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Abstract

Quantitative determination of catalase, nitrate reductase, nitrite reductase and nitric oxide synthase activities (NOS) was performed on 11
different bacterial strains, mainly staphylococci, isolated from fermented sausages, bacon brine or cured meat products. All except one strain
possessed catalase activity in the range from 1.0 to 6.1 μmol min−1 ml−1. Ten out of 11 bacteria strains showed nitrate reductase activity in the
range between 50 and 796 nmol min−1 ml−1 and nine showed nitrite reductase activity in the range between 6 and 42 nmol min−1 ml−1. No
evidence of NOS activity of the selected strains was detected. In a colour formation assay containing myoglobin all strains affected
nitrosylmyoglobin (MbFeIINO) formation in assays containing nitrite, whereas only strains having nitrate reductase activity generated MbFeIINO
in assays containing nitrate as the sole nitrosylating agent. The quantitative nitrate and nitrite reductase activity did not fully explain or correlate
well with the observed rate of formation of MbFeIINO, which seemed to be more affected by the growth rate of the different strains. The
mechanism of the reduction of nitrite into NO of strains not having nitrite reductase activity remains to be fully elucidated, but could be due to a
dual-mode action of nitrate reductase capable of acting on nitrate.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Colour formation and colour stability are amongst the most
critical quality traits of processed meat products and thus of
great importance to the meat industry. The characteristic cured
colour can be derived from the concentration of heme pigments
(myoglobin, hemoglobin), their chemical states and additives
such as nitrogen oxides and reducing agents. In standard
fermented meat products such as salami, the characteristic cured
colour is a result of the chemical reaction between compounds
derived from added nitrite/nitrate and the naturally occurring
red myoglobin (MbFeII) leading to the simultaneous formation
of the bright red nitrosylmyoglobin (MbFeIINO), in which an
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axial ligand nitric oxide (NO) is coordinated to the central FeII

in heme (Møller and Skibsted, 2002). The chemical reactions
resulting in the cured-meat pigment are a complex series of
processes involving microbial, enzymatic and chemical steps
which depend on pH, pigment concentration, redox potential,
curing agent distribution, temperature, moisture etc. (Chasco
et al., 1996).

Nitrate and/or nitrite salts constitute the curing agents in the
formulation of most fermented sausages and many dry-cured
hams. However, colour development depends on the reduction
of these curing agents into NO, which is normally overcome by
adding surplus of reducing agents, e.g. ascorbate. Alternatively,
the NO radical is a possible intermediate in the bacterial reduc-
tion of nitrite to dinitrogen (Watmough et al., 1999) and, thus,
the nitrogen dissimilation of potential meat starter cultures in
the meat matrix is important. Gram-positive, catalase-positive,
non-pathogenic cocci are commonly applied as meat starter
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cultures, and it is well established that most species (e.g.
staphylococci) possess enzymes involved in nitrate and/or nitrite
metabolism (Casaburi et al., 2005; Hartmann et al., 1995;
Neubauer and Götz, 1996; Pantel et al., 1998; Talon et al., 1999).
Furthermore, the correct use of staphylococci may be useful to
reduce or optimize the levels of added nitrate and nitrite, as these
additives are subject to discussion because of their contribution to
the formation of carcinogenic nitrosamines (Leroy et al., 2006).
Besides colour formation properties, nitrite preserves meat
products against growth of undesirable bacteria most importantly
the specific protection against Clostridium botulinum (Cassens,
1997). In addition, nitrite and derived compounds act as an
effective antioxidant and thereby prevent lipid oxidation or
development of rancid off-flavours (Cammack et al., 1999).

The utilization of nitrate/nitrite as alternative electron acceptor
in the respiratory chain by staphylococci is a possible pathway for
NO generation. The reduction of nitrate into nitrite by Staphylo-
coccus carnosus is suggested to be due to amembrane bound type
of nitrate reductase involved in respiratory energy conservation
(Neubauer and Götz, 1996; Pantel et al., 1998). The expression of
nitrate reductase of staphylococci is induced by anaerobic growth
in the presence of nitrate and has been reported to be at a maximal
level during exponential growth phase (Neubauer andGötz, 1996;
Pantel et al., 1998; Talon et al., 1999). The formation of NO is
foremost a result of the further reduction of nitrite by nitrite
reductases. Three different types of respiratory nitrite reductases
have been found in bacteria. Cytochrome cd1 and copper
containing nitrite reductases catalyze the one electron reduction
of nitrite into NO, whereas cytochrome c nitrite reductase reduces
nitrite directly to dinitrogen (Watmough et al., 1999). The nitrite
reductase present in S. carnosus is considered to be a cytosolic
enzyme involved in NADH regeneration. Synthesis of nitrite
reductase is only taking place under anaerobic conditions and is
induced by the presence of nitrate or nitrite in the growth medium
(Neubauer and Götz, 1996), but whether nitrate reductase from
staphylococci in general produces NO has not been investigated.
Alternatively, the formation of NO may possibly be a result of
nitrite reduction by nitrate reductase, which is reported for
assimilatory nitrate reductase of higher plants (Kaiser et al.,
2002). The capacity of this side reaction constitutes approxi-
mately 1–2% of the nitrate reduction capacity of the purified
enzyme and was fully inhibited by the presence of nitrate, which
indicates that both nitrate and nitrite are reduced by nitrate
reductase at the same site.

Much attention has been drawn to theNO radical in connection
to the recently ascertained importance of NO in mammals as
regulator of vascular homeostasis, and its involvement in
neurotransmission and defence against infectious agents (Mon-
cada et al., 1991). On that basis many studies have dealt with the
nitric oxide synthase (NOS) enzyme, which synthesizes NO from
L-arginine in the presence of oxygen andNADPH.AlthoughNOS
was purified and characterized from Norcardia and Bacillus
subtilis (Chen and Rosazza, 1995; Pant et al., 2002) no NOS
activity has been reported for non-pathogenic staphylococci.
However, the pathogen S. aureus has been reported to express
NOS (Choi et al., 1997; Hong et al., 2003), which indicates that
other strains of staphylococci may possibly possess the sequence
coding for this enzyme. The expression of NOS by S. aureuswas
induced by the presence of methanol in the culture medium (Choi
et al., 1997).

The objectives of this study were to characterize 11 potential
starter cultures for catalase, NOS, nitrate and nitrite reductase
activities and to evaluate the relationship between these activities
and the colour formation capacity of the strains in a metmyoglo-
bin (MbFeIII) model system in the presence of either nitrate or
nitrite.

2. Materials and methods

2.1. Selection of bacterial strains

Eleven different bacterial strains (mostly staphylococci) were
selected from a pool of more than seventy isolates originating
from different types of fermented sausages, bacon brine or cured
meats based on their differences with respect to cell morphology,
growth rates and species according to API staph test (bioMérieux,
Marcy l'Etoile, France). The strains differentiated mainly ac-
cording to their different growth rates and the duration of the lag
phases.

2.2. Species identification based on comparing partial 16S
rDNA sequence analysis

Around 470bp of the 5′ end of the 16S rDNAwere amplified
and sequenced with primers targeted against conserved sequence
stretches. Species names for strains 308, 389, 392, 463, 504, 506
and 771 were assigned based on 100% similarity to sequences of
the RIDOM quality controlled ribosomal sequence database for
staphylococci (Becker et al., 2004) and for strain 364 to GenBank
sequences. Sequence positions displaying sequence microhetero-
geneity were excluded from the similarity calculations.

2.3. Preparation of viable cell suspension

Preparation of viable cell suspensions was performed with
some modifications as previously described (Neubauer and
Götz, 1996). The selected isolates were grown at 30 °C in a
medium containing 10.0 g/l of brain heart infusion (BHI,
CM225, Oxoid Ltd., Basingstoke, Hampshire, UK), 5.0 g/l of
yeast extract (Bacto™, Becton, Dickinson and Company,
Sparks, MD, USA), 2.0 g/l of NaCl (Merck, Darmstadt,
Germany), 1.0 g/l of glucose (Sigma-Aldrich, St. Louis, MO,
USA), and 13 g/l of NaH2PO4 (Sigma-Aldrich). Before
sterilization pH of the medium was adjusted to 7.0 and medium
for anaerobic incubation was covered with a layer of paraffin oil
(Sigma-Aldrich). Anaerobic cultures were incubated in screw-
cap bottles without stirring while aerobic cultures were
incubated on a rotary shaker at 150 rpm. Cells were harvested
by centrifugation (10,000 ×g, 5 min, 4 °C) in the early stationary
growth phase, washed twice in phosphate buffer (100 mM; pH
7.0) and re-suspended in this buffer to a specific optical density
at 600 nm (OD600). The cell suspensions were kept on ice until
determination of the enzymatic activities, which was performed
subsequently to avoid inactivation.
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2.4. Preparation of bacterial extract for NOS measurement

The selected isolates were grown aerobically at 30 °C in BHI-
broth (Oxoid Ltd.) and were harvested by centrifugation
(10,000 ×g, 5 min at 4 °C) in the early stationary growth phase.
To induce the expression of NOS 0.125% (v/v) of methanol
(HPLC grade, Merck) was added to the growth medium (Hong
et al., 2003). Preparation of bacterial extracts was performed as
described by Chen and Rosazza (1995). Pellets (1.5–1.9 g) were
re-suspended in approximately 3–3.5 ml of cold 10 mM Tris-
buffer (pH 7.0) (Merck) containing 1.0 mM dithiothreitol (DTT)
(Merck), 1.0 mM EDTA (Merck), and 2.0 μM (6R)-5,6,7,8-
tetrahydro-L-biopterin, dihydrochloride (H4B) (Alexis Biochem-
icals, San Diego, CA, USA) and disrupted for 5 min over ice with
a Sonifier Cell disrupter. Cell debris was removed by centrifu-
gation (20,000 ×g, 30 min, 4 °C). The protein content of the cell-
free supernatants was determined spectrophotometrically by
measuring the absorbance at λ=280 nm.

2.5. Catalase activity of viable cells

Catalase activity wasmeasured on viable cells according to the
method described by Aebi (1974). The isolates were grown under
aerobic conditions as described previously since staphylococci
were found to produce higher amounts of catalasewhen theywere
grown with agitation (Talon et al., 1999). The assay monitors the
decomposition of hydrogen peroxide directly by following the
decrease in absorbance at 240 nm. 0.2 ml of the viable cell
suspension (OD600=0.5) was mixed with 2.8 ml of a 30 mM
H2O2 solution (Sigma-Aldrich) prepared in phosphate buffer
(50 mM; pH 7.0). The activity was measured during 3 min as the
decrease in absorbance at λ=240 nm. Results were expressed as
μmol per min per ml viable cells with OD600=0.5.

2.6. Nitrate and nitrite reductase activity of viable cells

Nitrate and nitrite reductase activities on viable cells were
assayed as described by Neubauer and Götz (1996). The
measurements of nitrate reductase activity were based on
spectrophotometrical determination of nitrite accumulation in
nitrate containing assays, whereas nitrite reductase activity was
determined as nitrite degradation in nitrite containing assays. The
reduction of nitrate and nitrite was assayed on cells cultivated
anaerobically in the BHI-medium, as described previously, sup-
plemented with KNO3 (20 mM) (Merck), which induces the
expression of both nitrate and nitrite reductase within the cells.

The nitrate reductase assay mixture (total volume of 6 ml) was
composed of phosphate buffer (100 mM; pH 7.0), benzyl
viologen dichloride (1.0 mM) (Sigma-Aldrich) as an artificial
electron donor, KNO3 (0.4 mM) and 0.1 ml of the viable cell
suspension (OD600=2.0). Finally, the assay mixture was added
with sodium hyposulfite (4.7 mM) (Fluka AG, Buchs, Switzer-
land), as a reducing agent, to ensure anaerobic conditions. For
every 5 min of assay incubation an aliquot of 0.2 ml was taken
from the mixture and aerated until full discoloration of the blue
reduced benzyl viologen. The aliquot was centrifuged (10,000 ×g,
3 min, 4 °C) after which 0.1 ml of the aliquot together with 0.9 ml
of Griess reagent (Sigma-Aldrich) was transferred to a micro
cuvette and the absorbance at λ=540 nm was measured after
allowing the reaction to occur for 10 min. The nitrate reductase
assays were performed at 37 °C (±1 °C) with stirring. Nitrate
reductase activity was expressed as nmol per min per ml viable
cells with OD600=2.0.

The nitrite reductase assay mixture (total volume of 6 ml) was
composed of phosphate buffer (100 mM; pH 7.0), glucose
(25mM) as an electron donor, Oxyrase (Oxyrase, Inc.,Mansfield,
OH, USA) (1.7% v/v) which ensures anaerobic conditions and
1.0 ml of the cell suspension (OD600=2.0). All assays were
covered with a layer of paraffin oil. After 5 min the reaction was
started by addingNaNO2 (0.4mM) (Merck). The nitrite reductase
assays were performed at 37 °C (±1 °C) with stirring. Every
twentieth minute 0.2 ml of the assay mixture was collected and
centrifuged (10,000 ×g, 3 min, 4 °C) and 0.1 ml of the supernatant
was mixed with 0.9 ml Griess reagent. After 10 min the
absorbance at λ=540 nm was measured. Nitrite reductase ac-
tivity was expressed as nmol per min per ml viable cells with
OD600=2.0.

2.7. Nitric oxide synthase activity

The nitric oxide synthase (NOS) activity was measured on the
bacterial extract from the selected isolates according to the
method described byChen andRosazza (1995). The consumption
of reduced form nicotinamide adenine dinucleotide phosphate
(NADPH) was determined by measuring the decrease in
absorbance at λ=340 nm as NADPH is oxidised during
conversion of L-arginine to L-citrulline. NOS activity was
expressed as the difference in NADPH consumption in assays
containing the substrate L-arginine with NADPH consumption in
assays with no content of L-arginine.

The NOS assay mixture (total volume of 1 ml) was
composed of phosphate buffer (50 mM; pH 7.0), CaCl2
(1.0 mM) (Merck), flavin adenine dinucleotide, disodium salt
(FAD) (10 mM) (Sigma-Aldrich), flavin mononucleotide,
monosodium salt dihydrate (FMN) (10 mM) (Alexis Biochem-
icals), H4B (80 μM) and NADPH, tetrasodium salt (1.0 mM)
(AppliChem GmbH, Darmstadt, Germany). The reaction was
started by adding L-arginine (1.0 mM) (Sigma-Aldrich). Assays
were performed at 25 °C with stirring. Blanks with no content of
L-arginine were included for all isolates.

2.8. Colour formation assay

De Mann–Rogosa–Sharp (MRS) broth was prepared with
peptone (10 g/l) (Bacto™, Becton, Dickinson and Company),
yeast extract (10 g/l) (Bacto™, Becton, Dickinson and
Company), glucose (2 g/l), K2HPO4 (2.0 g/l), triammonium
citrate (2.0 g/l) (Merck), sodium acetate (5.0 g/l) (Merck),
MgSO4, hydrate (0.2 g/l) (Extra pure, Merck) and Tween 20
(1.0 g/l) (Sigma-Aldrich). MRS broth was prepared without
MnSO4, since manganese is paramagnetic and will interfere
with the signal from the Electron Spin Resonance (ESR) spec-
troscopic analysis (Møller et al., 2003). Subsequently, a stock
solution of horse heart metmyoglobin (MbFeIII) (20 mg/l)
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(Sigma-Aldrich) which was filtered through a MiniSart filter
with ϕ=0.45 μm (Sartorius, Göttingen, Germany) was added
to the medium to give approximately 2.0 mg/l MbFeIII as a
final concentration. Cells grown anaerobically overnight in
MRS broth without MbFeIII were inoculated directly in dis-
posable cuvettes containing 3.0 ml MRS with MbFeIII and
immediately covered with a layer of paraffin oil on the top of
the broth to avoid atmospheric oxygen to enter the assay
during incubation. The formation of MbFeIINO was subse-
quently followed by electronic absorption spectra during
incubation, which was carried out at 25 °C. On the completion
of the assay the presence of MbFeIINO was verified by the use
of ESR spectroscopy.

2.9. Electronic absorption spectra

At appropriate time intervals the absorption spectra in the
visible range (450–700 nm) of the inoculated MRS media were
recorded using a Cary 3 UV–vis spectrophotometer (Varian,
Palo Alto, CA, USA). Non-inoculated MRS broth without
MbFe(III) was used as a blank.

2.10. Electron spin resonance (ESR) spectroscopy

MRS broth (0.3 ml) was submitted directly to ESR spec-
troscopy. Samples were transferred to an ESR capillary tube
(Wilmad Glass, Buena, NJ, USA) and frozen in liquid nitrogen
and stored at−80 °C until analysis. Analyseswere carried out on a
Bruker ECS 106 spectrometer equipped with a Bruker 4103 TM/
9216 rectangular cavity (Bruker, Rheinstetten, Germany). 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 an HP 5350B microwave
frequency counter and was around 9.44 GHz. The magnetic
field was modulated with a frequency of 100.0 kHz using
10.06Gauss fieldmodulation amplitude and 2.00mWmicrowave
power.
Table 1
Catalase, nitrate and nitrite reductase activities determined for viable cells

Isolate no. Strain Nitrate reductase
[nmol min−1 ml

308 S. equorum 50
364 E. faecium nd
389 S. saprophyticus nd
392 S. simulans 796
463 S. sciuri 556
504 S. carnosus subsp. carnosus 532
506 S. carnosus subsp. carnosus 439
771 S. succinus subsp. casi 134
913 S. xylosus 41
934 S. carnosus 84
953 S. carnosus 90
a Early stationary cells (n=3) were cultivated anaerobically in the presence of 20 m

of 2.0. Nitrite was measured by Griess reagent.
b Early stationary cells (n=2) were cultivated aerobically and suspended in phosph

as the declining absorbance at 240 nm.
c Not detectable.
3. Results and discussion

All isolates selected for further investigation of NOS,
catalase, nitrate and nitrite reductase activities were tentatively
identified by API staph test. As shown in Table 1 most isolates
belong to the genus Staphylococcus. Isolate no. 364 was
selected for further investigation as a negative reference, since
the tentative identification suggested the isolate to be an En-
terococcus faecium, which is known to be a catalase negative
strain with no nitrate/nitrite metabolism.

3.1. Catalase

The accumulation of H2O2 as a consequence of growth of
lactobacilli is a well established phenomenon and for that reason
most modern starter culture mixtures are commonly added
catalase positive microorganisms to prevent discoloration and
rancidity (Nychas and Arkoudelos, 1990). The results showed
that nearly all selected strains were able to decompose H2O2

indicating that they possessed catalase activity. Barriere et al.
(2001) found no peroxidase activity of S. carnosus, suggesting
that the catalase activity of S. carnosus is a mono-functional
catalase catalyzing the breakdown of H2O2 into oxygen and
water (Barriere et al., 2001). The quantitative catalase activities
of the selected strains were quite similar as shown in Table 1.
This is in agreement with earlier studies, which reported the
expression of catalase of S. carnosus, S. xylosus, S. warneri,
and S. saprophyticus to be highest in the stationary phase and
further induced by aerobic conditions, but only slightly
dependent on the actual strain (Talon et al., 1999; Barriere
et al., 2002). In this study, catalase activity was only determined
of the suspended cell-pellet as catalase is mainly cell associated.
Other studies have reported catalase activity in the culture
supernatant from S. xylosus and S. saprophyticus, but the release
of catalase seems, however, not to be a common feature of Sta-
phylococcus (Talon et al., 1999). Only isolate no. 364 could be
differentiated due to the lack of catalase activity.
a

−1]
Nitrite reductase a

[nmol min−1 ml−1]
Catalase b

[μmol min−1 ml−1]

±9 nd c – 2.1 ±1.3
– nd – nd –
– 6 ±1.0 2.0 ±2.6
±15 42 ±2.2 2.7 ±0.7
±37 14 ±0.8 6.1 ±1.7
±9 7 ±1.9 2.9 ±1.0
±9 4 ±0.7 4.5 ±1.9
±10 18 ±0.6 2.5 ±1.7
±2 nd – 1.0 –
±3 7 ±1.7 4.4 ±1.6
±7 5 ±1.3 4.7 ±0.2

M KNO3 and suspended in phosphate buffer (100 mM; pH 7.0) to a final OD600

ate buffer (50 mM; pH 7.0) to a final OD600 of 0.5. Catalase activity was assayed
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3.2. Nitrate and nitrite reductase

Nitrate and nitrite reductase activities of meat starter cultures
are traditionally proposed to have great significance in colour
development of fermented, cured meat, since reduction of the
curing agents into NO is a critical reaction step in the generation
of MbFeIINO. In this study, determination of nitrate reductase
activity of viable stationary-phase cells was based on measure-
ments of nitrite accumulation in anaerobic assays added nitrate,
whereas nitrite reductase assays were based on determination of
nitrite consumption of viable stationary-phase cells. Fig. 1A
shows that accumulation of nitrite was not observed in assays
without bacterial culture, and thus, all nitrite accumulation or
nitrate reduction is a result of the presence of bacterial culture.
Nitrite was accumulated in all assays with added nitrate and
inoculation of bacterial culture except assays inoculated with
isolates no. 364 and 389, indicating that all strains possessed
nitrate reductase activity except these two isolates. All strains
with nitrate reductase activity followed the kinetics of reduction
as illustrated in Fig. 1A for isolate no. 392. The nitrate reductase
activities were strain dependent ranging from 41 to 796 nmol
min−1 ml−1 (Table 1), which is in the same magnitude as
observed by Pantel et al. (1998) for S. carnosus. Nitrate
reduction is a common characteristic of several strains of
staphylococci, e.g. S. xylosus, S. carnosus, S. equorum and S.
lentus (Fedtke et al., 2002; Mauriello et al., 2004; Neubauer and
Götz, 1996; Pantel et al., 1998; Talon et al., 1999). For other
strains, such as S. saprophyticus, S. succinus and S. waneri
nitrate reductase activity is rarely seen (Mauriello et al., 2004),
which explains the lack of nitrate reductase of isolate no. 389.

Moreover, Table 1 shows that all strains except isolates no.
308, 364 and 913 possessed nitrite reductase activity ranging
Fig. 1. Nitrate (A) and nitrite (B) reduction by staphylococci in assays (n=3)
with added nitrate or nitrite (0.4 mM). (–▪–) Assays inoculated with isolate no.

392; (–□–) reference assays with no bacterial culture.
from 4 to 42 nmol min−1 ml−1. The reduction of nitrite in the
assay was characterized by a lag phase varying between 0 and
80 min after which the reduction proceeded linearly as shown in
Fig. 1B for isolate no. 392. It is assumed that the observed lag
phase was a result of either intra-cellular accumulated nitrate
from the growth medium or residual concentration of oxygen in
the assay media, which both have been shown to inhibit nitrite
reductase (Hartmann et al., 1995; Neubauer and Götz, 1996).
The nitrite reductase activity of isolate no. 392 seems to follow
zero-order kinetics, which is in agreement with earlier
observations (Hartmann et al., 1995; Neubauer and Götz, 1996).

3.3. Nitric oxide synthase

NO formation from L-arginine in the presence of NADPH by
bacterial NOS activity has been discussed to play a role in
MbFeIINO formation (Arihara et al., 1993; Morita et al., 1997).
Therefore, bacterial extracts of the selected strains were tested
for the ability to consume NADPH with or without the presence
of L-arginine, which may indicate whether the strains possess
NOS activity or not. All bacterial extracts consumed NADPH
(not shown), but the consumption was not affected by the
presence of L-arginine, which indicates that none of the strains
apparently possessed NOS activity. S. aureus has been shown to
express NOS with activities in the magnitude of nmol per min
per mg of protein (Hong et al., 2003). Detection of activities at
that level would possibly require a more sensitive and specific
method, e.g. direct measurement of the other end product L-
citrulline. NOS is not thought to play a major role in MbFeIINO
formation in culture media added nitrate or nitrite. Accordingly,
nitrate and nitrite reduction is considered to be the predominant
pathway to NO generation by gastrointestinal bacteria (Sobko
et al., 2005), and these considerations may very well be relevant
for strains of staphylococci as well. Whether NO generation by
NOS is sufficient in colour development in assays without
nitrate and nitrite is very uncertain. It is well established, that
bacterial NOS require 2 mol of molecular oxygen in the
conversion of 1 mol L-arginine into NO and L-citrulline (Chen
and Rosazza, 1995). In this study, colour formation assays were
performed in the absence of oxygen, which may inhibit the
reaction catalyzed by this enzyme. The colour formation assays
were performed in the absence of oxygen since the environment
in fermented sausages is characterized by having a very low or
no content of oxygen after a short time of fermentation.
Moreover, the presence of oxygen would result in oxidation of
MbFeIINO.

3.4. Colour formation capacities

In order to investigate the relationship between the enzyme
activities and the colour forming capacity of the bacterial
strains, MbFeIINO formation was determined in MRS broth
containing MbFeIII. The conversion of MbFeIII was monitored
with absorbance spectra of the Mb derivative from 450 to
700 nm, and after 22 h of incubation the ESR spectra were
recorded as verification, since MbFeIINO is the only Mb
derivative with an ESR signal. All colour formation assays
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inoculated with bacterial culture turned from brown to bright
red within 8 to 18 h of incubation, whereas reference as-
says without bacterial culture maintained the brown colour of
MbFeIII throughout the incubation period (data not shown).
Fig. 2 shows the absorbance spectra of the MRS broth together
with the corresponding ESR spectrum after 22 h of incubation.
Assays with added nitrite but without any bacterial culture
exhibited absorbance bands at approximately 505 nm and
625 nm, respectively, which is characteristic of MbFeIII in
aqueous solutions. The corresponding ESR signal in Fig. 2
verifies that no MbFeIINO was present. Assays without any
culture but with added nitrate showed similar absorbance and
ESR spectra (data not shown). The failure to modify MbFeIII in
assays without bacteria culture clearly shows that the con-
version of MbFeIII into other Mb derivatives fully depends on
microbial metabolism.

In contrast, assays inoculated with bacterial cultures had very
different absorbance spectra in thewavelength range from450 nm
to 700 nm. The absorbance spectra of MRS broth with added
nitrate or nitrite and inoculated with isolate no. 389 are also
included in Fig. 2. Assays with added nitrite as nitrosylating agent
exhibit absorbance spectra with two peaks at approximately 540
and 580 nm (β- and α-bands) characteristic of red-coloured
Mb derivatives, e.g. due to presence of either MbFeIINO or
MbFeIIO2. It is difficult to differentiate between the visible
absorption spectra of MbFeIIO2 and MbFeIINO, since both
derivatives exhibit absorbance bands at almost similar wave-
lengths. The absorbance between the β- and α-bands is one way
to differentiate between the two derivatives, since MbFeIINO has
higher extinction coefficients around 560 nm as compared to
MbFeIIO2. However, such subtle differences become less useful
when dealing with mixtures of the two absorbing species. The
absorbance spectra in Fig. 2 indicate, however, that isolate no. 389
is capable of producing MbFeIINO in assay with added nitrite, as
the valley between the peaks seems relatively small. The
corresponding ESR spectrum of theMRS broth in Fig. 2 confirms
Fig. 2. Absorbance of MRS broth with metmyoglobin (2 mg/ml) with added
nitrate or nitrite (0.2 mM) after 22 h of incubation at 25 °C. (A) Control sample
with added nitrite without bacterial culture; (B) sample with added nitrite with
isolate no. 389; (C) sample with added nitrate with isolate no. 389. The inserted
diagram shows the corresponding electron spin resonance spectra.
these indications, as a significant ESR signal of the paramagnetic
MbFeIINO derivate is observed. MbFeIINO was identified in all
colour formation assayswith added nitrite and bacterial culture by
absorbance as well as by ESR spectra (data not shown). In assays
with added nitrate as the sole nitrosylating agent the formation of
MbFeIINO occurred in all assays except assays inoculated with
isolates no. 364 and 389 that do not produce nitrate reductase
(Table 1). Fig. 2 shows the absorbance spectra of assays added
nitrate inoculated with isolate no. 389 having only a single broad
peak at approximately 555 nm, which proves that only the
reduced form, MbFeII, was formed. The corresponding ESR
signal in Fig. 2 verifies that no paramagnetic species were present
in assays inoculated with isolate no. 389.

Comparison of the above mentioned colour formation
capacities and the quantitatively determined enzymatic activi-
ties of the selected strains indicates that the ability to reduce
nitrite is not a crucial factor regarding MbFeIINO formation,
since this Mb derivative was formed even though the assay was
inoculated with culture without nitrite reductase activity like
isolate no. 913. The mechanism responsible for the reduction of
nitrite into NO is still unknown and has to be further
investigated. A strong correlation between NO generation
from nitrite and the ability of the bacteria to reduce pH of the
culture media has been reported (Sobko et al., 2005). Whether
non-enzymatic reduction of nitrite caused by a pH decrease is
the explanation in this case remains uncertain, since the pH
profiles of the colour formation assays during incubation were
not recorded. It is, however, obvious that growth of cultures
without the ability to generate MbFeIINO, as isolate no. 389 in
Fig. 2, enables the reduction of MbFeIII to MbFeII, which may
indicate that the presence of cell culture in general imposes
reductive conditions in the media capable of reducing different
components such as nitrite. These reductive conditions are,
however, not sufficient to reduce nitrate. The formation of
MbFeIINO in assays added nitrate as nitrosylating agent was on
the other hand highly dependent on nitrate reductase activity.
Only strains positive for nitrate reductase activity were able to
produce MbFeIINO in assays added nitrate.

Different artefacts may disturb the correlation between
nitrate/nitrite reductase activity and MbFeIINO formation.
Firstly, the nitrate reductase assay is very much dependent on
the inhibition of the further reduction of nitrite, since this
reaction would result in a false low quantification of the nitrate
reductase activity. However, it is assumed that all nitrite was
accumulated, since nitrate has been shown to inhibit nitrite
reduction by inhibiting the nitrite uptake of viable cells of S.
carnosus (Neubauer and Götz, 1996). Secondly, the assumed
nitrite reductase activity may be a result of nitrite reduction
carried out by nitrate reductase, which is known to occur in
plants in the absence of nitrate (Kaiser et al., 2002). Thirdly, the
nitrite reduction may follow the pathway in which nitrite is
reduced directly into ammonia without significant formation of
NO (Watmough et al., 1999). Earlier investigations carried out
on S. carnosus and S. piscifermentans have shown that nitrite
actually was reduced into ammonia, and whether NO appeared
as an intermediate is unknown. In order to overcome the latter
artefact, MbFeIII could be added to the nitrite reductase assay,



Table 2
Rate of nitrosylmyoglobin formation in MRS broth added nitrite (0.4 mM) and
metmyoglobin (2 mg/ml) and inoculated with bacterial culture followed by
anaerobical incubation at 25 °C

Isolate no. Strain Nitrosylmyoglobin formation
[nmol min−1]

308 S. equorum 0.14
364 E. faecium 0.19
389 S. saprophyticus 0.41
392 S. simulans nd a

463 S. sciuri 0.53
506 S. carnosus subsp. carnosus 0.70
771 S. succinus subsp. casi 0.23
913 S. xylosus 0.67
953 S. carnosus 0.72
a Not detectable.
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and the conversion of MbFeIII into MbFeIINO followed by ESR
or absorbance spectra, since direct measurement of the NO
radical is difficult because of its reactivity.

3.5. Rate of colour formation

Fig. 3 shows the changes of the absorbance spectra (450–
700 nm) during incubation from 0 to 22 h of isolate no. 389 in the
presence of nitrite. It is evident that peaks at approximately
540 nm and 580 nm are increasing throughout the incubation
period, while peaks at 505 nm and 625 nm, which correspond to
the presence of MbFeIII, are decreasing during incubation. This
indicates a concomitant MbFeIINO formation as MbFeIII is being
reduced. The inset in Fig. 3 shows the increasing absorbance at
580 nm during incubation, monitoring the MbFeIINO formation
over time, and it is seen that the highest rate of MbFeIINO
formation occurs between 2 and 7 h of incubation. From the
extinction coefficient of MbFeIINO (ε580 nm=11,600 M

−1 cm−1)
the maximal rate of MbFeIINO formation of isolate no. 389 in the
presence of nitrite was determined to 0.41 nmol min−1. The
MbFeIINO formation rates of the other strains are shown in
Table 2. The rates varied considerably from 0.14 to 0.72 nmol
min−1. Calculation of the colour formation rate of isolate no. 392
was unfortunately impossible, because mixtures of the Mb
derivatives were present in the assay making the estimation of
specific rates very complex. However, it was possible to detect
MbFeIINO by the ESR instrument, which significantly proves the
culture is capable of generating MbFeIINO (data not shown). In
assayswith added nitrate it was impossible to determine the rate of
colour formation, as determination of MbFeIINO formation rates
in such assays would require ESR measurements during
incubation, which was not performed in the present study.

From comparison of the MbFeIINO formation curve with the
growth curves in Fig. 3 it is clear that MbFeIINO formation was
associated with the exponential growth phase of isolate no. 389,
Fig. 3. Nitrosylmyoglobin (MbFeIINO) formation during incubation of isolate
no. 389 in MRS broth with metmyoglobin (2 mg/ml) and nitrite (0.2 mM) at
25 °C. The inserted diagram shows the MbFeIINO formation as increasing
absorbance at 580 nm (–□–) and the growth curve specified as optical density at
605 nm (–▪–) during incubation.
which was the case for all strains investigated. A plausible
explanation of this phenomenon is that the number of cells and
thereby the number of enzymes are multiplied in this phase. This
knowledge suggests that growth experiments including monitor-
ing of lag phase and growth rate can be very useful to better
explain colour formation rates in combination withmeasurements
of specific enzyme activities of the living cells.

In conclusion, nitrate reductase activity was found to be
crucial for MbFeIINO formation in assays with added nitrate as
sole curing agent, while MbFeIINO was formed in all assays
with nitrite as curing agent regardless of the capability of the
bacterial strains to express nitrite reductase. It was not possible
to observe an effect of catalase activity on colour formation,
since nearly all isolates showed activities in the same level.
Selection of future suitable starter cultures should include the
investigation of growth capabilities, since the rate of MbFeIINO
formation was equally related to growth parameters as to the
activity of a specific enzyme.
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