980s various organizations cautioned against the consumption of, especially, red
meat insofar as the fat it contains is more highly saturated than that in pork or
poultry and this was believed to be a factor predisposing to cardiovascular disease.
The fact that the redness signifies a high content of readily assimilable iron and that
whereas anaemia can potentially affect all consumers, only some individuals are at
risk from cardiovascular problems, were ignored. Australian research has provided
evidence that substantial intake of lean red meat lowers several factors associated
with cardiovascular disease, such as hyperlipidaemia and elevated blood pressure,
despite increasing the proportion of arachidonic acid in plasma phospholipids
(O’Dea and Sinclair, 1985). Moreover, a diet rich in lean beef has been shown to
reduce the level of serum lipoprotein cholesterol. Again, although lean red meat
contributes to an increase in the prothrombotic arachidonic acid, it also increases
the levels of dihomogammalinolenic and eicosapentaenoic acids, which antagonize
the effects of arachidonic acid in promoting the aggregation of platelets (Sinclair 
et al., 1994).

Following detailed analysis of the muscles of cattle, sheep and pigs available to
consumers in the UK, Enser et al. (1996) concluded that they constitute a valuable
source of polyunsaturated fatty acids (especially of the C20 and C22 n-3 acids) in the
diet.

That there is a connection between a high intake of salt and hypertension has
long been recognized and low-salt diets have been used to control the latter. Clearly
a substantial amount of salt could be derived from the consumption of cured meats,
but fresh meat per se is a minor source of dietary salt (Pearson, 1981).

The exact way in which the individual human consumer will digest, absorb and
utilize the amino acids of meat (or those of any other protein-containing food)
cannot be predicted precisely: the existence of considerable variation, even amongst
the vast majority who are usually regarded as ‘normal’, is proven (Williams, 1956).
Some individuals, however, differ in their metabolic response to the proteins of
foods in a manner which is sufficiently marked as to be ‘abnormal’, and, insofar as
meat is an important source of essential amino acids, it is desirable to refer briefly
to some disturbances of protein metabolism which constitute pathological condi-
tions (Carson, 1970). These include disorders of the digestive enzymes (e.g. cystic
fibrosis of the pancreas) and faulty mechanisms of intestinal amino acid transport
(e.g. cystinuria, in which there is faulty absorption of cystine and dibasic amino acids;
and Hartnup disease, where transport of neutral amino acids and malabsorption of
tryptophan are features). In addition, there is a large number of genetically 
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determined conditions in which the intermediary metabolism of one or several
amino acids is defective.

Allergic reactions to the proteins of meat have been found, hitherto, in individ-
uals having a general intolerance to food proteins (Kekomaki et al., 1967). Work by
Han et al. (2000) has suggested that bovine serum albumen and bovine gamma glob-
ulin are potentially allergenic to certain individuals.

Although diets rich in protein (including meat) elevate serum levels of uric acid
– and thus restriction in their consumption may be advised in certain circumstances
– their reported association with gout is not clear (Zöllner, 1975) as the condition
is now thought to be hereditary.

Amongst the more positive attributes of meat is its ability not only to supply iron
– and that from meat is absorbed 3–5 times more readily than iron from plant foods
(Rogowski, 1980) – but also to enhance the absorption of iron from non-meat
sources which are concomitantly consumed (Cook and Monsen, 1976). Iron appears
to be absorbed as non-haematin compounds having a molecular weight of less than
10,000 dalton (Hazell et al., 1981). (It is clearly important to be able to distinguish
between haematin and non-haematin iron. This can be done using a combination of
atomic absorption spectroscopy and inductively coupled plasma optical emission
spectroscopy: Lumley, 2001.) In meat there are also small quantities of such miner-
als as manganese, which protects against degenerative diseases of the bone (Under-
wood, 1977); of zinc, which promotes growth, sexual maturity and wound healing;
and of cobalt, which is essential for the synthesis of vitamin B12. There is some evi-
dence that high levels of creatine in the diet (ca. 30g/day, over a week), may enhance
muscular performance in athletes (Harris et al., 1993).

Quite apart from its effect on health through the provision of nutrients, meat is
being increasingly recognized as a ‘functional’ food, i.e. one which can beneficially
affect physiological processes in the consumer and, thereby, potentially mitigate or
prevent disease (Jiminez-Colmenero et al., 2001). Its nature, and that of its derived
products, can be tailored to fulfil currently perceived compositional and organolep-
tic desiderata, both by conventional means and by more novel procedures such as
the planned use of probiotic organisms (cf. §9.3) and genetic modification.

In respect of organ meats, there have been occasional reports of toxicity. Thus,
the livers of polar bears and of husky dogs contain very high levels of vitamin A,
and excessive consumption of these organs by Arctic explorers has been associated
with symptoms of hypervitamosis. The feeding of vitamin A to domestic meat
animals to increase growth efficiency, and its concentration thereby in their liver,
has been blamed for facial malformations in babies whose mothers ate liver during
pregnancy; but, on present evidence, it would be premature to believe that the
undoubtedly excellent nutrients in the liver of domestic meat animals, not least the
content of vitamin B12, should be eschewed by the general consumer – or even by
the vast majority of pregnant women – because of its vitamin A content.

Possible dangers from the use as feed for animals of offal from the brain and
spinal cord have been recognized recently in relation to a disease which affects the
nervous system of cattle and which is referred to as bovine spongioform encephali-
tis (BSE). The symptoms of the condition are similar to those observed in scrapie,
a disease long known in sheep, which can be transmitted to other species. Indeed
the feeding to cattle of inadequately treated brain and spinal cord from scrapie-
infected sheep was suggested as the cause of bovine spongioform encephalitis.
According to a detailed report, commissioned by the UK government, BSE may
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have arisen, de novo, from a spontaneous mutation in a single cow, the condition
being spread by recycling tissue from this animal in the feed given to others. (If a
mutation were involved, however, it would seem more likely that it would be caused
in a number of animals by some common predisposing factor which has not been
identified so far.)

In the brains of mice which have been injected with sheep scrapie, ubiquitin-
protein complexes have been detected in intracellular filamentous structures. These
are similar to those found in the brains of human patients suffering from
Alzheimer’s disease, suggesting that there may be a process of neurological degen-
eration common to both conditions (Lowe et al., 1990). The formation of ubiqui-
tin–protein complexes in nervous tissue reflects the cryoprotective activity of
ubiquitin (cf. §5.1.2). The insoluble plaques which are responsible for the death of
nerves in transmissible spongioform encephalopathies appear to consist of fibres in
which β-pleated sheets of protein are aggregated right-handed helices. The amyloid
fibres are formed from intermediate structures which arise during transitions in the
folding topography of the protein.

The agents responsible for such conditions are simpler than viruses, produce no
immune reaction and are more stable to heat and other denaturing factors than
normal proteins. They are resistant to most proteases; but a protease has been
designed to degrade them (Anon., 2001). The infective molecules are distorted
forms of the normal proteins of the brain cell membrane (prions). They appear to
multiply, without the involvement of nucleic acid, by causing the molecular config-
uration of the normal prions to adopt their distorted format and, in turn, these
impress their altered configuration onto other normal brain membrane proteins.
Prions seem to have some function in the metabolism of copper, binding it at the
cell surface (Jones, 2002).

It appears unlikely that the consumption of such abnormal prions from the brains
or spinal cord of cattle or sheep would cause spongioform encephalitis in the human
brain since their amino acid sequence differs significantly from that of the human
prion (Prusiner, 1995). There is no current proof that BSE can be transmitted to
human consumers of bovine offal from the brain or spinal cord. A species barrier
has apparently prevented scrapie from infecting humans for hundreds of years.
Nevertheless, it should be noted that a mental condition develops in certain natives
of New Guinea who habitually include brains in their diet; and that whereas
Alzheimer’s disease, and a similar condition, Creutzfeldt–Jacob disease (CJD), are
found mainly in the elderly, a so-called ‘new variant’ (nvCJD) affects the young. It
differs from the other transmissible spongioform encephalopathies in that the
disease-associated form of the prion protein can be readily detected in the nervous
system (Ironside, 1999). As a precautionary measure, the use of potentially infected
offal in meat products was banned by the authorities in Britain. Several methods
are now available to accurately assess the level of glial fibrillary acidic protein – as
an indicator of spinal cord – in meat products (Schmidt et al., 2002).

Neither muscular tissue itself, nor offal, are high in calories, and since they
provide satiety of long duration (Rogowski, 1980) their consumption per se will not
lead to overeating or obesity.

There can be no question that meat is an excellent source of the nutrients
required for health. That it may cause carcinoma, cardiovascular or other diseases
in the otherwise healthy individual is far from being proven, the evidence being 
contradictory, and the concept biologically unlikely. Thus, the incidence of such 

356 Lawrie’s meat science



diseases is low among the Masai, for example, whose consumption of meat and
related products is particularly high (Yudkin, 1967); elephants are vegetarian, yet
suffer severely from atherosclerotic conditions. Meat frequently features in the diet
of centenarians.

It is evident that we know too little, as yet, about the biochemical requirements
of the individual human consumer to accept generalizations against meat-eating.
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Chapter 12

Prefabricated meat

12.1 Manipulation of conventional meat
Although hitherto unexploited sources such as non-meat proteins (§ 12.2) and abat-
toir offal (§ 12.3) are currently being utilized or investigated for the fabrication of
‘meat’, there have been concomitant developments in the modes of usage of con-
ventional meat which merit consideration in the present text.

12.1.1 Mechanically recovered meat
Carcass dressing operations leave varying proportions of meat adhering to bones:
the world total has been estimated to be 2 million metric tons (Field, 1976). Such
meat is of identical nature to conventional carcass meat. In the past, since bones
were not accorded the degree of hygienic handling essential to minimize microbial
spoilage and other undesirable organoleptic changes, the associated meat quality
deteriorated. The mechanical devices now available to separate meat from bone,
together with adequate refrigeration and limited storage, make it possible to
produce meat suitable for human consumption. The devices used either separate
the meat by pressing a finely ground mixture against perforations in a stainless steel
drum or by applying high pressure (10–25 MPa) to roughly broken bones, when the
meat becomes plastic and flows from the bones (Newman, 1980–81). Mechanically
recovered meat, obtained by either method, is free from organoleptically detectable
bone. Heat generation is inevitable, but the incorporation of refrigeration sufficient
to maintain the temperature below 10°C limits microbial growth, oxidative rancid-
ity and browning due to the oxidation of haem pigment (Ostovar et al., 1971). During
mechanical deboning, the structure of the myofibril is considerably altered at both
Z- and M-lines (Schnell et al., 1974), and the connective tissue content is reduced
(Ranken and Evans, 1979).

When bones of high marrow content are processed, the lipid and haem concen-
tration of the product is increased. These circumstances worsen the tendency of the
mechanically recovered meat to undergo oxidative rancidity (Froning and Johnson,
1973; Demos and Mandigo, 1996), and this is exacerbated further if pork bones are



used, since the lipid therein is relatively unsaturated (Meiburg et al., 1976).The dark
colour of mechanically recovered meat, generally, limits its incorporation into
certain products such as UK sausage. On the other hand, its relatively high pH (espe-
cially when marrow bones are involved) increases the extractibility of the muscle
proteins and the emulsifying power of the meat (Field, 1976). The high pH, together
with the finely divided nature of mechanically recovered meat, makes it very liable
to microbial spoilage during storage, but this can be readily controlled by main-
taining the temperature below 5°C (for short time usage) or below the freezing
point (for longer storage) (Meiburg et al., 1976).

Typical data on the composition of meat recovered either mechanically or man-
ually from bones are given in Table 12.1. It will be apparent that mechanically recov-
ered meat contains more lipid, less protein and very much more ash and calcium
than manually deboned meat. Nevertheless, there appears to be no single chemical
index for the accurate identification of mechanically deboned meat: the total haem
pigment is probably the most useful (Meech and Kirk, 1986). This view was con-
firmed in an extensive investigation of the methods available for the detection of
mechanically recovered meat. The chemical composition was the least reliable cri-
terion of those studied (Crossland et al., 1995), whereas gel electrophoresis (Savage
et al., 1995), microscopy (Pickering et al., 1995a) and immunological techniques
(Pickering et al., 1995b) proved reliable indices. Recently multivariate analysis of
isoelectrically focused protein profiles has shown promise as a detection procedure
(Skarpeid et al., 2001).

12.1.2 High-pressure modification
The well-known susceptibility of enzymic reactions to high pressure, and the effects
of the latter on the secondary, tertiary and quaternary structure of proteins (Jøsephs
and Harrington, 1968), led Australian workers to study the response of muscle under
such conditions (Macfarlane, 1984) (cf. § 10.3.4). Many variables were found to
affect the latter. These included the severity of pressure, its duration, its rate of
change, the concomitant temperature, the extent of development of rigor mortis at
time of pressurization and the type of muscle.

It had been shown by Ikkai and Ooi (1969) that, in the presence of ATP, pres-
sure dissociated actomyosin into its constituent actin and myosin, and Macfarlane
(1973) demonstrated that a pressure of ca. 100 MPa (ca. 1000 atm), when applied
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Table 12.1 Typical composition of meat recovered mechanically (ME) or manually (MA)
from bone (after Newman, 1980–81) (Components as per cent wet weight)

Crude 

Bone source Total lipid protein Ash Calcium

ME MA ME MA ME MA ME MA

Pork ham 39.0 37.9 10.2 15.7 4.0 0.5 1.4 0.03
loin 29.5 23.6 14.0 16.7 1.8 0.7 0.4 0.04

Beef rump 41.9 11.8 10.0 17.6 4.3 0.8 1.5 0.08
loin 33.4 22.5 11.6 16.4 4.3 1.0 1.5 0.01

Mutton breast 36.5 38.1 15.0 15.5 1.2 1.0 0.1 0.02



to pre-rigor muscle for 2–4min at room temperature had a marked tenderizing
effect on the cooked meat.Although such tenderizing could not be achieved in post-
rigor muscle at 0–20°C, pressures of 100–150MPa were effective on subsequent
holding at 45–60°C (Bouton et al., 1977a). Cold-shortened muscle could also be ten-
derized by a combination of pressure heat, although this cannot be achieved by
ageing (Davey et al., 1976: cf. § 5.4.1). Moreover, the tenderizing action was achieved,
in pre-rigor muscle, despite shortening of ca. 35 per cent. (cf. § 10.3.4)

Various explanations have been advanced for the tenderizing action of high pres-
sure. Respecting the general effects of high pressure and temperature on proteins,
whereas electrostatic bonds and hydrophobic interactions are susceptible to the
former, they are less affected by high temperature. However, covalent bonds and
SH groups are labile at high temperature but more resistant to high pressure
(Ledward and Mackey, 2002). Kennick and Elgasim (1981) regarded the F- to G-
actin transformation and the depolymerization of myosin to be important in this
respect, since heating denatures these in the dissociated state instead of as acto-
myosin aggregates. In pre-rigor muscle, high pressure (150MPa, 5–10min, 35°C)
affects the sarcoplasmic reticulum, causing proteolysis of the 100,000 dalton ATP-
ase protein and of calsequestrin (Horgan, 1980–81), whereby the Ca++ concentra-
tion rises and contraction and post-mortem glycolysis are greatly stimulated, the
latter being enhanced by activation of phosphorylase (Horgan and Kuypers, 1983).
Accelerated conditioning no doubt arises due to the early release of lysosomal
enzymes (Elgasim and Kennick, 1980) through damage to the lysosomal membranes
in the presence of excess Ca++ ions (Macfarlane and Morton, 1978) from the disor-
ganized sarcoplasmic reticulum.

Homma et al. (1994) demonstrated that an increase in the activity of such
enzymes as the cathepsins B, D and L, with increasing pressure up to 400MPa, was
due to their increased release from lysosomes; and even at 100MPa the release of
cathepsins is more marked during the normal course of conditioning (Kubo et al.,
2002). Nevertheless cathepsin H is inactivated above 200MPa and cathepsin D
above 500MPa (Montero and Gómez-Guillén, 2002). Subsequently Homma et al.
(1995) showed that the calpain system was also affected by high pressure. Above
200 MPa the activity of both µ- and m-calpains decreased rapidly, but since that of
the calpastatin was even more labile, the activity of the calpains was dominant and
this may contribute to the increase of tenderness caused by the high pressure.

Pressurization of muscles having a high ultimate pH has little effect on the pro-
teins of the sarcoplasmic reticulum. It is only in muscles which undergo apprecia-
ble post-mortem glycolysis that proteolysis of these proteins occurs under pressure
and thus implicates enzymes of lysosomes in their breakdown (Horgan, 1987). Elec-
tron microscopy indicates that the sarcolemmal and endomysial sheaths are sepa-
rated from the myofibrils (Macfarlane and Morton, 1978) and this feature must
contribute to the increased tenderness; but connective tissue is not affected 
(Ratcliff et al., 1977). According to Locker and Wild (1984) there is a concomitant
change in the ‘gap filaments’. Certainly pressure/heat treatment produces a greater
degradation of connectin (‘gap filaments’) than heat alone (Macfarlane et al., 1986)
and Kim et al. (1992) showed that α-connectin was converted to β-connectin by pres-
sure alone. Subsequently, using immunoelectron microscopy, Suzuki et al. (2001)
showed that connectin in the M-line was substantially disoriented by even short
exposure (ca. 5min) to high pressure. The tenderizing effect of high pressure is not
affected, however, by pretreatent with tenderizing enzymes. Such would have been

360 Lawrie’s meat science



expected if connectin were substantially responsible for myofibrillar toughness. The
apparent connectin (titin) content of beef l. dorsi muscle remains unaltered despite
wide variations in the Warner–Bratzler shear values of steaks prepared from aged
and unaged meat (Fritz et al., 1993). Suzuki et al. (1993) demonstrated that high pres-
sure has no effect on the structure of collagen as judged by electrophoretic and ther-
mographic data.

Pressures of the order of 400MPa, nevertheless, cause proteoglycans to break
down into smaller molecules (Ueno et al., 1999).

In a study comparing the effect of various combinations of high pressure and
heating, Ma and Ledward (2004) concluded that when meat is heated between 60
and 70°C under pressure (200MPa), the enhanced tenderness observed is mainly
due to proteolysis: structural changes in the collagen and myofibrillar proteins were
of less importance.

Using NMR imaging, Bertram et al. (2004b) demonstrated that the structural
changes responsible for tenderizing (and changes in the location of water) during
high-pressure treatments differ from those that occur during ageing.

Apart from its tenderizing effect, the high-pressure treatment of meat, if it could
be applied in industry, would greatly accelerate operations in abattoirs by making
possible the production of vacuum-packed, tenderized meat from the hot-deboned
carcass. It would be less easy, however, to apply the procedure to post-rigor meat
since the need for heat would yield a cooked appearance.Through its effect in accel-
erating or inhibiting post-mortem glycolysis, pressure treatment could be employed
to produce meat of any desired pH in the normal range (Macfarlane, 1984).The bio-
logical value of the pressurized meat is not altered, but digestibility is increased
(Elgasim and Kennick, 1980). High-pressure treatment appears to produce the same
pattern of flavour precursor molecules as does conditioning (Suzuki et al., 1994).

Of more immediate practical importance is the solubilizing action of high pres-
sure on myofibrillar proteins (Macfarlane et al., 1984). The imidazole groups of his-
tidine appear to be implicated (Macfarlane and McKenzie, 1976). Pressures of ca.
150MPa at 0–3°C, enhanced the adhesion between meat particles, in a manner
similar to that of trisodium polyphosphate in the presence of salt, but the effect
operated at lower pH values. Even in the absence of salt, when increased solubility
of the myofibrillar proteins was not a factor, a binding effect was produced. Studies
by Suzuki and Macfarlane (1984) indicated that the increased heat-setting proper-
ties of myofibrillar proteins achieved under high pressure is due to depolymeriza-
tion of the myosin monomers whereby they reaggregate in a different complex on
release of pressure. This suggests that the use of pressure could lower the quantity
of salt or polyphosphate required to solubilize myofibrillar proteins, and thus
operate as a binding agent, in the production of reformed meats. Thereby the
amounts of salt needed in foods could be reduced.

The application of high pressure changes the colour of pork and beef (Shigehisa
et al., 1991). The discoloration appears to be due to globin denaturation (and pos-
sible loss of haem), at ca. 200–360MPa, and to subsequent oxidation to metmyo-
globin (Carlez et al., 1995). On the other hand the nitrosomyohaemoglobin of
cooked ham is resistant to such pressure-induced change (Goutefongea et al., 1995).
The application of moderate pressure (80–100MPa) to meat for a short time, before
exposing it to the air, prolongs the retention of the bright-red colour of oxymyo-
globin at the surface – provided such exposure is within a few days of slaughter of
the animal: its application after ca. 3 weeks is not associated with this benefit (Cheah

Prefabricated meat 361



and Ledward, 1997). It appears that the muscle enzyme system that accelerates met-
myoglobin formation is initially inhibited more than that of the enzyme system that
reduces metmyoglobin back to myoglobin.

Under high pressure, the proteins of muscle produce gels, which are different
from those caused by high temperature; and, in the future, these differences may
well be exploited in altering the texture of meat products to develop novel attrib-
utes of desirability for the consumer (Ledward and Mackey, 2002).

Although it has been reported that pure fats and oils are stabilized against oxi-
dation by exposure to high pressure (Cheah and Ledward, 1995) exposure of pork
to pressures of ca. 800 MPa cause the lipids of pork to oxidize more rapidly than
those of controls (Cheah and Ledward, 1996). Pressures above ca. 400 MPa cause
the formation of denatured ferric haemoprotein (as in cooking) and it is thus fea-
sible that the latter acts as a pre-oxidant in meat which has been subjected to high
pressure and, if so, this effect might limit the application of the technology con-
cerned.The effect of high pressure on micro-organisms is considerable and has been
outlined in § 6.3.6.

The above considerations refer to the application of hydrostatic pressure. More
recently the effects of applying hydrodynamic pressure have been studied.
Hydrodynamic pressure can be created by a controlled explosion whereby a 
pressure/shock wave passes through water and any object in the water with similar
mechanical impedance to that of water (Kokosky, 1998). Exposure of meat to much
hydrodynamic pressure increases tenderness to a level similar to that obtained 
by conditioning the meat for 3–5 weeks (Solomon et al., 1997). Structurally, the 
hydrodynamic pressure detaches sarcomeres at the Z-line and the A/I junction
(Zuckerman and Solomon,1998). It decreases the content of myofibrillar protein and
concomitantly increases that of soluble protein (Spanier and Romanowski, 2000), as
is the case when high hydrostatic pressure is applied (Macfarlane et al., 1984).

12.1.3 Reformed meat
Various developments since the Second World War have caused many meat con-
sumers to favour lean steaks rather than meat from joints, with its associated fat.
Because of the high cost of steaks from the relatively limited locations in the carcass
which yield meat of the desired characteristics, attempts to produce, from the less
expensive cuts, portions of meat having the desirable organoleptic attributes of tra-
ditional steaks have been marked since 1970. The high content of connective tissue
in such meat has necessitated its comminution or subdivision by mechanical means,
and its subsequent reforming or restructuring into steak-like portions. The process
permits the control of product colour, texture and fat distribution. The size of the
comminuted pieces has determined which term is appropriate, but in the present
context ‘reforming’ will be employed. Restructured meat products have been exten-
sively reviewed in a volume edited by Pearson and Dutson (1987).

Reformed meat can be prepared from fresh and cured meat by the procedure 
of tumbling or massaging (as now used for hams; cf. § 8.3.1) and by compressing
together thin slices (or flakes) after partial freezing. The mode of comminution
affects the properties of the meat: flaking is the most frequent method.When carried
out at –2°C flaking yields ribbon-like pieces, whereas an emulsified mass is obtained
at 5 °C (Huffman and Cordray, 1983). There is a significant decrease on subsequent
cooking loss as the particle size in comminution decreases and an increase in ten-
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derness and in cohesiveness. On the other hand, over-comminution also causes 
loss of cohesiveness, the products reformed from ground meat being inferior to
those from flaked meat (Chesney et al., 1978). Wafer-thin slices permit increased
extraction of myofibrillar proteins which foster binding and better cohesion on
cooking above 45°C, possibly due to the formation of hydrogen and electrostatic
bonds. More recent studies have indicated, however, that the increased binding seen
on heating is more likely to be due to disulphide bonds and hydrophobic interac-
tions, although hydrogen bonds formed on cooking may also increase the strength
of binding (Lee and Lanier, 1995; Ledward and Varley, 1999; N. Howell, personal
communication).

The relatively small muscles of the less expensive locations in the carcass, such
as the distal parts of the limbs and the neck, naturally vary in their biochemical and
chemical constitution (§ 4.3). Thus, they have differing proportions of connective
tissue, their yield of extractable protein – which is so important for reformed meat
– may vary from 3 to 45 per cent of the total protein content (Saffle and Galbreath,
1964) and their ultimate pH is characteristically different.

Although the incorporation of salt (as would be anticipated from §§ 8.3.1, 8.3.2
and 10.2) enhances protein extraction, and thereby the texture of reformed prod-
ucts, it also increases the tendency for oxidative rancidity and discoloration through
metmyoglobin formation (Huffman, 1981). From Table 12.2 it is evident that an
intermediate level of salt (ca. 1 per cent) gives the benefits of lower cooking loss
and greater tenderness without excessive rancidity (as determined by thiobarbituric
acid). The extractibility of myofibrillar proteins (and thus the binding capacity of
the system during comminution) is greatest when the meat is refrigerated to just
above the freezing point, but temperatures below −4°C enhance metmyoglobin for-
mation (Mandigo, 1983).

The term surimi originally referred to a Japanese product made from 
mechanically-deboned white fish which was subsequently refined by removal of
water-soluble proteins (including enzymes and pigments) and salts. Surimi thus has
an enhanced content of myofibrillar protein in comparison with the original fish and
is important as a functional ingredient in the food industry. Moreover, because en-
zymes and haem pigments have been removed, it has an enhanced stability. After a
similar leaching process, minced pork, beef and mutton have been shown to yield
useful functional products (Lee et al., 1987; Torley et al., 1988) which have lower fat
and cholesterol and better rheological properties than other manufacturing grade
meats, and a bland taste, although beef and mutton surimi have a rather dark colour.
A general account of the nature of surimi prepared from meats, with particular 
reference to the chemical composition and microscopic nature of beef surimi, was
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Table 12.2 Mean values for organoleptic characteristics of
flaked pork steaks (after Mandigo, 1983)

Characteristic Per cent salt

0 0.75 1.50 2.25

Rancidity (TBA) 0.11 0.50 0.84 0.94
Cooking loss (%) 37.5 21.0 14.6 13.4
Tenderness (sheer: kg) 1.04 0.84 0.69 0.71



given by Knight (1992), who suggested procedures for altering its texture in desired
modes.

Reformed meat requires the incorporation of relatively high levels of lipid to
develop the same degree of juiciness as intact meat (Cross and Stansfield, 1976).
The mechanical disruption involved alters the mode of flavour release and the
flavour of reformed meat tends to differ from the meat before treatment.

Although the high water-holding capacity of pre-rigor meat would seem to be an
advantage in the manufacture of reformed meat, the comminution process would
cause the swift onset of rigor mortis, unless the meat was comminuted in the pres-
ence of salt immediately post-mortem (cf. § 10.2.1.2), and this could prove difficult
in industrial production. Raising the pH of post-rigor meat by the addition of alkali
confers some but not all of the beneficial quality attributes of pre-rigor meat (Anon.,
1983–85).

The comminution process permits the incorporation of non-meat (§ 12.2) or offal
(§ 12.3) proteins and those of mechanically recovered meat (§ 12.1.1). These can
contribute substantially to the cohesiveness of the reformed meat and lower its cost.
Of proteinaceous materials, only bovine plasma, wheat gluten and soya protein are
able to bind the portions of meat together in the absence of salt (Siegel et al., 1979),
but polysaccharides, such as alginate, can do so (Mearus and Schmidt, 1986).

The incorporation of 0.4 per cent of the platelet protein F XIIIa which is a
transaminase, with 0.2 per cent phosphate and 1 per cent sodium chloride, has been
shown to yield marked textural advantages in binding meat pieces in restructured
products. The enzyme can be produced on a large scale, as a recombinant protein,
by Saccharomyces cerevisiae fermentation (Nielsen et al., 1995).

The pressure required in reforming the comminuted meat will be determined by
the initial characteristics of the meat, its temperature and the machinery used. It
ranges from 2–7MPa.

12.2 Non-meat sources

The severe shortage of protein of high biological value in developing countries, and
the high cost of meat in those which are not fortunate economically, has fostered
great interest in the possibility of fabricating protein-rich foods from plant sources
in a palatable form. Artificial meat-like products, which have controlled texture,
flavour, colour and nutritive value (Sjoströn, 1963), have been marketed which can
substitute directly for meat (meat analogues) or can economically extend the bulk,
and help the texture, of conventional meat products and non-meat foods.

Texturization of recovered proteins has been achieved by three principal
methods – fibre spinning, thermoplastic extrusion and heat gelation (Kinsella, 1978;
Lawrie and Ledward, 1983). The first of these processes has been instinctively
exploited by spiders and silkworms for millions of years, but it was not developed
by humans until the end of the nineteenth century. The spinning of meat-like fibres
from non-meat proteins was patented about 30 years ago (Boyer, 1954). Although
their thermoplastic extrusion to form meat-like pieces is even more recent 
(Atkinson, 1970), a significant fraction of fabricated foods now depends on the latter
process (Harper, 1979).

Among the vegetable proteins which have been exploited in this way are the
glutens of wheat and the globulins of groundnut, cottonseed, peanut, sesame, yeast
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and soya bean. Protein isolated from the latter is of comparable biological value to
that of meat, it is valuable in the manufacture of emulsion-type products (because
of its power to emulsify, stabilize, texturize and hydrate comminuted meats) and it
can be used as an ingredient of spun fibres. In most extraction procedures, defatted
vegetable protein (e.g. soya bean) is heated with a slightly alkaline aqueous solu-
tion. The protein which dissolves is mechanically separated from residues and the
major protein constituents precipitated by acid, forming a curd (which is subse-
quently neutralized by food-grade alkali). If an alkaline suspension of the soya
protein curd is kept for some time at high pH, its capacity to aggregate as fibres is
enhanced. The suspension is spun into an acid bath, when long filaments form. The
native proteins of soya and of many other vegetables can also form a liquid homog-
enous suspension or mesophase (Tombs, 1972) with water and salt. The mesophase
proteins can be extruded into water to form filaments.This procedure has the advan-
tage that strong alkaline pH levels are not required.

In thermoplastic processes the proteinaceous material (often defatted soya 
flour, not further purified) is fed into the hollow barrel of an extruder where a
tapered screw forces it, under high pressure and temperature, towards a narrow
orifice into the exterior. Under these conditions, starch components gelatinize, pro-
teins partially denature and the tractile mass is restructured and aligned. These pre-
fabricated products combined with other food components, colouring and flavour
can be made up as simulated meats (Meyer, 1967), which are marketed as ‘meat
steaks’. Synthetic ‘ham’, ‘beef’, ‘pork’ and ‘bacon’ have been available in the USA
since before 1960. Such are also made available as dehydrated meat ‘bits’ for use in
soups, stews, sausages and other comminuted foods for the general market, includ-
ing institutional feeding (Coleman and Creswick, 1966). They may have a protein
content as high as 30 per cent and have only 1 per cent of fat (none of it being of
animal origin). In frankfurter sausages the replacement of 4 per cent of meat protein
with that from soya has been found to reduce the cost of the final product by 
33 per cent; and the yield (based on the meat used) was increased by 40 per cent
(Cook et al., 1969).

Because of the intrinsic cheapness of proteins from vegetables and microbial
origin and (depending on the source) the absence of nutritional disadvantages, there
is bound to be a great increase in their use as substitutes for expensive proteins of
animal origin. Clearly there is also an increasing possibility that the recommended
levels of substitution could be exceeded, and a concomitant need to establish means
of quantitatively determining the origin of proteins in food products (Food 
Standards Committee, 1975).Although serological methods can be employed to dis-
tinguish and quantify native proteins, processing (especially heating) renders them
ineffective. It is still possible to use gel electrophoresis, in conjunction with disag-
gregating agents such as β-mercaptoethanol and urea, to assess the proteins origin
(Mattey et al., 1970). Beyond a certain intensity of processing, however, such means
of identification become ineffective. On the other hand, if there were some com-
ponent of meat which was robust to processing, which was characteristically present
in myofibrillar proteins and which was absent from non-meat proteins, an accurate
assessment of a products lean meat content could be made. 3-methylhistidine forms
a standard component of myofibrillar proteins (Hardy et al., 1970). Being an amino
acid it survives even severe processing and it appears to be absent from proteins of
microbial or plant origin (Rangeley and Lawrie, 1976).The titre of 3-methylhistidine
has been successfully employed, for example, to determine the content of meat
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protein in canned mixtures of beef and soya (Hibbert and Lawrie, 1972) and soup
powders (Jones et al., 1982).

Although the titre of protein-bound, connective tissue-free, 3-methylhistidine
appears to be very similar between corresponding skeletal muscles of species as 
different as whales, rabbits and domestic meat animals, and between the muscles of
the prime cuts of the carcass, it is low in smooth muscle (Rangeley and Lawrie, 1977).
Moreover, Jones et al. (1985) demonstrated that it was also low in the
masseter/malaris (cheek) muscles of cattle. The latter phenomenon reflects the 
fact that the myosin of such muscles contains only ca. 17 per cent of the 3-
methylhistidine titre which is characteristic of the skeletal muscles of the bovine
(White and Lawrie, 1985).The 3-methylhistidine content of the actins of bovine mas-
seter/malaris, however, is similar to that in other skeletal muscles in this species and
in other meat animals (Johnson et al., 1986; Johnson and Lawrie, 1988). While this
indicates that the 3-methylhistidine content of actin would be even more precise as
an index of lean meat in processed foods than that of the contractile proteins overall
(actomyosin), the latter index is useful as a predictor of the meat from prime cuts.
It has also been suggested that actin could be unequivocally quantified by its elec-
trospray mass spectrometry pattern (Taylor et al., 1993b).

The authenticity of meat products, in terms of their meat content, and in relation
to non-meat components and permitted or non-permitted offal, the species from
which they were alleged to have been derived and the processing treatment received
by the meat (e.g. freezing, ionizing irradiation, mechanical recovery, ageing), is still
a matter of ongoing concern in national and international trade. The parameters
analysed, and the modes of analysis used, in determining such authenticity, were
reviewed by Hitchcock and Crimes (1985), Hargin (1996) and Lockley and Bards-
ley (2000) (cf. §4.3.1). They described the techniques now available (and varying in
complexity and cost) which are based on the ubiquity of DNA in the nuclei and the
mitochondria of most body cells, on the uniqueness of its sequence of bases in the
individual and on its much superior robustness to processing in comparison to pro-
teins. Moreover, it is possible to simplify the analysis of DNA synthesized during
amplification by polymerase chain reactions, by incorporating a fluorescent group
into the primer oligonucleotides (this can eliminate the need for an electrophoretic
separation step in the analysis). These DNA-based techniques will continue to be
developed and, in all but exceptional situations, make protein-based methods 
obsolete.

Recently, monoclonal antibodies against the thermostable muscle protein, tro-
ponin I, have been successfully employed to differentiate species and to distinguish
muscular tissue from gelatin and the proteins of blood and milk (Chen et al., 2002).

For some consumers (such as vegetarians) an organoleptically attractive, mutri-
tious product, entirely free from meat, would be a desideratum. One commercially
successful commodity of this nature is manufactured from the RNA-reduced cells of
a Fusarium species (Schwabe) in a continuous fermentation process. The harvested
mycoprotein has a fibrous texture and a moisture content similar to that of meat.

12.3 Upgrading abattoir waste

In view of the frequent drawbacks of low acceptability, absence of organoleptic
quality and high cost in meat-like products prefabricated from vegetable or bacte-
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rial proteins, it would be highly desirable to reassess the potential for making edible
and attractive foods from the substantial amounts of slaughterhouse protein which
are currently wasted. Much of it is of high biological value and it would seem both
economic and more rational nutritionally to investigate this possibility before
relying too heavily on the unconventional. The subject has been comprehensively
reviewed by Young (1980).

Young (1980) calculated that, in a typical carcass of an Aberdeen Angus 
steer, about 5kg of protein is present in currently non-utilized offal – stomachs, lungs
and blood. When this is multiplied by the 3 million cattle units consumed 
in the UK annually, and to it is added corresponding data from lambs, sheep and
pigs, and the 15 per cent of total bone collagen which could be used for human 
food (Jobling and Hughes, 1977), a total of 43 million kg of protein per year is
obtained. This is equivalent to 215 million kg of lean meat, i.e. about one-eighth of
the annual consumption. Typical values for the protein content of offal are given in
Table 12.3.

A general prerequisite for the upgrading of offal proteins is their recovery from
the source. When proteins are in suspension or solution they can be recovered by
flocculation, ion exchange chromatography or ultra-filtration (Denmead et al.,
1973–74). With blood itself, in which protein concentration is relatively high, heat
coagulation can be applied, but the products are unaesthetic and there are consid-
erable losses of nutritive value and of functionality. In 1976, Dill devised a proce-
dure for obtaining both serum and globin proteins from blood as white powders,
colour having been removed by acetone extraction of the haem component, but the
functionality of the products was relatively low.

The functionality of blood plasma proteins can be largely retained by partial
freeze-drying (Young and Lawrie, 1974) or by ion exchange chromatography
(Howell, 1981).The latter process yields three major protein fractions which possess
different attributes when used as egg albumen substitutes in cake mixes, according
to the time and temperature of the baking process. Moreover, there are species dif-
ferences, porcine plasma proteins being more useful at temperatures between 80
and 90°C and bovine plasma proteins above 95°C (Howell and Lawrie, 1981).

In the past, when attempts were made to recover solid slaughter wastes for feeds
or fertilizers, or to recover fat, neither the nutritive value nor the functional prop-
erties of the proteins were considered. Azeotropic distillation, controlled enzymic
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Table 12.3 Typical protein concentrations in under-utilized
tissues of meat animal (after Young and Lawrie, 1974)

Tissue %
Protein

Lung (bovine and ovine) 16–17
Lung (porcine) 14–15
Stomach (ovine) 12–14
Stomach (porcine) 14–15
Rumen (bovine) 10–13
Reticulum and omasum (bovine) 9–10
Abomasum (bovine) 7–9
Blood plasma 7–8



hydrolysis and extraction by alkali or anionic detergents can now be employed to
recover protein from such sources with minimum loss.

Proteins can be recovered in good yield from bovine, ovine and porcine lungs
and stomachs (Young and Lawrie, 1974), using alkaline extraction over 8 hours at
0°C and reprecipitation with acid. Comparable recoveries can be obtained by
extracting at 20°C over 2h (Swingler and Lawrie, 1979). The yield can be increased
considerably if the temperature of alkaline extraction is raised to 60°C, this being
partly due to enhanced solubilization of collagen; but an increased amount of lysino-
alanine is then detected. The latter problem – the nutritional significance of which
is yet unproven – can be avoided by extracting proteins from offal by sodium
dodecyl sulphate (SDS) (Gault, 1978). The extracted SDS–protein complex is pre-
cipitated by ferric chloride, and the SDS removed with acetone or methanol and
potassium chloride (Lundgren, 1945; Ellison et al., 1980). The proteins thus recov-
ered are bland and of improved functionality.

Insofar as there is a growing market for protein hydrolysates (as flavour
enhancers, functional ingredients or merely as nutritional additives to foods of low
protein quality), it is of interest that these can be readily produced by controlled
enzymic treatment (Webster et al., 1982).

As in the case of proteins from non-meat sources (cf. § 12.2), offal proteins can
be texturized to resemble the fibres of lean meat by fibre spinning or to simulate
meat pieces by high-pressure, high-temperature extrusion.

Fibres containing 17–18 per cent protein can be spun from such sources. Those
spun from stomachs and lungs tend to have less mechanical strength than those from
blood plasma, but since they have higher contents of isoleucine and methionine
(which are deficient in the latter), both textural and nutritional benefits can be
achieved by spinning fibres from mixed sources (Young and Lawrie, 1975; Swingler
et al., 1978).

There are advantages in spinning fibres from mixtures of offal protein and poly-
saccharides such as alginate (Imeson et al., 1979) since these can confer improved
textural properties when used as a partial substituent for lean meat in sausages
(Rusig, 1979). Moreover, the alginates can confer binding without the use of salt.

Not surprisingly, spinning is associated with a significant reduction in the number
of micro-organisms originally present in the offal from which the fibres are pre-
pared. Spun protein fibres were found to be microbiological sterile for at least 3
years at 0 °C (Swingler et al., 1979).

Although cereal, soya and other plant proteins can be thermoplastically
extruded, this is not possible with proteins recovered from offal when these are used
alone (Mittal, 1981).They can be extruded successfully, however, when incorporated
at up to 35 per cent in mixtures with soya protein, and, in such products, the offal
protein does not require to be purified as much as when fibres are to be spun from
them. Proteins extracted from offal by anionic detergents are much less suitable for
thermoplastic extrusion than those extracted by alkali (Mittal and Lawrie, 1984).

Lipid–protein interactions are important determinants of the structure of offal
protein. Thus, their suitability for thermoplastic extrusion (in association with a
carrier such as soya protein) is greatly altered by the amount of residual lipid in the
extracted protein. The controlled removal of lipid from the latter by the use of fat
solvents of different polarity causes systematic and extensive changes in the texture
of the products subsequently prepared from the proteins by thermoplastic extru-
sion (Areâs, 1983; Areâs and Lawrie, 1984).
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Fresh bone, virtually free from adhering meat, has become commercially avail-
able, under hygienic conditions, through the operation of new mechanical deboning
processes (cf. § 12.1), and recent recovery methods can fractionate such bone into
protein, lipid and calcium phosphate of a quality suitable for use as food ingredi-
ents (e.g. edible bone collagen) (Jobling and Jobling, 1983). Typically, pork and beef
bones yield ca. 21 per cent protein, 12–15 per cent lipid and 21–29 per cent ash.

Since the proteins which can be readily extracted from stomachs and lungs are
derived mainly from smooth muscle in these tissues, and since the latter closely
resembles striated muscle in composition (§ 4.1.1), fibres from such sources would
approximate closely to lean meat, notwithstanding their derivation from prohibited
offal. They could thus pose both analytical and legislative problems.

Whilst the use of prefabricated meats from animal or vegetable sources in con-
venience foods, for special diets and as complementary feeding in underdeveloped
areas, may be expected to increase steadily, most authorities agree that they will not
displace the demand for carcass meat in the foreseeable future. This is not only a
question of eating quality. It reflects recognition that, notwithstanding their lower
capacity for producing protein than vegetables or bacteria, meat animals represent
the only economically feasible means of utilizing the protein in plant sources
growing on poor ground.

And it must be recognized that a great proportion of the world’s land surface is
only fit for grazing and not for cultivation. As Blaxter (1968) has emphasized, rumi-
nants in particular can convert the fibrous portions of plants, which cannot be used
directly for human food, into high-quality protein. The self-contained fermentation
system of ruminants can produce desirable protein almost as efficiently as indus-
trial fermentation plants can produce protein of a type which has yet to be estab-
lished as organoleptically acceptable to the general consumer.
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growth requirements 26
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taeniasis 158
watery 205

Benzenoids, and odour 332
Beta-agonists, effect on calpastatin 35
Beta-agonists, as growth promoters 35

increase cross-linking of collagen 309
Bile, pigment 241, 281–286
Biltong 229
Biochemical individuality, and response to meat

354
Bioinformatics, computer assessment of complex

patterns 64
Birth weight 16
Bison, as meat 2
Blast freezing 219–221

and cold shortening 223, 229
Bleeding 134–137

and mode of stunning 134–137
Bloat, caused by legumes 28
Blood

drainage from carcass 134
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Bonds, chemical, differing response to pressure

359
Bone, marrow, in mechanically recovered meat

358
collagen, in mechanically recovered meat 358
mechanical recovery processes 358

Bone taint 161, 170, 176
Bovine spongioform encephalitis 352
Brain, blood supply and insensibility 136–138
Brain, development, and polyunsaturated fatty

acids 347
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Breeding
artificial insemination 8, 33
ova transplantation 31
sterile hysterectomy 39
stock improvement 24–25

Breeds
cattle

in U.K. 5–7
continental, leanness 7–8

differentiation of muscle 101–102
Breeds, distinguished by cDNA probes 96

differences in fatty acids 102
effect on fat softness 124–125
pigs, in U.K. 8, 19
proportion of muscular tissue 41
sheep, in U.K. 3–5
susceptibility to oxidative rancidity 211
tenderness 305

Brine, curing (see also Bacon) 250–260
Brochthrix thermosphacta 170, 180, 205
Bromelin 323–324
Browning, non-enzymic 156, 239, 269, 284
Brucellosis 157
Bruising, in transport and lairage 128
Buffalo, Water 11
Butchering, ‘hot’ 138, 209
Butchery, methods, altered to lower meat fat

content 353

Cadaverine, in vacuum-packaged beef 168
in fermented sausages 352

Caesium137, in muscle 29
Cadhesins, in muscle histogenesis 66
Calcium

accretion by sarcoplasmic reticulum 72, 115,
143

activates enzymes in conditioning 118,
149–150

activation of myosin light chain kinase 85
arachidonic acid releases 72
bacon maturation 254
bound by troponin 84–85

Calcium chloride, solution improves tenderness
in rehydration 324

concentration changes in contraction 57, 84
conditioning changes 147, 310–319
content in muscle 75, 345
deficiency 29
function in contraction 83–85
increased release by pressure 359
index of mechanical deboning 358
injection, effect on ATP-ase 224
and junctional foot protein, in contraction

61
L-type channels, in contraction 57, 84
in meat and offal 345
in mechanically-deboned meat 359
mitochondrial in stressed pigs 72

in cold-shortening 192
muscle contraction 83–85
postslaughter infusion increases tenderness

324
preslaughter injection increases toughness

324
proteins affected by 147–152

recapture in electrical stimulation 196
release in PSE pork 16, 72
thaw rigor 223

Clamodulins, and Ca++ binding 72, 82
Calpains

relative responsibility for conditioning 35, 118,
149–150

two types 118, 149–150
Calpastatin 35, 93, 118, 149

high concentration in bos indicus 93
high concentration in slow myosin heavy chain

122
increases in cold-shortened muscle 143

Calsequestrin 61, 84, 359
Calves, growth and antibiotics 39
Camel, as meat 10
Campylobacter jejuni, in food poisoning 164
Canning

amino acid availability 344
antibiotics 276
development 229
flavour effects 342
pasteurization 229
species identification, methods 365–366
sterilization 231–232

Canonical analysis, and differentiation of species
volatiles 330

Carbohydrate
associated with collagen 48–49, 147
content in muscle 75
heated, and flavour 329
microbial degradation 176

Carbon dioxide
anaesthesia 136
antimicrobial action 172, 178–180, 278
meat colour 209–210
packaged meat 172, 180, 204, 337
pig stunning 136

Carbon monoxide, produced in irradiated meat
273

Carbon monoxide, and packaged meats 205, 266,
286

Carboxyl proteases, in conditioning 317
and connectin breakdown 317

Carboxymyoglobin 286
Carcass

cooling rate
effect of bulk 190
effect of environment 190
effect on pH fall 87

dressing and cutting procedures 138
fat, breed differences 16

trends in U.K. 41
suspension method and muscle shortening 192,

201, 317
weight loss, reduced by spraying 190

Carcinogens 352
Carchinoma in muscle 73
Cardiovascular diseases, and fatty acids

353–354
Cargo density, of various meat products 236
Carnitine, associated with myoglobin 93
Carnosine, in muscle 75, 93, 156
Catalase, in peroxisomes 52
Catecholamines, and stress 133
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Cathepsins 147–152, 192, 359
B, D, E and L in conditioning 150–152
collagenolytic 147–149

liberation on electrical stimulation 192,
317

Cattle (see also Beef; Meat)
beef compared with dairy 5, 41, 93
body temperature and heat stress 22–23
breed 5
Charollais 7
cold resistance 22–23
colour and environment 22
cross-breeding with zebu 8
domestication effects 8, 26
doppelender development 19, 67
dwarf 8, 16
fat distribution 24–26
fatty acid composition 101–109
game, as meat 10
growth, factors influencing 15–39

androgens 33–39
genetic aspects 16–22
nutritive aspects 24–30
oestrogens 33–39
physiological aspects 22–24
species interactions 26

muscles
enforced exercise 131–132
pre-slaughter handling 128–134
proportion 41–42
rigor mortis 90–93

number 3
origin 90
stunning 134
weight loss on holding 130

Charqui 236
Chemical preservatives 276–277
Chemistry, of muscle 75–127
Chilling 163–172, 190–213, 271, 273–274

alternative procedures 194, 317
ultrarapid and cold-shortening 190
very fast, defined 317

Chitosan, antimicrobial properties 277
Chlortetracycline 39, 184, 273–274
Choleglobin 258, 281
Cholesterol, in meat products 347
Cholesterol oxide 353
Cholesterol serum 247, 353
Chondroitin sulphates 52
Chrohn’s disease and contaminated pasture

158
Cimaterol, growth promoter 35
Circulation, general consequences of stoppage

140–141
Classification, of bacteria by computer 178
Climate, effect on growth 22–23
Cloning, of lambs 14, 15
Clostridia 160, 169, 178, 229–230
Cl. botulinum 163, 179, 185, 229, 241, 258

serological types 163, 262
Cl. welchii 166
Coatings, edible 228
Cobalt deficiency 28
Coenzyme Q10, see ubiquinone
Cold, resistance mechanisms 22

Cold-shortening 190–203
avoidance 252–315

by electrical stimulation post mortem 138,
192–203

by hot deboning 138, 200–202
by pelvic suspension 192, 201, 317

carcass bulk effects 201, 309
mechanisms postulated 196–197
mitochondrial Ca++ release 192
ostrich meat insusceptible 192
red and white muscles, relative susceptibility

192
toughening offset by pressure 359
by ultrarapid chilling 190

Collagen (see also Connective tissue) 41–52, 64,
66, 108–126, 147–156, 251, 342

adhesion valves, measure of toughness 305
age effect 49, 107–108, 306, 308
breakdown

bacterial 166
enzymic 147–152
heat 49, 108, 142–143, 153, 238, 318–320
ionizing radiation 264
non-enzymic 150

carbohydrate residues 48–49, 147
cooking 319–321
copper deficiency effects 29, 48
correlated with toughness 109
cross-linking of α-chains 48, 107, 109, 306
cross-linking increased by beta-agonists 309
distribution of types 48–52, 108–112
in doppelender cattle 93, 126
effect on nutritive value 342
formation 48–52
geometry of lattice 43, 52, 85
heat stability 107
histological distribution 109–110
hydroxylating enzymes 43
identification histochemically 342
network changes in contraction 78, 317
and nutrition of animal 309
reversion of collagen-gelatin transition 318
solubility increase on heating 318
surface swelling 203
swelling of fibres on conditioning 147
telopeptide attacked on conditioning 152
tenderizing 315–318
tendon contrasted with muscle 41–43
turnover 107
types, in different tissues 48–52, 108, 113
types in different muscles 52, 109, 309

and water loss in cooking 299
unfolded, may occur naturally 142
water-holding capacity 299

in PSE pork 72
Collagenase

bacterial 165
involution of uterus 147
lysosomal, in muscle 147, 315–316

Colour (see also individual pigments) 280–290
chemical preservation 276–278
chemistry of myoglobin derivatives

281–286
cooked meats 284–286
dark cutting beef 37, 131, 286
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discoloration 286–290
factors determining myoglobin concentration

281
fixation in bacon 175, 256–258, 281–282
freezing 219, 226–228
fresh meat 281
glazy bacon 131, 254, 286

Colour, instability in PSE pork 286
irradiation 266
light effect 289
microbial 289–290
myoglobin oxygenation, species differences

286
nature 281–286
oxidative changes 286–287
prepackaging 287
PSE pork 286
residual enzyme activity 281, 287
sausages, use of porphyrin 290
temperature effect 284

Commercial sterility 230
Comminution, extent affects properties of

reformed meat 362–364
Computer, used in microbial classification 179
Condemnation, carcass 128
Conditioning (Ageing) 141–156, 315–318

actin detachment from Z-line 143
differences between red and white muscle

143
effect of Ca++ chelating agents 149
link with α-actin weakened 143

actomyosin subtly altered 143
amino acid increase 147, 156
antibiotics 276, 317
calcium activated (sarcoplasmic) factor 143,

149–152, 316
calpains involved 35, 118, 149
carboxyl proteases 317
carnosine and anserine breakdown 156
cathepsins B, D, E and L 150–156
collagenolytic cathepsins 147–148
collagen telopeptide affected 315
connective tissue not grossly proteolysed 142,

147
decrease in juiciness 306

Conditioning, desmin, talin and vinculin
proteolysed 147

drip diminution 224
electrical stimulation enhances 194–201,

317
endomysial collagen weakened 147
factors affecting rate/extent 93, 118, 153
fat breakdown 156
gap filaments 316
β-glucuronidase 147
hypoxanthine production 156
inhibited by high temperature 203, 317
increase in water-holding capacity 147, 293
leucocyte lysosomes 156
lysosomal enzymes 147, 156, 317
minimal, in shortened muscle 143
models for calpain action 150
mucopolysaccharide breakdown 147
‘multicatalytic proteinase complex’ 149–150
muscle differences 118, 318

nature of changes 152
origin of proteolytic activity 147, 156, 158
pH control of 153
protein denaturation as a factor 142–147
protein extractability altered 143
proteolysis 147
rate affected by calpain/calpastatin 93, 118,

153
sarcomere length altered 311
shortening of muscles effects 143
species differences 153
temperature 143, 153, 203, 317
tenderness 143, 153, 317
troponin T proteolysed 152, 317
Z-lines affected 143, 317

Conjugated fatty acids 96
Connectin, in conditioning 152, 310, 316, 360

absent from smooth muscle 82
and ‘gap’ filaments 57, 316
and carboxyl proteases 317
susceptibility to ionizsing radiation 82

Connective tissue (see also Collagen; Elastin)
adhesion, as measure 305
age 107, 306
anatomical location 108–115
chilled meat surface changes 203
coding sequence 64
conditioning changes 142, 147–152, 316–318
content in muscle 108–115
cooking effect 301, 318–321
cross-linking of α-chains 49, 131, 301
effect on nutritive value 342
elastin 52
elements of 41–52
exercise, training 122
heat effect 49, 109, 316
inflammatory conditions 73
nutrition effects 309
proteohlycans 52
tenderness 142, 315–318
texture 45
vitamin E deficiency 69

Consumers, measuring satisfaction in meat
quality 279

Containers, for frozen meat 218
Contraction, muscular

collagen lattice altered 85
phosphorylating enzymes involved 85
possible mechanisms 57, 61, 85
in thaw rigor 223

Cooking
amino acid availability 320, 344
changes in ester pattern 333
collagen solubility affected by temperature

318–320
colour changes 281–284
flavour precursors 328
gap filaments resistant 318
joint and time 299–234
juiciness 299
losses

in cryogenic freezing 229
mechanism 299
with temperature 299–303

microwave 318
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Cooking, mode of, effects on eating quality of
individual muscles 279

mode of, effects on proteins 319 et seq.
muscle differences 319–321
nutrient aspects 342, 350
odour and taste 328–333
pH 291
pre-rigor, tenderness effect 315
in production of dehydrated meat 336–339
prolonged, and flavour 328–333, 342
sarcoplasmic proteins involved 320
shrink 299–300
shrinkage, and sarcomere shortening

319–321
tenderizing effect 319–321
tenderizing enzymes 323–324
temperature, effects on tenderness 299–300,

318–319
time-temperature curves, anomalous 300
vitamin lability 345
water-holding capacity 299

Copper deficiency and excess collagen
malformation 29, 48

Copper, in meat and offal 345–347
Corticoids, blood serum, index of stress-

susceptibility 72
Cortisone

in prevention of PSE pork 72
connective tissue formation 147

Creatine in muscle 75
Creatine, higher dietary levels enhances 

athletes’ performance 355
Creatine kinase

binding to M-line 78
electrophoretic separation 78, 144
indicator of stress-susceptibility 72
lability 144, 230

Creatine phosphate 85, 91, 119
Creutzfeldt-Jakob disease 352
Cross-link, in collagen formation 48–49
Cryoprotectnats, from Antarctic cod

215–216
Cryptosporodium parvum, in meat 158
Culard (see also Doppelender) 19
Curare, effect on post-mortem glycolysis 102
Curing 250–261

after freezing 255
antimicorbial action of nitrate 177
antimicorbial action of smoke 258–259
bite-size portions, use of glycerol 263
carcinogens 258–259, 262
colour 256–262
control by salt addition 252
eating quality 259–262
effect on flavour volatiles 336
emulsions 258
glycerol, in high temperature storage 263
glycolysis, post-mortem effect 254–255
high temperature 252, 258
intermediate moisture meat 263
lamb 251
maturation 256–258
mechanism of fibre swelling 296–297
nitrite control 252
nitrosamines 266

off-odours and flavours 260–262
origin 249
‘Perigo’ effect 177
pH 254–255, 258
protein response to 253
PSE pork 72, 255
polyphosphate 256
rate enhanced by pre-rigor salt 256
salt-protein complex 253
slice curing 253
smoking 258–259
tumbling 253
type of salt 251

Curing, white exudate on cooking bacon 301
Wiltshire cure 251–253

Cutting and dressing 138–140
Cyclopropamide, sheep dosage 161
Cysticercus bovis 156, 185
Cytochrome c, in muscle 75
Cytochrome oxidase 100, 107, 209, 256, 284

role in nitrosomyoglobin formation 256
Cytoskeleton

breakup in conditioning 147
vinculin and talin components 37

D value 232
Dark-cutting beef 37, 131, 286
Deaminase, AMP, and ultimate pH 119
Death, in animal transport 128
Deboning, hot 138–140, 209

electrical stimulation as adjunct 209
Deboning, mechanical 358–359
Deer fat, myristic acid content 96

as meat 1, 11, 176
Deer red, electrical stimulation unsatisfactory for

storage 202
Deficiencies in soils and pastures 28–29
Dehydration 236–241

biochemical aspects 237–238
eating quality 239–241
fat content 239
large-scale operations 236
nutritional loss 241
particle size 239
physical aspects 238–239
precooking 236, 239, 243
storage life 239–241
temperature 236–237

Denaturation, of proteins 69–70, 142–147, 212,
229, 237, 284

Deoxyribosenucleic acid, indicator of cell damage
215

coding for myosin 64
and genetic code 62–64
ionizing radiation effects 265
recombinant technology 38
in species differentiation 96

Deoxyribose nucleic acid, transcription by
mRNA polymerase 62

Desiccation, surface 203, 218, 287
Desmin, CASF effects 81, 149

and Z-line structure 59, 81
Desmosine, component of elastin and collagen

52, 309
Dieldrin taint, in beef 339
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Diet
animal, and fatty acid composition 339
human, fatty acid intake 345

Dihydrothymidine, in detection of irradiated
meat 272

Digestibility of plants and grasses 28
Digestion, psychological factors 280
Discoloration 286–290

of bacon, reversed in vacuo 258
bacon brines 175
brown, in bacon 289
canned meats 230
cured meats 257–259
dehydrated meat 239–241
denaturation 142–147
freeze-dried meat 246–247
green, in packaged meats 289–290
haem, breakdown by yeasts 168
metmyoglobin formation 203–204, 210, 286
microbial action 166–168, 195–204, 290
nicotinamide involved 289
prepackaged meat 226
surface desiccation 203–204, 218, 287

Diseases, of adaptation 39
Diseases, muscle 67–73
Disease-free pigs 39
Doppelender, development 19, 67, 126–127, 317,

349
Dressing and cutting 138–140
‘Drip’ 115, 212–223, 291–299
Dry-salting 249
Duroc, fatty acids differ from Landrace 102
Dwarfism 19, 67, 306
Dystrophin, and muscular dystrophy 68

E. coli see also B. coli 160, 163–165, 169
E. coli (0157: H7), virulence and toxicity 128,

164–165, 169
heating of minced products 285
presence in ground beef 272

Eating quality
attributes of 279–337

colour 280–290
differs between muscles 279, 310
improved by ‘seaming out’ 279
juiciness and water-holding capacity 290–306
national preferences 280
odour and taste 324–342
texture and tenderness 306–324

canning 229–233
curing 259–263
dehydration 239–241
digestion and mastication 279
freeze dehydration 246–249
irradiation 266–269
nutrients and vitamins 279, 342–357

Elastin (see also Connective tissue) 52, 107, 142
content in various muscles 110
faulty formation in vitamin C deficiency 43

Electrical stimulation (post mortem) 194–203
acceleration of post mortem glycolysis 194,

196, 311
calcium release 196
carcass suspension 192, 201
cathepsins activated 196–198, 201

colour affected 199
combined with lethality 195
current frequency significant 195–197
delayed 195
and exudation from pork 196
flavour effect 199
high temperature conditioning 196, 317
in hot packaging 138–139, 209
importance of nervous functioning 195
mechanism 196–199
modes of application 194–196
pattern of pH fall 194, 196
rapid chilling permitted 194
response lessens with time post-mortem 195
sarcomere length unaltered 196
and structural damage 197
tenderizing effect explained 196–197, 317
turkeys tenderized 194
voltage significant 195
and water-holding capacity 196–197

Electrical stunning 134–138
degree of insensibility 136
and electrical stimulation 195
modes of application 134–138
and microbial spoilage 135–138
plasma amino acids 136

Electricity, effect on muscles 73, 194
Electroencephalography, use in stunning 134–138
Elephant, susceptibility to cardiovascular disease

274
Emaciation

carcass condemnation 128
fatty acid ratio affected 123

Embryogenesis, origin of muscular tissue 65
Emulsification of fat 297

and PSE proteins 72
effect of Ps. fragi 168
phase transitions 299

Endomysium
relation to myofibrils 39, 92
weakened

in conditioning 147
in curing 296

Enteritis, organisms responsible 164
Enterotoxins, S. aureus types identified by

nucleotide probes 165
Enzymes

bound to collagen 147
calcium-activated 118
conditioning 141–156, 309–318
destruction in canning 232
fat breakdown 210–211
freezing liberates mitochondrial 215
glycolytic 74–79, 85–90, 100–101
bound to myofibrils 75, 119
lysosomal 147–156, 316
mechanism of cured pigment formation 256
microbial 176–177
muscular dystrophy 67–73, 94
muscular hypertrophy 126
nitrite-reducing 195, 256–258, 260
oxygen-utilizing 100, 106, 178–181, 289
pressure affects rate 359–360
in protein recovery from waste 368
proteolytic 143, 147–156, 175, 247, 265, 315
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red and white muscles differ 118
residual activity, in frozen meat 172, 215, 224
respiratory 100, 106, 211, 289

Enzyme-linked immunosorbent assay, species
identity 96

Epimysium, shrinkage on cooking 302
in different muscles 309

Essential fatty acids 345–350
Ethylenediamine tetracetate, inhibits

conditioning 149
Evaporation

chilled meat 192, 202–203
frozen meat 219–220
hot deboned meat 209
and storage temperature 220

Exercise
glycogen depletion 131–133, 315
muscle composition 122

Exons, coding sequence of gene 63
Extensibility, muscle, in rigor mortis 90–92
Extractives, nitrogenous, in detection of heating

286
Exudation, from pork, enhanced by electrical

stimulation 198
Eye, muscles of, glycogen structure 119

F value 232
Facial eczema 29
Factor

calcium activated (sarcoplasmic) 149–152
action on troponin T and gap filaments

152
in red and white muscles 143

calcium-sensitizing 84–85, 90
nitrogen, in analysis 94

Fasting
glycogen loss 131
moisture loss 130

Fat
absorption of oestrogens 31
age 105–107
anatomical location 108–112
animal diet effects 339
content of muscle 75, 82–84, 108
cover, and cooling rate 190
diminution by oestrogens 35–37
distribution, factors affecting 5–8, 24–26
melting point ranges 299
nutrition 122–123
oxidation 141, 156, 203, 210–211, 226–228,

284
differences in red and white muscles 118

phase transitions, effect on emulsifying
capacity 299

reduction for health 10–11
ruminant, unsaturation incr. by fish oil 338
sex 105
soft, breed effect 102–103, 122–123
solidification in circulatory failure 141
species 96–97
subcutaneous, contamination source 161
water-holding capacity 297
yellow 290

Fat metabolism, inhibited by drugs 131
Fat, waste, in sheep and cattle 41

Fatigue
blood bacteria levels 160
glycogen and pH 131

Fatty acids
branched chain, & flavour 330
components in different meat animals 100, 112
composition in various porcine muscles 112
conjugated 99
essential 345
families of types 347
flavour significance 334–335, 342
high pressure effects 360
muscle lipid distribution 112
oxidation

dehydration 241
freeze dehydration 247
ionizing radiation 268–271
limited by vitamin E in feed 228
ultimate pH, effect of 211
vitamin E deficiency 68

polyunsaturated and brain development 347
and cholesterol levels 353

polyunsaturated, in foraging pigs 123
meat and offal 351
ratio affected by diet 353
ratio affected by emaciation 122
re-esterification, artificial 83
release by micro-organisms 168, 211
species differences 96
unsaturation produced by feed 122, 349
‘warmed over’ flavour 329

Feed conversion, in pig breeds 19
Feed, source of pathogens 160
Feeding

bacteraemia 160
flavour, effect on 330
glycogen level 131
off-flavours 339–340

Fenugreek, as antimicrobial 212
Fermentation, controlled by L. plantarum 182

microbial, in preservation 185, 278
Fertility 11, 30
Fibre, muscle

arrangement unusual in pig 121
artificial, from spun protein 364, 366–369
dehydration 142
differential response to stress 121
fast and slow 120–122
freezing 212–213
and halothane sensitivity 70
number 52
red and white 120–122
structure 52–61
swelling in salt solutions 296–297

Fibres, artificial, composition 368
reduced microbial load 368
spun from abattoir waste 368–369

Fibres, muscle, water loss on heating 39
Fibronectin, in connective tissue 52
Ficin 321–324
Fighting of pigs pre-slaughter 128
Filaments, ‘gap’

conditioning 57, 149, 316
elasticity 57
resistance to heat 310
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and sarcomere length 310
and tenderness 310

Filamin 75
‘Finger printing’, by DNA 97
Flakes, meat 362
Flash heating 232
Flavobacterium 161
Flavour (see also Odour; Taste) 326–341

acceptable after 10 years’ storage 336
age 333
amino acids 328–333
bacon 172, 259–260
bitter, maillard 342
catty 339
conditioning procedures 335–336
cooking, development in 328–333
curing alters volatiles 335
definition 324
dehydration 239–244
developed in dry curing 278, 336
dieldrin taint 339
enhanced by age of animal 333–334
enhanced by Staphylococcus spp. 278
extracts 336
fatty acids 329
full, depends on minimum fat 330
glutamic acid 333
glycoprotein 328
hypoxanthine 156, 333
inosinic acid 156, 333
intramuscular fat 329–333
irradiation 268–271
loss in store 335
Maillard reaction 342
microflora and off-flavours 336
muscle differences 334
mutton, characterized by lenthionine 331
myoglobin 334
pH 334
perception mechanisms 326–327
phospholipids important 329
and pyrazines 331
and pyrolysis of peptides 329
skatole taint 339
smoke, in curing 258
species differences 328–331
and thiamin degradation 329
and thiazoles 331
undesirable 336–342
‘warmed-over’ 329
water-soluble precursors 328–329

Fleece, cyclopropamide eases removal 161
Flexible pouches, heat sterilized 233
Flocculation, in protein recovery 366
Food poisoning

outbreaks 164
symptoms 164

Foot and mouth disease, heat treatment of meat
286

Formaldehyde
and fatty acid saturation 349
as fumigant 203, 259
inhibitor of proteolysis 30
reaction with H2S, and meat odour 328, 331

‘F’ protein 74

Free radicals, in irradiated food 265, 272
Freeze dehydration 241–251

biochemical and physical aspects 243–246
browning 246
development of AFD process 241
differences in muscle susceptibility 112
eating quality 246–247
histological aspects 241
juiciness 302
pH 244
plate temperature 243
proteins 244–245
retention of protein functionality 366
storage life 246
survival of sarcoplasmic reticulum 246
tenderness 246–248
tenderizing enzymes 247
water-holding capacity, pre-rigor salting 297

Freezer burn 220
Freezing 212–228

α-glucosidase, as index of 215
bacon curing 255
carcass meat 219–226
colour changes 290
cryogenic 229
cryoprotectants 215–216
differences in electrophoretic pattern 215
fat oxidation, pH control 211–212
juiciness 306
latent heat, anomalous in muscle 213
long-term efficacy 213, 336
microbial enzyme activity 229
muscular tissue 212–219
optimum temperature for different meats

228–229
prepackaging 227–229
pre-rigor ATP-ase activity 223, 297

water-holding capacity 223, 229
prolonged storage 219
rates 212–215, 223–224

‘drip’ from psoas 226
‘drip’ from prepackaged cuts 220–222, 228

storage 228
summary of recommended procedures 229
temperatures, and protein damage 213–215
tenderness 296
thaw rigor 92, 223, 295
time-temperature curves 190, 219
weight losses in store 190–191
without prior chilling 219

Frozen meat, thawing procedures 224–226, 229
Function, muscle

reflected in constitution 93–126
reflected in spoilage prepackaged meat 210

Gammons, microbial spoilage 172–180
‘Gap’ filaments 57, 82, 317

conditioning 152, 310, 316, 360
elasticity 57
tenderness 315–318

Gels, from red and white muscles differ 299
Genes

animal growth 16–22, 28
and bloat in ruminants 28
luminescence transfer 165
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coding for myosins 64
multiple, and PSE condition 22, 70
muscle growth 67–68
recombinant DNA and growth 39
retinoic acid as orienting agent 65

Genetic code 61–64
Genomics, in quantitative gene assessment 19,

64, 279
Gibberellic acid, digestibility of grasses 28
Glazing, prevents desiccation 228
‘Glazy’ bacon 131, 254, 286
Globin haemochromogens 281–286
Glucose

amylolysis 93, 101, 239
and bacterial growth 156, 176
content in muscle 74

β-Glucuronidase, in conditioning 147
Glutamic acid, and flavour 333
Glutamine, enhances glycogen deposition 123
Glutathione peroxidase, and resistance to

oxidation 260
Gluten, wheat, in meat analogues 365
Glycerol, in intermediate moisture meat 263
Glycogen

amylolysis 93, 101, 239, 246
atypical in ocular muscles 119
bacon curing 255
content in muscle 45, 130

Glycogen, debranching enzyme 117
depletion

drug administration 87, 131
fear 131
by stress in red and white muscles 121

exercise and training 122
high in newborn 68
pre-slaughter handling 121, 131–134
pH and microbial growth 175–178, 203
PSE pork 70
post-mortem glycolysis 85–90
red and white muscles differ 118–119
residual 85, 119
rigor mortis 90–93
storage diseases 68
struggling at death 92
synthesis controlled by glycogenin 85
stunning method 134

Glycogenin, and glycogen synthesis 85
Glycolysis, post-mortem 19, 85–90, 197

anatomical location 116–119, 122
arrest

by aerobiosis 91
by pre-rigor cooking 315

binding of enzymes responsible 74–78
carcass cooling rate 87
cold-shortening 310–315
drugs 72, 87, 131, 224
genes control rate/extent 19
individuals 87
intermediate rate maximizes tenderness

198–199
pH inhibition 87

in curing 254
promoted by isoprenalene 131
rate increased by pressure 90, 360
rate and tenderness 309–315

rate, rapid in PSE pork 19, 69–72
residual glycogen 85, 116
and shortening of sarcomeres 92
slowed by magnesium sulphate 72, 87, 224
temperature 85, 209, 223
tenderness 309–316
thaw-rigor 92, 209, 223, 229, 295
water-holding capacity 143–147, 204, 243–246,

291–293
Glycoprotein, and flavour 328
Glycoproteins, in connective tissue 52
Goats, hardiness 11–13

underutilized species 11–13
Gonadectomy, by immunology 38
Gonadotrophins, and superovulation 31

releasing hormones 33
Green pigment

produced by excess nitrate 282
produced by micro-organisms 168, 258, 290

Growth
animal 15–40

heritability 16
nature 15
nutritive aspects 24–26, 309
order of tissue development 24
physiological aspects 22–24, 69

muscle 41–74
Growth control, by antibiotics 39

by hormones and tranquillizers 33–39
by immunological procedures 38–39
by transgenic procedures 38

Guardia lamblia, and food poisoning 165
Guanosine triphosphate, link in flavour

perception 327

Haem, in marrow bone 358
index of mechanical deboning 358

Haematin iron, distinguished from non-haem
iron 355

Haemoglobin 75, 134–138
Haem pigments, in pigs 105
Halophilic micro-organisms 173–175
Halothane (anaesthesia), effect of Ca++ release

72
indicator of stress-susceptibility 70
and malignant hyperthermia 70, 133

Halothane sensitivity, gene responsible 19, 70
relation to fibre type 70

Hams
antibiotics 276
canned 229, 276
curing brines, microflora 175
microbial spoilage 168, 176–177, 230
sugar feeding and pH 176–177
types 251

Hazard analysis, critical control pints (HACCP)
165, 184

Heat stress 22–24
Heating of meat, test for efficacy 284
Heparin, in proteoglycans 52
Heritability of growth characteristics 16
Heterocyclic compounds, flavour enhanced by

331
Hexanal, formation inhibited by curing 335
Hides, source of infection 161
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Histamine, produced in femented sausages 352
Histidine, 3-methyl, index of meat protein 366
Histidine peptides, and species differentation

95–96
Histology of electrically stimulated muscles

196–197
Hormones

animal growth 33–39
dark cutting beef 8, 37, 131, 286
differential muscle growth 67
fertility 30–33
oestrus induction 33
pituitary, control by hypothalamus 39
residual 351
superovulation 33
tissue organization 65

Horse-meat, control of Salmonella 273
Humidity

animal stress 23
relative surface desiccation 190–192, 203

‘Hurdle’ technology, as preservation strategy 183
Hyaluronic acid, in proteoglycans 52
Hydrocarbons, fermented by yeast 30
Hydrogen peroxide, formation in peroxisomes 57
Hydrolysates, enzymic, in protein recovery 368
Hydrophobic bonds, role in contraction 84–85
Hydroxylysine, in collagens 47–48
Hydroxyproline 47–48, 108–109, 126, 271, 307
Hygiene

chilling 189–213
prepackaging 203–212
prevention of spoilage 181–182, 188–202
wiping cloths prohibited 160

Hyperthermia, malignant 70, 133
Hyperthermophilic organisms 171
Hypertrophy, muscular 19, 85
Hypervitaminosis A 355
Hypothalamus

releasing factors 39
and stress susceptibility 39, 139

Hypoxanthine 156

Ice crystal formation, rate of freezing 212–220,
242

Indentification of meat species 95–97
Immunological differentiation of myosins 96
Immunology and growth stimulation 38

and suppression of boar taint 38
Infection

anthrax 157
brucellosis 157
endogenous 157–158
exogenous 158–165

enhancement by various factors 160
sources of contamination 160–165

overcrowding of animals 182
parasitic worms 158
Salmonella 157
specific-pathogen-free herds 182
symptoms 165–168

Inflammation, muscle 73
Injury, and hypertrophy 73
Inosine 156
Insemination, aided by aerosol 38
Insensibility, criterion in electrical stunning 133

Insulin
function 33
impairment of fat deposition 69

Integrins, in muscle histogenesis 66
Intermediate moisture, preservative procedure

263
Intolerance, to meat protein 354
Introns, non-coding sequences of gene 64, 96
Iodine number, of intramuscular fat 96–97,

105–109, 122–126
Ionic strength, and water-holding capacity

294–295
Ionizing radiation 185–187, 264–278

amino acid destruction 265
browning, non-enzymic 269
chemical and biochemical aspects 265–268
collagen, shrinkage 266
combination with antibiotics 185, 276
combination with dehydration 237
combination with refrigeration 271
control of imported horse-meat 273
cured meats 262, 268
DNA affected 185, 265, 273
eating quality 268–271
dose definition 187
enzymes 265
flavour 268–271
forms useful with foodstuffs 185
immediate effects 268
lethal dose for different species 185, 265
limits requirement for nitrite 262
lipid changes 266
long term safety of products 264
off-odour development 268–269
oxygen effect 187
parasite control 158, 187
pasteurizing doses 271
pigment changes 266
policy for application 272
protective additives 269
proteins 81, 265, 271
resistant micro-organisms 185, 271, 272
sterilizing doses 265–271
storage changes 204–205, 269–271
use, detection of 272
vitamin destruction 268
water-holding capacity 265, 269

Iron, in meat 345–347
Iron, in myoglobin, controls colour 202
Iron, non-haem, released on cooking 345
Isodesmosine, in elastin 52, 309
Isozymes

of glutamate-oxalacetate transaminase, in
freezing 215

of lactic dehydrogenase, in stressed pigs 72

Jericho, dehydrated meat 236
Joints of beef, U.K. 41
Joints, nitrogen factors 108
Juiciness 290–303

animal age 303
conditioning 303
cooking method 301
exudation in cooked meat 299–302
exudation in uncooked meat 291–299
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fat 302
freeze dehydration 241–249
frozen storage 302–303
grade of meat 302–303
joint 302
muscle type 302
pH 302
polyphosphates 296
of reformed meat 364
temperature of cooking 301

‘Junctional foot protein’ (ryanodine receptor),
and calcium release 19, 51, 84, 90

Kidney, mineral content 347
polyunsaturated fatty acids 351
vitamin content 349

Krill, source of unsaturated fats 349

Lactic acid (see also Post mortem glycolysis)
content in muscle 75
fumigant 182

Lactic acid, p.m. injection tenderizes meat 295
Lactic dehydrogenase 85

electrophoretic separation 79
isozymes, in stressable pigs 72

Lactobacillus 166, 172, 175, 180, 230, 339
Lactobacillus carnis, in cured meat 180
Lactobacillus plantarum, off-odour in packaged

beef 339
Lactobacillus plantarum, inhibits pseudomonads

182
Lamb (see also Sheep)

curing 209
freezing without prior chilling 219
ionizing radiation, and imported chilled 271
oxygen uptake in chilled packs 94, 180, 287
thaw rigor 223

Lanthionine, and mutton odour 331
Lard, pesticides 30
Lascaux, evidence for domestication 2
Leaves, in traditional tenderizing 323
Leptin, in growth control 39
Leuconostoc

in cured meat 180
in prepackaged beef 339

Leuconostoc mesenteroides, off-odour in
packaged beef 339

Ligamentum nuchae, elastin 52
Light chains of myosin 55–56, 79–81

kinase activated by Ca++ 85
Linseed, feeding, and unsaturated pork fat 99
Lipids (see also Fats, Phospholipids)

factor in deterioration of mechanically-
recovered meats 358

Lipolysis, promoted by isoprenaline 131
Lipoprotein, and cholesterol transport 353

serum, fatty acid ratio influences 353
Listeria monocytogenes, in chilled meat 157, 165,

169
Liver, mineral content 347

polyunsaturated fatty acids 351
vitamin content 349

Luminescence, bacterial, in assessing
contamination 165

Lungs, recovery of protein from 366–367

Lux gene, transfer between bacteria 165
Lysine

availability on processing 344
in collagen formation 47–52

Lysosomes, enzymes released by high pressure
359

in proteolysis 147, 156, 317

M-line protein 57–60, 75, 152, 291, 316
Macroglycogen, and glycogen storage 87
Macrophages, in proteolysis 156
Magnesium

affinity for myosin 81, 84
complex with ATP as plasticizer 84
content in muscle 75
deficiency 29
injection, effect of ATP-ase 87, 224

Magnesium sulphate improves PSE pork 224
Magnetic field growth effect 24
Maillard reaction 156, 239, 269, 286, 329
Malignant hyperthermia, and PSE 70, 133
Mammoths, frozen 212
Manganese, in meat 354
Manure, fermentation 15
Marinading, in preservation 294
Marrow, bone, in mechanically-recovered meat

358
Mastication 280
Meat, animals

bacterial infection and modes of stunning
134–135

death 134
domestication 1–9
fatty acid composition 83, 100, 112
growth, factors influencing 15–40

antibiotics 39
climate 22–24, 28
genetic 16–22
hormones 33–37
nutritional 24–30
plants and soils 26–30
trace elements 28–30
tranquillizers 33–39

muscle development, differential 35–38, 66–67
numbers 4
origin 1–9
pre-slaughter handling 128–130
proportion of muscular tissue 41–42
species

effect on bacterial thermoresistance 232
identification in meat products 94–96
melting point of fats 299
types eaten 1

Meat, artificial
from offal 366
from vegetable sources 364–365

Meat, commercially sterilized, identification
365–366

consumption by early man 1
Meat, extracts 336
Meat, and health 352–357

biochemical individuality 354
enhancement of iron absorption 354
as ‘functional’ food 355
gut transit time 352
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salt and hypertension 354
uric acid production 354
value of red meats 354

Meat, grade, and refrigeration, losses 190–192
identification 95–96, 365, 369
mineral content 345–347

Meat pasteurization
heat 229
ionizing radiation 271

Meat, preservation
antibiotics 273–274

broad spectrum 273–274
canned meat 276
combined with irradiation 273
combined with refrigeration 274
conditioning 276, 316
mode of action 273
mode of application 274
toxicity 274
yeast control 274

canning 229–233
‘blowing’ of cans 229, 232
cargo density 235
combined with antibiotics 276
commercial sterility 232
composition of exotic canned meats 11
identification of products 94–101
irradiation 273
microbial flora 172–173
prolonged edibility 230
severity

and effectiveness 342
and amino acid availability 344

thermal processing 228–233
types of spoilage 229, 339

chemical (see also Carbon dioxide; Ozone)
276–278

permitted 277
spices 277, 278
sulphur dioxide 277

chilling 189–212, 317
carbon dioxide as preservative 203–204
combined with antibiotics 274
combined with ionizing radiation 187, 271
condensation of moisture on surface
deterioration in store 203–212
formaldehyde as fumigant 205
micro-organisms on meat surface 160–161,

165–168, 179
prepackaging changes 201–203
surviving respiration, effects on micro-

organisms 170, 180–181
temperature in display cabinets 181

curing 249–251
acid brines and nitrite dissociation 255
antimicrobial action of nitrite 177, 262
colour 256–260
discoloration 258
eating quality 259–262
flavour 179, 262
freezing 255
glycerol, and high temperature 263
green pigments 282, 290
irradiation 268
lamb products 251

maturation 256
microbial flora 172–177, 230, 252
nitrite control 252
nitrosamines 255
off-odours and flavours 258–260
origins 249
pH 254–255, 262
polyphosphates 256
post-mortem glycolysis 254
procedures 251–253, 263
salt protein complex 254
salt type 249–251
salted pre-rigor meat

beneficial 297
slice curing 253
smoking 258–259
temperature 251, 255–256
tumbling 253
Wiltshire 251–253

dehydration 236–239
biochemical aspect 237–238
cured meat 241
eating quality 241–242
fat content, effect 241
irradiation helps reconsitution 237
large-scale production 236
mould growth 241
particle size 238
physical aspects 238–239
storage life 241

fermentation by microorganisms 182, 185, 228
freeze dehydration 241–249

biochemical and physical aspects 243–246
browning 246
development of AFD process 242
eating quality 246–249
histological aspects 242–243
pH and water-holding capacity 243–246
plate temperature 243
salted pre-rigor meat

beneficial 297
storage 246–249
tenderizing enzymes 247
tenderness 247

freezing 212–228
edible coatings 227
freezer burn 220
‘glassy state’, in frozen storage 223
prepackaging 226–227

freezing, pressure benefits 223
prolonged edibility 212, 219
rate of freezing 213, 220–224
recommended, freezing procedures 228
storage procedures 226
thawing procedures 223, 229
weight losses 219–220

intermediate moisture level 263
ionizing radiation 185–187, 264–273

amino acid destruction 265
browning 269
chemical detection 272
collagen shrinkage 266
combined with antibiotics 187, 273
combined with refrigeration 271
eating quality 268–271
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enzymes 265
flavour 266–271
immediate effects 268
lipid changes 266–269
pasteurizing doses 271
pigment changes 266, 269
protective additives 269
proteins 265, 271
resistant micro-organisms 185–187, 271
sterilizing doses 265
storage changes 269–271
UK legislation 272
vitamin destruction 268
water-holding capacity 265

Meat, chemical composition 75, 342–350
polyunsaturated fatty acids 349
pressure modification 359
reformed 362

Meat, respiration and microbial spoilage 170,
180–181

Meat, semi-preserved, need for refrigeration 229
Meat spoilage (see also Bone taint) 157–187

bacterial growth
determining factors 169–181
species differences, in chilled packs 170
temperature optima 169–171

canning 229–231
endogenous infection 157–158
exogenous infection 158–160
fatty acids, produced by micro-organisms 168,

211
irradiation 185, 264 et seq.
oxygen tension

differential effect between species 170, 179
nature of infection 179

parasitic worms 257–258
prophylaxis 182–188

chilling 188–212
dehydration 236–263
freezing 212–230
surface desiccation 201, 219

symptoms 166
meat, safety 13

Meat, vitamin content 345
Meat, water-holding capacity 290–295
Mechanically-recovered meat 358

composition 359
nutritive value 359

Meishan pigs, advantages and disadvantages 340
Membrane, basement 45–46, 52
Meromyosins 52, 59, 75
Mesityl oxide, and catty odour 340
Metabolic abnormalities, in consumers 354
Methylamino acids 57, 68, 365–366
Methylmercaptan, index of overprocessing 342
Methylmercury, in pork 30
Metmyoglobin

carbon dioxide, controls, in prepackaged meat
203–211

curing 258–259
desiccation, surface 201–204, 220
fat oxidation 203, 211
formation, at low oxygen tension 209, 281, 286
freeze-dehydration 246
irradiation 266

moisture 201
nitrite 256, 282, 286
PSE pork 286
pH 205, 286
rate of formation in different meats 287
reduction in vacuo 287

Metmyoglobin reduction, robust form and
discoloration 287

Metmyoglobin nitrite 282
Micrococcus

general 161, 172, 185, 230
red, radiation resistant 168, 185

Micro-organisms (see also Bacteria)
computerized assessment of growth 169
control by

antibiotics 184–185, 273
chemicals 277
gaseous atmosphere 179
ionizing radiation 185, 264–273
moisture 172, 235–263
pH 175–178
temperature 188 et seq.

deliberate addition, for flavour 336
growth determining factors 168–182
hyperthermophilic 171
pasteurization

heat 229
ionizing radiation 271

persist in abattoir equipment 160
radiation resistance 185
salt-tolerance 172–175, 249
signalling molecules coordinate behaviour 169
spore survival 172
spoilage of fresh meat 157 et seq.
standards in meat 182
sterilization

heat 230
ionizing radiation 265

temperature tolerance, extreme 172
thermoresistance 232
titre reduced by texturizing process 368

M. paratuberculosis, and Chrohn’s disease 158
Microwaves, and cooking volatiles 319, 333
Minerals in muscle 74, 112, 345
Minimal disease pigs 40
Mitochondria

anaerobiosis releases Ca++ 192
Ca++ uptake in red and white muscles 191–192
and fatty acid release 72
general 52, 58, 72, 85, 106

Moisture, intermediate level, in preservation
263

Monosodium glutamate, antioxidant 212
Morphogenesis of tissues 65
Mucopolysaccharides (Proteoglycans)

breakdown on conditioning 147
general 52–53

‘Multicatalytic proteinase complex’ 150–152
Multivariate analysis, in detection of

mechanically recovered meat 359
Muscles, general

activity as differentiating factor 108, 122
age, as differentiating factor 105
amino acids, in fresh 75
anatomical distribution 31
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anatomical location, as differentiating factor
108, 281

anatomical location affects eating quality 308
general, antioxidant requirement varies 212

atrophy 73
breed, as differentiating factor 101
changes, initiated by circulatory failure

140–141
chemical constitution 74, 126, 344–350
conditioning changes 118, 141–156, 315–318
connective tissue (see also Collagen; Elastin)

41–52, 118, 307
contraction pattern 83–85
conversion to meat 128 et seq.
dehydration effects 142–249
development in various species 8–11, 66
differential growth 35
‘doppelender’ development, in cattle 19, 67
embryonic development 65–66
exhausting exercise, on pH and glycogen levels

85, 131–134
fasting, on pH and glycogen levels 85, 131
fat oxidation, reflecting differentiation 203, 289
fibre

attack by proteolytic enzymes 321–323
bundles, as texture determinant 45, 306
diameter 52, 66, 70
red and white 115–122

fibres, types vary with location 121
freezing 212 et seq.
function, in vivo 83
functional specialization 93–126

reflected in fatty acid pattern 112
reflected in protein stability 112–115

glycogen loss in pre-slaughter handling 131
growth

abnormal 67–73
differential 35, 65–66
normal 61–67

histogenesis 65–66
hypertrophy 19
individual variability, as differentiating factor

15, 126, 281
lipids, fatty acid composition 110–112
marinading effects 294
metabolic stress 69, 73, 121
number, in domestic animals 41
phospholipid differences 110, 126
post-mortem glycolysis 85, 119

anatomical location 85, 119, 226
drugs 70, 85, 131, 223
individuals 85
pressure effects 359–360
species 85–87
temperature 85–87, 223, 309

prepackaging, emphasizes differences 205
press juice proteins 210
proportion of muscular tissue in animals 46
protein organization and replication 62–67,

74–82
protein turnover 33–37
proximate composition 75
relative development 13, 33–37
relaxation and sarcoplasmic reticulum (Marsh-

Bendall factor) 19, 61, 84, 92

residual blood 134–138
rigor mortis 90

differences in isometric tension between
muscles 142

seaming out, from hot carcass 139, 209
sex, as differentiating factor 13, 105
species

as differentiating factor 94, 281
flavour 329–331
tenderness 305

stress susceptibility varies 130–134
structure and growth 41–61
structure of fibre 52–61
surviving respiration, and microbial spoilage

172, 287
training and exercise, as differentiating factors

122, 284
two-toned, in pig 120
ultimate pH, relation to AMP deaminase 119
unexplained variability 126
variability, factors influencing 93–126
water loss 130, 201, 290
water, undernutrition increment 126

Muscles, ocular, coding sequence 64
Muscles, smooth

protein extractability 82
protein recovery from offal 368

Muscles, specific
biceps femoris (ox)

collagen conversion 319
freeze dehydration and pH 244
hydroxyproline content 307
juiciness and pH 304

biceps femoris (pig)
sugar feeding and pH 133
susceptibility to denaturation 115

diaphragm (horse)
changes in rigor mortis 119
post-mortem glycolysis 87, 107, 131

extensor carpi radialis
composition 108–109, 212, 318
species difference in potassium content 112

gastrocnemius, plane of nutrition 52
heart (horse)

cytochrome oxidase 107
post-mortem glycolysis 87, 119
rigor mortis 119

l. dorsi (horse)
myoglobin differences 101
rigor mortis 91, 119

l. dorsi (ox)
age, and tendon collagen 52
collagen conversion 319
composition 95, 105–116, 123–126
denaturation 112, 143, 191
‘doppelender’ development 126
eating quality, national preferences 280
enzyme activity 101, 116
fat 102–106, 109, 123
fibres, effect of conditioning temperature

147
freeze dehydration and pH 249
freezing temperatures and protein damage

215
glycogen depletion 131
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post-mortem glycolysis 87, 131
proteolysis 152–153
rigor mortis and microbial growth 168
sarcoplasmic proteins, denaturation 143, 152
tenderness 307–309
water-holding capacity compared with psoas

226, 293
l. dorsi (pig)

comparison with other pig muscles 109
composition

age 106
breed 101–102
plane of nutrition 126
sex 105

differential development 67
fat oxidation 211
post-mortem glycolysis 70, 87, 101
susceptibility to cold-shortening 200
susceptibility to denaturation 115, 143
susceptibility to PSE condition 115, 143
structure 52
water-holding capacity 293

l. dorsi (rabbit), proteolysis of sarcoplasmic
proteins 152–153

l. dorsi (sheep)
breed differences 4

composition 126
l. dorsi, species differences 95, 101
masseter (malaris)

species differences in methylhistidine 115
fibre type and rumination 121

masseter/malaris, only contains slow HMM 115
psoas (horse)

cytochrome oxidase 107
myoglobin 95
rigor mortis 119

psoas (ox)
composition 96, 109–110, 126
drip, on thawing 224–226
fat 102, 123–126
freeze dehydration and pH 244
juiciness 304
tenderness 307, 318

psoas (pig) 100, 109–115, 176
sugar feeding and pH 131
susceptibility to denaturation 115
water-holding capacity 293

psoas (sheep)
fat 126

psoas, species differences 100
rectus femoris, comparative composition in ox

and pig 109
rectus femoris (ox), composition 109, 126
rectus femoris (pig)

composition 109
plane of nutrition 52

sartorius (ox), composition 109, 126
sartorius (pig), composition 109
semimembranosus (ox)

elastin content 108
enzyme activities 116
freeze-dehydration and pH 243–244
juiciness and pH 304
post-mortem glycolysis 87
tenderness 309

semimembranosus (pig), PSE pork, protein
denaturation 115

semitendinosus (ox), elastin and collagen
contents 108

semitendinosus (pig), intramuscular variability
120

sternomandibularis (ox) 110, 191, 310, 319
superficial digital flexor (ox) 109, 126
superficial digital flexor (pig) 109
supraspinatus (ox) in conditioning 318
triceps (ox), composition 109, 126
triceps (pig), composition 109

Mycobacterium thermosphacta, indicator of
microbial status 180

Myofibrils
adherence in freeze dehydration 243
lattice, disoriented in mechanical recovery 358
response to ATP after dehydration 246
structure 52–61
and water-binding 290–299

Myofibrillar protein 74–82, 115
binding of enzymes 75
in conditioning 149, 315–317
dehydration changes 237
denaturation 142–143, 301, 315–318
extractability affected by sarcoplasmic proteins

143–145
fibre differences 123
freeze dehydration changes 142
proteolysis by Ps. fragi 168
in reformed meat 362
shortening 92, 143
solubilized by high pressure 359
susceptibility of SH groups to oxidation 115

Myogen, content in muscle 74
Myoglobin

age 105
anatomical location 113–115, 281
basis of assessing heat treatment 284
bile pigment formation 241, 282–284
breed 102
chemical forms listed 282
chemistry 281–286
content in muscle 75
conversion to myohaemochromogen 233,

282–284
critical amino acid sequences 96
cured meats 256, 282
denaturation 144, 233, 282–284
electrophoretic separation 78
fat oxidation 210–211, 226
freeze dehydration 246
irradiation 266
mode of oxygen service 122
nutrition 123
oxidation 141, 166, 201–212, 226, 282, 290
oxygen-permeable films 204–205
PSE pork 69–70, 286
red and white muscles 115–122
sex 105
species 94–101, 282
temperature 284
training 122

Myoglobinuria 68, 73
Muscular dystrophy 67–73
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MD disease (see also Pork, PSE) 19, 69–72, 144,
155, 286

Myomesin 80
Myosin

additional proteins 51–61
chemical characteristics 79–81
content in muscle 75
continuum, in shortened muscles 92, 315
in curing 254, 296–299
denaturation in PSE 69–70
DNA coding sequence 64
as emulsifier 297–299
exercise improves status of ageing muscles 123
filaments 52–60, 92, 213
freezing damage 212–219
heavy chains, determine contraction mode 64

slow type in masseter 115
heavy chain, nucleotide sequences 63–64,

121–122
ice formation in freeze dehydration 242
light chains 52, 80–82, 84, 115, 122–123
light chain kinase 84
M-zone structure 57, 59–60, 149
methylated amino acide 57, 68, 365–366
molecular structure 53–55, 64
muscle contraction 83
red and white muscle 115–122
rigor mortis 90–94
smooth muscle 81–82
structure altered in vitamin E deficiency

68–69
subunits 52–53, 80
susceptibility to freeze-dehydration 115
synthesis by polysomes 64

Myristic acid, in red deer 96
Myostatin, in double muscling 19

N lines 57, 81, 310
Nebulin 57, 81, 310
Neopyrithiamin, inhibition of fat metabolism 131
Nerve fibres, control of muscle differentiation 93
Nisin, as antimicrobial agent 274
Nitrate

as antimicrobial agent 172, 175
colour 251–252, 256–258
conversion to nitrite by irradiation 268
curing 251–258
eliminated 253
oxidation-reduction potential 178
reduction by micro-organisms 172, 251–252
in vegetables, source of nitrite 282

Nitric oxide, colour of cured meats 172, 251–258,
281–282

Nitrihaemin 281–282
Nitrite

alters flavour volatiles 335
antimicrobial action 175–177, 229, 252
antioxidant in cooked, cured meat 260
colour fixation 251–252, 256–258, 282

mechanism 256
concentration controlled 252–253, 258
discoloration 281–284, 289
dissociation determined by pH 177
ionizing radiation limits need 262
levels required for various purposes 262

‘Perigo’ effect 177
permits milder cure 177
production in muscle 350
radiation scavenger 269
reacts with non-haem tryptophan 258
reduction by micro-organisms 175
reduction by tissue enzymes 256–258
in saliva 350
toxicity 252, 262

Nitrogen, in muscle 75, 95–96, 106–109, 112, 126
Nitrogen factors 94, 108
Nitrogenous extractives, in muscle 75
Nitrosamines, in curing 262, 350

in human blood 351
nitrite as precursor 350

Nitrosomyoglobin, colour of cured meat 256–258
‘Nose-space’, analysis, and odour evaluation

328
Nuclear magnetic resonance, reveals CP levels in

muscle 85
water in meat 290

Nucleic acids
coding for myofibrillar proteins 64

Nucleotides, post mortem (see also specific
compounds) 93

Nutrients
animal growth 24–30
availability after cooking 344
deficiencies and excesses 26–28
essential, in meat 342
genetic differences in requirements 16
plant digestibility 28

requirement by micro-organisms, function of
temperature 172

species differences 342
Nutrition

abnormal muscle growth 67–73
and fat quality 123
fertility 30–33
growth of domestic animals 24–26
muscle differentiation 41
plane of nutrition 24–26
proportion of muscular tissue 41–42

Nutritive value 342–357
canned meat 343
effect of connective tissue 342
freeze-dehydrated meat 247

Odour 326–341
age 334
amino acid sequence important 329
beef, complexity of volatiles 329–331
boar 37, 339
‘cabbage-like’ in bacon 339
canning temperature effects 342
catty 339
chemical aspects 328–333
dieldrin taint 339
enhanced by cooking temperature 329, 333,

335
heterocyclic compounds important 331–333
irradiation 266–269
loss in store 336
mechanism of reception 324
micro-organisms responsible 336–339
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mutton/lamb, characteristic volatiles 331
in microwave and conventional cooking 319
nature 324
and nucleotide pattern 335
‘nose-space’ analysis 328
‘oily’, in pork 339
origin in cooking 328–333
pyrazines increase on conditioning 331
response to 324
scavengers 269, 342
skatole taint 339
species differences, due to fat 328–329
species identification, by canonical analysis 329
steam volatiles, effect of pH 334
undesirable 336–342
variability 333–336
water-soluble precursors 328–329

Oedema, and carcass condemnations 128
Oestrogens

animal growth 33–39
fertility 30–33
pastures 29
phagocytosis 37, 160
residual 351

Oestrus, induced by progesterone 30–33
synchronized 33

Offal
enzymes used for protein recovery 368
frozen storage temperature 220
lipid-protein interactions in texturization 369
mineral content 347
protein recovery and upgrading 366
vitamin content 349

‘Organic’ meat 280, 339
rearing in pig welfare 130

Oryx 9
Osmotic pressure

freezing damage 212–219
microbial growth 172–175

Ostrich, as meat 13, 192
Ova transplantation 31
Ovulation, rate, and barooroola gene 19
Oxidation-reduction potential 179
Oxidative rancidity 139, 166, 201–212, 226–228,

269, 286–290
Oxygen

control of packaged meat colour 180,
287–290

modifies effect of ionizing radiation 187
permeability of prepackaging films 204
tension

delay of rigor mortis 91
metmyoglobin formation 209
nature of superficial spoilage 166, 172,

178–181
uptake by different meats 170, 287–289
water activity and micro-organisms 172

Oxygen-utilizing enzymes 100, 209–210
species differences in stored meat 170

Oxymyoglobin
chemistry 281–284
formation under permeable film 204
freeze-dehydration 246
fresh meat colour 280–284
in pack oxygen tension 170, 204, 287–291

Oxytetracycline 39, 274, 316
Ozone

fat oxidation 211
fumigant 182

Packaging (see also Prepackaging)
frozen cuts, flexible wrap 227
green discoloration 289
hot meat 139, 209

Palatability (see Eating quality)
Pale, soft exudative (PSE) pork (MD disease)

19, 69–72, 144, 255, 286, 291
PSE

genotypes associated with 19–20
type I/type II fibre ratio 63

Paralysis, familial 68
Parasites

infection 157
useful symbiosis 26

Parma ham, colour due to Zn-protoporphyrin IX
285

Pasteurization
heat 229
ionizing radiation 271

‘Perigo’ effect 177
Pasture, trace elements 26
Pathogenicity, and environmental stress 169
Pemmican 236
Penicillin, as feeding adjunct 39
Pepper, mould reservoir 230
‘Perigo’ effect, in uncooked cured meat 177
Perimysium

determines toughness differences between
muscles 109

extractability in conditioning 318
lattice changes in contraction 85, 302
structure 49–52

Peroxisomes 58
Pesticides, absent in ‘organic’ crops 11
Pesticides, hazards of 30
Petroleum, protein from 30
pH

acid, in marinading 294
bacon curing 254–255, 258
bacterial greening 290
canning 232
carbon dioxide interaction 176
and carcass cooling rates 85, 192
conditioning enzymes controlled by 150–156
dark-cutting beef 57, 131, 176, 286
dehydration 237
drip formation 224–226
extractability of myofibrillar proteins 143,

244
fat oxidation, in frozen storage 211, 339
fear 131
flavour 254, 335
freeze dehydration 244
ionizing radiation 155
juiciness 304
low, excessively 143–144
microbial growth 175–178
micro-environments in conditioning 147
nitrite dissociation 177
oxidation-reduction potential 178
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precipitation of sarcoplasmic proteins 143–144
rate of fall

affects tenderness 309–315
binding of enzymes responsible 74–78
drug administration 87, 131, 224
individuals 85
muscle 85, 121
species 85
very rapid 69–73, 223
water-holding capacity 293

rigor mortis 85–90, 101, 119
rise in conditioning 147
sulphmyoglobin formation 282, 289
temperature 87
tenderness 196–198, 247, 313–316
volatile pattern affected by 234
water activity 150
water-holding capacity 291–297

Phagocytosis
bacteraemia 160
change on circulatory failure 141
stimulation by oestrogens 37
tissue repair 147

Phosphate, bacon curing and water-holding
capacity 256, 262, 296

effect on Ca++ uptake 191
Phosphofructokinase, binding in red and white

muscles 118
Phospholipase A2, and PSE condition 72

and protein synthesis 35
Phospholipids 72, 83, 110, 272, 331

inhibit pyrazine production 331
in red and white muscles 110

Phosphorus, content of muscle 75
Phosphorylase, in red and white muscles 118
Phosphorylation

in muscle contraction 84–85
of myosin light chains 85
of troponins 81, 85

Physiology
growth of domestic animals 22–24
muscle growth 69–73

Pigs
boar taint 38, 339
body temperature maintenance 22
breeds, U.K. 10
classification on line 340
domestication 2, 11–12
fat distribution 41–48
fat metabolism 82–83
fatty acid composition 100, 109

differentiation of muscles 109
feed conversion 19–20
fertility 30–31
growth

antibiotics 39
factors influencing 15–40
genetic aspects 16–22
hormones 33–39
interaction with other species 26
nutritive aspects 24–25
oestrogens 33–39
physiological aspects 22–24

haem pigments 100
minimal disease 40

muscles
anatomical distribution 45
differential development 65–67

muscular dystrophy (see also Pork PSE) 19,
69–72, 157, 255, 286, 291

muscular tissue, proportion 41–45
numbers 3
origin 7
pre-slaughter handling, effect on muscles

128–130, 176
progeny testing 8–11
rigor mortis characteristics 101
slaughter 134
soft fat, breed effect 102
stress susceptibility 19

indicated by enzyme levels 72
suckling order 16
transport effects 128
wild, more oxidative fibres 122

Pigment
bile 241, 281, 286
micro-organisms 165–168, 175, 202, 289
surface of meat 202, 219–220, 281–290

Pituitary
and stress 39, 131
release of hormones from 131

Plagues, effect on meat animals 26
Plant growth, on meat animals 26–28
Platelet protein, enhances texture 364
Polar bear, liver hypervitaminosis A 354
Polyphosphates 256, 262, 296
Polyprotein, producted by single gene 216
Polysomes, in coding for muscle proteins 64
Polyunsaturated fatty acids, and brain

development 349
in meat and offal 349

Pork
fat oxidation tendency 211, 227
flavour volatiles 331, 339
microbial flora 175
oxygen uptake in chilled packs 172
parasites 73, 157
PSE 19, 69–72, 144, 255, 282, 291
susceptibility to ‘cold-shortening’ 200
susceptibility to heat damage 229
susceptibility to irradiation damage 265
water-holding capacity, compared with beef

291
Porphyrin, sausage colour 290
Posture, in relation to myosin light chains 122
Potassium

anatomical location 112
change in conditioning 147, 160
content in muscle 75, 345–347
excess ingestion 29
removal, as aid in dehydration 237
species differences in muscle content 112

Prefabricated meats 358–369
Pregnant mare serum gonadotrophin, and

superovulation 28
Prepackaging

colour retention and oxygen tension 144
combined with carbon dioxide 204, 287
comparison of storage life of species

202–203
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deterioration in appearance 202, 287
enhancement of exudation 210
film characteristics 202–204

freezing rate 220
frozen meat 226–227
permeability and microbial growth 173,

178–181, 204–209
vacuum and colour retention 205

heat-sterilized flexible pouches 233
of hot meat 139, 209
micro-organisms 172, 178–181, 202
muscle differentiation effects 172
off-odour development 336
storage changes

chilled 201 et seq.
frozen 226 et seq.

Preservation, strategies for 165, 184, 188
Pre-slaughter handling 128–134

cyclopropamide dosing of sheep 161
injections

antibiotics 274
drugs, and water-holding capacity 224

muscle changes 26–27
transport 128–130

Pressure
high, and hot-deboned meat 359
high, minimizes freezing damage 221
hydrostatic v. dynamic 362
and microbial spoilage 169, 184
modification of meat 359–360
tenderizing agent 359

Prions, agents in encephalopathology 355
Probes

for enterotoxin identification 165
for meat identification, using DNA 97

Probiotic effect, and genetic manipulation of
starter cultures 276

Process control, in canning 232
Progeny testing 8
Progesterone, induction of oestrus 33
Prostaglandins, induction of oestrus 33

linoleic acid precursor of 349
and muscle growth 33

Proteins 41–61, 108, 142–147, 229, 284–287, 296,
301

denaturation
basis of heat treatment 284
colour of cooked meat 284
denaturation and water loss 299–302
differentiation of meat from non-meat 365

Proteins, denaturation, different effects of
temperature and pressure 362

freezing 212–219
differences between fast and slow fibres

115–122
in drip 210
fibre-spinning 358
individual, of blood plasma, functionality 358
irradiation damage 81, 265–268
‘junctional foot’, in PSE 19
molecular weight and irradiation damage 185,

265
myofibrillar 74–82, 112–115, 123, 142–147, 220,

237, 243, 254, 299, 315–317
identification 96

offal, improved functionality from mixed
sources 359

proteolysis (and see below) 147–156
recovery from offal 368
sarcoplasmic 75, 85, 106–107, 112, 152

concentration 52
curing 253
dehydration 237
denatured, and assessment of heat treatment

284
electrophoretic separation 78
heat effect on solubility 143, 284
irradiation 274
pH and heat 143, 232
PSE pork 69
proteolysis 147–156, 316

texture contribution 305
of press juice 210
smooth muscle 82, 366
tissue organization 62–64
turnover, control by prostaglandins 33
turnover, control by calpains 35–37, 156
water-binding capacity, loss on heating 39
water-holding capacity

enhanced by
salt complex 254
pre-rigor state 297

low in PSE pork 69–70
yield from underutilized carcass portions

366
Proteoglycans, broken down by high pressure

361
Proteoglycans, in connective tissue 52, 147
Proteolysis 118, 147–156

accelerated by electrical stimulation 191
accelerated by high pressure 359–360
actin detachment from Z-line 143
differential effect in conditioning 316
extent and rate, factors responsible 153
gap filaments 152, 297, 316, 360
H2S production 156, 168
ionizing radiation 265, 272
lysosomes 147–156
microbial 166, 175
origin of activity in conditioning 142
pH effect 133, 153, 176
proteoglycans affected 147
phagocytic differentiated from lysosomal 156
and proteosome complex 152
in red and white muscles 118
residual blood 156
sarcoplasmic proteins 147, 153, 316
species differences 153–156
sterile, and collagen breakdown 152
susceptibility of denatured proteins 152
tenderizing enzymes

calpains 35–37, 101, 149–150
cathepsins 147–152
collagenases 147, 152, 166, 316
plant sources 223

troponin T 150–152, 316
vitamin E deficiency 69

Proteolytic enzymes, role in protein turnover
156

Proteomics 13–14, 19, 21, 64, 258, 316
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Pseudomonas, general 161, 168, 170, 179, 182,
185, 274, 336–339

Ps. fragi, classification, in surface spoilage 179
and meat emulsification 168
Ps. putida, off-odour in packaged beef 339

Psychology, effect of tranquillizers 39
Putrefaction 168
Pyrazines, characteristic of underdone beef

volatiles 333
Pyridine, characteristic of well-done beef

volatiles 333
Pyrimidine, substitution in DNA, and PSE 19
Pyrolysis, of peptides, and meat flavour 329

‘Quorum sensing’, and interbacterial
communication 169

R factors, transfer 40, 185
Rabbit, fat oxidation 226
Radioactivity, induced by ionizing radiation 264
Rancidity, enhanced by salt in reformed meat

362
Red and white muscles

ageing rate differs 118, 152–153, 317
calcium activated (sarcoplasmic factor) 118,

143, 152
calcium-activated enzymes 152
determined by nerve supply 93
differences in ancillary myofibrillar proteins 81
differential response to marinading 294
fibre type reflects metabolism 115, 121
phospholipid differences 110
produce different gels 299
shortening and toughening 191

Red and white fibres transformed by genetical
manipulation 22

Reformed meat 360
Refrigeration 189–226

aids extractability of proteins in reformed meat
360

bacon structure 255
chilling 188–212
combined with antibiotics 276

with canning 255
with ionizing radiation 187, 271

desiccation 201
freezing 212–229
mechanical, origin 185
primitive 185

Rehydration 183–187, 237, 242–247
Rehydration, osmotic 250
Rendement Napole 19
Replication of proteins and nucleic acids 62
Reproduction, control 30–33

by artificial insemination 33
by fertility 33
by synchronized oestrus 33

Residues, of hormones 351
Respiration, surviving, and pack stability

178–181, 289–290
Restriction Fragment Length Polymorphism

97
Reticulin 45
Reticulo-endothelial system, destruction of

bacteria post mortem 160

Retinoic acid, as morphogen 65
Ribosenucleic acid, coding for muscle proteins

65
Rigor mortis 90–93

abnormal 92, 223, 309 et seq.
actomyosin formation 90
and bacterial spoilage 169
changes, time relations 91
classification of types 91
cold-shortening 190–201, 224, 309–315
delayed by aerobiosis 91
differentiation of water regimes by NMR

91
high temperature, toughens meat 313
isometric tension changes 142
muscles, differences between 119
nucleotide changes 92
rate

and bacon structure 254
carcass cooling effects 87
microbial growth 169

relaxing (Marsh-Bendall) factor (see
Sarcoplasmic reticulum)

shortening of muscle 91, 143, 191, 201, 313
species differences 100–101
tenderness 309–315
thaw rigor 92, 223–224
water-holding capacity 291–294

Robotics, in carcass dressing 139
Rumen

degradation of proteins 30
hydrogenation of fatty acids 96
recovery of proteins from 366
Salmonellae spp. content 157

Ruminants, as efficient scavengers 366
Ruminant fat, incr. unsaturation by fish oil feed

338
Rumination, and muscle fibre type 120
Ryanodine receptor (junctional foot protein),

and PSE 19, 61, 84

Salmonella, general 159, 160, 164, 169, 173, 230,
274

antibiotic resistance, transfer by
R factors 40, 185
imported horse-meat 273

new strains 163
Salt

ATP-ase activity in freezing 158, 246, 297
complex with proteins 254
contamination by micro-organisms 175
curing 249–251
determinant of microbial flora 172–175
diffusion in curing 253–254
discoloration on meat surfaces 201
enhances oxidation in reformed meat 362
fat oxidation 260
intake and hypertension 354
microbial growth 172–175
retention of pre-rigor water-holding capacity

256, 297, 305
tenderness 324
tumbling enhances residual 253
water-holding capacity 291–294

Sarcolemma 52, 213–215
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Sarcomere, length changes 52–60, 92
in conditioning 309
in cooking 320
and electrical stimulation post mortem 196
filament spacing 84, 143, 192, 309
mode of suspension of carcass 192, 307
and post-mortem temperature 91, 143, 192,

223, 228, 309
significance 84, 91, 228, 309

Sarcoplasm 52
organelles in 52

Sarcoplasmic proteins 75, 85, 106, 112, 142, 152,
291

effect of heat 143
in red and white muscles 115

Sarcoplasmic reticulum 58–61, 85, 92, 149, 223,
243

ATP-ase of 61, 85
in conditioning 149
in electrical stimulation 196
pressure effect 359
in red and white muscles 119, 191
in smooth muscle 82
survival of functions on freeze-dehydration

246
in thaw rigor 223, 311

Sausage
colour 290
flavour 336
preservation

antibiotics 274
chemical additives 277
irradiation 185

protein changes on heating 258
salted pre-rigor meat beneficial 297–299
slime produced by yeasts 166
water-holding capacity 297–299

Scrapie, spongioform encephalitis 255
Seal, elephant, muscle development 11
‘Seaming out’, of muscles from hot carcass 139,

209
Selenium, important nutrient 344
Selenium, toxicity 29
Semi-preserved meats 229, 277
Sex

differential muscle development 13, 66, 105
effect on fat 105
effect on tenderness 307

Shear, measure of myofibrillar toughness 305
Sheep

body temperature maintenance 23
breeds 3
domestication 3
facial eczema 29
fat distribution 24–26
fatty acid composition 100
fertility 11
growth

factors influencing 15–40
genetic aspects 16–22
nutritional aspects 24–30
physiological aspects 22–24
species interactions 26

muscle, differential development 61
origin 3

proportion of muscular tissue 41
rigor mortis characteristics 96
stunning 134–138
swayback, copper deficiency 29
tocopherol and muscular dystrophy 69

Shigella, in food poisoning 164
Shortening, muscles

cold stimulus 190–201, 309–315
collagen involved 46, 310
in cooking 318
in high temperature rigor 41, 197, 181
effects annulled by high temperature

conditioning 317
nodes in supercontracted 310
rigor mortis 91, 143, 192, 201, 309

Shrink, in holding cattle 130
Shrink temperature, of collagen 266, 318
Signalling molecules, coordinate bacterial

behaviour 169
Shrink-wrap packaging 227
Skatole

international assessment 340
response criteria more important than

concentration 340
Skatole taint, from pasture 38, 339

in boars 339
Slaughter

automation and mechanization 139
bacterial invasion of tissue 160
blood drainage 134–138
factory compared with farm 176
modes of 134–138
species effect on muscle potassium 112
waste, from prefabricated meat 366–369
wiping cloths prohibited 160

Slime
sausages 166
surface 166, 202–203

Smoking 258
Smooth muscle, Ca++ bound by calmodulins 82

ratio of thin/thick filaments 82
titin absent 82

Sodium 75, 112, 345–347
Sodium dodecyl sulphate, aids recovery waste

protein 368
Softness of fat

genetic/nutritional factors 122–123
separation of tissues 123

Soil, and growth of animals 26
Somatomedins 33
Sorbic acid 276
Soybean, in meat analogues 365
Soya protein, as antioxidant 212
Species

conditioning rates differ 153
differential response to infection 170
eaten in various countries 1, 8–12
fatty acid differences 96
identification, by protein differences 94–95,

115
identification procedures 94–95
muscle differentiation 93–94, 115, 281
oxygen uptake 172, 287
tenderness 305
thermal conductivity of meats 214, 218
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‘Speckle’, and electrical stunning 138
Spices

additives 165, 277
source of micro-organisms 230

Spoilage, of vacuum-packaged meats 202
Spores, microbial, survival 169, 185, 230
Standards, microbial, for meat products 184
Staphylococcus 164, 170, 184, 262
Staphylococcus typhimurium, DT104 164, 169
Starvation, effect on muscle fibre 66
Stem cells, pluripotent, tissue replication 49
Sterile hysterectomy 40
Sterility, heat 230
Stimulation, electrical post mortem 194–201
Stimulation, nerve, on ATP 84
Stomachs, recovery of protein from 366
Strecker degradation, of amino acids, in flavour

329
Streptococcus 160, 164, 230
Stress 39, 133, 136–138

and abattoir size 130
acute and chronic 22–24
anaesthesia 70–72, 133
differential effect in muscles 121, 131
diseases of adaptation 39
glycogen and pH 131–132, 315
and intracellular ubiquitin 134
susceptibility in pigs and halothane 70, 133

Sticking, in slaughter 134–135
Stunning 134–138

bacteria on captive bolt pistol 160
comparative stress caused 134–138
electrical 136–139

Succinic oxidase 107
Sugar

decomposition by micro-organisms 168
feeding in bacon curing 255
feeding and pH 131, 255
heating and flavour development 329

Sulphmyoglobin 281–282
bacterial formation 289

Sulphur compounds, important for flavour
202–203, 250

Sulphur dioxide, as preservative 277
Superovulation, induced by gonadotrophins

31
Surface receptors, hormone action via 34
Surimi 362
Swayback 29
Swelling of muscles, below isoelectric point

294
‘Synthetic’ meats 364 et seq.

Taeniasis 157
Taints, from grazing plants 339

in boars 38, 339
Talin 57, 147
Taste (see also Flavour) 324–342

age 334
ageing 334
amino acids 329–331
canned products 342
chemical aspects 324–342
definition 324
differences between individuals 328

extracts 336
free fatty acids 329
glutamic acid 333
hypoxanthine 156, 333
inosinic acid 156, 333
loss in store 333
Maillard reaction 156, 239, 246, 269, 286
muscle differences 334
origin in cooking 328 et seq.
pH 255, 334
primary 324
protein complexes from taste buds 328
species 329–331
tyrosine 301
‘umami’ 324
undesirable 336–342
variability 333–336
water-soluble precursors 328–329

Temperature
actomyosin breakdown 142–143, 237, 299, 318,

320
carcass rates of fall 190, 219
colour of meat surfaces 284
control, and meat preservation 189–234
and cooking conditions 318
curing 252, 258
denaturation of sarcoplasmic proteins

143–144, 316
detection of severity applied 284
elevated, in conditioning 316
environment, resistance to 22–23
and flavour development 329
of freezing, and protein damage 213–219
high, in display packs 172, 181
hydration of proteins 237, 244, 265, 299
iodine number of fats 259
microbial growth 169–172, 188–233
nutrient requirements of micro-organisms 171
plate, in dehydration 243
post-mortem glycolysis 87, 223, 309–315
and protein recovery from offal 366
shortening and tenderness 92, 143, 201, 309
thermal conductivity of meat 218
tolerance, and bacterial classification 169

Tenderizing enzymes 143, 147–156, 315–318,
321–324

Tenderness 304–325
acid pH enhances 315
actin detachment from Z-line 143, 316
adhesion values, determine collagen

contribution 305
age 306
ageing 141–156, 315–318
breed 306
carcass suspension, mode affects 192, 311
cold-shortening 192, 195, 201, 310
concentration/solubility of collagen both affect

307
conditioning 141–156, 315–318

accelerated at in vivo temperatures 309,
316

minimal in shortened muscle 143
correlates poorly with collagen cross-linking

49, 306
correlates with insoluble collagen 110
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cooking 301, 318–320
mode effects 318–320
pre-rigor effects 315
temperature effects 301, 318–320

dehydration 239–241
doppelender cattle 304
dwarf cattle 306
diminished by preslaughter Ca++ injection 324
elastin, effect 103, 307
electrical stimulation, mechanisms 196–199
enhanced in pre-rigor cooking 315
enhanced by postslaughter infusion of Ca++

324
excessive, in stressed animals 315
freeze-dehydration 246, 321
in fast-glycolysing white muscle 118
freezing 321
β-glucuronidase increase 147
high pressure effect 324, 359
of hot, deboned meat 139–140
inverse relation to calpastatin gene 101
irradiation 265, 321
locational differences in muscle 309
lysosomal enzymes involved 147, 156, 317
measurement 305
minimal at pH 5.8–6.2 313–315
muscle differences 309, 317
parameters measured by adhesion and shear

305
pH 197–198, 244, 315
PSE pork 69–70
post-slaughter factors 197–198, 309–321
pre-rigor meat 309–310, 315
pre-slaughter factors 305–309
proteins involved 304–305
rate of pH fall post mortem 192, 309–315
rigor mortis 309–315
salt 324
sarcomere length, significance 92, 309–315
sex 307
shear values, determine myofibrillar

contribution 305
shortening 309–315, 317, 320
species 306
tenderizing procedures 321–324
tetracyclines 276, 315–317
water 315, 324
water-holding capacity 315

Tendon 46
Testosterone 35, 351
Texture (see also Tenderness) 304

canning 195
contribution of sarcoplasmic proteins 320
elucidated by fracture mechanics 320
fibre bundles 46
freeze dehydration 247–249
irradiation 265
prefabricated 362–369

Texturization, of recovered protein 364–369
value of mixing sources 368

Thalidomide, abnormal muscle development 67
Thamnidium elegans, added for flavour 336
Thaw rigor 101, 196, 295

avoidance of disadvantages 229, 313
Thermal conductivity 214

Thermal generation, novel processes 233
Thermal stability, of bacterial enzymes 232
Thermal death time 232
Thermal processing 229–233
Thermoplastic extrusion 365
Thiamin, and meat aroma 329
Thiazoles, and flavour 331
Thymus, removal on growth 39
Time-temperature curves 190, 219

anomalous on cooking 302
Tissue repair, increased phagocytosis 147
Tissue, biological, general origin 65
Titin, and ‘gap’ filaments 57, 82, 317
Titin, toughness on cooking 319
Toxicity

antibiotics 184, 208, 274
chemical additives 277
heavy metals 352
and hormone residues 351
mycotoxins 352
nitrosamines 350–351
pesticides 352
polycyclic hydrocarbons 351
soils and pastures 29

Toxins, bacterial 163–166
Toxoplasma gondii, in underdone meat 158
Trace elements, in soils and pastures 28–30
Training

composition of muscle 122
development of muscle 73

Training, and muscle enzyme activity 123
Tranquillizers 39, 134
Transcription of DNA 62
Transgenic techniques 19
Transglutaminase, microbial, enhances gel

adhesion 299
Transport

animal losses 128
effect on pigs 128–130

Trichinosis 157
Trimethylamine, whale muscle 94
Trimethyllysine, in calmodulins 82
Tropocollagen, fibre formation 49
Tropomodulin, in muscle structure 57, 60
Tropomyosins

amino acid composition 82
binding of actin of Z-line 78, 143
breakdown in conditioning 149
content in muscle 75
regulatory function with troponins 52, 80,

84–85
stability in freeze-dehydration 92
synthesis in polysomes 64

Troponins
amino acid composition 82
breakdown in conditioning 149
functions of troponins T, C and I 80, 84–85,

185
red and white muscle differences 81
synthesis in fast and slow fibres 123

T system in muscle 58–61
Troponin T, proteolysis in conditioning 149, 316
Tuberculosis in C19 cattle 157
Tumbling, in bacon curing 253

in reformed meat 362
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Tyramine, in European sausage 350
Tyrosine, isomers, in detecting irradiated foods

273

Ubiquitins, and neurodegeneration 255
Ultimate pH (see pH, post mortem glycolysis)
Ultraviolet light

antimicrobial action 182
discoloration 259
fat oxidation 260

Umami 324
Unconventional feed sources 30
Ur, domestication evidence 5
Uric acid, and meat consumption 354
Uterus, proteolytic enzymes 147

Vacuum packaging, efficacy compared w. gas
packaging 204

Vegetables, proteins as meat substitute 364
distinguished from meat 365

Venison, microbiological status 176
Verdohaem 282–284
Vibrio fischeri, source of lux gene 165
Vinculin 57–59, 147
Vitamins, in meat products 345–349
Vitamin A, and lysosomal membranes 153
Vitamin B12

cobalt deficiency 28
destruction 268

Vitamin C (see also Ascorbic acid)
content in meat 345–349
canning 232
ionizing radiation 268

Vitamin E
deficiency, worsened by unsaturated fat 67–69
destruction, antioxidant 211, 227
in feed, limits fat oxidation 211, 227
3-methylhistidine content of myosin 57, 65
muscular dystrophy 65
proteolytic activity 156

Volatiles, from cooked meat 325 et seq.

‘Warmed-over’ flavour 329
Wart-hog, fat and moisture content in meat 96
Waste fat, in sheep and cattle 41
Water (see also Moisture)

abattoir source of contamination 160
activity (aw) 172
additive 296
content in muscle 45, 96, 102, 106, 109, 126
gain in undernutrition 126
injection and tenderness 324
location in muscle 290–291
loss in pre-slaughter handling 128
phase distinction by NMR 290–291
relations of micro-organisms 172
vapour, permeability of prepackaging films 204

Water-holding capacity 69, 290–295, 315
ATP fall 291, 297
changes due to interfilament space 290
conditioning 293
cooked meat 299

curing 253, 294
denaturation 69, 142–143, 299–302
drugs, pre-slaughter 224
and electrical stimulation 196
factors influencing 290–304
fat concentration 299–301
freeze dehydration 243
freezing 212, 226, 296
fresh meat 291 et seq.
high in pre-rigor cooking 313
ionizing radiation 269
ions 293–299
joints 301
locational variation 119–120
loss on heating collagen 304
muscle differences 304
myosin denaturation in PSE 70
polyphosphate 294
post-mortem glycolysis 90–93, 226, 291
pre-rigor freezing 223, 297
rigor mortis 211, 253, 309–313
sarcoplasmic proteins 142–144
temperature of cooking 301–302
tumbling enhances 253
ultimate pH 291

Watery pork (see Pork; PSE)
‘Weep’ 147, 210, 290–291
Weight losses

freezing 219
cryogenic 228
minimized by spraying 190
minimized by supersaturated air 190
refrigerated storage 190, 201, 219

Whale
composition of muscle 96
flavour 329

Whale, low metabolic rate 92, 95
oxidation-reduction potential 179
parasites 158
rigor mortis 92
White muscle (see Pork, PSE)

Wildebeest 11
Wiping cloths, prohibited 161
Woodiness, freeze dehydration 247
Wool, source of bacteria 160
Worms, parasitic 157–158

Yeasts 161, 165, 172, 274
Yellow fat, and feed 290
Yersinia enterocolitica, in food poisoning 165, 169

Zebra 11
Zebu

cross-breeding 5–7
heat resistance 7
origin 4

Zeugmatin, in muscle structure 57, 60
Z-lines, in conditioning 143, 239, 316

in curing 296
and water-holding capacity 291

Zinc, in muscle 345, 347
in offal 347
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