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Although commercial MRS broth has been designed to allow excellent growth of lactobacilli, most of these
bacteria are still subjected to a self-inhibiting process. The most likely explanation is the accumulation of lactic
acid or other toxic end products and the depletion of nutrients. In this study, the self-inhibition of Lactobacillus
sakei CTC 494 was analyzed in a kinetic way, and a nutrient depletion model was set up to describe the growth
inhibition process. This simple model has considerable advantages compared to commonly used descriptive
models such as the logistic growth equation. It offers a better fit and a more realistic description of the growth
data by taking into account both growth inhibition due to lactic acid production and changes in growth rates
due to nutrient depletion. Depending on the fermentation conditions, in MRS broth there appears to be a
strong decrease of the specific growth rate over time. Some undefined compounds present in the complex
nitrogen source of MRS broth appear to be of crucial importance because of their limited availability.
Moreover, nutrient availability affects bacteriocin production through its effect on cell growth as well as on the
bacteriocin production per cell. A plateau value for the bacteriocin production by L. sakei CTC 494 was
observed.

Bacterial cell growth is strongly dependent on environmen-
tal conditions. Factors such as temperature, pH, water activity,
redox potential, and the presence of inhibitory compounds
determine bacterial growth. Furthermore, the limited availabil-
ity of certain essential molecules needed for cell metabolism,
including energetic compounds and building blocks for cell
synthesis, like amino acids, vitamins, minerals, and nucleotides,
may slow down the growth rate. Commercial media have been
developed to support good growth of lactic acid bacteria, such
as de Man-Rogosa-Sharpe (MRS) medium for lactobacilli (7)
and M17 medium for lactococci and streptococci (32). These
media are often used to study and simulate natural fermenta-
tion processes like meat fermentation (11, 20, 21) and sour-
dough fermentation (12). However, growth of lactic acid bac-
teria is often inhibited in those media, not only because of
inhibition due to the production of organic acids (mainly lactic
acid and, in some cases, acetic acid) but also because of nutri-
ent limitation. Organic acids were shown to have a toxic, an-
timicrobial effect, even for the producer cells. Their antimicro-
bial mode of action is ascribed to the pH-lowering effect and to
the undissociated form of the acid (10). However, the dissoci-
ated molecules may play a minor role as well (29, 31). Due to
the complexity of both nutrient requirements and availability,
it remains rather unclear which compounds are precisely re-
sponsible for limitation of the cell growth, but sugars and

amino acids seem to be the most crucial factors (2, 13, 16, 23,
33). The need for essential minerals, such as manganese and
magnesium, has also been documented (23). Precise modeling
of growth data may help to overcome media limitations during
data interpretation.

Sigmoidal equations, such as the logistic and the Gompertz
equations, have been widely applied to describe the growth of
lactic acid bacteria (11, 19, 20, 21, 24, 35). These equations
approximate cell growth over time and take into account
growth inhibition as cells move into the late growth phase.
However, because of their empirical nature, they have little
biological meaning, and it may hence be preferred to use
models with a more mechanistic approach (3, 27, 28). Such
models may help to elucidate the effect of single environmental
factors, such as the pH or the lactic acid concentration, on
relevant biological parameters, such as the growth rate or the
lag phase.

In this study, the growth inhibition process of Lactobacillus
sakei CTC 494 cells growing in MRS broth is studied kinetically
and is related to the production of lactic acid and the exhaus-
tion of nutrients. Furthermore, the growth-associated bacteri-
ocin production by L. sakei CTC 494, which has previously
been described as a function of the environmental factors
temperature and pH (20), has been remodeled according to
the nutrient depletion growth model that is proposed in this
study.

MATERIALS AND METHODS

Microorganisms and media. L. sakei CTC 494, a producer of the bacteriocin
sakacin K (14, 22), was used for growth and bacteriocin production studies.
Listeria innocua LMG 13568 was used as an indicator for the estimation of
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bacteriocin activity. Both strains were maintained as previously described (20).
(Modified) MRS broth for the fermentation experiments was prepared from
single ingredients (7). Modifications of MRS broth included addition of sodium
chloride (Merck, Darmstadt, Germany), changes in the total amount of complex
nitrogen source (CNS) (i.e., bacteriological peptone [Oxoid, Basingstoke, United
Kingdom], Lab-Lemco powder [Oxoid], and yeast extract [Merck]), or substitu-
tion of bacteriological peptone and Lab-Lemco powder by an equal amount of
casein tryptone (Oxoid).

Fermentation experiments and sampling. Fermentations were carried out in a
computer-controlled 15-liter laboratory fermentor (BiostatC; B. Braun Biotech
International, Melsungen, Germany) containing 10 liters of (modified) MRS
broth. Preparation of the fermentor, building of the inoculum, and on-line
control of the fermentation process (pH, temperature, agitation) were per-
formed as previously described (20). Determination of biomass concentration
[X], total lactic acid concentration [L], residual glucose concentration [S], and
bacteriocin activity [B], were carried out as described elsewhere (8, 9, 19, 20).
Summarizing, biomass (as “cell dry mass” [CDM]) was determined by membrane
filtration, lactic acid and glucose were determined by high-pressure liquid chro-
matography, and bacteriocin activity was determined by a twofold critical dilu-
tion method. The optical density at 600 nm (Uvikon 923, Kontron Instruments,
Milan, Italy), and CFU were measured and calibrated against CDM measure-
ments to obtain additional CDM data. A change of one unit of optical density
during the active growth phase was shown to be equivalent to an increase of
0.39 g of CDM liter�1 (r2 � 0.979). An increase of 108 CFU ml�1 of L. sakei CTC
494 corresponded with 0.13 g of CDM liter�1 (r2 � 0.876).

Model development. Equations for cell growth are generally based on the
specific growth rate � (per hour), which dictates the evolution of the biomass
concentration [X] (in grams of CDM per liter) over time (t) (in hours):

d�X�/dt � ��X� (1)

In the early stages of growth, at the end of the lag phase, the specific growth rate
� is at its maximal value (�max), but it decreases as the biomass concentration
increases. Hence, � equals the maximum specific growth rate �max multiplied by
a dimensionless inhibition function �i:

� � �max �i (2)

In the case of lactic acid bacteria, the inhibition function �i accounts for the
self-inhibition of the cells due to the depletion of sugar and other nutrients and
the production of lactic acid. In this study, an attempt was made to represent this
growth inhibition as the combined result of the individual � inhibition functions
for lactic acid inhibition �[HL], sugar limitation �[S], and nutrient depletion
�[CNS]. In analogy with the �-concept (34), it was presumed that no interaction
effects occur between the individual inhibitory actions, so that

�i � ��S� ��HL� ��CNS� (3)

The inhibition function �[S] is given by the equation of Monod, involving the
residual sugar concentration [S] (in grams per liter), and the Monod constant KS

(in grams of glucose per liter):

��S� �
�S�

�S� � KS (4)

The inhibitory action of lactic acid production (�[HL]) is due to the toxic effect
of the lactic acid molecules produced, the decrease of the pH caused by acid
accumulation, and the effect of this decreased pH on the degree of dissociation
of the organic acids present in the medium (including acetate and citrate from
the MRS broth buffering compounds). If the pH is kept constant, �[HL] may be
simplified as a simple function of the amount of undissociated lactic acid mole-
cules [HL] (in grams per liter), calculated by the equation of Henderson-Has-
selbalch. The function further involves a maximum concentration of lactic acid
for growth [HL]max (in grams per liter) and a fitting coefficient n (27, 28):

��HL� � �1 �
�HL�

�HL�max
�n

(5)

The remaining self-inhibition coefficient, �[CNS], which is equal to � [(�max �[S]

�[HL])�1], was ascribed to limited availability of nutrients. The actual availability
of nutrients equals the initial complex nutrients availability [CNS] minus the
consumed amount of nutrients for growth. Due to the complexity of both the
nutrient availability and requirements, it is very difficult to obtain a clear kinetic
formulation of the growth inhibition as a function of specific, defined com-
pounds. However, since the amount of consumed nutrients is related to the
amount of biomass synthesized (2), a relation between �[CNS] and the produced

biomass [X] may be expected. Therefore, the following three-steps inhibition
function for nutrient depletion is proposed (Fig. 1):

��CNS� � 1 if �X� � �X1� (6)

��CNS� � 1 � I1��X� � �X1�	 if �X1� � �X� � �X2�

��CNS� � �1 � I1��X2� � �X1�	 � I2��X� � �X2�	 if �X� � �X2�

The inhibition pattern is composed of a noninhibition phase, and two subsequent
phases of decreasing growth rates. The critical biomass concentrations [X1] and
[X2] at the start of the two phases of decreasing growth rate, and the inhibition
slope coefficients I1 and I2, are dependent on the initial availability of nutrients
([CNS]), as well as the temperature (see Results). In a first step, cells grow
exponentially without suffering from nutrient limitations, until a biomass con-
centration [X1] has been achieved. From then on, at least one unknown nutrient
becomes limiting, resulting in a sharp drop of the specific growth rate. At a
biomass concentration of [X2] the inhibition slope becomes less steep. At
present, the reason for this change in inhibition pattern is not known, but
possibly a switch in the metabolism of the cells takes place. Another explanation
might be that once the oligopeptides that contain the limiting amino acid are
depleted, the cells start taking up the amino acid under its free form, which is
thought to be less efficient (2, 16, 33).

Depletion of fermentable sugar ([S]) (in grams per liter) and its conversion
into lactic acid ([L]) (in grams per liter) may be modeled as follows:

d�S�/dt � �1/YX/S d�X�/dt � ms [X] (7)

d�L�/dt � �YL/S d�S�/dt (8)

where YX/S is the cell yield coefficient (in grams of CDM per gram of glucose),
mS is the maintenance coefficient (in grams of glucose per gram of CDM per
hour), and YL/S is the yield coefficient for the production of lactic acid (in grams
of lactic acid per gram of glucose). For L. sakei CTC 494, YX/S and mS were
shown to be dependent on both the temperature and pH (20). The value of YL/S

is, however, not significantly influenced by the environment and equals 1.0 g g�1.
Bacteriocin production by L. sakei CTC 494 is a growth-related process,

encompassing simultaneous bacteriocin synthesis and apparent inactivation
through adsorption to the producer cells (20, 21). The bacteriocin activity in the
cell-free supernatant [B], expressed in mega-arbitrary units (MAU) per liter, is
given by the following equation:

�B� � kB d�X�/dt � kinact �X� �B� (9)

where kB is the specific bacteriocin production (in MAU per gram of CDM), and
kinact is the apparent bacteriocin inactivation (in liters per gram of CDM per
hour). For an improved fitting of the bacteriocin data, it was useful to introduce
a minimum biomass concentration for bacteriocin production ([XB]) (in grams of
CDM per liter), below which the value of kB was equal to zero. This makes sense
from a physiological point of view, since bacteriocin production by L. sakei CTC

FIG. 1. Modeled growth inhibition of L. sakei CTC 494 due to
nutrient depletion (�[CNS]) as a function of the amount of biomass
produced (in grams of CDM per liter) in MRS broth at a controlled
temperature of 30°C and pH 6.5. I1 and I2 represent the inhibition
slopes.
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494 is a regulated process which depends on the accumulation of an inducing
peptide. At a certain critical cell density enough inducing peptide is present in
the environment to switch on bacteriocin production (25).

Modeling procedure. In a first step, the �[S] inhibition function (equation 4)
was defined by setting KS equal to 0.01 g of glucose liter�1, which is an acceptable
value for lactobacilli (15, 28). Next, the �[HL] inhibition function (equation 5) was
calculated by fitting of the �max data obtained from 100-ml-scale experiments,
using small bottles of MRS broth with different concentrations of lactic acid. This
�-function expresses the ratio of �max to the optimal value of �max which is
obtained when all remaining factors are kept constant. Finally, for each 10-liter
fermentation experiment, equations 1, 7, 8, and 9 of the model were integrated
with the Euler integration technique in Microsoft Excel (version 7.0) on an
IBM-compatible Pentium II computer. The parameters needed for the modeling
were estimated by manual adjustment until the best fit was obtained. Previously,
the estimation of the various parameters of the model was shown to be a
statistically reliable method (20). The lag phase was modeled as a Heaviside
function which forces the specific growth rate to zero for the duration of this
phase (3, 5). The inhibition function �[CNS] (equation 6) was equal to the residual
growth inhibition that could not be explained by the other inhibition functions.

RESULTS

Inhibition of the growth of L. sakei CTC 494 due to lactic
acid production and sugar limitation. In MRS broth, the ho-
mofermentative lactic acid bacterium L. sakei CTC 494 con-
verts 1 mol of glucose to 2 mol of lactic acid.

Upon accumulation, lactic acid becomes more inhibitory to
the cells. The theoretical maximum concentration of undisso-
ciated lactic acid that still permits cell growth of L. sakei CTC
494 was estimated at 
2.7 g of undissociated lactic acid liter�1,
with an adjusting coefficient n equal to 3.1 (equation 5). A total
lactic acid concentration of 20 g liter�1 corresponded with an
undissociated lactic acid concentration of 0.45 g liter�1 at pH
5.5 and resulted in a growth inhibition of 25% (�[HL] � 0.75).
At pH 6.5, 0.05 g of undissociated lactic acid liter�1 was
present, resulting in a growth inhibition of only 6% (�[HL] �
0.94).

Fresh MRS broth contains 20 g of glucose per liter, available
for bacterial growth. If the residual glucose concentration was
as low as 1.0 g liter�1, growth rate inhibition due to sugar
limitation was not more than 1% (�[S] � 0.99). Even at 0.1 g
liter�1, inhibition did not exceed 9% (�[S] � 0.91).

Inhibition of the growth of L. sakei CTC 494 due to the
exhaustion of nutrients. The effect of sugar limitation and
inhibition by lactic acid production alone could not fully ex-
plain the growth inhibition of L. sakei CTC 494 in MRS me-
dium, especially at pH 6.5, where 99.8% of the lactic acid is
dissociated. It seemed that the toxic action and/or the limited
availability of some other compound(s) was responsible for
major growth inhibition. For this reason, experiments were
carried out using altered initial concentrations of the complex
nutrients source [CNS] of MRS broth. Increase of [CNS]
boosted bacterial growth, while a decrease resulted in a reduc-
tion of cell growth and biomass yield (Fig. 2, 3, and 4).

A single set of [X1], [X2], I1, and I2 values was able to fit L.
sakei CTC 494 fermentations at different salt concentrations (0
and 2% NaCl at 30°C and pH 6.5 [Fig. 3c]; 0, 2, 4, 6, and 8%
NaCl at 25°C and pH 5.5 [results not shown]), indicating that
salt does not significantly affect the inhibition due to nutrient
depletion. Consequently, the amount of nutrients present in
the initial growth medium has the potential to construct a
certain final biomass regardless of the salt concentration.
Moreover, a change in pH from 6.5 to 5.5 did not affect nutri-

ent depletion kinetics at 30°C, nor at 25°C (results not shown).
On the other hand, a change in the initial complex nutrients
availability ([CNS]) profoundly influenced the values of [X1]
and [X2] and of I1 and I2, according to a proportional and an
inversely proportional relation, respectively (Fig. 2). This re-
sulted in a strong effect on biomass yields (Fig. 3b and 4).
Moreover, high temperatures significantly reduced cell yields.
The intersection of the inhibition curve with the abscissa, rep-
resenting the theoretical final cell concentration, decreased
with increasing temperature (Fig. 2). Maximum values of [X1]
and [X2] were obtained at 20°C (0.42 and 0.97 g of CDM
liter�1, respectively). Hence, the same amount of nutrients was
able to produce more biomass at 20°C than at higher temper-
atures, suggesting that the cell construction mechanism is more
efficient at low temperatures.

Substituting meat-based peptone with casein tryptone was
clearly not in favor for the growth of the sausage isolate L.
sakei CTC 494 (Fig. 3d). If the bacteriological peptone and
Lab-Lemco powder of MRS were substituted with equal
amounts of casein tryptone, the same maximum specific growth
rate was observed (0.85 h�1), but nutrient limitations were
much more pronounced. In the latter case, [X1] and [X2] were
equal to 0.12 and 0.30 g of CDM liter�1, respectively, whereas
I1 and I2 equaled 4.25 and 1.00, respectively.

Comparison of the nutrient depletion model with the logis-
tic growth model for L. sakei CTC 494. In previous studies, cell
growth of L. sakei CTC 494 was described with the logistic
equation and was expressed as a function of temperature and
pH (20) and as a function of the concentration of salt and
nitrite (21). Substituting the logistic equation with the mecha-
nistic nutrient depletion model presented in this study led to
significantly higher and more accurate values of �max. Accord-
ing to the nutrient depletion model, the values of the maximum
specific growth rate at 20, 25, 30, and 35°C (constant pH 6.5)
were increased from 0.27, 0.45, 0.56, and 0.71 h�1 (20) to 0.41,
0.67, 0.88, and 0.91 h�1, respectively. This resulted in a con-
siderably better fit of the experimental data points from the

FIG. 2. Modeled growth inhibition of L. sakei CTC 494 due to
nutrient depletion (�[CNS]) as a function of the amount of biomass
produced (in grams of CDM per liter) in tryptone broth at a controlled
pH 6.5 and 30°C (1) and in MRS broth at a controlled pH 6.5 and
controlled temperature of 35°C (2), 30°C (3), 25°C (4), and 20°C (5),
as well as in modified MRS broth with a double complex nutrient
concentration at a controlled pH 6.5 and 30°C (6).
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early exponential growth curve, since, for sufficient fitting of
the data set as a whole, the logistic model led to an underes-
timation of �max (Fig. 5). Moreover, an overestimated initial
biomass concentration had to be assumed (0.030 g of CDM
liter�1). For the nutrient depletion model, this value was re-
duced to 0.014 g of CDM liter�1, which is in perfect agreement
with the actual inoculum size (1% [vol/vol], obtained from a
culture of L. sakei CTC 494 of 1.3 to 1.5 g of CDM liter�1).

Modeling of the bacteriocin production by L. sakei CTC 494.
Initially, at the onset of the fermentation, cells did not produce
bacteriocin, but bacteriocin production was switched on at a
biomass concentration of [XB]. This concentration equaled
0.10 to 0.20 g of CDM liter�1 for all fermentations (Fig. 3 and
4), except at 35°C, where no bacteriocin activity could be de-
tected during the entire fermentation process. The introduc-
tion of the threshold value [XB] into the bacteriocin model led

to an improved fitting of the soluble bacteriocin activity data,
compared to earlier modeling attempts (20, 21). Bacteriocin
activity in the supernatant was dependent on the amount of
producing cells but also on the specific bacteriocin production
kB, i.e., the production per cell, and the apparent bacteriocin
inactivation kinact. As it has been shown previously, the values
of kB and kinact are dependent on the environmental conditions
temperature, pH, and salt concentration (20, 21). This obser-
vation can also be made from the results presented in this study
(Fig. 3 and 4). Furthermore, from the nutrient studies at 25°C
and pH 5.5 presented in this work, it became evident that the
bacteriocin production is also dependent on the complex nu-
trients concentration (Fig. 4c). An increase in biomass due to
higher nutrient availability did not cause a proportional in-
crease of the bacteriocin activity in the supernatant. This was
to be explained by a reduction of the specific bacteriocin pro-

FIG. 3. Cell growth (�, in grams of CDM per liter; F, in log [grams of CDM per liter]), lactic acid production (�, in decagrams per liter), and
bacteriocin activity (�, in MAU per liter) for L. sakei CTC 494 in standard MRS broth (a), MRS broth with a double complex nutrient
concentration (b), MRS broth with 20 g of NaCl liter�1 (c), and tryptone broth (d). All fermentations were carried out at a controlled temperature
of 30°C and pH 6.5. Data points in panel a represent the mean of four repeats. Full lines are according to the model.
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duction at increasing nutrient concentrations. The latter ob-
servation was also made at 30°C and pH 6.5 (Fig 3b). Appar-
ently, in a rich environment the production of high amounts of
defensive bacteriocin molecules is reduced. On the other hand,
a certain minimum nutrient concentration seems to be neces-
sary for optimal bacteriocin activity (Fig. 4c).

DISCUSSION

Sigmoidal growth equations are generally able to describe
the growth of lactic acid bacteria. The logistic equation, used in
our previous work, enabled a satisfactory description of cell
growth by L. sakei CTC 494 (20, 21). However, this approach
had some major drawbacks since it leads to an underestimation
of the initial growth rate, an overestimation of the initial bio-
mass concentration, and a loss of fit in the early and late stages

of the growth curve. Moreover, the logistic model is descriptive
and generates little mechanistic insight. Finally, the assump-
tion that growth inhibition is a continuous process does not
seem to hold in the case of L. sakei CTC 494, since a sudden
shortage of essential nutrients will result in a discontinuous
inhibition pattern. In contrast with the logistic growth model,
the relation between the decline of the growth rate and the
availability of nutrients is not necessarily linear (30).

In this study, a nutrient depletion model was set up as an
alternative to the logistic equation, offering a considerably
better fit of the experimental growth data. The model consists
of a three-step equation, which relates growth inhibition to
biomass concentration, as a measure for the exhaustion of
nutrients. Previously, the growth of L. sakei CCUG 42687 in a
tryptone medium could be divided into four growth phases
based on the profile of the acid production rate (1). Substitut-
ing the logistic equation with the nutrient depletion model
results in an overall model that is no longer purely descriptive,
but one that creates the link between the microbial environ-
ment and the cell growth of L. sakei CTC 494. The nutrient
depletion model distinguishes between the inhibition due to
lactic acid production and the growth reduction due to the
exhaustion of nutrients. Obviously, the self-inhibition �i of
growing L. sakei CTC 494 cells at a certain defined moment of
time is related to the biomass concentration at that moment. In
the case of the logistic equation, �i is indeed approximated by
(1 � X/Xmax), with Xmax being the maximum attainable bio-
mass concentration (in grams of CDM liter�1) for a given set
of environmental conditions. This may be understood by the
fact that the biomass concentration reflects the amount of
lactic acid produced as well as the amount of nutrients con-
sumed. Lactic acid inhibition alone cannot explain the strong
reduction in growth rate by L. sakei CTC 494 over time, espe-
cially at pH values of 6.5, where very few undissociated lactic
acid molecules are present. Likewise, the large amounts of
lactic acid produced by a Lactococcus lactis subsp. lactis strain
were theoretically responsible for only 6% of the overall
growth inhibition in a synthetic MS10 medium (23). In this

FIG. 4. Influence of the initial complex nutrient concentration [CNS] (symbols: ‚, 0.5 [CNS]; E, 1.0 [CNS]; �, 2.0 [CNS]; �, 3.5 [CNS]) on
cell growth (a), lactic acid production (b), and bacteriocin activity (c) for L. sakei CTC 494 in (modified) MRS broth at a controlled temperature
of 25°C and pH 5.5. Data points for 1.0 [CNS] represent the mean of three repeats. Full lines are according to the model.

FIG. 5. Comparison between the logistic growth model and the
nutrient depletion model for a fermentation with L. sakei CTC 494 in
MRS broth at 25°C and pH 6.5.

VOL. 67, 2001 INTRODUCTION OF A NUTRIENT DEPLETION MODEL 4411



work, the depletion of complex nutrients was used as the basis
to model the growth reduction of L. sakei CTC 494 in MRS
broth. An increase of the initial complex nutrients source of
MRS broth does not affect the maximum specific growth rate
but clearly boosts final biomass yields as well as the production
of lactic acid due to a prolonged availability of nutrients. To a
lesser extent, the same observation was made for the exopo-
lysaccharide-producing Streptococcus thermophilus LY03 strain
(6). Manganese and magnesium, which are important minerals
for stimulating the growth of lactic acid bacteria, were shown
to be sufficiently available in MRS broth, allowing growth of L.
sakei CTC 494 without limitations (F. Leroy and L. De Vuyst,
unpublished results). Therefore, the limiting component in
MRS broth is likely to be a vitamin, an amino acid, or a
peptide.

Despite the limitations in cell growth, the amount of nutri-
ents present in MRS broth favors bacteriocin production by L.
sakei CTC 494. Surprisingly, an increase of the cell growth
through addition of higher amounts of nutrients does not lead
to an increase of maximum bacteriocin levels in the culture
supernatant. The increase in the amount of bacteriocin-pro-
ducing cells was counterbalanced by a substantial decrease of
the bacteriocin production per cell. It has been observed pre-
viously that the cultivation of a L. lactis subsp. lactis strain with
a low nutrient concentration supported a higher relative spe-
cific nisin production rate compared with one cultivated with
higher nutrient concentrations (17). The total level of nisin
could not be raised despite the availability of excess nutrients.
Likewise, the specific bacteriocin production of Lactobacillus
amylovorus DCE 471 was reduced if the CNS of MRS broth
was increased (4). Apparently, cells present in a rich environ-
ment reduce their defensive bacteriocin production mecha-
nism, underlying the potential role of bacteriocin production in
natural, competitive, and nutrient-depleted ecosystems. A pos-
sible reason for the microbial behavior in an artificial cultiva-
tion environment is self-protection. High levels of bacteriocin
in the cellular environment might inhibit further bacteriocin
production because of a limited immunity of the producer cells
to their own bacteriocin. In other words, the cells reduce their
bacteriocin production in a way such that a certain critical
plateau activity is not exceeded, to avoid levels of bacteriocin in
the cellular environment that would be toxic to the producer
cells. On the other hand, it was noticed that a too-poor envi-
ronment is harmful for bacteriocin production by L. sakei CTC
494. In this matter, an increase of the yeast extract content of
a tryptone medium increased the specific bacteriocin produc-
tion by L. sakei CCUG 42687 (1), whereas alteration of the
nitrogen source of MRS broth did not seem to affect the
plantaricin production rate by Lactobacillus plantarum
TMW1.25 (18). In view of practical applications, it seems to be
of crucial importance that the bacteriocin-producing strain is
perfectly adapted to the nutrient environment. L. sakei CTC
494, isolated from naturally fermented sausage (14), produces
high amounts of bacteriocin in a meat-like environment (MRS
broth), but bacteriocin production completely fails in a casein
tryptone medium. The latter medium does not offer a nutrient
spectrum that permits good cell growth, nor does it support
bacteriocin production. In conclusion, extremely rich environ-
ments will not necessarily lead to a gain of bacteriocin activity.
An increase of the nutrient availability will increase bacteriocin

production due to improved cell growth, but only until a cer-
tain plateau value is reached. From then on, bacteriocin activ-
ity levels cannot further be increased due to limitations of the
bacteriocin production mechanism, for instance immunity. A
plateau value for the bacteriocin production by L. sakei CTC
494 was noticed earlier for combinations of pH and tempera-
ture (20). There are, however, indications that this character-
istic is widespread in bacteriocin-producing lactic acid bacteria
(17, 19, 26).

The nutrient depletion model presented in this study, to-
gether with the kinetic description of the production of lactic
acid and bacteriocin, permits the description of the in vitro
behavior of the bacteriocin-producing L. sakei CTC 494 strain.
Together with data from earlier presented work (20, 21), these
data improve our understanding of the excellent competitive
features of L. sakei CTC 494 under sausage fermentation con-
ditions (14). This work will make it possible to develop a
semimechanistic, dynamic model to monitor and control sau-
sage fermentation processes. In meat, however, bacteria grow
as microcolonies on the surface of meat particles, suggesting
the need for spatial models.
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