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Abstract Two Lactobacillus fermentum strains
(JCM1173 and IFO3956) were evaluated for their ability
to generate nitrosylated derivatives of myoglobin either in
broth media or fermented sausages. For comparison, a
commercial starter culture was also included. All bacteria
species investigated converted brown metmyoglobin into
red myoglobin derivatives when incubated separately in
broth, but only the two lactobacilli showed a signal for
nitrosylmyoglobin as measured by electron spin reso-
nance spectroscopy. In smoked sausages with added
bacteria culture the highest amount of nitrosylmyoglobin
was observed in the centre of sausage with added L.
fermentum, but colour formation in sausages with 60 ppm
of nitrite added was more pronounced. An outer periph-
eral zone of all fermented sausages contained levels of
nitrosylmyoglobin comparable to nitrite-cured sausages.
Nitrogenous gasses from smoke may, however, cause this
zone to be formed. Depending on a further optimisation of
the processing parameters, the bacteria’s ability to
generate NO could form the basis for production of cured
meat products without the use of nitrite/nitrate.

Keywords Cured meat colour · Nitrosylmyoglobin ·
Microbial NO formation · Alternatives to nitrite

Introduction

Curing has been used for centuries to preserve meat and
fish. In meat, curing agents such as nitrate/nitrite serve
three main purposes: (i) contribution to flavour and
inhibition of rancidity, (ii) formation of characteristic red/
pink colour and (iii) inhibition of unwanted bacteria in
general and more specifically the spore-forming pathogen
bacteria, Clostridium botulinum [1].

Colour formation and colour stability are very impor-
tant quality attributes of meat products. In nitrite-cured
meat products, the pigment responsible for the character-
istic pink colour is a myoglobin derivative, where the
ligand nitric oxide (NO) is coordinated to central Fe(II) in
heme. Oxidative discoloration of cured meats converts the
nitrosylmyoglobin, MbFe(II)NO, to nitrate and metmyo-
globin, MbFe(III), which is not only detrimental for
appearance, but may in addition have consequences for
the oxidative stability of the unsaturated lipids in the
product as the ferric heme pigment acts as a pro-oxidant
[2]. The possible formation of carcinogenic nitrosamines
from nitrite and secondary amines has received much
attention over the years, and concern has once again
emerged after the recent legal allowance of higher
residual levels of nitrite in meat products within the EU.
Another important aspect in relation to nitrite is the
increasing interest in organically produced meat products,
in which the use of nitrite is not allowed. The meat
industry has therefore shown interest in alternatives to
nitrite, mainly in order to maintain the colour character-
istics of nitrite-cured meat products.

Alternatives to nitrite have been developed, where
nitrosylated hemin is synthesised beforehand and after-
wards added to the meat product, thereby ensuring the
right colour [3]. The pigment of nitrite-cured meat,
MbFe(II)NO, has been shown to have antioxidative
properties in model systems, working as a chain breaking
antioxidant [4]. In meat products MbFe(II)NO will also
retard the development of rancidity [5, 2]. However, meat
products without nitrite, or with the preformed nitrosy-
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lated pigment, will lack oxidative stability and other
antioxidants must be added.

Another approach is the microbial conversion of
myoglobin, MbFe(II), into red derivatives. Several lactic
acid bacteria have proved capable of reducing MbFe(III)
to MbFe(II), which makes the coordination of molecular
oxygen possible [6], and changes the colour from brown
to bright red. A few strains, amongst which are a Kurthia
sp. and the strain Lactobacillus fermentum (JCM1173),
have been reported capable of converting MbFe(III) to the
bright red cured meat pigment MbFe(II)NO [7]. In
addition, a Staphylococcus xylosus (FAX-1) has been
observed to form MbFe(II)NO both in model systems [8]
and in sausages [9]. Activity of the enzyme nitric oxide
synthase (NOS), E.C. number 1.14.13.39, which gener-
ates NO by oxidation of the guanidium group in l-
arginine; has been found in a L. fermentum (IFO3956)
strain [10].

Microbial metabolism may in addition affect the
oxidative processes by production of enzymes that
scavenge activated forms of oxygen, e.g. catalase and
super oxide dismutase (SOD), and both lactobacilli and
staphylococci have been found to inhibit the oxidation of
unsaturated fatty acids in model systems [11]. The
incubation conditions will affect the quantitative produc-
tion of catalase in staphylococci with aerobic conditions
resulting in higher amounts of catalase [12].

Two recent reviews deal with the general synthesis and
metabolism of NO in bacteria [13, 14]. Most attention is
given to various nitrite reductases (NIR) in bacteria,
which are common to a number of facultative anaerobic
species. It is well known that NO in these bacteria is
derived from dissimilatory denitrification, in which
nitrate/nitrite are used instead of oxygen as an electron
acceptor for energy production. The bacterial biosynthesis
and metabolism of l-arginine may also produce NO as a
side-product in the intermediate reactions [15].

The objective of the present study was to evaluate the
suitability of two Lactobacillus fermentum strains
(IFO3956 and JCM1173) as meat starter culture capable
of forming cured colour without addition of nitrite or
nitrate. Based on previous reports, the two lactobacilli are
expected to convert MbFe(III)/MbFe(II) to MbFe(II)NO
in model systems and fermented sausages providing the
characteristic cured meat colour without addition of
nitrite/nitrate. The ability of the two lactobacilli to growth
and affect colour formation were compared to a com-
mercially available meat starter culture consisting of a
Pediococcus pentosaceus (PC-1) and a Staphylococcus
carnosus (XIII).

Methods and materials

Chemicals

All chemicals used were of analytical grade. Water was filtered
through a Millipore Q-plus purification train (Millipore, MA,
USA). Glucose, K2HPO4, sodium acetate, MgSO4, and MnSO4
were obtained from Merck (Damstadt, Germany). Lyophilised,

equine metmyoglobin (type III) and Tween 80 were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Growth media

Mann-Rogosa-Sharp (MRS) agar from Oxoid (Hampshire, Eng-
land) and MRS broth (Merck) were used for cultivating the bacteria
culture prior to inoculation. For incubation of cultures with
MbFe(III), MRS broth was prepared with peptone (10.0 g L-1,
Becton, Dickinson & Company, Sparks, MD, USD), meat extract
(8.0 g L-1, Merck) yeast extract (4.0 g L-1, Difco Lab., Detroit, MI,
USA), glucose (2.0 g L-1), K2HPO4 (2.0 g L-1), triammonium
citrate (2.0 g L-1, BHD, Poole, England), sodium acetate (5.0 g L-1),
MgSO4 (0.2 g L-1), Tween 80 (1.0 g L-1) and MnSO4 (0.04 g L-1).
Furthermore, MRS broth without addition of MnSO4 was prepared
for ESR spectroscopy as manganese is paramagnetic and therefore
will interfere with other signals.

Bacterial cultures

Two bacterial cultures, L. fermentum (IFO3956) and L. fermentum
(JCM1173) were obtained from two culture collections in Japan,
Institute of Fermentation (IFO) and Japan Collection of Microor-
ganisms (JCM), respectively. A commercial starter culture, which
consisted of the two strains, P. pentosaceus (PC-1) and S. carnosus
(XIII) were provided both separately and in mixture as freeze-dried
cultures from Chr. Hansen A/S (Hørsholm, Denmark).

Cultivation

The cultures were kept at 4 �C for 3 weeks on agar plates and
thereafter incubated in MRS broth for 18 h at 37 �C. The overnight
broth culture was used for further inoculation of MRS broth and, in
the case of the two lactobacilli, used as starter cultures for salami
sausages.

MRS broth with added metmyoglobin

A stock solution of MbFe(III) (20.0 mg mL�1) in purified water was
submerged in a 50 �C water bath for 30 min in order to inactivate
metmyoglobin reductase [7]. Subsequently, the MbFe(III) solution
was centrifuged (10 000�g for 5 min at 5 �C) and the supernatant
was filtered through a MiniSart filter with f=0.45 �m (Sartorius,
G�ttingen, Germany) and added to the MRS broth to give
approximately 2.0 mg MbFe(III) mL�1 as final concentration.
MRS broth (0.2% glucose) either with or without MbFe(III) and
with or without addition of manganese (Mn) were inoculated and
immediately after a layer of paraffin oil was poured on top of the
broth to limit the access of atmospheric oxygen during incubation.
After 18 h incubation at 37 �C bacteria cells were removed by
centrifugation (10 000�g for 5 min at 5 �C), and the supernatant
was used for measurement of absorbance.

Electronic absorption spectra

Supernatants were used to record absorption spectra in the visible
range (450–700 nm) with 2 nm intervals at room temperature using
a HP8452A UV-vis diode array spectrophotometer (Hewlett
Packard, Palo Alto, CA, USA). Approximately 3 mL of supernatant
was transferred to a quartz cuvette using non-inoculated MRS broth
without MbFe(III) as a blank.

Cured, smoked and fermented salami sausages

Salami sausages were produced at the Danish Meat Research
Institute in Roskilde. A meat batter consisting of 95.5% pork
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shoulder meat, 3.0% NaCl, 0.5% sodium ascorbate and 1%
dextrose was used as recipe for manufacture of a salami-type
sausage. Four different sausages were manufactured with the
addition of:

1. Nitrite (60 ppm)
2. A commercial starter culture mixture consisting of an acidifying

Pediococcus pentosaceus(PC-1) and a Staphylococcus carno-
sus(XIII) (total 107 g�1sausage)

3. L. fermentum(IFO3956) (106 g�1)
4. L. fermentum(JCM1173) (104 g�1)

The sausages were stuffed in casings (44 mm diameter) resulting in
sausages of approximately 400 g each. Sausages were dried for
18 days under controlled temperature and humidity conditions. On
day 2 of the drying programme, sausages were submitted to 2 h of
cold smoking using beech wood as the source of smoke.

Electron spin resonance spectroscopy of MRS broth
with added MbFe(III) and salami sausages

MRS broth (0.3 mL) without Mn or salami sausage (0.2 g) was
submitted directly to ESR spectroscopy. The samples were
transferred to an ESR capillary tube (Wilmad Glass, Bueno, NJ,
USA) and frozen by submerging the tube in liquid nitrogen. The
ESR capillary tube was placed in a Bruker ECS 106 spectrometer
equipped with a Bruker 4103 TM/9216 rectangular cavity (Bruker,
Rheinstetten, Germany). The temperature inside the cavity was held
at 150 K by a Bruker ER 4112 HV continuous-flow liquid nitrogen
cryostat. The microwave frequency was around 9.44 GHz and, in
each experiment, monitored using a HP 5350B microwave
frequency counter (Hewlett-Packard). The magnetic field was
modulated with a frequency of 100.0 kHz using 10.06 Gauss field
modulation amplitude and 2.00 mW microwave power. A standard,
strong pitch, with a known g-value was measured each day as a
standard in order to calculate g-values for the experimentally
observed signals.

Chemical analysis of MRS broth with added MbFe(III)

After 18 h of incubation, MRS broth was submitted to pH
measurement using a Radiometer PHM220 pH-meter (Copenhagen,
Denmark), and levels of nitrite and nitrate were estimated semi-
quantitatively using Quantifix test sticks (Sigma-Aldrich), which
enabled approximate quantification in the range of 1–50 ppm and
5–100 ppm with respect to sodium nitrite and potassium nitrate,
respectively.

Chemical analysis of salami sausage

The sausages were analysed for moisture at day 1 and 18 after
production (Nordic Committee on Food Analysis (NMKL, 1991,
No. 23), water activity (aw) using a ventilated water activity station
(Rotronic AwVC-DIO, Bassersdorf, Switzerland), sodium chloride
(NMKL, 1986, No. 89), nitrite/nitrate (NMKL, 1982, No. 100) and
pH measured in meat slurries prepared with Milli-Q water using a
pH meter (PHM 220) equipped with a combination electrode (PHC
2401–08, Radiometer, Copenhagen, Denmark). Results for nitrite
and nitrate are given as ppm of sodium nitrite and potassium nitrate,
respectively, whereas all other quantities are stated in %(w/w).
Furthermore, compositional analysis of the sausages on day 1
included measurement of fat (NMKL, 1989, No. 131) and protein
(Association of Official Analytical Chemists, AOAC, 1984,
24.010).

The surface colour of the salami sausage was measured using a
tristimulus colorimeter (Minolta chroma meter measuring head CR-
300 equipped with data processor DP-301, Minolta, Osaka, Japan).
Before each measurement the apparatus was standardised against a
white tile (L=90.7, a=�0.9 and b=�0.1). Measurements were

performed on freshly cut surface of the sausages at day 1, 2 and 17
of the drying period.

Microbiological analysis

On day 1 and 7 of the drying period, the sausages were analysed for
total number of lactobacilli. After appropriate dilution in 0.1%
peptone, the colony-forming units (CFU) per gram of sausage were
estimated after 5 days of aerobic incubation at 20 �C using MRS
agar as a plating medium.

Results and discussion

MRS broths containing both bacteria culture and
MbFe(III) had a bright red colour after incubation, as
judged by visual inspection, whereas in control samples
without bacteria culture and with MbFe(III) a light brown
colour remained. Figure 1 shows absorption spectra of
MRS broth with added MbFe(III) and either with or
without one of the four investigated bacteria cultures. It
was evident that samples with bacteria cultures all had
two absorbance bands (b- and a-bands) in the wavelength
range 525–600 nm, typical of red myoglobin derivatives.
On the other hand, control samples added MbFe(III)
exhibited absorbance bands at approximately 505 nm and
625 nm, respectively, which is characteristic of aquamet-
myoglobin, MbFe(III)OH2. The degree of conversion of
MbFe(III) into red derivatives showed a variation de-
pending on the bacteria culture added, and the two
commercial cultures converted MbFe(III) to a lesser
degree, as these spectra still contained absorbance bands
for MbFe(III). The two lactobacilli, however, had a near
complete conversion from MbFe(III) to red myoglobin
derivatives, but the b- and a-bands in these samples did
not show resemblance, indicating that two different
myoglobin derivatives were formed [16]. The variation

Fig. 1 Absorbance spectra of MRS broth with added metmyoglo-
bin (2 mg/mL) either inoculated with L. fermentum (JCM1173 or
IFO3956), P. pentosaceus (PC-1), S. carnosus (XIII) or without
bacteria culture added (MbFe(III) control). Samples were incubated
in the dark for 18 h at 37 �C and cells were removed by
centrifugation prior to measurement
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for the absorbance minimum between b- and a-bands
indicated the presence of MbFe(II)NO and MbFe(II)O2 in
samples with added L. fermentum (JCM1173) and L.
fermentum (IFO3956), respectively, which was in accor-
dance with previous observations by Arihara and co-
workers [7].

In Fig. 2 ESR spectra of MRS broths confirmed the
indications already shown in the absorbance spectra, as
only the two broths containing lactobacilli produce a
signal originating from the paramagnetic NO molecule in
MbFe(II)NO. Samples from broths inoculated with the
two commercial bacteria strains were ESR silent, thus
indicating that the red colour in these samples solely
originated from MbFe(II)O2 formed by reduction of
MbFe(III) and subsequent binding of oxygen dissolved in
the broth. L. fermentum (JCM1173) produced an ESR

signal with much higher intensity than L. fermentum
(IFO3956), and this could be appreciated when their
visible absorbance spectra were compared. The spectrum
from L. fermentum (IFO3956) showed high resemblance
to MbFe(II)O2, but may still contain small amounts of
MbFe(II)NO as shown by the ESR spectrum. The g-value
for the ESR spectrum was calculated based on known
standards, the microwave frequency and magnetic field in
each measurement. These g-values enabled the compar-
ison of ESR spectra recorded within the same experiment
and with spectra from other studies. The presently found
g=1.9908 was very similar to previously observed
g=1.9874 in an analogous experiment by Morita et al.
[8], indicating that a similar chemical compound, i.e.
MbFe(II)NO, was detected.

Table 1 shows that the reduction in pH of MRS broths
with added bacteria was independent of the presence of
MbFe(III). Still, the four bacteria strains caused varying
reduction of pH with the commercial P. pentosaceus (PC-
1) and S. carnosus (XIII) giving an average decrease of
�1.35, whereas the two lactobacilli only had a pH
reduction of 0.75 on average (n=4). Another interesting
observation is that traces of nitrite or nitrate can only be
detected in inoculated broths without MbFe(III), irrespec-
tively of the culture added, indicating that if NO was
formed in presence of MbFe(III), it would quickly bind to
the iron centre.

Table 2 shows the initial composition and chemical
changes during drying of either cured (60 ppm nitrite
added) or fermented salami sausages using three different
starter cultures. The chemical composition of the sausages
on day 1 after production was fairly uniform regarding fat
(28.1€1.1%), protein (14.1€0.2%), salt (3.0€0.1%), mois-
ture (53.4€0.6%) and pH (5.9€0.1). The chemical chang-
es during drying did not seem to be affected by presence
of, or type of, starter culture applied, as all sausages
underwent very similar reduction in moisture content and
water activity during the 17 days of drying. However, the
reduction in pH during drying may be slightly higher
(DpH �0.6) for the commercial starter culture (P.
pentosaceus (PC-1) and S. carnosus (XIII)) compared
with sausages fermented with L. fermentum (JCM1173) or
those with 60 ppm added nitrite that both showed an equal
reduction of DpH �0.4 units. The levels of nitrate and

Fig. 2 Electron spin resonance spectra of MRS broth with or
without metmyoglobin (2 mg/mL) and with or without bacteria
culture incubated for 18 h at 37 �C. From the top spectra are: a P.
pentosaceus (PC-1) with MbFe(III), b S. carnosus (XIII) with
MbFe(III), c L. fermentum (IFO3956) without MbFe(III), d L.
fermentum (IFO3956) with MbFe(III), e L. fermentum (JCM1173)
without MbFe(III) and f L. fermentum (JCM1173) with MbFe(III)

Table 1 Results of chemical
analyses (n=2) of MRS broth
inoculated with four different
bacteria cultures and incubated
18 h at 37 �C

Sausage sample MbFe(III) pH Nitratea Nitriteb

Control � 7.02 10 ppm ND
+ 7.02 ND ND

P. pentosaceus (PC-1) � 5.67 10 ppm 1 ppm
+ 5.66 ND ND

S. carnosus (XIII) � 5.70 10 ppm 1 ppm
+ 5.65 ND ND

L. fermentum (JCM1173) � 6.33 10 ppm 5 ppm
+ 6.30 ND ND

L. fermentum (IFO3956) � 6.21 10 ppm 1 ppm
+ 6.24 ND ND

a ND: not detected meaning <5 ppm, which is the detection limit for nitrate
b ND: not detected meaning <1 ppm, which is the detection limit for nitrite
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nitrite were clearly higher in the sausage with added
60 ppm nitrite compared to the three fermented sausages,
in which traces of nitrate could be detected at the end of
drying.

Microbiological analyses of nitrite-cured and ferment-
ed salami sausages on day 1 and day 7 after production
(Table 3) showed that even though nitrite-cured sausages
have no added starter culture, the number of naturally
occurring lactobacilli was similar to those found in
sausages fermented with L. fermentum (IFO3956) and
commercial starter culture, P. pentosaceus (PC-1) and S.
carnosus (XIII). In contrast, sausages inoculated with L.
fermentum (JCM1173) had on day 1 counts a log unit
lower. However, on day 7 after production, all sausage
types have microbial numbers in the 6–7 log range, and
no differences could be observed depending on the initial
variation in microbial load.

Figure 3 shows tristimulus a-values (sample redness)
for freshly cut surfaces of salami sausage on day 1, 2 and
17 after production. The nitrite-cured sausages had on day
1 already acquired a significantly higher a-value than the
fermented sausages (P>0.05). The a-value for nitrite-
cured sausages remained constant throughout the drying
period, thereby maintaining the significant highest a-
value at all times (P>0.05). The three fermented sausages
had similar a-values on day 1, and on day 2 sausages with
added P. pentosaceus (PC-1) and S. carnosus (XIII) had a
significant higher a-value (P>0.05) relative to sausages
fermented with L. fermentum (IFO3956), whereas sau-
sages fermented with L. fermentum (JCM1173) were
intermediate with respect to a-value. Finally, an identical
pattern could be observed at the end of the drying period
on day 17, where sausages with added P. pentosaceus

(PC-1) and S. carnosus (XIII) retained the highest a-
value, followed by sausages with added L. fermentum
(JCM1173) and then sausages with added L. fermentum
(IFO3956). When assessing surface colour on fresh cut
sausages on day 17, an outer peripheral zone of approx-
imately 1 cm with clearly higher red colour intensity was
noticed when judged visually, and in accordance, a
tristimulus colour measurement in this particular zone of
the three fermented sausages on day 17 showed a
significantly higher a-value in the outer periphery com-
pared to a-values from the centre (P>0.05).

Table 2 Results of chemical analyses (n=2)a of salami sausages at day 1 after production and 18 days into the drying period

Sausage sample Sampling
time

Salt content Moisture content Water activity pH Nitrateb Nitriteb

(SD<0.1%)a (SD<0.4%) (SD<0.002) (SD<0.1) [ppm KNO3] [ppm NaNO2]

60 ppm nitrite Day 1 2.96% 53.9% 0.96 5.8 21.0€1.4 64.0€1.4
Day 18 4.23% 33.8% 0.90 5.4 77.0€0.0 1.0€0.0

P. pentosaceus (PC-1)
and S. carnosus (XIII)

Day 1 2.87% 53.3% 0.96 5.9 1.0/NDcd 1.0/NDc

Day 18 4.20% 33.6% 0.90 5.3 5.5€0.7 1.0/ND

L. fermentum
(JCM1173)

Day 1 2.98% 53.8% 0.95 5.9 ND ND
Day 18 4.07% 34.6% 0.91 5.5 2.0€1.4 1.0/ND

L. fermentum
(IFO3956)

Day 1 3.12% 52.5% 0.95 5.9 ND ND
Day 18 4.25% 33.3% 0.91 5.4 1.0€0.0 ND

a Two measurements of the same sample had a standard deviation (SD) below or equal to the respective values given for each analysis
b Values reported for nitrate and nitrite are average values and standard deviation of determinations on two samples
c ND: not detected meaning <1 ppm, which is the detection limit for nitrate and nitrite
d One sample was below the detection limit and the other contained 1.0 ppm nitrate or nitrite

Table 3 Results of microbiological analysesa (n=2) of salami sausages at day 1 after production and 7 days into the drying period

Sampling time 60 ppm nitrite P. pentosaceus (PC-1)
and S. carnosus (XIII)

L. fermentum
(JCM1173)

L. fermentum
(IFO3956)

Day 1 5.7€0.3 5.6€0.2 4.4€0.1 5.5€0.3
Day 7 7.1€0.5 6.5€0.4 6.5€0.3 6.6€0.2

aBacterial counts determined on MRS agar plates (selective for lactic acid bacteria) and transformed to log (CFU) per gram of sample

Fig. 3 Tristimulus colour measurement of redness parameter (a-
value) of cured or fermented, salami sausage surfaces during the
17-day drying period. Measurements were performed each time on
a freshly sliced surface of the sausages
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The general increase in a-values for fermented sausage
from day 1 to day 2 may be caused by a beginning
dehydration of the meat batter, which brings a darker red
colour to the meat. Alternatively, the change of colour is a
result of the starter cultures creating a reductive environ-
ment that forms MbFe(II), which in itself appears purple,
but when exposed to air quickly binds atmospheric
oxygen giving the bright red colour of MbFe(II)O2. As
a final option, the darker red color may be a result of
microbial enzymatic activity that in some way produces
NO, thereby making the conditions for the formation of
MbFe(II)NO possible.

Figures 4 and 5 show ESR spectra of samples in glassy
state obtained from the centre and the outer periphery of
the four types of salami sausages under investigation. The
g-values (gx=2.0213, gy=2.0113 and gz=2.0012) obtained
for the part of the spectra having hyperfine splitting
proved that all signals were of MbFe(II)NO in glassy
state. The signal of nitrite-cured salami sausages had no
differences between the two sampling places, whereas the
signal intensity in all three fermented salami sausages
depended on whether sampling was performed at the
outer periphery or in the centre of the sausage. The peak
heights of ESR spectra for MbFe(II)NO from the centre of
the fermented sausages yielded 100% for L. fermentum
(JCM1173) relative to 69% for L. fermentum (IFO3956)
and 73% for the commercial starter culture mixture,
respectively. In addition, the hyperfine splitting for NO

was clearly evident for samples with L. fermentum
(JCM1173) compared to ESR signals obtained from
sausages fermented with the two commercial starter
cultures. The outer peripheral zone in all types of
sausages shows an intense ESR signal for MbFe(II)NO,
and the relative amount could accordingly be evaluated
by setting the sausage with added commercial starter
culture (the highest intensity) to 100%, which gave a
signal intensity of 89% for L. fermentum (JCM1173), 81%
for sausages cured with 60 ppm nitrite, and finally 45%
for sausages with added L. fermentum (IFO3956).

The differences in appearance of ESR signal in MRS
broth culture and fermented sausage may be caused by
differences in pH of the two media, as this could change
the coordination number of MbFe(II)NO from hexa- to
penta-coordinated complex, due to protonation of the
proximal histidine(93) residue in myoglobin (pKa=4.98)
[17]. The changed coordination number of the central Fe-
atom would alter the NO environment and thereby also
the hyperfine splitting of the ESR signal. The single ESR
line observed at near neutral pH was due to a hexa-
coordinated MbFe(II)NO complex, whereas the triplet
splitting observed in the ESR signal of sausages with
lower pH, resulting from a penta-coordinated MbFe(II)-
NO. Accordingly, the measured pH values in MRS broth
and fermented sausages were on average 6.27 and 5.45,
respectively (Table 1 and 2). This variation in relation to

Fig. 4 Electron spin resonance spectra from the centre of ferment-
ed, salami sausage with added a commercial starter culture mixture
Bactoferm T-SP: P. pentosaceus (PC-1) and S. carnosus (XIII), b L.
fermentum (IFO3956), c L. fermentum (JCM1173), and d 60 ppm of
nitrite. Sausages were dried for 17 days. The scale for spectra a–b is
100 times that of spectrum d. Measurement performed on glassy
state sausage samples (frozen in liquid nitrogen) at 150 K

Fig. 5 Electron spin resonance spectra from the peripheral zone
(within 1 cm from surface) of fermented, salami sausage with
added a commercial starter culture mixture Bactoferm T-SP: P.
pentosaceus (PC-1) and S. carnosus (XIII), b L. fermentum
(IFO3956), c L. fermentum (JCM1173), and d 60 ppm nitrite.
Sausages were dried for 17 days. Measurement performed on glassy
state sausage samples (frozen in liquid nitrogen) at 150 K
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the reported pKa value could cause partial changes in the
coordination number of MbFe(II)NO, and account for
changes observed in the ESR signal.

Results from laboratory media indicated that L.
fermentum (IFO3956) and in particular L. fermentum
(JCM1173) were able to generate nitrosylating species,
which together with myoglobin, result in a red colour and
a pigment identical to that of the nitrite-cured meat
product. Thus, when bacterial starter cultures were tested
in fermented salami sausages only very weak signals for
MbFe(II)NO were obtained in the centre of the sausage
and again the species L. fermentum (JCM1173) possessed
the highest activity, producing the most intense signal.
Surprisingly, all three bacteria cultures resulted in a
circular zone in the outer periphery of the sausages with
high intensity signal for MbFe(II)NO compared to
sausages cured with 60 ppm sodium nitrite. However, it
is likely that the observed MbFe(II)NO in the outer
periphery of all fermented sausages, irrespective of the
type of starter culture, could be a result of the smoking
step in the drying process, as smoked meat has been
reported to possess cured meat colour [18]. Smoke will,
apart from components affecting flavour and preservation
(e.g. phenols, organic acids etc.), contain some gaseous
components, amongst which is nitrogen dioxide (NO2)
[19], which could undergo reduction at the meat surface
yielding NO. Indeed, controlled experiments with pure
gases of NO, CO and NO2 found the latter to be the most
potent contributor to surface pinking of turkey meat, and
that significant colouring occurred at concentrations as
low as 0.4 ppm NO2 [20].

As mentioned previously, several studies have found
various staphylococci capable of generating red colour in
fermented sausages [8, 9, 21], with a uniform and
satisfactory colour formation, which in some cases is
even claimed to be more stable than the colour of nitrite-
cured meat. These observations could, however, not be
confirmed in the present study. A potential application of
the L. fermentum stains (JCM1173 and IFO3956) could be
in relation to cured meat with reduced levels of nitrite [22,
23]. Such meat products are becoming more interesting
from the industry’s viewpoint in relation to consumer
interest and as even very low levels of nitrite are
sufficient to give satisfactory pink colour. The lactoba-
cilli’s ability to form NO and possibly even scavenge
radicals may further ensure the right colour, together with
an improved oxidative stability of the meat product. The
present experiments on microbial colour formation in
meat products, however, do not allow any conclusions to
be drawn regarding the microbiological safety of such
products, since nitrite normally ensures safe meat prod-
ucts without pathogens, i.e. Clostridium botulinum [24].
The coincidental observation that smoking resulted in a
peripheral zone with MbFe(II)NO in amounts comparable
to sausages with added 60 ppm nitrite could also be
exploited in the future for non-nitrite curing of meats.
Several technological aspects such as duration and

intensity of smoking may be used to optimise the colour
formation in the meat product.

In conclusion, the two L. fermentum (JCM1173 and
IFO3956) are capable of generating NO from an alterna-
tive chemical source different from nitrate or nitrite in
model systems. However, the potential of these bacteria
strains as specific colour-generating starter cultures in
fermented meat products without the use of nitrate or
nitrite will need further optimisation with respect to the
processing or fermentation conditions. Inoculation with L.
fermentum (JCM1173) shows the best potential for colour
formation, as this strain exhibits the highest activity for
generating MbFe(II)NO in the present investigation.
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