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Abstract

Three Staphylococcus strains, S. carnosus, S. simulans and S. saprophyticus, selected due to their varying nitrite and/or nitrate-reduc-
tase activities, were used to initiate colour formation during sausage fermentation. During fermentation of sausages with either nitrite or
nitrate added, colour was followed by L*a*b measurements and the content of nitrosylmyoglobin (MbFeIINO) quantified by electron
spin resonance (ESR). MbFeIINO was rapidly formed in sausages with added nitrite independent of the presence of nitrite reducing bac-
teria, whereas the rate of MbFeIINO formation in sausages with added nitrate depended on the specific Staphylococcus strain. Strains
with high nitrate-reductase activity showed a significantly faster rate of pigment formation, but other factors were of influence as well.
Product stability for the sliced, packaged sausage was evaluated as surface colour and oxidation by autofluorescence and hexanal con-
tent, respectively. No significant direct effect of the Staphylococcus addition was observed, however, there was a clear correspondence
between high initial amount of MbFeIINO in the different sausages and the colour stability during storage. Autofluorescence data cor-
related well with hexanal content, and may be used as predictive tools. Overall, nitrite- and nitrate-reductase activities of Staphylococcus

strains in nitrite-cured sausages were of limited importance regarding colour development, while in nitrate-cured sausages strains with
higher nitrate reductase activity were crucial for ensuring optimal colour formation during initial fermentation stages.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Colour formation and colour stability are very impor-
tant quality attributes of sliced fermented meat products.
Such products are often marketed in convenient packages,
thereby being more susceptible to oxidation, because of
their large surface area exposed to oxygen and light under
normal retail display conditions. In fermented sausages, the
pigment responsible for the characteristic cured colour is
the bright red nitrosylmyoglobin (MbFeIINO), in which
an axial ligand nitric oxide (NO) is coordinated to central
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FeII in heme (Møller & Skibsted, 2002). The chemical reac-
tions leading to the cured meat pigment are a complex ser-
ies of processes involving microbially, enzymatically and/or
chemically catalysed steps, which depend on pH, pigment
concentration, redox potential, curing agent distribution,
temperature and relative humidity (Chasco, Lizaso, & Beri-
ain, 1996). Especially, regarding the pathway for pigment
formation in fermented sausage, little concrete knowledge
is available with respect to the role of microbially derived
enzymatic activities accelerating the overall process.

Addition of nitrite is traditionally justified by its inhibi-
tion of undesirable bacteria such as Clostridium botulinum

(Cassens, 1997), but nitrite and derived compounds also
act as effective antioxidants inhibiting lipid oxidation or
development of rancid off-flavours (Cammack et al.,
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1999). However, the most important reason for adding
nitrite and/or nitrate to fermented sausages is the forma-
tion of red colour, which is particularly enhanced when
these curing agents are employed in combination with
reducing agents (e.g. ascorbate/ascorbic acid) that acceler-
ate the reduction of nitrite into NO. Alternative strategies
for colour formation in sausages without using nitrate or
nitrite have been attempted, i.e. via NO formation from
L-arginine as a result of nitric oxide synthase (NOS)
enzyme activity in either staphylococci (Morita, Sakata,
& Nagata, 1998) or lactobacilli (Morita, Yoshikawa, Sak-
ata, Nagata, & Tanaka, 1997), but since NOS is oxygen
dependent along with other specific co-factors, it is consid-
ered unlikely to ensure a uniform colour formation within
a whole sausage (Møller, Jensen, Skibsted, & Knøchel,
2003).

Oxidative discolouration of fermented sausages is char-
acterized by conversion of MbFeIINO to nitrate and the
brown derivative metmyoglobin (MbFeIII), and this quality
deteriorating process is known to depend on partial oxygen
pressure and myoglobin reducing systems in general and
most likely related to subsequent lipid oxidation (Zanardi,
Novelli, Ghiretti, Dorigoni, & Chizzolini, 1999). Fer-
mented sausage is a very complex product in which the
study of pigment oxidation is quite difficult due to the
many factors affecting the redox potential within the prod-
ucts, and currently nothing is known concerning the influ-
ence of starter culture on colour stability during storage
and retail display.

The main objective of the present study was to investi-
gate the role of staphylococcal nitrite- and nitrate-reduc-
tases on the colour development of nitrite- or nitrate-
cured sausages. This was studied by fermenting sausages
with three different strains of Staphylococcus with varying
nitrite- and nitrate-reductase activities. The strains of S.

carnosus, S. simulans and S. saprophyticus, were selected
in an earlier study (Table 1). At appropriate time intervals
during fermentation, surface reflectance and electron spin
resonance (ESR) spectroscopy were used to measure colour
and the specific amount of cured pigment, MbFeIINO,
respectively. A retail display simulation was subsequently
performed with the manufactured sausages evaluating the
effects of the Staphylococcus strains on colour and oxida-
tive stability of sliced products during illuminated storage.
Table 1
Enzyme activities of nitrate-, nitrite-reductase and catalase for the three selec
Gøtterup et al. (in press))

Isolate no. Strain Nitrate-reductase
(nmol · min�1 · m

389 S. saprophyticus ndc

392 S. simulans 796 ± 15
506 S. carnosus subsp.carnosus 439 ± 9

a Early stationary cells (n = 3) were cultivated anaerobically in the presence o
final OD600 of 2.0. Nitrite was measured by Griess reagent.

b Early stationary cells (n = 2) were cultivated aerobically and suspended in p
was assayed as the declining absorbance at 240 nm.

c Not detectable.
Novel methods for assessing chemical changes relating to
both colour and oxidation were implemented, namely mul-
tispectral image analysis using VideometerLab equipment
and furthermore application of surface autofluorescence
spectroscopy for evaluation of lipid oxidation.

2. Materials and methods

2.1. Selection of bacterial strains

Three Staphylococcus strains, S. carnosus, S. simulans

and S. saprophyticus, were selected from a pool of isolates
originating from either fermented sausages, bacon brine or
cured meats. The selection of these three strains was based
on their previously demonstrated differences (Gøtterup
et al., in press) in nitrate/nitrite reduction capacity (Table
1). Their biochemical characteristics were assessed accord-
ing to the API Staph test (Biomerieux, Marcy-l’Etoile,
France).

2.2. Preparation of fermented sausages

Eight different batches were produced according to a
standard recipe used at the Chr. Hansen A/S pilot plant
facilities in Holdorf, Germany. Batches were prepared with
either 160 ppm of nitrate or nitrite as curing agent, and one
of the three Staphylococcus strains (5 · 106 CFU/g) or no
Staphylococcus. All batches had Lactobacillus sakei

(107 CFU/g) added as standard acidifying culture. The
other ingredients were: lean pork meat (85%), pork back
fat (15%), sodium chloride (27 g/kg), dextrose (6 g/kg),
sodium ascorbate (0.5 g/kg) and white pepper (2 g/kg).
Frozen pork meat and back fat were chopped and mixed
with salt and spices in a bowl chopper (KG Wetter, Bied-
enkopf–Breidenstein Germany) and stuffed in 60 mm cellu-
lose casings. The sausages were fermented and ripened in
climate chambers for 21 days during which the temperature
declined from 24 �C to 16 �C and the relative humidity
dropped from 96% to 86%. The products were mildly
smoked after 3 and 6 days of processing. Water activity,
pH and weight loss of every batch were examined during
the fermentation/ripening period, and these data, together
with the experimental design for the eight batches, are sum-
marised in Table 2.
ted staphylococci strains determined for viable cells (data obtained from

a

l�1)
Nitrite-reductase a

(nmol · min�1 · ml�1)
Catalaseb

(lmol · min�1 · ml�1)

6 ± 1.0 2.0 ± 2.6
42 ± 2.2 2.7 ± 0.7
4 ± 0.7 4.5 ± 1.9

f 20 mM KNO3 and suspended in phosphate buffer (100 mM; pH 7.0) to a

hosphate buffer (50 mM; pH 7.0) to a final OD600 of 0.5. Catalase activity



Table 2
Characteristics of the eight batches added different Staphylococcus strains and curing agents, including a summary of data monitored during the
fermentation period of 21 days

Batch no. Isolate no. Strain Curing agent pH aw Weight lossc (%)

Day 0a Day 21 Day 0a Day 21

13 Control –b Nitrite 5.72 4.93 0.976 0.865 30.59
14 389 S. saprophyticus Nitrite 5.97 5.33 0.971 0.890 31.81
15 392 S. simulans Nitrite 5.86 5.05 0.971 0.861 32.95
16 506 S. carnosus subsp. carnosus Nitrite 5.93 5.11 0.975 0.872 31.87
17 Control –b Nitrate 5.96 5.24 0.978 0.873 31.28
18 389 S. saprophyticus Nitrate 5.82 5.33 0.975 0.881 31.39
19 392 S. simulans Nitrate 5.96 5.20 0.976 0.881 31.51
20 506 S. carnosus subsp. carnosus Nitrate 5.86 5.09 0.977 0.872 32.10

Average and standard deviation for eight batches: 5.89 ± 0.17 5.16 ± 0.28 0.975 ± 0.005 0.874 ± 0.019 31.69 ± 1.37

a Data measured right after filling of sausage casings.
b Control sausages were added a standard acidifying culture (Lactobacillus sakei), which was also included in all other batches.
c Total weight loss (w/w) after the fermentation/ripening period of 21 days.
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2.3. Reflectance colour measurements

Measurement of surface reflectance expressed as L*, a*,
b* values was performed on slices with a thickness of
approximately 3 cm after 0, 2, 16, 24 and 40 h of fermenta-
tion using a Gardner colour guide (BYK-Gardner, Colum-
bia, MD, USA). Five samples were taken in triplicate near
the core of the sausages and average values of the L*, a*, b*

values were obtained.

2.4. Nitrosylmyoglobin (MbFeIINO) measurements by

electron spin resonance (ESR) spectroscopy

Samples were taken at 0, 2, 16, 40, 77 and 144 h into the
fermentation/ripening period, frozen at �20 �C and sub-
mitted to direct measurement by ESR spectroscopy. The
sausage samples were separated in lean meat and fat, the
lean meat portion (approximately 0.5 g) was transferred
to an ESR capillary tube (Wilmad Glass, Buena, NJ,
USA), frozen in liquid nitrogen and stored overnight at
�80 �C until analysis. Analyses were performed on a Bru-
ker ECS 106 spectrometer equipped with a Bruker 4103
TM/9216 rectangular cavity (Bruker, Rheinstetten, Ger-
many). The temperature of the cavity was held at 150 K
by a Bruker ER 4112 HV continuous-flow liquid nitrogen
cryostat. The microwave frequency was monitored using
a HP 5350B microwave frequency counter and was on
average 9.44 GHz. The magnetic field was modulated with
a frequency of 100.0 KHz using 10.06 Gauss field modula-
tion amplitude and 2.00 mW microwave power.

2.5. Retail display experiment

After 21 days of fermentation/ripening, the sausages
were sliced to a thickness of approximately 5 mm and
packed in modified atmosphere (20% CO2; 78% N2; 2%
O2) using a Multivac A300 chamber packaging machine
(MULTIVAC Sepp Haggenmüller GmbH, Wolfertsch-
wenden, Germany). The packages were stored either in
the dark or exposed to fluorescent light (intensity at surface
adjusted to 1000–1200 lux) in a refrigerated display cabinet
at 5 �C (±2 �C). The composition of the atmosphere within
the package headspace was recorded using a CheckMate
9900 gas analyser (PBI Dansensor, Ringsted, Denmark)
during the storage trial.

2.6. Surface autofluorescence

During the storage trial fluorescence landscapes were
recorded directly on the surface of the sausage slices using
a BioView� Sensor (Delta, Lyngby, DK), an instrument
that employs filter technology combined with an optic fiber
to obtain discrete excitation and emission wavelengths. The
instrument used a pulsed xenon lamp for excitation and a
surface area of approximately 6 mm in diameter was sam-
pled applying front-face excitation–emission geometry. The
fluorescence landscapes were obtained using excitations
wavelength from 270 to 550 nm and emission wavelength
from 310 to 590 nm, with intervals and bandwidths of
20 nm.

2.7. Vision-based colour measurements (VideometerLab)

The colour stability of sausage samples was evaluated
using a VideometerLab 2 instrument (Videometer A/S,
Hørsholm, Denmark) designed to obtain multi-spectral
images at discrete wavelengths in the UV/VIS/NIR range.
Images were captured of a whole sausage slice placed in the
VideometerLab 2, which was equipped with light-emitting
diodes (LED) centred at the following wavelengths: 370
(UV), 428, 472, 503, 515, 592, 612, 630, 875 (NIR), and
940 (NIR) nm. The image acquisition system contained a
high-intensity integrating sphere illumination combined
with 3 CCD camera technology. Prior to measurements,
calibration was performed using a range of standard col-
ours spanning the colour space regarding the three primary
colours. Images obtained had a spatial resolution of
1380 · 1035 pixels and in order to extract information in



Fig. 1. Colour (a*-value) formation during fermentation/ripening of
fermented sausages. The sausages were prepared with 160 ppm of either
NO�2 (a) or NO�3 (b) added and inoculated with different staphylococci
strains. (–m–) S. carnosus; (–�–) S. simulans; (–n–) S. saprophyticus and
(–,–) reference with no added staphylococci.
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an objective manner, an area of interest was defined as
1 · 1 cm in the centre of each sausage slice, and these
images were used for conversion into RGB-values with
coordinates from 0 to 1.0 having intensities ranging from
0.0 to 3.0 · 104.

2.8. Hexanal content (GC)

The gas chromatographic determination of hexanal was
measured as a marker of lipid oxidation by static head-
space GC-MS. Sausage samples (5 g) in sealed 22 ml head-
space vials were placed in the headspace sampler (Perkin–
Elmer HS40XL, Perkin–Elmer Ltd., Beaconsfield–Bucks,
UK), equilibrated at 70 �C for 35 min and automatically
injected (1.25 ml by cryo-focusing) into a GC (Agilent
6890 N, Agilent Technologies, USA). Separation was per-
formed on a 5% phenylmethyl silicone column
(60 m · 0.25 mm · 1 lm, Agilent Technologies, USA) and
detection was performed by a MS detector (Agilent 5973,
ionisation energy 70 eV, SIM mode (56 and 82 AMU)
and source 230 �C). GC oven programme was 50 �C,
3 min, 5 �C increase per minute until 100 �C and 10 �C
increase per minute until 320 �C. Hexanal content was
reported as peak heights of target ion (82 AMU) in arbi-
trary units (eV).

2.9. Data handling

Univariate data were submitted to statistical analysis
using the Analyst application in SAS ver. 9.1 (SAS Institute
Inc., Cary, NC, USA). Effects of main factors were
assessed by Duncan groupings and pair-wise comparisons.
Multivariate data analysis of RGB (Red–Green–Blue) val-
ues extracted from multi-spectral images or 2D fluores-
cence landscapes was performed using Unscrambler ver.
8.0 for principal component analysis (PCA) or principal
component regression (PCR) (Camo A/S, Oslo, Norway).
The PCA analysis used RGB data as X matrix and the
experimental design or sample characteristic such as stor-
age time, nitrite/nitrate and reference/bacterial strain was
used as the Y matrix. All data were centred and weighted
with 1/SD prior to analysis, in which full cross validation
of the model was employed.

3. Results and discussion

Chemical and physical parameters during initial stages
of sausage production such as acidification and drying rate
are known to affect colour development of fermented sau-
sages (Toldra, 2002). In order to evaluate the possible
impact of parameters such as pH, weight loss and water
activity, these were all monitored during fermentation/rip-
ening. All eight batches followed the same pattern with
respect to acidification and drying rate (data summarised
in Table 2), which indicates that possible colour differences
occurred as a consequence of the added staphylococci and
not external factors. The pH dropped from an initial aver-
age value of 5.89 (±0.17) to a minimum of around 4.97
(±0.17) after three days, and thereafter remained more or
less constant with a slight increase in pH towards the end
of the fermentation/ripening period for most batches
(Table 2). During processing, the weights of all sausages
were reduced by approximately 32% (w/w), which resulted
in a drop in water activity from the initial level of around
0.97 (±0.01) to the final level around 0.87 (±0.02). Statisti-
cal analysis of the above-mentioned parameters shows no
significant difference between batches.

3.1. Reflectance measurement of colour during initial

fermentation

Colour during the fermentation process was assessed by
cutting through a whole sausage and immediately measur-
ing the surface reflectance; Fig. 1 shows a* values obtained
in these measurements. It was evident that nitrite and
nitrate addition had very different impacts on the red col-
our attribute of the sausages. Nitrate addition caused no
initial change in red colour attribute, while nitrite addition
resulted in a dramatic discolouration, due to an oxidative
degradation of the fresh meat pigment, oxymyoglobin
(MbFeIIO2) into brown metmyoglobin (MbFeIII) shortly
into the fermentation stage. This is a recognised and well-
known oxidative effect of nitrite, but it is still very poorly
described experimentally in relation to its impact on gen-
eral quality traits. The extensive discolouration could be
caused by a fast and efficient oxidation of MbFeII rather
than the reaction directly with MbFeIIO2 and the added
nitrite anion (Pegg & Shahidi, 2000), which also corre-
sponds with recent findings of the role of the nitrite anion
in the delicate balance of NO signalling in human physiol-
ogy (Gladwin, 2004). The colour development (L*, a*, b*)
of the different batches was recorded in order to investigate



Fig. 2. Nitrosylmyoglobin (MbFeIINO) formation during fermentation/
ripening measured by electron spin resonance (ESR) spectroscopy at
150 K. The fermented sausages were prepared with 160 ppm of NO�3 and
inoculated with S. simulans. The emerging peak at approx. 3250 G and the
characteristic triplet splitting of valleys at 3320–3360 G are specific
spectral features for the MbFeIINO complex.

Fig. 3. Development in nitrosylmyoglobin (MbFeIINO) content during
fermentation/ripening measured by electron spin resonance (ESR) spec-
troscopy at 150 K. Pigment concentration obtained as area of baseline-
corrected and double integrated ESR signal. Sausages were prepared with
160 ppm of either NO�2 (a) or NO�3 (b) added and inoculated with
different staphylococci strains. (–m–) S. carnosus; (–�–) S. simulans; (–n–)
S. saprophyticus and (–,–) reference with no added staphylococci.
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the colour formation capacities of the three different staph-
ylococci. Only the red colour intensity (a*value) seemed to
be affected by the addition of nitrate/nitrite (P < 0.001) and
the type of strain (P < 0.05). The intensity of the red colour
was at the highest point between 16 and 24 h of fermenta-
tion for the nitrite-cured sausage, which could be due to the
reaction between NO and MbFeIII resulting in the forma-
tion of MbFeIINO. The red colour intensity of nitrite-cured
sausages was not affected significantly by the type of strain,
and this observation was also in accordance with the ESR
spectroscopic quantification of MbFeIINO in nitrite-cured
sausage (Fig. 3). Thus, the pigment formation in sausages
with added nitrite occurred within the first 16 h indepen-
dent of the added strain and most likely as a consequence
of non-enzymatic reduction of NO�2 into NO either via
the pathway involving Mb itself or via the exogenously
introduced reductant ascorbate.

The red colour intensities of nitrate-cured products in
Fig. 1b were significantly affected by the type of strain
(P < 0.05). The red colour intensity of sausages with added
nitrate and without added staphylococci decreased slightly
from 0 to 40 h of fermentation and similar developments
occurred in sausages with added S. saprophyticus, due to
the lack of nitrate-reductase activity of this strain (see
Table 1). Sausages inoculated with S. carnosus differed
after 40 h of fermentation with respect to colour intensity
by having a more pronounced red colour compared to
the reference batch and the batch inoculated with S. sap-

rophyticus (P < 0.05). Sausages inoculated with S. simulans

had significant more red colour development (P < 0.05) in
comparison to sausages inoculated with S. saprophyticus

and the reference sausages after 40 h of fermentation.
These observations were not fully in agreement with the
nitrate-reductase activity previously found for the strains
(Table 1), S. carnosus and S. simulans, as enzyme assays
found a nearly two-fold higher nitrate-reductase activity
for the latter species. However, since the enzyme activity
is cell-specific, for example, higher growth of S. carnosus
as compared to S. simulans in the sausage mince could
explain this difference.

3.2. Cured pigment quantification by ESR spectroscopy

during initial processing

In order to further investigate the relationship between
the enzyme activities and the cured colour forming capacity
of the bacterial strains, MbFeIINO formation was deter-
mined in sausage during fermentation and ripening using
ESR spectroscopy. Fig. 2 shows representative ESR spec-
tra of sausage samples from 0 to 6 days of fermentation
and ripening obtained from the centre of the sausages with
added nitrate and inoculated with S. simulans. It was obvi-
ous that the emerging spectrum had a particular hyperfine
splitting after 40 h of fermentation, which conclusively
proved the presence of a penta-coordinated MbFeIINO in
the samples. Fig. 3 shows the development of MbFeIINO
content during fermentation in all sausages either with
added nitrate or nitrite as estimated from the specific area
of the integrated ESR signal relative to the weight of sam-
ple analysed. The development of MbFeIINO in the core of
sausages with added nitrite was very fast and appeared to
occur immediately after mixing of the ingredients. The
amount of MbFeIINO in nitrite-cured sausages reached
its highest level after approximately two days of fermenta-
tion and was subsequently nearly constant throughout the
remaining period investigated up to six days (Fig. 3a) in
consistency with previous observations made by Chasco
et al. (1996), who reported the level of nitrosylheme pig-
ment to increase from an initial level of 138 ppm in the
minced mix to 164 ppm after three days of fermentation,
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where after it remained more or less constant for three
weeks. The MbFeIINO content in sausages with added
nitrite was quite similar in batches inoculated with S. car-

nosus, S. simulans or S. saprophyticus again indicating that
the type of strain imposed no significant effect on the
MbFeIINO formation in nitrite-cured sausages (P > 0.05).
The reference sausage without added staphylococci showed
equal MbFeIINO formation indicating a reduction of NO�2
into NO caused mainly by a non-microbial pathway, prob-
ably via non-enzymatic reduction. The fact that MbFeIINO
could be detected in high amounts immediately after mix-
ing of the sausage batter supports this hypothesis, since
bacterial enzymatic reduction of NO�2 into NO would be
expected to have some induction period. An earlier study
showed a strong correlation between bacterial acid produc-
tion (pH 6 5.5) and NO formation (Sobko et al., 2005).
The initial pH level of the sausages in this study was
5.9 ± 0.2. However, acidic reduction of NO�2 may possibly
participate in NO generation during fermentation, since
pH drops as a consequence of lactate production by the
L. sakei added as acidifying culture, and after 24 h of fer-
mentation, the average pH of the sausage products had
dropped to around 5.1 ± 0.10. The non-enzymatic nitrite
reduction most likely depended on the interaction of the
relatively low initial pH and the addition of ascorbate,
which could generate NO over a wide pH range by reduc-
ing nitrous acid yielding dehydroascorbic acid and NO as
products (Weitzberg & Lundberg, 1998). As observed in
the reflectance measurement of surface colour, the a* value
in products with added nitrite was reduced from 12 to 5
within the initial 2 h, and this fading of red colour in
nitrite-cured sausages could not be detected by the ESR
analysis (Fig. 3a) indicating that the discolouration was
not caused by a lack of MbFeIINO in the centre, or alter-
natively and more likely, that samples with nitrite were
insufficiently stabilised by �20 �C freezing with respect to
cured pigment development.

The MbFeIINO formation in sausages with added
nitrate as seen in Fig. 3b shows a very different pattern,
because the initial level of MbFeIINO in sausages with
added nitrate was close to zero and the rate of MbFeIINO
development was very much dependent on the type of
staphylococci strain added. Sausages inoculated with S.

carnosus exhibited the highest rate of MbFeIINO formation
and differed significantly from the reference sausages with
no added staphylococci as well as sausages inoculated with
S. saprophyticus (P < 0.05). The MbFeIINO formation rate
in sausages inoculated with S. simulans was intermediate
compared to sausages inoculated with either S. carnosus

or S. saprophyticus, but this difference was not statistically
significant. The differences observed in MbFeIINO content
at day 2 for the sausages with different Staphylococcus

strains added were correlated very well with the differences
seen in a* values at 40 h (Fig. 1b).

It is noteworthy that MbFeIINO was formed even when
nitrate reducing bacterial strains were not added in the rec-
ipe, however, the final amount of cured pigment amount
was approximately 50% lower (Fig. 3b). This could indicate
that not only the rate of MbFeIINO formation was affected
by addition of nitrate reducing bacterial strains, but also
the extent of pigment formation was influenced, which
being proportional to colour intensity is considered crucial
for product quality. Wild-type staphylococci strains pres-
ent in the production environment could be partly respon-
sible for some nitrate reduction in sausages without added
bacterial strain.

In summary, reflectance measurements of surface colour
and ESR spectroscopic quantification of cured pigment
during fermentation provided results that were in accor-
dance regarding the role of individual strains. Thus, S. car-

nosus and to a lesser extent S. simulans were most efficient in
converting nitrate into reactive precursors ensuring optimal
formation of red colour. This was not in agreement with
previously measured enzyme activities (Gøtterup et al., in
press), as S. carnosus and S. simulans were found to posses
quite different nitrate-reductase activity (Table 1). In order
to fully understand the colour formation capacities of
staphylococci, investigations should therefore include many
other parameters, e.g. general growth characteristics and
acid tolerance. This lack of correlation between colour for-
mation and specific nitrate-reductase activity could also be
due to variations in nitrite-reductase activity in these
strains, as S. simulans possessed very high nitrite-reductase
activity, while S. carnosus had the lowest nitrite-reductase
activity of the strains investigated. The role of nitrite-reduc-
tase may be crucial, since different type of nitrite-reductases
have been found in bacteria. Cytochrome cd1 and copper
containing nitrite-reductases catalyse the one electron
reduction of NO�2 into NO, whereas cytochrome c nitrite-
reductase reduces NO�2 directly to N2 (Watmough et al.,
1999) or alternatively to NH3 (Neubauer & Götz, 1996;
Neubauer, Pantel, & Götz, 1999), and none of these two lat-
ter end products will participate in colour formation.

3.3. Product stability during retail display

Subsequent to slicing and packaging, the sausage prod-
ucts were stored for four weeks under different conditions
(illuminated or in darkness) in order to investigate the
effect of inoculation with different staphylococci on colour
stability. The composition of CO2 and O2 in the headspace
of packed products was measured during the four weeks of
storage, and in general the percentage of oxygen decreased,
while the percentage of CO2 increased during storage (data
not shown). This O2 consumption and CO2 formation was
probably a result of microbial growth, but also oxidation
of Mb pigments, proteins and lipids would contribute to
the consumption of O2. Moreover, data indicated that
the added staphylococci were responsible for some degree
of O2 consumption, since both O2 consumption and CO2

formation were less pronounced in products without addi-
tion of Staphylococcus.

Fig. 4 shows results of a partial least squares (PLS)
regression analysis performed on RGB-values extracted



Fig. 4. Principal component analysis of RGB-values of the colour scale from 0.0 to 1.0 obtained from VideometerLab images as a pre-defined area of
interest in the centre of the sausage. Names in plots are: (a) [sample type-storage time in days] with Ref: Reference sausage; Car: S. carnosus; Sim: S.

simulans and Sap: S. saprophyticus and (b) [colour parameter – coordinate (0–1)] where R: red; G: green and B: blue. In plot (a) group I contains samples
kept in the dark, while group II contains samples exposed to light during storage.
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from a pre-defined ‘‘area of interest’’ (1 · 1 cm) in the cen-
tre of all VideometerLab images obtained from the sausage
surface in relation to sample parameters, e.g. strain, stor-
age time and nitrate/nitrite addition. The primary reason
for the separation of packaged sausage into two distinct
groups as indicated in the scores plot was light exposure
(Fig. 4a), in which group II contains all samples exposed
to light during storage, while the even more homogenous
group I contained all samples kept in the dark. Apart from
this very evident differentiation of samples, there was a
degree of ordering within each group. It appeared that ref-
erence samples in group I were located in the lower part,
while especially sausages inoculated with S. carnosus were
in the upper part of the scores plot. Within group II con-
taining the illuminated sausages, a clear tendency regarding
storage time was observed as indicated by the broken
arrow showing how samples were located with increasing
storage time. In Fig. 4b, a variable located near the outer
circle (coordinates from [1, 1] going through to [�1,�1])
in the correlation loadings plot indicated RGB variables
that were best correlated and most responsible for the
observed grouping of samples, and all three types of
parameters describing the red, green and blue colours were
represented amongst such powerful variables. In order to
further explore the information contained in the RGB
data, a separate data set consisting of only illuminated sau-
sage samples were submitted to a principle component
regression (PCR) analysis in which an experimental design
matrix was used as Y data. As observed in the resulting bi-
plot of the correlation loadings shown in Fig. 5, it appeared
that the two strains S. simulans and S. saprophyticus as well
as both the additives; nitrite and nitrate were not correlated
to any of the particular colour variables. On the other
hand, samples inoculated with S. carnosus exhibited a clear
positive correlation with specific R-values (R > 0.74), while
the reference clearly was correlated negatively towards the
same R-values, and this could be due to subtle variations in
the red colour attributes at the surface of sausage inocu-
lated with S. carnosus in comparison to the reference sam-
ples. Such minor variation could possibly be registered
using the VideometerLab instrumental technique, but
may be too subtle to be detected by the standard colour
measurements using surface reflectance. As observed in
Table 1, S. carnosus was the strain having the highest cat-
alase activity in comparison to the other two staphylococci
strains investigated and this enzymatic activity could help
in retarding oxidative processes in the sausages during
retail display. The observations during illuminated display
of the four different sausages correspond well with the mea-
sured MbFeIINO content on day 6 of fermentation, where
sausages with S. carnosus clearly contained the highest pig-
ment amount, which subsequently may result in better col-
our stability later in the storage period.

It was previously shown that application of surface
autofluorescence spectroscopy in relation to processing
and quality of specific cured meat products, e.g. Italian
dry-cured ham, can be a powerful tool for monitoring
chemical changes (Møller, Parolari, Gabba, Christensen,
& Skibsted, 2003), and moreover, this instrumental meth-
odology was found capable of detecting lipid oxidation in
meat products most likely corresponding to tertiary oxida-
tion products (Wold, Mielnik, Pettersen, Aaby, & Baards-
eth, 2002). Therefore, the oxidative changes in the products
were examined by recording autofluorescence landscapes
directly on sausage slices and, furthermore, the headspace
content of the secondary oxidation product hexanal was
measured during storage as an additional verification.
Using PCA the data obtained from fluorescence landscapes
(analysed as unfolded excitation–emission intensities)
could clearly distinguish between samples with respect to
illumination and storage time (data not shown), as also
observed for the data from the VideometerLab. It is worth



Fig. 5. Principal component regression analysis of experimental design parameters (time, strain and NOx addition) performed against RGB-values of the
colour scale from 0.0–1.0 obtained from VideometerLab images as a pre-defined area of interest in the centre of the all sausages that were illuminated
during storage (corresponding to group II in Fig. 4). [Colour parameter – coordinate (0–1)] where R: red; G: green and B: blue.

Fig. 6. Correlation between measured versus predicted hexanal content in sausages as obtained by use of a partial least squares regression model with a
multivariate X-matrix consisting of unfolded fluorescence landscapes (15 · 15 excitation · emission wavelengths) measured at the sausage surface versus a
single Y-variable consisting of static headspace GC-MS measurement of hexanal content (peak heights of target ion (82 AMU) in arbitrary units (eV)). ,:
Sausages exposed to light; s: sausages kept in the dark.
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noticing that the unfolded fluorescence data could be cor-
related with the hexanal content by a PLS regression model
as shown in Fig. 6. This fine correlation strongly suggests
that fluorescence data could be a powerful tool for predic-
tion of the oxidation marker, hexanal, and this instrumen-
tal technique employed herein with minimal sample
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preparation and very short measurement time in compari-
son to the headspace GC-MS method could be used for
rapid estimation of hexanal content. It could further be
inferred from the scatter plot that, hexanal contents in gen-
eral reached higher values in illuminated samples, while
samples kept in dark remained in the lower concentration
range. A study with non-fermented sausages found a clear
difference between nitrite- and nitrate-cured products,
respectively, because nitrite addition resulted in release of
higher fatty acid amounts, but simultaneously retarded oxi-
dative processes efficiently (Navarro, Nadal, Nieto, & Flo-
res, 2001). However, in the present study no evidence of
this effect could be confirmed possibly due to the presence
of staphylococci strains active in the metabolism of nitrate.
The current findings regarding high correlation between
fluorescence data and markers of oxidation really deserves
further attention in future studies as it could be very useful
in relation to quality control, product stability and quality
assessments within the meat industry.

4. Conclusions

The development of red colour and accordingly
MbFeIINO formation in nitrite-cured products was not
influenced significantly by the presence of inoculated
Staphylococcus, since the relatively low pH and the added
ascorbate reduced NO�2 into NO, thereby resulting in the
formation of the cured pigment, MbFeIINO. On the con-
trary, in nitrate-cured products Staphylococcus strains with
nitrate-reductase activity played a significant role in the
reduction of NO�3 into NO. However, the nitrate-reductase
activity of the Staphylococcus strains as measured in an
enzyme assay did not allow a direct prediction of the
MbFeIINO formation rate in sausage products. Prediction
of proper colour formation capacities of Staphylococus

should also include growth characteristics, acid tolerance
and other relevant characteristics, since these factors would
be essential for the total number of cells, and thus contrib-
uting to the overall activity of a specific enzyme. The most
pronounced effect on colour and oxidative stability was
light exposure during storage, which had a much more pro-
nounced influence than inoculation with different strains of
staphylococci or curing with either nitrate or nitrite. How-
ever, sliced, illuminated sausages inoculated with the strain
S. carnosus seemed to be protected more against discolour-
ation during illuminated display, which could be due to
higher initial pigment content or continuing enzymatic
activities that maintain the colour stability. Moreover,
the evaluation of product stability during storage did reveal
some new suitable instrumental methodologies for rapid
assessment of both colour and oxidation, respectively, in
a complex matrix such as fermented sausage.
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