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We investigated the effect of the ecological factors pH, temperature, ionic strength, and lactate, acetate, and
ethanol levels on Candida milleri and two strains of Lactobacillus sanfranciscensis, organisms representative of
the microflora of sourdough. A mathematical model describing the single and combined effects of these factors
on the growth of these organisms was established in accordance with the following criteria: quality of fit,
biological significance of the parameters, and applicability of the in vitro data to in situ processes. The growth
rates of L. sanfranciscensis LTH1729 and LTH2581 were virtually identical under all conditions tested. These
organisms tolerated >160 mmol of undissociated acetic acid per liter. Growth occurred in the pH range of 3.9
to 6.7 and was completely inhibited by 4% NaCl. C. milleri had a lower optimum temperature for growth (27°C)
than the lactobacilli. The growth of the yeast was not affected by pH in the range of 3.5 to 7, and up to 8% NaCl
was tolerated. Complete inhibition of growth occurred at 150 mmol of undissociated acetic acid per liter, but
acetate at concentrations of up to 250 mmol/liter exerted virtually no effect. The model provides insight into
factors contributing to the stability of the sourdough microflora and can facilitate the design of novel
sourdough processes.

Sourdough fermentation is a process to obtain bread from
wheat or rye flours by the combined metabolic activity of lactic
acid bacteria and yeasts. Due to the superior sensory quality
and the prolonged shelf life of the resulting baked goods,
sourdough processes have retained their importance in mod-
ern baking technology (11, 20, 34). These processes are em-
ployed in the production of more than 20% of the bread
produced in Central Europe, France, and Italy and are essen-
tial for a wide variety of specialty products.

Sourdough fermentations are characterized by a stable as-
sociation of yeasts and lactobacilli. In sourdoughs with a tra-
dition of continuous propagation, Lactobacillus sanfranciscen-
sis (37) (“Lactobacillus brevis subsp. lindneri” [30]), Candida
milleri, and Saccharomyces exiguus (anamorphic form: Torulop-
sis holmii) are the predominant microorganisms (1, 26, 35).
The process conditions of traditional fermentations ensure a
high level of metabolic activity for these organisms and permit
the production of breads with sensory qualities superior to
those prepared from pure cultures of lactobacilli or yeasts (33).
The raw materials of bread are essentially flavorless. There-
fore, the formation of flavor compounds relies on endogenous
cereal enzymes, microbial metabolism, and the baking process.
The significant contribution of lactic acid bacteria as well as
yeasts to the formation of aroma volatiles or precursors avail-
able for thermal transformation to aroma compounds is well
established (6, 13, 28).

The adaptation of artisanal processes to new products and
technologies requires profound knowledge of the factors de-
termining microbial metabolism and the stability of the micro-
flora. In order to achieve a balanced metabolic activity of

lactobacilli and yeasts in sourdough, interactions between
these organisms have to be taken into account. Recent re-
search has focused mainly on the metabolism of carbohydrates
and amino acids (3, 10, 31). Little information is available on
the response of the sourdough microflora to the ecological
factors temperature, pH, ionic strength, and accumulation of
metabolic end products. A useful tool to assess the effects of
environmental factors on the growth of microorganisms is the
development of mathematical models that meet the criteria
proposed by Rosso et al. (24): simplicity of the model, biolog-
ical significance of the parameters, applicability, and quality of
fit. Models based on in vitro experiments permit the evaluation
of the single effect of an environmental factor independent of
the choice of raw materials, whereas during in situ fermenta-
tions, usually only the sum of several factors can be evaluated.
Wijtzes et al. (38), Rosso et al. (24), and Cuppers et al. (5) have
validated models describing the combined effects of tempera-
ture and pH, as well as temperature and NaCl concentration,
on microbial growth. It was the aim of our study to expand the
scope of the proposed models to more than two factors, taking
into account the combined effects of pH, temperature, salt
concentration, and accumulation of metabolic end products,
and to use the model to identify the most important factors
contributing to the stable association of lactobacilli and yeasts.

MATERIALS AND METHODS

Organisms and media. The strains used in this study are L. sanfranciscensis
LTH2581 and LTH1729 and C. milleri LTH H198. These organisms were iso-
lated by Böcker et al. (2) from a commercial mother sponge. L. sanfranciscensis
LTH2581 and LTH1729 were differentiated by their carbohydrate fermentation
pattern, plasmid content, and colony morphology on mMRS agar (2). The strains
have been maintained in this sourdough starter for at least 20 years, accounting
for more than 90% of the microflora of that product. The lactobacilli were grown
in modified MRS medium (mMRS) containing the following per liter: 10 g of
tryptone, 5 g of meat extract, 5 g of yeast extract, 2.5 g of maltose, 1.25 g of
fructose, 8 g of KH2PO4, 3 g of diammonium citrate, 3 g of NH4Cl, 0.5 g of
cysteine HCl, 1 g of Tween 80, 6 g of DL-lactic acid (90%), 4.9 g of sodium
acetate z 3H2O, 0.2 mg of MgSO4 z 7H2O, 0.05 g of MnSO4 z H2O, 0.5 mg each
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of cobalamin, folic acid, niacin, pantothenic acid, pyridoxal, and thiamin. The pH
was 5.44 after autoclaving. Sugars were autoclaved separately, and vitamins were
sterilized by filtration. For cultivation of yeast, maltose and fructose were re-
placed by 2.5 g of glucose. To determine the effect of pH, NaCl, ethanol, lactate,
and acetate, the medium composition was changed as follows.

(i) pH. The pH of mMRS media was adjusted to values ranging from 3.5 to 7
with 4 N NaOH or HCl.

(ii) NaCl. mMRS media containing 3.6, 4.8, 7.2, 9.6, 10.8, or 16.2% NaCl
(wt/vol) were diluted with mMRS medium (0% NaCl) to obtain the desired NaCl
concentrations in the ranges of 0 to 4% (for lactobacilli) and 0 to 8% (for yeasts).

(iii) Ethanol. mMRS media were adjusted to a concentration of 6, 8, or 18%
ethanol (vol/vol) and mixed with mMRS medium to obtain ethanol concentra-
tions ranging from 0 to 8%. Media containing ethanol were prepared immedi-
ately prior to inoculation to minimize evaporation losses.

(iv) Lactate and acetate. mMRS media containing 360, 240, or 0 mmol of
acetate or lactate per liter were mixed with mMRS without acetate or lactate to
obtain the desired concentration of acetate and lactate in the range of 0 to 240
mmol/liter. The pH of these media was 4.45.

(v) Combination of the effects of pH, acetate, NaCl, and lactate. The pH of
mMRS media (0 mmol of acetate and lactate per liter) containing 12 g of
K2HPO4 z 3H2O was adjusted to 6.5, 6.0, 5.5, 5.0, 4.5, 4.0, and 3.5 with 0, 22, 49,
78, 91, 140, and 230 mmol of lactic acid/liter, respectively. For each pH level,
media were prepared containing 0, 4, and 8% NaCl (wt/vol). Salt containing
mMRS was diluted with mMRS (0% NaCl) to give NaCl concentrations of 0, 1.8,
2.7, and 4% for lactobacilli and 0, 3.6, 5.3, and 8% for yeasts. The acetate
concentration was adjusted to 0, 30, 60, 90, 120, or 150 mmol of acetate/liter.
Blanks were prepared for each combination of parameters (144 for both lacto-
bacilli and yeasts), and the pH was measured.

Determination of the growth rates. Standardized inocula were prepared by
growing overnight cultures in mMRS broth to exponential growth phase (optical
density at 595 nm [OD595], 0.2 to 0.4). The growth media were inoculated to an
OD595 of ca. 0.001 and incubated at 30°C in microtiter plates. The total volume

was 150 ml, and the media were overlaid with 100 ml of paraffin to achieve anoxic
growth conditions and to avoid evaporation losses of water, ethanol, and acetic
acid. The growth of the organisms was monitored by measuring the OD of the
growth media with a Bioscreen C microbiological analyzer (Labsystems, Frank-
furt, Germany) for automated measuring or a microtiter plate reader, model 450
(Bio-Rad, Munich, Germany). The effects of temperature and pH were studied
by using 15-ml reagent tubes incubated in a water bath at the desired tempera-
ture 6 0.5°C. For OD measurements, the tubes were vortexed and 150-ml
samples were transferred to microtiter plates. The ODs of the cultures were
correlated to cell counts by using the same shaking regimen as that applied in the
measurements. The OD measurements on microtiter plates were correlated to
the cell counts of C. milleri LTH H198 and L. sanfranciscensis LTH2581 and
LTH1729 with correlation coefficients, r2, of 0.972, 0.977, and 0.950, respectively.
The threshold sensitivity of the OD measurements was about 106 cells/ml for
both yeast and lactobacilli. Growth below this threshold level was not recorded
or accounted for as lag-phase growth. Thus, OD measurements are not the most
suitable method to assess the growth of food pathogens or spoilage organisms
but are adequate for modeling the growth of food-fermenting organisms, where
the emphasis is exclusively on growth conditions that allow growth to a high
population density. From each growth curve, the maximum growth rate, mmax,
the lag phase, l, and the asymptote, A, were obtained by fitting the OD readings
to the logistic growth curve (41). SigmaPlot 1.02 software was used for all curve
fit routines.

Model development. The model equations used to describe the effects of
temperature, pH, NaCl, ethanol, lactate, and acetate on the growth of C. milleri
and L. sanfranciscensis are shown in Table 1. All functions were of the form
m(x) 5 mopt g(x). The parameter mopt equals mmax at the growth conditions with
the factor x at its optimum value. The function g(x) describes the response of the
growth rate to changes in the factor x, with values ranging from 0 (no growth) to
1 (optimum growth). The models are valid only in the range of xmin # x # xmax.
This scheme allows the description of the combined effects of the factors x1,
x2, . . ., xn by models of the type m(x1, x2, . . ., xn) 5 mopt z g(x1) z g(x2) z . . . z g(xn).

FIG. 1. Effect of temperature on the mmax values for L. sanfranciscensis LTH2581 (A) and LTH1729 (B) and C. milleri LTH H198 (C). The solid and dashed lines
represent growth rates predicted with models 1a and 1b, respectively. Error bars indicate the standard deviations from the means of two independent experiments. The
shaded area represents the range commonly encountered during sourdough fermentations.

TABLE 1. Model development to describe the effect of temperature, pH, ionic strength, ethanol, acetate,
and lactic and acetic acids on microbial growth

Factor described Equation(s) used Model no. (reference)

Temperature m 5 a z xb z e2c z x 1a (this study)
x 5 Tmax 2 T
=m 5 a z (T 2 Tmin)(1 2 eb(T 2 Tmax)) 1b (40)

pH m 5 mopt

(pH 2 pHmin)(pH 2 pHmax)

(pH 2 pHmin)(pH 2 pHmax) 2 (pH 2 pHopt)
2

2 (24)

Ionic strength m 5 mopt

I~I 2 Imax)

I~I 2 Imax! 2 ~I 2 Iopt!
2

3 (this study)

Ionic strength and ethanol,
acetic acid, acetate, and
lactic acid concna m 5 mopt F1 2 S x

xmax
DaG 4 (21)

a In the equation, x is ionic strength or the concentration of ethanol (in percent) or acetic acid, acetate, or lactic acid (in moles per liter).
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RESULTS

Effect of temperature on growth. The dough temperature is
affected by the temperatures of the raw materials, water and
flour, and the incubation temperature. In practice, these are
not strictly controlled but are subject to changes on a daily and
seasonal basis. The effect of temperature on the growth rates
of L. sanfranciscensis LTH2581 and LTH1729 and C. milleri
LTH H198 is shown in Fig. 1, and the parameter estimates for
models 1a and 1b fitted to the experimental data are compiled
in Table 2. From parameters a, b, and c of model 1a, the
optimum temperature for growth (Topt), mopt, and a9 were
calculated as (Tmax 2 b/c), m(Topt), and a/mopt, respectively
(see Appendix), where Tmax is as defined below. L. sanfrancis-
censis LTH1729 and LTH2581 have Topt values of 33 and 32°C,
respectively, whereas C. milleri grows fastest at 27°C. With
model 1a, the quality of fit was not improved if Tmax was
incorporated as a regression parameter; Tmax was therefore
defined as the lowest temperature above Topt at which no
visible growth occurred after 7 days of incubation. Tmax was
41°C for both strains of L. sanfranciscensis and 36°C for C.
milleri. These values do not differ appreciably from those ob-
tained with model 1b. Model 1a gave the better curve fit results
for all strains except LTH1729. Compared with model 1b,
model 1a gave a poor estimate around the minimum growth-
permitting temperature (Tmin), whereas the prediction of
growth rates around Topt is more accurate. The growth rates of
L. sanfranciscensis LTH1729 and LTH2581 are almost identi-
cal over the entire temperature range, with a higher mopt and a
slightly lower Topt determined for strain LTH2581. In compar-
ison to the lactobacilli, C. milleri has a lower Topt and Tmax.
Sourdough fermentations are commonly performed at temper-
atures between 20 and 28°C. Remarkably, L. sanfranciscensis

and C. milleri exhibit the same response to changes at temper-
atures of ,26°C.

Effect of pH on growth. The initial pH of the sourdough
fermentation ranges from 4.5 to 5.5, depending on the size of
the inoculum. Sourdoughs are acidified to a pH of 3.5 to 3.7.
The effect of pH on the growth rates of L. sanfranciscensis
LTH2581 and LTH1729 and C. milleri LTH H198 is shown in
Fig. 2A; the parameter estimates for model 2 are given in
Table 3. Growth of C. milleri is not affected by the pH in the
range tested, i.e., 3.5 to 7. The model describing growth there-
fore simplifies to m 5 mopt. Remarkably, the same values of
pHmin, pHmax, and pHopt (the minimum, maximum, and opti-
mum pH values for growth, respectively) and thus the same
g(pH) were obtained for the two strains of L. sanfranciscensis.

Effect of ionic strength on growth. The ionic strength of
sourdough is affected by the ash content of the flour, the dough
yield (grams of dough/100 g of flour), and the formula. The
effect of ionic strength on growth was studied by adjusting ionic
strength by the addition of NaCl. The results are shown in Fig.
2B; the models used and the parameter estimates are shown in
Table 3. Model 3 was used to describe the effect of ionic
strength on the growth of L. sanfranciscensis. It is based on
model 2 with Imin 5 0, where Imin is the minimum ionic
strength for growth. As a stimulatory effect of the ionic
strength on the growth of C. milleri was not observed (i.e., Iopt
[optimum ionic strength for growth] and Imin are outside the
range of investigation), the use of model 4 was considered to
be more appropriate. The yeast grows in up to 8% NaCl (I 5
3.2), whereas the growth of lactobacilli is inhibited by 4% NaCl
(I 5 1.9). An increasing ionic strength will therefore inhibit the
growth of lactobacilli to a much greater degree than it inhibits
the growth of yeasts.

FIG. 2. Effect of pH on mmax values for L. sanfranciscensis LTH2581 (E) and LTH1729 (‚) and C. milleri LTH H198 (h) (A) and effect of NaCl addition expressed
as ionic strength on the growth of L. sanfranciscensis LTH2581 and C. milleri LTH H198 (B). The lines represent the predicted growth rates. Error bars indicate the
standard deviations from the means of three independent experiments. The shaded areas represent the ranges commonly encountered during sourdough fermentations.

TABLE 2. Parameter values and correlation coefficients for effect of temperature on growth

Strain

Model 1a Model 1b

Parameter estimates
r2

Parameter estimates
r2

mopt a9 b c Tmax Tmin a b

LTH2581 0.71 0.097 6 0.01 2.0 6 0.1 0.22 6 0.02 0.966 41.0 6 0.1 3.0 6 0.6 0.22 6 0.02 0.032 6 0.001 0.963
LTH H198 0.42 0.029 6 0.007 3.0 6 0.4 0.34 6 0.04 0.967 35.9 6 0.3 8.0 6 1 0.12 6 0.04 0.05 6 0.01 0.949
LTH1729 0.67 0.19 6 0.02 1.5 6 0.1 0.19 6 0.01 0.987 41.0 6 0.07 4.1 6 0.5 0.29 6 0.02 0.031 6 0.001 0.991
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Effects of ethanol, lactate, and acetate. Lactate, acetate,
ethanol, and CO2 are the major metabolic end products of
cofermentations with L. sanfranciscensis and C. milleri. Their
accumulation in the dough may lead to an inhibition of growth
of the microflora. The production of lactate and acetate is
influenced by appropriate technological measures, e.g., buffer-
ing capacity of the dough, aeration, and the addition of citrate
or fructose (12). The effects of ethanol, acetate, and lactate on
microbial growth are shown in Fig. 3; the regression parame-
ters are presented in Table 3. Differences in the mopt obtained
with model 4 for the effects of lactate and acetate reflect
experimental error. The values of maximum lactate concentra-
tion for lactic acid bacteria and yeasts as well as those of
maximum acetate concentration for lactobacilli are not sup-
ported by experimental data. The maximum ethanol concen-
tration is approximately the same for both organisms. For the
yeasts a linear decrease of the growth rate is evident with
increasing ethanol concentration, whereas the growth of L.
sanfranciscensis LTH2581 is affected by ethanol only at con-
centrations of .5%. A more pronounced inhibitory effect of
acetate on the growth of yeasts than on the growth of lacto-

bacilli is evident. The growth of C. milleri was completely
inhibited by 166 mmol of acetate per liter, corresponding to
110 mmol of undissociated acid per liter, while L. sanfranci-
scensis LTH2581 tolerated more than 240 mmol of acetate per
liter. The experimental design does not allow differentiation
between the inhibitory effects of acetate and undissociated
acid. As opposed to acetate, lactate inhibited the growth of
lactobacilli and yeasts to the same degree. As pointed out
above for acetate, the inhibitory effects of lactate and lactic
acid could not be distinguished.

Combined effects of pH, NaCl, lactic acid, acetic acid, and
acetate on growth. It was the intent of the study to verify that
a model of the type m(x1, x2, . . . , xn) 5 mopt z g(x1) z g(x2) z . . . z
g(xn) gives an accurate prediction of the combined effects of
the factors of importance in sourdough on the growth of the
fermentation flora. Therefore, the combined effects of pH,
NaCl, lactate, and acetate were evaluated. The models describ-
ing the single effects of these factors on growth were used to
predict by extrapolation the combined effects of two factors on
appropriate data subsets. The predictions of the combined
effects of pH and ionic strength on L. sanfranciscensis

FIG. 3. Effect of ethanol (A), acetate (B), and lactate (C) on mmax of L. sanfranciscensis LTH2581 (E) and C. milleri LTH H198 (h). The lines represent the growth
rates predicted with model 4. Error bars indicate the standard deviations from the means of three independent experiments. The shaded areas represent the ranges
commonly encountered during sourdough fermentations.

TABLE 3. Parameters and correlation coefficients for growth effects of single factors

Factor and
model Strain

Parameter estimatesa

r2

mopt pHmin pHopt pHmax

pH
2 LTH2581 0.72 6 0.02 3.94 6 0.05 5.47 6 0.05 6.67 6 0.05 0.979
2 LTH H198 0.33 6 0.02 n.v. n.v. n.v. 0
2 LTH1729 0.66 6 0.02 3.90 6 0.06 5.53 6 0.06 6.64 6 0.05 0.966

Ionic strength
3 LTH2581 0.356 6 0.006 0.960

4 LTH H198 0.30 6 0.03 0.935

Ethanol concn
4 LTH2581 0.36 6 0.01 0.942
4 LTH H198 0.29 6 0.3 0.843

Acetate concn
4 LTH2581 0.24 6 0.01 0.813
4 LTH H198 0.29 6 0.01 0.960

Lactate concn
4 LTH2581 0.22 6 0.01 0.839
4 LTH H198 0.32 6 0.01 0.682

a Parameter estimates are shown in boldface if the values of xmax calculated were outside the factor range applied in the assays. n.v., not valid.

Imax Iopt
1.80 6 0.04 0.64 6 0.03

xmax a
3.9 6 0.4 1.0 6 0.3

8.12 6 0.05 9.5 6 1.5
8.2 6 0.9 1.0 6 0.3

0.28 6 0.02 3.2 6 0.8
0.166 6 0.006 1.9 6 0.3

0.28 6 0.02 2.2 6 0.5
0.36 6 0.06 2.9 6 0.9
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LTH2581 and acetic acid and ionic strength on C. milleri LTH
H198 are compared to the experimental data in Fig. 4A and
4B, respectively. The value of r2 was 0.829 for LTH2581 and
0.880 for LTH H198. The experimental design allows distinc-
tion between the inhibitory effects of acetic acid and acetate as
well as between those of lactic acid and lactate, because several
concentrations of undissociated acid-sodium salt were tested at
different pH values. Thus, the data were fitted to an expanded
model taking into account the combined effect of these factors.
The models used and parameters obtained are compiled in
Table 4; plots of the observed growth rates against the pre-
dicted growth rates are shown in Fig. 5. The values determined
for pHopt, pHmax, and Iopt (LTH2581) and Imax (maximum
ionic strength for growth; LTH2581 and LTH H198) corre-
spond to those determined for the single effects of the factors
on growth (Table 3). The pHmin determined for L. sanfrancis-
censis LTH2581 was slightly higher (4.16 versus 3.94) than that
determined for the single effect of pH on growth. This devia-
tion can be explained by the experimental design, as pH values
between 3.9 and 4.1 were not evaluated. The growth of C.
milleri is completely inhibited by 150 mmol of acetic acid per
liter, while the inhibitory concentration of acetate was about 10
times higher. It is of special interest that growth inhibition of L.
sanfranciscensis was correlated to acetate concentration, with
little or no effect of the undissociated acid.

DISCUSSION

The experimental design used in this study has several lim-
itations with respect to conditions during sourdough fermen-
tations: (i) in practice, fermentations are not performed under
static conditions for environmental factors; (ii) the differences
in nutrient supply between mMRS medium and wheat or rye
doughs may alter the response of the microorganisms to these
factors; and (iii) the microflora of the dough may be affected by
antagonistic or synergistic interactions such as competition for

nutrients or by release of nutrients by extracellular enzymes
during growth in mixed culture. Therefore, the model predic-
tions require careful validation by comparison with data from
sourdough fermentations.

The parameter estimates for the effect of temperature on
the growth of L. sanfranciscensis and C. milleri determined in
our work are in good agreement with literature data. Böcker et
al. (1) and Spicher (29) reported that strains of L. sanfrancis-
censis have a Topt in the range between 30 and 37°C. C. milleri
and S. exiguus do not grow at temperatures above 35°C (17,
39). The observation that L. sanfranciscensis LTH2581 and
LTH1729 and C. milleri LTH H198 exhibit the same response
to temperatures below 26°C provides an explanation for the
stable association of these organisms in a sourdough for more
than 20 years (2). Our data are furthermore in agreement with
the “baker’s rule” that low temperatures during sourdough
fermentations (20 to 26°C) are better for yeast growth than
higher temperatures (30).

Sourdoughs usually are prepared without the addition of
salt; nevertheless, several processes that make use of the in-
corporation of 2 to 5% NaCl in the sourdough have been
developed (30). Our data are consistent with the observations
of Röcken et al. (22) and Gianotti et al. (9) that increasing
dough yields leads to faster acidification of doughs. The addi-
tion of salt may alter the composition of the microflora, be-
cause C. milleri is much less sensitive to salt than the strains of
L. sanfranciscensis. Yeast growth in dough may even be stim-
ulated by the addition of NaCl. In agreement with this assump-
tion, it was observed that the addition of NaCl to wheat doughs
inhibited the growth of lactic acid bacteria while it exerted a
stimulating effect on yeast (9). We expressed the salt concen-
tration as ionic strength rather than water activity. This was
considered justified on the basis of the results of Dossmann
(7), who observed a more pronounced growth inhibition of
Lactobacillus sakei if NaCl replaced glycerol for adjusting the
water activity to values ranging from 0.92 to 0.99.

FIG. 4. Three-dimensional plot of observed growth rates (F) versus surfaces of predicted growth rates. Observed growth rates are taken from data subsets for the
evaluation of combined effects; calculated growth rates were extrapolated with the models describing single effects. (A) L. sanfranciscensis LTH2581; (B) C. milleri LTH
H198.

TABLE 4. Parameters and correlation coefficients for the effects of combined factors on growtha

Strain Model mopt

g(pH)

pHmin pHopt pHmax

L. sanfranciscensis LTH2581 mopt z g(pH) z g(I) z g(Ac2) 0.68 6 0.02 4.16 6 0.06 5.43 6 0.03 6.68 6 0.08
C. milleri LTH H198 mopt z g(I) z g(HAc) z g(Ac2) z g(HLac) 0.52 6 0.01

a Ac2, acetate; HAc, acetic acid; HLac, lactic acid; DOF, degrees of freedom. Parameter estimates are shown in boldface if the xmax values calculated were outside
the factor range applied in the assays.
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The response of L. sanfranciscensis to changes in pH de-
scribed in this study is in accordance with the original species
description of Kline and Sugihara (15), who reported a pHopt
of about 5 and a pHmin between 3.6 and 4.0. We observed that
the growth of lactobacilli is favored over yeast growth at pH
values of .4.5, corresponding to the first stage of dough fer-
mentation. L. sanfranciscensis does not grow below pH 3.8,
indicating that the pH is a decisive growth-limiting factor for
this organism in sourdough. This conclusion is confirmed by
the observation that factors increasing the buffering capacity of
the dough do not alter the final pH of the fermentation but
result in a higher content of lactic acid (23, 25). The parameter
estimates describing the pH effect on the growth of L. sanfran-
ciscensis LTH1729 and LTH2581 are strikingly similar, sug-
gesting that the stable coexistence of these organisms in the
same substrate is explained in part by their identical growth
rates. The finding that the pH has little effect on the growth of
C. milleri is in accordance with our earlier observations of a
cereal-based growth medium (8).

During sourdough fermentation, acidification is achieved by
the production of lactate and acetate to levels of 100 to 200
mmol/liter and 40 to 60 mmol/liter, respectively. The lactate
content is determined by the buffering capacity of the sour-
dough, and the acetate content depends on the availability of
substrates used as electron acceptors by the lactobacilli (12).
Heterofermentative lactobacilli including L. sanfranciscensis
tolerated up to 250 mmol of acetate and lactate per liter in rye
and wheat doughs (18, 23). Because lactate and acetate pro-
duction by lactobacilli has various effects on microbial growth,
i.e., increase of ionic strength, decrease of pH, and additional
effects of undissociated organic acids, it is necessary to distin-
guish between these effects. Remarkably, the growth of L.
sanfranciscensis was not inhibited by undissociated acetic acid.

The growth of C. milleri was strongly inhibited by acetic acid,
and was inhibited to a much lesser extent by lactic acid. The

inhibitory concentrations of these organic acids are in good
agreement with our earlier studies of a cereal-based medium,
rye bran extract (8). Increased acetate contents of sourdough
resulting from technological measures such as those proposed
by Röcken et al. (22) and Martinez Anaya et al. (18) are
therefore likely to result in the inhibition of yeast growth. The
acetate tolerances of other sourdough yeasts such as T. holmii
were reported to be in the same range as that of C. milleri LTH
H198 (36).

Certain strains of heterofermentative lactobacilli are known
to grow at ethanol concentrations as high as 18% (4). Because
the ethanol concentration in doughs does not exceed 1%, it is
unlikely to exert an inhibitory effect on lactobacilli but may
contribute to the inhibition of yeast growth. Unlike the meta-
bolic end products lactate, acetate, and ethanol, CO2 does not
accumulate in the dough during fermentation but rather is
dissolved in equilibrium to a 100% CO2 athmosphere. As the
liquid media used in our work were overlaid with paraffin, the
conditions matched those of sourdough fermentation, and a
possible effect of CO2 on the growth of C. milleri and L.
sanfranciscensis was not further considered. L. sanfranciscensis
is known to grow optimally at a CO2 atmosphere of 25 to
.90% (15).

The model used in this study to describe the combined
effects of several factors on growth is based on the hypothesis
that the cardinal parameters of growth for a given factor are
independent of the values of any other factor and of the me-
dium composition. Therefore, all parameters with the excep-
tion of mopt, and thus g(x), should be independent of the
medium composition. This hypothesis is supported by the sat-
isfactory quality of fit obtained by extrapolation of single ef-
fects to the combined effect of different factors. Wijtzes et al.
(38) demonstrated that the cardinal parameters of tempera-
ture and pH for Lactobacillus curvatus are independent of each
other. A possible influence of salt concentration on the Topt

FIG. 5. Plot of observed growth rates versus growth rates predicted with the model for the combined effects. (A) L. sanfranciscensis LTH2581; (B) C. milleri LTH
H198.

TABLE 4—Continued

g(I) g(Ac2) g(HAc) g(HLac)
r2 (DOF)

Imax Iopt a Ac2
max a HAcmax a HLacmax a

1.97 6 0.09 0.45 6 0.03 1.0 6 0.5 0.8 6 0.3 0.887 (104)
3.2 6 0.2 1.4 6 0.2 1.5 6 0.2 0.71 6 0.2 0.15 6 0.03 1.3 6 0.2 0.18 6 0.02 4 6 1 0.951 (80)
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values for five fungi was suggested by Cuppers et al. (5). These
authors nevertheless preferred a model that neglected this
effect of NaCl on Topt. However, there are limitations to the
use of g functions to describe the combined effects of environ-
mental factors on microbial growth. For example, the addition
of cationic compatible solutes, e.g., betaine and choline, de-
creased the inhibitory effect of NaCl on the growth of Lacto-
bacillus plantarum (14); thus, g(NaCl) and not mopt has been
modified by the medium composition.

The importance of antagonistic and synergistic interactions
between yeasts and lactobacilli based on the metabolism of
carbohydrates and amino acids was emphasized by Gobbetti
and Corsetti (10). However, sourdough yeasts do not affect the
cell yield of L. sanfranciscensis in sourdough (8, 27, 32). This is
consistent with the conclusion that under practical conditions
the pH is the limiting factor for growth of lactobacilli. The
maltose, amino acid, and peptide concentrations are not de-
pleted during sourdough fermentations in wheat or rye doughs
(16, 19, 31). Maltose is the preferred carbon source for L.
sanfranciscensis but is not utilized by either C. milleri or S.
exiguus (12). The cell yield of C. milleri and S. exiguus is greatly
reduced in the presence of lactobacilli both in wheat and in rye
doughs (8, 27). The accumulation of metabolic end products of
the heterolactic fermentation inhibits the growth of these
yeasts in sourdough. The glucose concentration in rye flours
and whole-wheat flours remains high enough to support yeast
growth throughout the fermentation (19, 23). Fermentations
that employ white wheat flours as the raw materials are char-
acterized by low concentrations of glucose, and small amounts
of lactic acid are produced because of the low buffering capac-
ity. In these doughs, depletion of glucose and fructose may
occur and limit the growth of yeasts (19, 27).

Generally, the predictions made with the model are in good
agreement with the literature data on dough available, indicat-
ing that the most important factors contributing to the micro-
bial stability of sourdough fermentations have been taken into
account. A more detailed verification of the model in situ is in
progress. The model allows the assessment of factors contrib-
uting to the stable association of lactobacilli and yeasts in
traditional sourdough fermentations, and it can therefore pro-
vide important information for the design of novel sourdough
processes.

APPENDIX

With m(x) 5 axbe2cx, differentiation yields
dm

dx
5 axbe2cx(b/x 2 c).

With e2cx 5y 0 for any x, the function has a maximum at x 5 b/c,
corresponding to (Tmax 2 Topt). Substitution of m(b/c) 5 mopt and
a9mopt 5 a into model 1a gives m(x) 5 mopt a9xbe2cx.
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1. Böcker, G., P. Stolz, and W. P. Hammes. 1995. Neue Erkenntnisse zum
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