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various types of dry-cured ham are due to pig breed, feed 
of pigs, their weight and age, as well as differences in the 
production process. High-quality dry-cured hams, with a 
production length longer than 1 year, have distinct organo-
leptic characteristics: a rich, unique, and recognizable fla-
vor and color in the range from rosy to maroon or brown 
red marbled with white fat. However, the sensorial, physi-
cal–chemical, aromatic, morphological, and textural char-
acteristics of dry-cured ham vary significantly depending 
on the alterations in the technological process from pro-
ducer to producer [1–5].

The traditional technology for the production of dry-cured 
ham mainly consists of salting, postsalting (resting), and dry-
ing–ripening stages. In Northern Europe (Germany, Scan-
dinavia), smoking is frequently applied. Salting and dry-
ing–ripening are the most important steps in the manufacture 
where the flavor of the final product is mainly formed.

The duration of the postsalting and the drying–ripening 
stages varies depending on the type of dry-cured ham. The 
drying–ripening step lasts from 2–3 months to 2–3 years 
for the highest quality dry-cured hams. Increased time of 
ripening gives a higher degree of enzymatic degradation, 
contributing to taste and flavor of the final product and 
as a consequence of higher quality of dry-cured ham [6]. 
Shorter processing time allows faster production of dry-
cured ham, but the quality characteristics will suffer. The 
technology for each particular kind of dry-cured ham is 
adjusted according to the desired priority: quality or high 
production capacity.

During ripening, endogenous enzymes degrade proteins 
and lipids to amino and fatty acids correspondingly, which 
are mainly responsible for the flavor of dry-cured ham [7]. 
Free amino and fatty acids are further degraded and con-
verted by enzymatic and chemical reactions, including oxi-
dation, to volatile compounds. Free amino acids contribute 

Abstract Dry-cured ham is a traditional meat product 
highly appreciated by consumers. Production of dry-cured 
ham is a time-consuming process which varies between dif-
ferent ham types. There are many factors affecting the final 
characteristics of dry-cured ham. The quality of the raw 
material and the process conditions mainly influence the 
rate and the extent of biochemical reactions which are in 
turn responsible for the formation of specific flavor and tex-
ture. This review paper highlights the characteristics of the 
raw material, the enzymatic and chemical processes tak-
ing place during dry-cured ham manufacture and the com-
pounds formed by these reactions. The rates of the enzy-
matic changes from fresh meat to the stage of final product 
are also described.

Keywords Dry-cured ham · Enzymatic activity · 
Proteolysis

Introduction

Dry-cured ham is a traditional food product which is well 
known all over the world; however, different countries 
and areas have their own styles. The differences between 
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directly to taste [8], while further protein degradation prod-
ucts participate in generation of many odorants [9, 10]. A 
total of twenty-eight odorants were identified in Iberian ham 
by Carrapiso et al. [11] including aldehydes, sulfur- and 
nitrogen-containing compounds, ketones, esters, and alcohol.

During the drying–ripening stage, the vapor pressure 
gradient which occurs between the meat surface and the 
environmental drying air causes water evaporation from the 
surface and simultaneous diffusional water transport from 
the inner meat tissues toward the interfacial layer [12]. The 
reduction in water content will increase the salt concen-
tration in the muscle tissues. This affects the rates of the 
enzymatic reactions influencing the final organoleptic char-
acteristics of dry-cured ham [13–19]. The duration of the 
period when salt concentration in the tissues is low enough 
to allow the activity of enzymatic reactions is crucial for 
the sensorial properties, especially for the development of 
flavor [1, 4–6, 20]. The rates of enzymatic reactions are 
also determined by temperature [20–22].

Muscle enzymes have been well characterized, but 
despite this, knowledge about their activities as a function 
of the process conditions is still lacking. It is a difficult task 
to define any dependence between the rates of enzymatic 
reactions and the process parameters. Drying kinetics has 
also been studied for dry-cured ham, and models have been 
developed by Clemente et al. and Gou et al. [23, 24]; how-
ever, as far as we know there has been no attempt to com-
bine the two aspects of dry-cured ham manufacture: drying 
kinetics based on mass transfer and biochemical changes 
occurring throughout the process. The aim of this review 
is to investigate the existing information about both aspects 
of the process to identify the dependences and relations 
between biochemical changes and drying mechanisms. The 
first part of the review focuses on biochemical mechanisms 
within dry-cured ham, especially on enzymatic activity 
during ripening. The second part focuses on drying mecha-
nisms and modeling.

Production technologies and styles of dry‑cured 
ham

This section gives an overview about different styles of dry-
cured ham and technologies used for their manufacture. A 
general technological process of dry-cured ham manufac-
ture is shown in Fig. 1.

Different styles of dry‑cured ham

The most famous species of dry-cured ham are Spanish 
Iberian, Celta, and Serrano hams; Italian Parma, San Dan-
iele, and Toscano dry-cured hams; French Bayonne hams 
and Chinese types such as Jinhua and Xuanwei hams. They 

are characterized as high-quality products that are ready to 
be consumed without any further treatment or cooking. The 
main characteristics of some of the most typical dry-cured 
hams (Parma [25], Toscano [26], Iberian [6, 27, 28], Santa 
Kristina [29], Bayonne [6, 30–32], and Jinhua [33, 34]) are 
described in Table 1. The comparison of the chosen ham 
types is nominal because the information has been obtained 
by different researchers using different methodology and is 
shown for general understanding of varieties between ham 
types.

Technological process

Salting and salt equilibrium

Salting of hams can be provided by the two main tech-
niques—undetermined salt supply and exact salt supply. 

Fig. 1  A common technological process of dry-cured ham manufac-
ture
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Salting is accompanied by an osmotic dehydration process. 
While salt is diffusing into muscles, the moisture is going 
out at the same time.

Undetermined salt supply is the most common method. 
The hams are placed in stainless steel or plastic bins and 
totally covered by salt. The bins have holes in the bottom 
to let the moisture drain off. Since excess salt is added, the 
salting time determines the final salt content of the ham. 
Generally, the salting time for hams of Mediterranean style 
is from 17 to 48 h per kilogram of weight at 0–4 °C at high 
relative humidity up to 95 % [35, 36], while Scandinavian 
style hams are salted upon approximately the same condi-
tions up to 5–6 days per kilogram [29].

By the exact salt supply, a certain amount of salt is 
added to the surface and hand-rubbed. This method takes 
longer time than the undetermined technique, since all the 
salt should be absorbed. The time of salt diffusion, in this 
case, depends on the size of the ham, but generally it is 
between 14 and 21 days [6].

After salting, the hams are maintained at low tempera-
tures to allow the salt to be distributed uniformly in the 
meat tissues. The whole process of salting and postsalting 
usually takes from one to several months for Mediterranean 
styles. However, process duration depends on a ham size, 
the ratio of lean surface to mass, pH, an amount of intra-
muscular fat, the presence of subcutaneous fat, a tempera-
ture of curing room, technology, etc.

Nitrite/nitrate treatment

Nitrite and nitrate are widely used in dry-cured ham manu-
facture as curing salts. The quality and safety of dry-cured 
ham are considerably affected by nitrite treatment. Nitrite 
provides several functions simultaneously: delaying oxida-
tive rancidity, maintaining typical cured color, and inhibit-
ing the growth of spoilage and pathogenic microorganisms 
(e.g., Clostridium botulinum) [37–39]. Nitrite and nitrate 
salts in meat can transform into nitrosamines [40] which 
have carcinogenic properties [41]. However, according to 
Demeyer et al. [42], the level of nitrosamines in dry-cured 
meat is generally less than the safety limit value, which is 
too low to inflict harm to human health.

Drying–ripening process

The drying of dry-cured hams is carried out in drying 
chambers with convective air-drying at an appropriate tem-
perature and relative humidity (Table 1). High relative air 
humidities prevent extensive dehydration of the surface 
of the product and narrowing the pores. Narrowing the 
pores leads to surface hardening and considerable reduc-
tion in the drying rate. Convective drying is generally lim-
ited by air velocity, but in dry-cured ham manufacture, the 

velocity is kept very low (0.1–0.5 m s−1) [6]. Although a 
forced air flow increases the driving force for mass trans-
fer and speeds up the drying process, high air velocities 
can influence badly on the quality of dry-cured ham. The 
surface layer of ham dries out (and collapse) in such case. 
Thus, internal and external diffusions should be the same 
to achieve an efficient and uniform drying process. The air 
velocity ought to be kept low, but the air circulation must 
be uniform to ensure uniform air temperature and relative 
humidity through the curing chamber. Otherwise, the meat 
could be spoiled by microorganisms.

Factors affecting the mass transfer during drying and 
the drying kinetics are discussed in detail in Part 2 of the 
review.

Smoking

Smoking is not a general technological part for dry-cured 
ham manufacture; it is not applied to the most of the dry-
cured hams. However, in Northern Europe, smoking is 
used to give the product a small trace of smoked flavor. 
Under these conditions, smoking is not expected to work 
as a preservation agent or to influence the protein or lipid 
degradation profiles, but can reduce the number of surface 
bacteria greatly due to the bactericidal and bacteriostatic 
properties of smoke [43]. If smoking is the main technolog-
ical part of the manufacture, the meat is called smoke-cured 
ham and is not described in the present article devoted to 
dry-cured ham.

Characterization of raw material

Muscle characteristics and composition

Hams which are approved to be used for dry-cured ham 
manufacture are classified mainly according to pH level, 
weight, and fat content [6]. Soon after slaughtering, the 
level of pH decreases as the result of ATP (adenosine 
triphosphate) hydrolysis. The rate of pH decline is a marker 
of postmortem glycolysis; the rate of postmortem glycoly-
sis is associated with meat quality problems [44]. The rate 
of pH decline can be unexpectedly rapid when the tempera-
ture of carcass is high. It leads to the phenomenon called 
“pale, soft, exudative (PSE)” meat which has a very low 
water-holding capacity that has serious economic con-
sequences for the producers. The basis of the problem is 
mainly in antemortem stresses. Preslaughter stresses lead to 
another problem—“dark, firm, and dry (DFD)” meat, which 
has a low rate of pH decline in comparison with PSE. DFD 
meat has a higher water-holding capacity when compared 
with normal meat or PSE meat, but the advantage is elimi-
nated by the high susceptibility to microorganism growth 
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[44]. The pH at 24 h postmortem of 5.6–6.1 should be cho-
sen to be appropriate for the successful production process 
of hams [6]. Close to the lower border of the appropriate 
pH region, the establishment of rigor mortis occurs due to 
ATP depletion. That influences the meat tenderness, which 
should also be taken into account. However, pH meas-
urements are still under consideration at many producing 
facilities. They prefer to sort the hams only according to 
fat content and weight. Appropriate weight and fat contents 
are decided individually according to the type of dry-cured 
ham produced.

The most important muscles in a ham are shown in 
Fig. 2. In this paper, the main emphasis is on Biceps femo-
ris and Semimembranosus muscles with regard to chemical 
composition and biochemical reactions taking place dur-
ing dry-cured ham processing. Biceps femoris is an inter-
nal muscle covered with a thick layer of subcutaneous fat 
on one side; this slows down salt uptake, and salt content 
slowly increases throughout the process. The slow increase 
in salt contributes to higher proteolytic activity in this mus-
cle, which influences the final textural properties [45]. On 
the other hand, Semimembranosus muscle is situated close 
to the surface without fat covering. It results in a fast salt 
uptake during the salting stage [46]. Since the extent of 
biochemical changes during the manufacturing process 
is different for these two muscles, they can be used as the 
“marker muscles” for the comparison. Ruiz-Ramirez et al. 
[16] showed that proteolysis index (degree of proteolysis) 

which is calculated as the percentage of nonprotein nitrogen 
divided by total nitrogen was 25 and 18 %, respectively, for 
Biceps femoris and Semimembranosus muscle (10 months 
of manufacturing). Similar results were obtained by Bus-
cailhon et al., Flores et al. and Harkouss et al. [47–49].

The main components of muscle meat are water, pro-
teins, lipids, minerals, and trace quantities of carbohy-
drates, Table 2 [50]. Proportions of the components vary 
significantly depending on many factors including pig 
breed, age, feed, etc.

Proteins

Proteins are the major component of muscle, which con-
stitute about 80 % of the muscle dry weight or 15–22 % of 
the muscle wet weight [51, 52]. Muscle proteins are usu-
ally classified based on solubility or biological function. 

Fig. 2  Main muscular areas: 
SM—semimembranosus 
muscle; ST—semitendinosus 
muscle; BF—biceps femoris 
muscle, RF—rectus femoris 
muscle, B—bone; IF—internal 
fatty area; SF—subcutaneous 
fatty area

Table 2  Composition of Biceps femoris and Semimembranosus pork 
muscles

Chemical component Content (g/100 g)

Semimembranosus Biceps femoris

Moisture 71–77 73–78

Protein 17–23 18–22

Fat 1.5–8.9 1.8–7.1

Ash 0.7–1.5 0.9–1.8
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The solubility category is based on solubilization of mus-
cle proteins at different salt concentrations that gives three 
groups of proteins: myofibrillar, sarcoplasmic, and stromal 
proteins [44], Table 3 [6, 51, 52]. Enzymatic degradation of 
muscle proteins is important for the development of flavor 
and texture during dry-cured ham production.

Myofibrillar proteins are the main constituents of mus-
cle’s fibers, which are 50–60 % of the total protein content 
in muscle tissues. They are soluble at high ionic strength 
(salt-soluble proteins). The major myofibrillar proteins, 
myosin and actin form the actomyosin complex [44, 52]. 
A group of cytoskeletal proteins (actin, myosin, titin, nebu-
lin, desmin, vinculin, tubulin, dynein, spectrin, clathrin, 
keratin, vimentin, and many others) are mainly myofibril-
lar proteins; they contribute to the formation of meat tex-
ture [44]. At the microstructural level, it has been shown 
that myofibrillar proteins are the proteins which are mostly 
affected by proteolytic activity [53].

Sarcoplasmic proteins are in the range between 25 and 
35 % of the total protein in muscle and include most of the 
muscle’s enzymes [6]. Many of the enzymes are involved 
in energy metabolism, but proteases and lipases compose a 
significant part of this fraction.

Stromal proteins are the basic elements of muscle con-
nective tissue (10–20 % of the total muscle protein con-
tent). The most abundant stromal protein in meat tissues 
is collagen, while elastin is found in smaller amounts [44]. 
They are insoluble at usual extraction conditions such as 
near-neutral pH, low temperature, and low or high salt con-
centration. Stromal proteins are also important for meat 
texture. The content and properties of stromal proteins may 
vary significantly due to different factors such as pork spe-
cies, age, and muscle type [44].

Lipids

The content of lipids in pork muscle varies significantly 
depending on the degree of fattening and the presence of 
adipose tissue, but generally constitutes from 1 to 13 % 
of the total muscle weight [6]. Intramuscular lipids are 
divided into two main groups: lipids which are stored in fat 

cells and membrane lipids. The first group contains mainly 
nonpolar lipids such as triglycerides. Phospholipids belong 
to the second group.

Protein degradation

Proteolytic enzymes

Since proteins constitute as much as 80 % of the meat dry 
weight, the proteolytic reactions during manufacturing are 
important for the properties and the quality of dry-cured 
ham [49]. Muscle tissues contain a high number of various 
enzymes which contribute to the ripening process.

Proteolytic enzymes are classified according to their 
effect and location. According to the action, the most 
important proteolytic enzymes are proteases, which are 
associated with breakdown of proteins to large peptides and 
peptidases, which hydrolyze the large peptides to smaller 
ones and to free amino acids. The peptidases are classi-
fied into endo- and exopeptidases, and the exopeptidases 
into aminopeptidases and carboxypeptidases [6]. Proteo-
lytic enzymes are classified regarding their location: in lys-
osomes or in cytosol. Lysosomal and cytosol enzymes have 
been studied both in fresh meat and in various meat prod-
ucts [54–60].

The major proteases located in lysosomes are the cath-
epsins, which are endoproteases. Cathepsins B, H, and L 
are cysteine proteases, and cathepsin D is an aspartate pro-
tease. Myofibrillar proteins are mainly broken down by 
cathepsins B, D, H, and L, which retain their activity for 
several months during the production of dry-cured ham [6]. 
The optimum temperature for cathepsins B, D, H, and L is 
in the range between 30 and 40 °C. Cathepsins B, H, and 
L have a neutral pH optimum, while cathepsin D works at 
around pH 4.0.

Cystatins are protein inhibitors that control the activ-
ity of cathepsins in vivo. Cystatins are cytosolic proteins; 
they have an ability to bind tightly and reversibly to cath-
epsins B, H, and L. Their activity is a part of the control 
mechanism responsible for protein degradation since their 
action may protect meat cells from unwanted endogenous 
or external proteolysis [61, 62].

Tripeptidylpeptidases and dipeptidylpeptidases are exo-
proteases which mainly continue the degradation of proteins 
and degrade polypeptides to smaller peptides. The smaller 
peptides can be further broken down by aminopeptidases.

Tripeptidylpeptidases hydrolyze different polypeptides 
to tripeptides. Tripeptidylpeptidases I are located in lys-
osomes and work at acidic pH; tripeptidylpeptidases II 
have optimal pH range at neutral values [6]. The temper-
ature optima for tripeptidylpeptidases I and II are 37 and 
30 °C, respectively.

Table 3  Characterization of the main proteins of muscle tissues

Protein Solubilization Approximate content in the 
total protein fraction (%)

Actin >0.3 M NaCl 12–15

Myosin 35–40

Tropomyosin 2.5

Troponin <1.0

Sarcoplasmic proteins <0.3 M NaCl 25–35

Collagen Insoluble 10–15
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Dipeptidylpeptidases are classified as type I, II, III, and 
IV; type I and II are located in lysosomes, type III is found 
in cytosol, and type IV is found in the plasma membrane. 
Dipeptidylpeptidases degrade polypeptides to dipeptides at 
pH 5.5 for types I and II and at pH 8.0 for types III and 
IV. All the types have optimal temperature between 45 and 
65 °C and are stable for several months [6].

Aminopeptidases, which are located in lysosomes, con-
tinue protein degradation and break down peptides to free 
amino acids. Only five aminopeptidases have been sepa-
rately analyzed; they have a neutral or basic pH optima and 
optimum temperatures in the range between 37 and 45 °C 
[6]. Small peptides and free amino acids are the main prod-
ucts which affect the specific flavor of dry-cured ham [17].

Proteolytic enzymes, which are found in cytosol, are 
represented by cysteine endopeptidases (particularly by 
calpains located in Z-disk region of cytosol) and by a fam-
ily of cysteine proteases called caspases. Calpains have 
slightly basic optimum pH, and they degrade proteins 
to polypeptides. Calpains are stable for some days after 
slaughter and have been found to be active only in the 
first stage of curing [63, 64]. Caspases have a pH optima 
between 6.8 and 7.4 [65], and they are only active during 
the early postmortem changes within days. Caspases are 
not considered as the contributors to proteolysis at the later 
stages of dry-cured ham manufacture [66, 67].

Exogenous proteases from lactic acid bacteria and yeasts 
also contribute to proteolytic activity during the ripening 
period, but not so significant, when compared with cath-
epsins, dipeptidylpeptidases, tripeptidylpeptidases, and 
aminopeptidases [68, 69].

Proteolysis during dry‑cured ham manufacture

The amount of proteolytic enzymes of pork muscle 
depends on the pig breed and genetics [4, 70–75]. Between 
the stages from fresh meat to the final dry-cured ham, there 
is a loss of enzyme activity due to denaturation or degra-
dation of the enzymes. The enzyme activity also decreases 
due to the decreasing water activity during the drying–rip-
ening, as soon as water evaporates and the salt concentra-
tion increases [16, 22, 49, 76, 77].

Activity of proteases

The first step of the protein hydrolysis is caused by cath-
epsins B, L, H, and D, calpains, peptidases, and cytosolic 
enzymes, which degrade the muscle proteins to polypep-
tides [49, 78, 79].

Since the optimum temperature for endogenous enzymes 
is higher than 25 °C, the relatively low temperatures of the 

salting and the postsalting stages do not allow the maxi-
mum possible enzymatic activity. The temperature is usu-
ally adjusted during the drying–ripening stage to optimize 
the temperature with the aim to increase enzyme activity. 
Morales et al. [77] showed that proteolysis index for Biceps 
femoris muscle, which was ripened at 30 °C, was higher 
when compared with muscles which were ripened at 5 °C 
(20.9 vs. 15 % correspondingly). The pH of the raw mate-
rial also influenced the extent of proteolysis. Proteolysis 
level of the ripened Biceps femoris muscle was 18.9 % (pH 
less than 5.66) and 17.2 % (pH higher than 6.00). Skrlep 
et al. [80] also found for “Kraski prsut” dry-cured ham that 
a lower pH of the raw meat (from 5.51 to 5.63) had a posi-
tive effect on proteolysis compared to higher pH (from 5.80 
to 6.18). This occurred due to the increased cathepsin activ-
ity at lower pH, which affects the extent of proteolysis [16, 
49, 81, 82]. Morales et al. [77] also showed that proteolysis 
index decreased from 19.3 to 16.7 % when the salt concen-
tration increased from 1 to 4 %.

Zhao et al. [76] claimed that cathepsins and calpains 
are, possibly, the main endopeptidases which take part in 
proteolysis during dry-cured ham manufacture. However, 
calpain-like activity was not found by Sarraga et al. [64] 
after the postsalting step; thus, only cathepsin-like activity 
will be evaluated as the main protease which takes part in 
proteolytic changes during the drying–ripening stage.

Cathepsins B, H, L, and D lose their activities gradu-
ally with time [46, 76, 83]. The studies of the enzyme 
activity were performed in muscle extracts, which reflect 
the stability of the enzymes in the salted ham. Generally, 
the enzymes remain active longer in Biceps femoris than 
in Semimembranosus muscle due to easier salt uptake by 
external Semimembranosus muscle and faster suppres-
sion of enzymatic reactions as a result [46]. However, the 
remaining activity of the enzymes decreases together with 
salt penetration into the tissues of Biceps femoris muscle.

Table 4 shows that activities of cathepsins B, L, H, and 
D are still observed at the end of drying–ripening stage. 
This means that they can be active during the whole manu-
facturing process [46, 76, 83].

In the beginning of the curing process (between the 
stage of raw material and the postsalting stage), cathepsin 
L is the most active protease [63, 64]. Cathepsin B has an 
intermediate role for protein degradation into amino acids 
[46]. According to Parreno et al. [46], cathepsin L lost its 
activity more rapidly when compared with cathepsin B. 
The contribution of cathepsin H to the proteolysis is very 
low [46].

Summarizing, the protease activity is the highest at the 
beginning of dry-cured ham manufacture due to higher 
amounts of active enzyme and due to higher water activity.
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Activity of aminopeptidases

During dry-cured ham production, the action of proteases 
is followed by peptidases, generating small peptides and 
finally free amino acids. Zhao et al. [22] found that amin-
opeptidases remain active during the whole dry-cured ham 
process, but low temperatures reduce their activity.

Alanyl aminopeptidase is responsible for 83 % of the 
total porcine muscle aminopeptidase activity [22]. Alanyl 
aminopeptidase activity decreased gradually during the 
manufacturing of Jinhua ham, and at the end (262 days) 
of processing, about 3 % of the original activity remained 
[22].

The duration of the ripening process significantly affects 
the levels of free amino acids, as illustrated by the com-
parison of Iberian and Parma hams, with 24- and 12-month 
production processes, respectively, Table 5 [28, 84]. The 
ripening phase was around 12 months for Parma ham [3] 
and 23 months for Iberian ham. The increase in free amino 
acids by the end of dry-cured ham manufacture reported by 
the authors is similar to the results reported in other studies 
[8, 22, 85–87].

Lipid degradation

Lipolytic enzymes

Lipolytic enzymes in dry-cured ham are found in muscles 
and in adipose tissues. During manufacture of dry-cured 
ham, the triacylglycerols and phospholipids are hydrolyzed 
by lipases and phospholipases correspondingly. The result-
ing products of the degradation are free fatty acids [35] 
which are more easily oxidized than triacylglycerols [44].

Triacylglycerols in muscle are mainly degraded by a lys-
osomal acid lipase (pH optimum 5.0) in the pH range from 
5.5 to 6.2 [15]. Phospholipase A, which is located in lys-
osomes, works in the same pH range and accompanies the 
lysosomal acid lipase activity. These two enzymes are the 
major participants of lipolysis in muscle and contribute to 
the long-chain free fatty acid formation at the postmortem 
stage. Neutral lipase is active at pH 7.0 and has been found 

to have a higher temperature optimum (45 °C) when com-
pared to acid lipase and to phospholipase A (37 °C).

The main lipolytic enzymes of adipose tissue degrade 
triacylglycerols, monoacylglycerols, and lipoproteins. Cho-
lesterol and glycerol esters of triacylglycerols are mainly 
hydrolyzed by hormone-sensitive lipase (pH optimum 
7.0–7.5) [88]. Lysosomal acid esterase and cytosol neutral 
esterase of adipose tissue also break down triacylglycerols 
[15]; they are active at elevated temperatures (optimum 

Table 4  Residual enzymatic activity (% of original activity) of dry-cured ham compared to fresh pork (studied in extracts)

* The values give the percentage of residual activity in dry-cured hams compared to fresh pork after correction for differences in moisture con-
tent

Dry-cured ham Muscle used Length of manufacture (months) Cathepsin B Cathepsin H Cathepsin L Cathepsin D

Jinhua Biceps femoris 9 9 – 14 –

Spanish style Biceps femoris 8 50 1.1 – –

Spanish style Semimembranosus 8 30 1.5 – –

Serrano* Semimembranosus 8 14 22 – 23

Table 5  Free amino acid content in Iberian and Parma hams 
(mg/100 g of dry matter)

* The samples contained semimembranosus, semitendinosus, and 
biceps femoris muscles

** Muscle not specified

Amino acid Iberian* Parma**

ASP 710 264

GLU 1142 735

SER 385 262

ASN 73 29

GLY 296 231

GLN 16 21

BALA 11 Not specified

ALA + TAU 753 540

HIS 198 240

THR 352 240

CAR 729 Not specified

ARG 478 324

PRO 375 Not specified

ANS 74 Not specified

TYR 190 190

VAL 507 338

MET 210 104

ILE 460 207

LEU 686 441

PHE 335 248

LYS 934 727

ORN Not specified 91

TRP Not specified 66

Total quantity 8914 5298
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temperatures are 60 and 45 °C, respectively) [35]. Due to 
low availability of substrate, the activity of acid and neu-
tral esterases is restricted. However, they are fairly stable 
and are able to hydrolyze short-chain fatty acids from tri-, 
di-, and monoacylglycerols [6]. pH optimum for acid and 
neutral esterases of adipose tissue is 5.0 and 7.5, respec-
tively [35]. Monoacylglycerols of adipose tissue are mainly 
broken down by a monoacylglycerol lipase, which has a pH 
and temperature optimum of 7.0 and 37 °C, respectively. 
Lipoprotein lipase degrades lipoproteins of adipose tissue; 
this enzyme mainly works at basic pH (optimum pH 8.5), 
and temperature optimum is 37 °C [35].

Lipolysis during dry‑cured ham manufacture

Lipolytic activity and free fatty acid generation in dry-cured 
ham production have been studied widely [28, 89–92].

Intramuscular lipids contribute to the formation of the 
final dry-cured ham flavor. Hydrolysis is the first step of the 
transformation of lipids to flavor compounds, which gives 
an increase in the amount of free fatty acids [93]. Phospho-
lipids are considered as the most important fractions for the 
flavor formation in dry-cured ham due to free amino acids 
mainly originating from phospholipids [47, 94]. However, 
Gandemer [95] stated that up to 50 % of free fatty acids 
can be formed from triacylglycerols if their content is high 
enough.

A study of Iberian dry-cured ham hold by Flores et al. [28] 
showed that the activity of the main lipolytic enzymes was 

stable during the salting and the postsalting stages, Table 6. 
Another study of Parma ham performed by Vestergaard et al. 
[96] indicated the stability of lipolytic enzymes from the 
stage of fresh meat to the end of the ripening, Table 7.

Lipid oxidation is promoted by light, elevated tempera-
ture or the presence of salt [44]. The first products formed 
are hydroperoxides, which can be degraded to secondary 
oxidation products such as aldehydes, ketones, hydrocar-
bons, esters, alcohols, and lactones. Secondary products of 
oxidation are an important part of the flavor formation and 
contribute to the specific taste of dry-cured ham [4, 95].

Degradation products formed during dry‑cured 
ham manufacture

The main products of proteolysis and lipolysis, which 
influence the final flavor of Iberian dry-cured ham during 
the manufacture, are listed in Table 8 [8, 11].

Free amino acids are directly corresponding to the taste 
of dry-cured ham [8]. The listed free amino acids were 
identified during the whole process of ham production, but 
the kinetics of their development varied with time. Accord-
ing to Jurado et al. [8], lysine (Lys), alanine (Ala), and glu-
tamic acid (Glu) were the most abundant free amino acids 
of ham at the end of processing.

A great variety of odor qualities, such as fruity, cheesy, 
mushroom-like, nutty or cured ham-like, were identified 
by Carrapiso et al. [11]. Methanethiol, 2-methylpropanal, 
3-methylbutanal, hexanal, 2-heptanone, and 1-octen-3-ol 
were the most readily identified odorants.

Control of enzymatic activity

As described above, the enzyme activity in the hams is 
directly affected by the water activity, pH, and tempera-
ture. Since the pH is determined by the quality of the raw 
material, the enzymatic activity during the manufacturing 
can be directly controlled only by the temperature, the salt 

Table 6  Activity (U/g of muscle) of lipolytic enzymes in Biceps fem-
oris muscle of Iberian dry-cured hams at the end of the salting and 
postsalting stages

Lipolytic activity Salting Postsalting

Acid lipase 0.09 0.11

Phospholipase 0.056 0.041

Neutral lipase 0.49 0.40

Acid esterase 1.23 1.49

Table 7  Activity (nmol of released 4-methylumbelliferone h−1 g protein−1) of lipolytic enzymes in Biceps femoris muscle of Parma dry-cured 
hams at 0, 3, 6, 10 months of the producing

* BF biceps femoris muscle

** SM semimembranosus muscle

Lipolytic activity Aging time

0 Months 3 Months 6 Months 10 Months

BF* SM** BF* SM** BF* SM** BF* SM**

Acid lipase 1.29 1.52 1.29 1.74 1.84 2.86 1.72 2.28

Neutral lipase 0.79 0.33 0.79 0.48 1.11 1.40 0.73 0.60
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content, and the drying rate. The drying rate is controlled 
by the relative humidity and the temperature of drying air.

Normally the temperature is kept low until the water 
activity will fell down to the levels that prevent microbial 
growth, which also implies a relatively low enzyme activ-
ity. During the drying, the temperature is increased, either in 
one step or gradually, which allows to increase the enzyme 
activities. In order to maintain enzyme activity and ripening 
for a longer period, the hams can be covered with wax/fat 
to reduce the evaporation. This helps to maintain desirable 
water activity in the end of the process.

Conclusions

Proteolysis and lipolysis are the main processes which con-
tribute to the final quality of dry-cured ham. Proteolytic and 
lipolytic changes are generally ascribed to endogenous enzy-
matic activity. Small peptides and free amino acids, which are 
formed by the degradation of proteins, along with the second-
ary products of lipid oxidation are the compounds, which are 
mainly responsible for the flavor formation during the ripening 
of ham. The rates and the extent of ripening are determined 
by the water activity and the temperature. Thus, the duration 
and the extent of enzymatic ripening can be controlled by 
varying the initial salt content and controlling the drying rates. 
As this review has revealed, quantitative data for the “in situ” 
enzyme activity and product generation as a function of the 
drying conditions are relatively scarce. However, new, emerg-
ing mass-spectrometric methods enable quantitative analyses 
of peptides and flavor compounds, which are generated during 
the ripening. Coupled to studies of factors, which affect the 
drying kinetics (the topic of the second part of this review), 
this will provide better tools to control the ham manufacturing 
process and the product quality.

Acknowledgments The work was supported by the Research Coun-
cil of Norway (Project 225262/E40—DryMeat). Many thanks to the 
Food Technology Group of NTNU and the Sintef Energy Research 
Group for cooperation, help, and support.

Conflict of interest None.

Compliance with Ethics requirements This article does not con-
tain any studies with human or living animal subjects.

References

 1. Benedini R, Parolari G, Toscani T, Virgili R (2012) Sensory and 
texture properties of Italian typical dry-cured hams as related to 
maturation time and salt content. Meat Sci 90(2):431–437

Table 8  Main degradation products formed during the manufacture 
of Iberian dry-cured ham

* The compound was not identified. It has cured, rancid, apple-like 
aroma

** The compound was not identified. It has fruity, toasted aroma

*** The compound was not identified. It has cured, nutty, almond-
like aroma

Organoleptic property Compounds

Taste ASP

GLU

SER-ASN

GLY-CLN

HIS

ARG

THR

ALA

PRO

TYR

VAL

MET

ILE

LEU

PHE

TRIP

LYS

Aroma Hydrogen sulfide

Methanethiol

Unknown*

2-Methylpropanal

2,3-Butanedione

Unknown**

3-Methylbutanal

2-Methylbutanal

1-Penten-3-one

2-Pentanone

Pentanal

Ethyl 2-methylpropanoate

Unknown***

Hexanalf/(Z)-3-hexenal

Ethyl 2-methylbutyrate g/(E)-2-hexenal

2-Methyl-3-furanthiol g/2-heptanone

Heptanal f/3-mercapto-2-pentanone

Methional f/2-furfurylthiol

2-Acetyl-1-pyrroline

(E)-2-heptenal

Dimethyl trisulfide

1-Octen-3-one g/1-octen-3-ol

2-Propionyl-1-pyrroline i/octanal

(E)-2-octenal



Eur Food Res Technol 

1 3

 2. Buscailhon S, Monin G (1994) Déterminisme des qualités sen-
sorielles du jambon sec. Chapitre 1: evolution de la composition 
et des qualités sensorielles du jambon sec au cours de la fabrica-
tion. Viandes et Produits carnés 15:23–34

 3. Laureati M, Buratti S, Giovanelli G, Corazzin M, Lo Fiego DP, 
Pagliarini E (2014) Characterization and differentiation of Ital-
ian Parma, San Daniele and Toscano dry-cured hams: a multi-
disciplinary approach. Meat Sci 96(1):288–294

 4. Toldra F, Flores M (1998) The role of muscle proteases and 
lipases in flavor development during the processing of dry-cured 
ham. Crit Rev Food Sci Nutr 38:331–352

 5. Virgili R, Saccani G, Gabba L, Tanzi E, Soresi Bordini C 
(2007) Changes of free amino acids and biogenic amines during 
extended ageing of Italian dry-cured ham. LWT Food Sci Tech-
nol 40(5):871–878

 6. Toldra F (2002) Dry-cured meat products. Food and Nutritional 
Press, Trumbull

 7. Wang ZY, Gao XG, Zhang JH, Zhang DQ, Ma CW (2013) 
Changes of intramuscular fat composition, lipid oxidation 
and lipase activity in biceps femoris and semimembranosus of 
Xuanwei Ham during controlled salting stages. J Integr Agric 
12(11):1993–2001

 8. Jurado A, Garcia C, Timon ML, Carrapiso AI (2007) Effect of 
ripening time and rearing system on amino acid-related flavour 
compounds of Iberian ham. Meat Sci 75(4):585–594

 9. Hidalgo FJ, Zamora R (2004) Strecker-type degradation pro-
duced by the lipid oxidation products 4,5-epoxy-2-alkenals. J 
Agric Food Chem 52(23):7126–7131

 10. Pripis-Nicolau L, de Revel G, Bertrand A, Maujean A (2000) 
Formation of flavor components by the reaction of amino acid 
and carbonyl compounds in mild conditions. J Agric Food Chem 
48(9):3761–3766

 11. Carrapiso AI, Ventanas J, Garcia C (2002) Characterization of 
the most odor-active compounds of Iberian ham headspace. J 
Agric Food Chem 50(7):1996–2000

 12. Mujumdar AS (2006) Handbook of industrial drying, 3rd edn. 
CRS Press, Boca Raton

 13. Bermudez R, Franco D, Carballo J, Sentandreu MA, Lorenzo JM 
(2014) Influence of muscle type on the evolution of free amino 
acids and sarcoplasmic and myofibrillar proteins through the 
manufacturing process of Celta dry-cured ham. Food Res Int 
56:226–235

 14. Flores M, Ingram DA, Bett KL, Toldra F, Spanier AM (1997) 
Sensory characteristics of Spanish “Serrano” dry-cured ham. J 
Sens Stud 12(3):169–179

 15. Motilva M-J, Toldra F, Flores J (1992) Assay of lipase and ester-
ase activities in fresh pork meat and dry-cured ham. Z Lebensm 
Unters Forch 195:446–450

 16. Ruiz-Ramirez J, Arnau J, Serra X, Gou P (2006) Effect of 
pH24, NaCl content and proteolysis index on the relationship 
between water content and texture parameters in biceps femo-
ris and semimembranosus muscles in dry-cured ham. Meat Sci 
72(2):185–194

 17. Toldra F (2006) The role of muscle enzymes in dry-cured meat 
products with different drying conditions. Trend Food Sci Tech-
nol 17(4):164–168

 18. Toldra F, Cervero MC, Part C (1993) Porcine aminopepti-
dase activity as affected by curing agents. J Food Sci 
58(4):724–726

 19. Toldra F, Rico E, Flores J (1992) Activities of pork muscle pro-
teases in model cured meat systems. Biochimie 74(3):291–296

 20. Toldra F (1998) Proteolysis and lipolysis in flavour development 
of dry-cured meat products. Meat Sci 49:S101–S110

 21. Toldra F, Flores M, Sanz Y (1997) Dry-cured ham flavour: 
enzymatic generation and process influence. Food Chem 
59(4):523–530

 22. Zhao GM, Zhou GH, Tian W, Xu XL, Wang YL, Luo X (2005) 
Changes of alanyl aminopeptidase activity and free amino acid 
contents in biceps femoris during processing of Jinhua ham. 
Meat Sci 71(4):612–619

 23. Clemente G, Bon J, Sanjuan N, Mulet A (2011) Drying model-
ling of defrosted pork meat under forced convection conditions. 
Meat Sci 88(3):374–378

 24. Gou P, Comaposada J, Arnau J (2004) Moisture diffusivity in the 
lean tissue of dry-cured ham at different process times. Meat Sci 
67(2):203–209

 25. Protected Destination of Origin. Prosciutto di Parma (Parma 
Ham) (1992) Specifications and Dossier pursuant to Article 4 of 
Council Regulation EEC No. 2081/92

 26. Prosciutto Toscano D.O.P. (1996) Disciplinare di produzione 
della denominazione di origine protetta prosciutto Toscano. 
Regolamento CE No. 1263/96

 27. Carrapiso AI, García C (2008) Effect of the Iberian pig line on 
dry-cured ham characteristics. Meat Sci 80(2):529–534

 28. Flores M, Aristoy MC, Antequera T, Barat JM, Toldra F (2009) 
Effect of prefreezing hams on endogenous enzyme activ-
ity during the processing of Iberian dry-cured hams. Meat Sci 
82(2):241–246

 29. Haseth TT (2012) Salting av spekeskinke, Animalia. http://www.
animalia.no/Slakt–kjott–og-eggkvalitet/Spekematproduksjon/
Aktuelt-og-fagstoff/Salting-av-spekeskinke. Accessed 10 Apr 
2015

 30. Bayonne dry-cured ham: less salt for improved technologi-
cal and slicing yields (2010) The French National Institute For 
Agricultural Research (INRA). http://www.inra.fr/en/Partners-
and-Agribusiness/Results-Innovations-Transfer/All-the-news/
Bayonne-dry-cured-ham2/. Accessed 10 Apr 2015

 31. Monin G, Marinova P, Talmant A, Martin JF, Cornet M, Lanore 
D, Grasso F (1997) Chemical and structural changes in dry-
cured hams (Bayonne hams) during processing and effects of the 
dehairing technique. Meat Sci 47(1–2):29–47

 32. Theron L, Chevarin L, Robert N, Dutertre C, Sante-Lhoutellier 
V (2009) Time course of peptide fingerprints in semimembrano-
sus and biceps femoris muscles during Bayonne ham processing. 
Meat Sci 82(2):272–277

 33. Zhao GM, Tian W, Liu YX, Zhou GH, Xu XL, Li MY (2008) 
Proteolysis in biceps femoris during Jinhua ham processing. 
Meat Sci 79(1):39–45

 34. Zhou GH, Zhao GM (2007) Biochemical changes during pro-
cessing of traditional Jinhua ham. Meat Sci 77(1):114–120

 35. Toldra F (2006) Dry-cured ham. In: Hui YH (ed) Handbook of 
food science, technology, and engineering, 4th edn. CRC Press, 
Boca Raton

 36. Toldra F, Hui YH, Astiasaran I, Sebranek J, Talon R (2014) 
Handbook of fermented meat and poultry, 2nd edn. Wiley, 
Blackwell

 37. Arnau J, Guerrero L, Gou P (2003) Effect of meat pH and the 
amount of added nitrite and nitrate on color uniformity of dry-
cured hams. Fleischwirtsch Int 18:31–32

 38. Honikel K-O (2008) The use and control of nitrate and nitrite for 
the processing of meat products. Meat Sci 78(1–2):68–76

 39. Toldra F, Aristoy MA, Flores M (2009) Relevance of nitrate and 
nitrite in dry-cured ham and their effects on aroma development. 
Grasa Aceite 60(3):291–296

 40. Cammack R, Joannou CL, Cui XY, Torres Martinez C, Maraj 
SR, Hughes MN (1999) Nitrite and nitrosyl compounds in food 
preservation. Biochim Biophys Acta 1411:475–488

 41. Morales P, Martinez A, Haza AI (2000) N-nitrosaminas en los 
alimentos de riesgo para la salud (I). Alimentación, equipos y 
tecnologia 7:153–160

 42. Demeyer D, Raemaekers M, Rizzo A, Holck A, De Smedt A, Ten 
Brink B, Hagen B, Montel C, Zanardi E, Murbrekk E, Leroy F, 

http://www.animalia.no/Slakt%e2%80%93kjott%e2%80%93og-eggkvalitet/Spekematproduksjon/Aktuelt-og-fagstoff/Salting-av-spekeskinke
http://www.animalia.no/Slakt%e2%80%93kjott%e2%80%93og-eggkvalitet/Spekematproduksjon/Aktuelt-og-fagstoff/Salting-av-spekeskinke
http://www.animalia.no/Slakt%e2%80%93kjott%e2%80%93og-eggkvalitet/Spekematproduksjon/Aktuelt-og-fagstoff/Salting-av-spekeskinke
http://www.inra.fr/en/Partners-and-Agribusiness/Results-Innovations-Transfer/All-the-news/Bayonne-dry-cured-ham2/
http://www.inra.fr/en/Partners-and-Agribusiness/Results-Innovations-Transfer/All-the-news/Bayonne-dry-cured-ham2/
http://www.inra.fr/en/Partners-and-Agribusiness/Results-Innovations-Transfer/All-the-news/Bayonne-dry-cured-ham2/


 Eur Food Res Technol

1 3

Vandendriessche F, Lorentsen K, Venema K, Sunesen L, Stahnke 
L, De Vuyst L, Talon R, Chizzolini R, Eerola S (2000) Control 
of bioflavour and safety in fermented sausages: first results of a 
European project. Food Res Int 33(3–4):171–180

 43. Pearson AM, Gillett TA (1996) Processed meats. Springer, New 
York

 44. Damodaran S, Parkin KL, Fennema OR (2008) Fennema’s food 
chemistry. CRC Press, Boca Raton

 45. Virgili R, Schivazappa C, Parolari G, Bordini CS, Degni M 
(1998) Proteases in fresh pork muscle and their influence 
on bitter taste formation in dry-cured ham. J Food Biochem 
22(1):53–63

 46. Parreno M, Cusso R, Gil M, Sarraga C (1994) Development of 
cathepsin B, L and H activities and cystatin-like activity during 
two different manufacturing processes for Spanish dry-cured 
ham. Food Chem 49(1):15–21

 47. Buscailhon S, Gandemer G, Monin G (1994) Time-related 
changes in intramuscular lipids of French dry-cured ham. Meat 
Sci 37(2):245–255

 48. Flores J, Bermell S, Nieto P (1985) Evaluación de la calidad 
de los productos cárnicos. III. Jamón curado. Revista de Agro-
química y Tecnología de los Alimentos 25:400–407

 49. Harkouss R, Astruc T, Lebert A, Gatellier P, Loison O, Safa H, 
Portanguen S, Parafita E, Mirade P-S (2015) Quantitative study 
of the relationships among proteolysis, lipid oxidation, structure 
and texture throughout the dry-cured ham process. Food Chem 
166:522–530

 50. The University of Nebraska (2015) Porcine myology, Pork.org. 
http://porcine.unl.edu/porcine2005/pages/index.jsp/. Accessed 10 
Apr 2015

 51. Mglinec A (2010) Food technology. Troickiy most, 
Saint-Petersburg

 52. Vinnikova L (2006) Technology of meat and meat products. 
INKOS, Kiev

 53. Larrea V, Perez-Munuera I, Hernando I, Quiles A, Llorca E, 
Lluch MA (2007) Microstructural changes in Teruel dry-cured 
ham during processing. Meat Sci 76(3):574–582

 54. Etherington DJ, Taylor MA, Wakefield DK, Cousins A, Drans-
field E (1990) Proteinase (Cathepsin B, D, L and Calpains) lev-
els and conditioning rates in normal, electrically stimulated and 
high-ultimate-pH chicken muscle. Meat Sci 28(2):99–109

 55. Goll DE, Otsuka Y, Nagainis PA, Shannon JD, Sathe SK, Mugu-
ruma M (1983) Role of muscle proteinases in maintenance of 
muscle integrity and mass. Food Biochem 7(3):137–177

 56. Koohmaraie M, Babiker AS, Merkel RA, Dutson TR (1988) 
Role of Ca++-dependent proteases and lysosomal enyzmes 
in postmortem changes in bovine skeletal muscle. J Food Sci 
53(5):1253–1257

 57. Koohmaraie M (1992) The role of Ca2+-dependent proteases 
(calpains) in post mortem proteolysis and meat tenderness. Bio-
chimie 74(3):239–245

 58. Ouali A, Garrel N, Obled A, Deval C, Valin C, Penny IF (1987) 
Comparative action of cathepsins D, B, H, L and of a new 
lysosomal cysteine proteinase on rabbit myofibrils. Meat Sci 
19(2):83–100

 59. Ouali A (1992) Proteolytic and physicochemical mechanisms 
involved in meat texture development. Biochimie 74(3):251–265

 60. Zeece MG, Katoh K (1989) Cathepsin D and its effect on myofi-
brillar proteins: a review 1. J Food Biochem 13(3):157–178

 61. Barrett AJ (1987) The cystatins: a new class of peptidase inhibi-
tors. Trend Biochem Sci 12:193–196

 62. Turk V, Bode W (1991) The cystatins: protein inhibitors of 
cysteine proteinases. FEBS Lett 285(2):213–219

 63. Parreno M, Sarraga C, Gil M, Cusso R (1990) Actividad calpaina 
en el proceso de maduracion del jamon curado. In Proceedings 
of the Ninth Congress (BIOTEC 90), Murcia, Spain

 64. Sarraga C, Gil M, Garcia-Regueiro JA (1993) Comparison of 
calpain and cathepsin (B, L and D) activities during dry-cured 
ham processing from heavy and light large white pigs. J Sci 
Food Agric 62(1):71–75

 65. Jolivel V, Arthaud S, Botia B, Portal C, Delest B, Clave G, Lep-
rince J, Romieu A, Renard PY, Touzani O, Ligeret H, Noack P, 
Massonneau M, Fournier A, Vaudry H, Vaudry D (2014) Bio-
chemical characterization of a Caspase-3 far-red fluorescent 
probe for non-invasive optical imaging of neuronal apoptosis. J 
Mol Neurosci 54(3):451–462

 66. Kemp CM, Bardsley RG, Parr T (2006) Changes in caspase 
activity during the postmortem conditioning period and its rela-
tionship to shear force in porcine longissimus muscle. J Anim 
Sci 84(10):2841–2846

 67. Toldra F, Nollet LML (2012) Proteomics in foods: principles and 
applications. Springer, New York

 68. Dura MA, Flores M, Toldra F (2004) Effect of Debaryomyces 
spp. on the proteolysis of dry-fermented sausages. Meat Sci 
68(2):319–328

 69. Scannell AGM, Kenneally PM, Arendt EK (2004) Contribu-
tion of starter cultures to the proteolytic process of a fermented 
non-dried whole muscle ham product. Int J Food Microbiol 
93(2):219–230

 70. Armero E, Barbosa JA, Toldra F, Baselga M, Pla M (1999) 
Effects of the terminal sire type and sex on pork muscle cath-
epsins (B, B + L and H), cysteine proteinase inhibitors and lipol-
ytic enzyme activities. Meat Sci 51(2):185–189

 71. Armero E, Flores M, Toldra F, Barbosa J-A, Olivet J, Pla M, 
Baselga M (1999) Effects of pig sire type and sex on carcass 
traits, meat quality and sensory quality of dry-cured ham. J Sci 
Food Agric 79(9):1147–1154

 72. Flores M, Romero J, Aristoy MC, Flores J, Toldra F (1994) Dif-
ferences in muscle proteolytic activities among pork breed types. 
Sci Des Aliment 14:469–474

 73. Rosell CM, Toldra F (1998) Comparison of muscle proteolytic 
and lipolytic enzyme levels in raw hams from Iberian and White 
pigs. J Sci Food Agric 76(1):117–122

 74. Toldra F, Flores M, Aristoy MC, Virgili R, Parolari G (1996) Pat-
tern of muscle proteolytic and lipolytic enzymes from light and 
heavy pigs. J Sci Food Agric 71(1):124–128

 75. Toldra F, Reig M, Hernandez P, Navarro J-L (1996) Lipids from 
pork meat as related to a healthy diet. Recent Res Dev Nutr 
1:79–86

 76. Zhao GM, Zhou GH, Wang YL, Xu XL, Huan YJ, Wu JQ (2005) 
Time-related changes in cathepsin B and L activities during pro-
cessing of Jinhua ham as a function of pH, salt and temperature. 
Meat Sci 70(2):381–388

 77. Morales R, Serra X, Guerrero L, Gou P (2007) Softness in 
dry-cured porcine biceps femoris muscles in relation to meat 
quality characteristics and processing conditions. Meat Sci 
77(4):662–669

 78. Cordero MR, Zumalacarregui JM (2000) Characterization of 
micrococcaceae isolated from salt used for Spanish dry-cured 
ham. Lett Appl Microbiol 31(4):303–306

 79. Luccia AD, Picariello G, Cacace G, Scaloni A, Faccia M, Liuzzi 
V, Alviti G, Musso SS (2005) Proteomic analysis of water sol-
uble and myofibrillar protein changes occurring in dry-cured 
hams. Meat Sci 69(3):479–491

 80. Skrlep M, Mandelc S, Javornik B, Sante-Lhoutellier V, Pere G, 
Marjeta C-P (2010) Green ham pH value affects proteomic pro-
file of dry-cured ham. Ital J Anim Sci 9(29):153–156

 81. Arnau J, Guerrero L, Sarraga C (1998) The effect of green 
ham pH and NaCl concentration on cathepsin activities and the 
sensory characteristics of dry-cured hams. J Sci Food Agric 
77(3):387–392

http://porcine.unl.edu/porcine2005/pages/index.jsp/


Eur Food Res Technol 

1 3

 82. Schivazappa C, Degni M, Nanni Costa L, Russo V, Buttazzoni 
L, Virgili R (2002) Analysis of raw meat to predict proteolysis in 
Parma ham. Meat Sci 60(1):77–83

 83. Toldra F, Etherington DJ (1988) Examination of cathepsins B, D, 
H and L activities in dry-cured hams. Meat Sci 23(1):1–7

 84. Parma Ham. Well-being and diet. Nutritional values (2012) Con-
sorzio del Prosciutto di Parma. http://www.prosciuttodiparma.
com/pdf/Parma%20Ham%20Well-being%20and%20diet.pdf. 
Accessed 10 Apr 2015

 85. Cordoba JJ, Antequera T, Garcia C, Ventanas J, Lopez Bote C, 
Asensio MA (1994) Evolution of free amino acids and amines 
during ripening of Iberian cured ham. J Agric Food Chem 
42(10):2296–2301

 86. Martin L, Antequera T, Ventanas J, Benı́tez-Donoso R, Cor-
doba JJ (2001) Free amino acids and other non-volatile com-
pounds formed during processing of Iberian ham. Meat Sci 
59(4):363–368

 87. Ruiz J, Garcıia C, Carmen Dıiaz MAD, Cava R, Florencio 
Tejeda J, Ventanas J (1999) Dry cured Iberian ham non-volatile 
components as affected by the length of the curing process. Food 
Res Int 32(9):643–651

 88. Belfrage P, Frederikson G, Stralfors P, Thornqvist H (1984) Adi-
pose tissue lipases. Elsevier Science Publisher, Amsterdam

 89. Andres AI, Cava R, Martin D, Ventanas J, Ruiz J (2005) Lipoly-
sis in dry-cured ham: influence of salt content and processing 
conditions. Food Chem 90(4):523–533

 90. Fiego DPL, Macchioni P, Santoro P, Pastorelli G, Corino C 
(2005) Effect of dietary conjugated linoleic acid (CLA) supple-
mentation on CLA isomers content and fatty acid composition of 
dry-cured Parma ham. Meat Sci 70:285–291

 91. Motilva M-J, Toldra F, Nieto P, Flores J (1993) Muscle lipoly-
sis phenomena in the processing of dry-cured ham. Food Chem 
48(2):121–125

 92. Timon ML, Ventanas J, Carrapiso AI, Jurado A, Garcıia C (2001) 
Subcutaneous and intermuscular fat characterisation of dry-cured 
Iberian hams. Meat Sci 58(1):85–91

 93. Huang Y, Li H, Huang T, Li F, Sun J (2014) Lipolysis and lipid 
oxidation during processing of Chinese traditional smoke-cured 
bacon. Food Chem 149:31–39

 94. Martıin L, Cordoba JJ, Ventanas J, Antequera T (1999) Changes 
in intramuscular lipids during ripening of Iberian dry-cured ham. 
Meat Sci 51(2):129–134

 95. Gandemer G (2002) Lipids in muscles and adipose tissues, 
changes during processing and sensory properties of meat prod-
ucts. Meat Sci 62(3):309–321

 96. Vestergaard CS, Schivazappa C, Virgili R (2000) Lipolysis in 
dry-cured ham maturation. Meat Sci 55(1):1–5

View publication statsView publication stats

http://www.prosciuttodiparma.com/pdf/Parma%2520Ham%2520Well-being%2520and%2520diet.pdf
http://www.prosciuttodiparma.com/pdf/Parma%2520Ham%2520Well-being%2520and%2520diet.pdf
https://www.researchgate.net/publication/281675869

	Manufacture of dry-cured ham: a review. Part 1. Biochemical changes during the technological process
	Abstract 
	Introduction
	Production technologies and styles of dry-cured ham
	Different styles of dry-cured ham
	Technological process
	Salting and salt equilibrium
	Nitritenitrate treatment
	Drying–ripening process
	Smoking


	Characterization of raw material
	Muscle characteristics and composition
	Proteins
	Lipids

	Protein degradation
	Proteolytic enzymes
	Proteolysis during dry-cured ham manufacture
	Activity of proteases
	Activity of aminopeptidases


	Lipid degradation
	Lipolytic enzymes
	Lipolysis during dry-cured ham manufacture

	Degradation products formed during dry-cured ham manufacture
	Control of enzymatic activity
	Conclusions
	Acknowledgments 
	References




