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Streptococcus thermophilus 1.Y03 is a yogurt strain producing the same exopolysaccharide material in both
milk and MRS broth. Actually, two types of exopolysaccharides are produced simultaneously. The two exopo-
lysaccharides are identical in monomer composition (galactose and glucose in a 4:1 ratio) but differ in
molecular size. Gel permeation chromatography revealed a high-molecular-mass exopolysaccharide (1.8 x 10°)
and a low-molecular-mass exopolysaccharide (4.1 X 105). Both exopolysaccharides can be isolated from the
fermentation broth separately. The proportion in which they are produced is strongly dependent on the
carbon/nitrogen ratio of the fermentation broth. A shift from a high-molecular-mass exopolysaccharide to a
low-molecular-mass exopolysaccharide was observed with increasing initial complex nitrogen concentrations.
All necessary biokinetic parameters to study the kinetics of S. thermophilus 1.Y03 fermentations were obtained
from a mathematical model which describes both S. thermophilus 1.Y03 growth and exopolysaccharide produc-
tion and degradation. The model is valid with various initial complex nitrogen concentrations and can be
applied to simulate exopolysaccharide production in a milk medium.

Several lactic acid bacteria (LAB) are capable of forming
sugar polymers or exopolysaccharides (EPS) (3). EPS pro-
duced by LAB consist of one sugar type (either glucose or
fructose) such as dextran, mutan, levan, and alternan or are
composed of different sugar monomers and classified as het-
eropolysaccharides. The latter group of EPS, containing two or
more different types of monosaccharides (glucose, galactose,
rhamnose, etc.) or their derivatives (for instance, N-acetyl
amino sugars) can be produced by either mesophilic or ther-
mophilic LAB (3, 4, 8). Although there have been recent in-
vestigations to unravel the structure (2, 12, 18, 19, 22, 27, 32,
33, 34, 35, 37, 40, 41), biosynthesis (11, 16), and molecular
organization (13, 37, 39) of EPS, their production kinetics have
not been studied as completely (9, 15, 24, 38). EPS from LAB
are, however, of interest for their potential application in the
food industry as texturizers, viscosifiers, and syneresis-lowering
agents because of their pseudoplastic rheological behavior and
water-binding capacity (3, 4, 38). Furthermore, they have two
major advantages for their industrial use: first, they have a
GRAS (generally regarded as safe) status and, second, they
can be produced either in vitro, i.e., in a fermentor followed by
the appropriate downstream processing (use as food additive),
or in situ, i.e., in the food matrix during transformation of milk
to yogurt (use of EPS-producing LAB starter cultures). The
latter application mode is of utmost importance, since the
thermophilic LAB strains Lactobacillus delbrueckii subsp. bul-
garicus and Streptococcus thermophilus are used in the fermen-
tation of milk to produce yogurt. The addition of stabilizers of
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plant or animal origin to natural yogurts is prohibited in most
European Union countries.

S. thermophilus 1.Y03, a strain isolated from an industrial
yogurt starter culture, produces in milk enriched with yeast
extract and peptone an EPS composed of the neutral sugars
glucose and galactose in a 1:4 ratio (9). It was shown that EPS
production strongly depends on the physical culture conditions
used, i.e., temperature, pH, and oxygen tension (9), and on the
carbon/nitrogen ratio applied (9). It was further shown that
EPS production by S. thermophilus 1.Y03 displays primary me-
tabolite kinetics (9). This implies that it will be possible to
improve EPS yields through enhancement of microbial growth
and cell yield.

We describe here the influence of carbon/nitrogen ratios on
EPS production by S. thermophilus LY03 in a customized MRS
medium at a controlled optimal temperature and pH. It is
shown that in MRS broth the same EPS is produced as in
enriched milk medium. It is further shown that S. thermophilus
LYO03 produces a high-molecular-mass and a low-molecular-
mass EPS, the proportion of which is dependent on the carbon/
nitrogen ratio of the fermentation medium. A model is pre-
sented describing both S. thermophilus 1Y03 growth and EPS
production. The model is valid with various initial complex
nitrogen concentrations and can be applied to simulate EPS
production in a milk medium.

MATERIALS AND METHODS

Microorganisms and media. S. thermophilus LYO03, a strain isolated from an
English industrial yogurt starter culture (9) was used for all experiments. This
strain was stored at —80°C in MRS broth (Oxoid, Basingstoke, England) con-
taining 25% (vol/vol) glycerol. Before experimental use, the bacteria were prop-
agated twice in MRS broth at 42°C for 12 h. A customized MRS broth was used
as basic production medium; it contained (in grams - liter ~!): lactose, 75; Lab-
Lemco (Oxoid), 8; K,HPO,, 2; sodium acetate, 5; triammonium citrate, 2;
MgSO, - 7TH,0, 0.2; MnSO, - H,0, 0.038; and Tween 80 (1 ml - liter ). Peptone
and yeast extract (further referred to as initial complex nitrogen source) were
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FIG. 1. Fermentation profile of S. thermophilus LY03 for a fermentation carried out in MRS medium at a constant temperature of 42°C, a constant pH of 6.2, an
initial lactose concentration of 10.0%, and an initial complex nitrogen concentration of 2.8%.

used in a 2.5:1.0 ratio at concentrations varying from 14 to 70 g - liter !,

depending on the experiment.

Inoculum preparation. The fermentor inoculum was always prepared in two
steps. First, a test tube containing 10 ml of customized MRS broth, which was
similar to the production medium used in the fermentation experiment after-
wards, was inoculated with 100 pl of a freshly prepared S. thermophilus 1Y03
culture. After 12 h of incubation at 42°C, it was used to inoculate an Erlenmeyer
flask containing 100 ml of production medium. After 12 h of growth at 42°C in
an unshaken Erlenmeyer flask, this second preculture was used to inoculate the
fermentor.

Fermentation runs. All fermentations were carried out in 15 liters (working
volume, 10 liters), with computer-controlled (MicroMFCS for Windows NT
software) and in situ sterilizable laboratory fermentors (Biostat C; B. Braun
Biotech International, Melsungen, Germany). Sterilization was performed at
121°C for 20 min; lactose was autoclaved separately (20 min at 121°C) and
aseptically pumped into the fermentor. The fermentors were inoculated with 1%
(vol/vol) of a preculture, which was prepared as described above. The pH was
controlled at a fixed value of 6.2 by automatic addition of 10 N NaOH. Tem-
perature was kept constant at 42°C. Agitation was performed at 100 rpm to keep
the fermentation broth homogeneous. Production media with different yeast
extract, peptone, and lactose concentrations were used to study the influence of
the carbon/nitrogen ratio on S. thermophilus 1Y03 growth and the production of
EPS.

Sampling and off-line analysis. Samples were aseptically withdrawn from the
fermentor to determine cell number (in CFU), cell dry mass (CDM), EPS
content (polymer dry mass [PDM]), lactic acid concentration (LA), galactose
concentration (Gal), and residual lactose concentration (S) as described else-
where (9); pH and base supply were monitored on-line.

EPS were isolated as described previously (9), except that distinction was made
between high-molecular-mass and low-molecular-mass EPS. Therefore, the first
EPS precipitation with an isovolume of acetone and recovery of the floating
fraction by spinning (further referred to as high-molecular-mass EPS fraction as
experimentally determined by gel permeation chromatography [see below]) was
followed by centrifugation (25,000 X g, 30 min, 4°C) of the remaining liquid to
collect the suspended polysaccharide material (the so-called low-molecular-mass
EPS fraction as experimentally determined by gel permeation chromatography
[see below]). Both fractions were dried overnight at 42°C and weighed sepa-
rately. Monomer analysis was performed as described previously (9).

Molecular mass estimation. The molecular masses of the floating (the so-
called high-molecular-mass EPS fraction) and the pelleted (the so-called low-
molecular-mass EPS fraction) EPS fractions were estimated by gel permeation
chromatography (Sephacryl S-500 column; Pharmacia, Uppsala, Sweden). A
dextran standard series (molecular masses of 2.7 X 10°, 4.1 X 10, 6.7 X 10°,
7.5 X 10°, 1.0 X 10°, and 1.8 X 10°) was used. Ammonium hydrogen carbonate
(0.05 M) at a flow rate of 2 ml - min~' was used as an elution buffer. Samples
were collected in 8.5-ml fractions. All collected fractions were tested for their
EPS content by using the anthrone spectrophotometric method (36).

Computer modelling and parameter calculation. All model simulations were
performed on an IBM-compatible Pentium PC. The model equations were
integrated by Euler integration by using Microsoft Excel version 7.0. All mod-

elled parameters were calculated by using the least-squares method, for which
the difference between modelled and experimental values is reduced to a mini-
mum.

RESULTS

Production and characterization of EPS produced by S.
thermophilus 1.Y03 in MRS broth. Screening for EPS-produc-
ing strains with different media and carbon sources showed
that (enriched) milk was the only medium applicable for EPS
production by S. thermophilus under nonoptimized conditions
(9). S. thermophilus 1Y03 produces a heteropolysaccharide
composed of galactose and glucose (4:1 ratio). Under optimal
physical (pH, temperature, and oxygen tension) and chemical
(carbon/nitrogen ratio) environmental conditions, maximal
yields of approximately 550 mg of PDM - liter ! were obtained
in enriched milk (9). Applying those optimal physical and
chemical conditions, EPS production could also be observed in
MRS broth (containing either 75 or 100 g of initial lactose per
liter and 28 g of initial complex nitrogen source per liter con-
sisting of 20 g of peptone and 8 g of yeast extract per liter),
even in higher concentrations (922 and 822 mg of PDM per
liter, respectively, for biomass concentrations of 3.49 and 429 g
of CDM per liter, respectively) than the ones observed in the
“classical” milk production medium (9). The fermentation car-
ried out in customized MRS broth with an initial lactose con-
centration of 100 g - liter ! and an initial complex nitrogen
concentration of 28 g - liter ' is represented in Fig. 1. Expo-
nential growth (w,,. = 1.50 h™%; 72 = 0.999) took place during
about 4 h; a maximal biomass concentration of 4.29 g of CDM
per liter was obtained. During this active growth phase, EPS
biosynthesis occurred. The product yield coefficients Ygpg/s
and Ygpgx, calculated from the PDM and the lactose con-
sumption or CDM, respectively, were 0.017 g of PDM - g of
lactose ! and 0.192 g of PDM - g of CDM !, respectively. The
monosaccharide composition (galactose/glucose in a ratio of
4:1) of the EPS produced remained constant during the entire
biosynthesis phase. Initiation of the stationary phase coincided
with an immediate decrease of the EPS level, indicating a
drastic degradation during this period. However, this EPS pro-
file represents only the course of the high-molecular-mass EPS
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TABLE 1. Influence of the carbon/nitrogen ratio on growth and
EPS production by S. thermophilus LY03 in MRS medium
with a constant initial lactose concentration of 7.5%

c H —1
Initial N X (g of EPS,,.° (mg of PDM liter ')

concn CDM (hlf‘in)a’{ 2 (sampling time [h])

(%) liter™) ’ HMM LMM  HMM + LMM
140 409 1.12(0.988) 410(9.75) 207 (24.00) 592 (12.50)
210 393 1.11(0.999) 445(12.50) 454 (24.00) 789 (15.50)
280 349  1.38(0.998) 922(8.00) 340 (7.25) 922 (8.00)
420 432 1.14(1.000) 821 (8.50) 766 (10.00) 1,142 (7.00)
5.60 4.76 1.14 (0.976) 700 (12.25) 699 (24.00) 833 (12.25)
700 401 081(0.997) O(NR) 901 (1850) 901 (18.50)

“ The initial complex nitrogen consisted of a constant peptone/yeast extract
ratio of 2.5:1.0. All fermentations were carried out in a Biostat C fermentor for
24 h at a constant temperature of 42°C and a controlled pH of 6.2. X, biomass
concentration; HMM, high molecular mass; LMM, low molecular mass; NR, not
relevant.

® Wmax is the maximal specific growth rate calculated from CDM measure-
ments (r? is the correlation coefficient and is shown in parentheses).

¢ EPS,,,.x is the maximal value for PDM achieved at the sampling time.

fraction; the total EPS yield is higher (see below). Lactic acid
accumulation increased during the stationary phase as a result
of maintenance metabolism. However, a discrepancy can be
observed between the amount of lactic acid produced (too
high) and the amount of galactose secreted (too low) from the
mid-exponential phase upon further fermentation. This phe-
nomenon was also observed during milk fermentations (9) and
indicates a possible conversion of galactose into lactic acid,
since galactose (derived from lactose) is supposed to be se-
creted stoichiometrically with the uptake of lactose (20) and is
not used for EPS biosynthesis (7). Indeed, after ca. 16 h of
fermentation, the amount of galactose secreted in the fermen-
tation liquor decreases slightly, while lactic acid production
increases more rapidly than can be derived from the consump-
tion of lactose. Because of the high amount of residual lactose
(2.5%) at the end of the fermentation with 100 g of lactose
liter !, 75 g of lactose liter " was used for further fermenta-
tions (residual lactose concentration of approximately 1.0%).
In the latter case the biokinetic parameters p,,,. Ygps/s, and
Yeps/x averaged 1.38 h™! (* = 0.998), 0.019 g of PDM - g of
lactose ~!, and 0.264 g of PDM - g of CDM !, respectively.

Since the initial complex nitrogen concentration remained
constant, whereas the initial lactose concentration varied in the
fermentations mentioned above, it is clear that the carbon/
nitrogen ratio influences the EPS yield, as was also the case in
a milk medium (9). To study the influence of the carbon/
nitrogen ratio on S. thermophilus 1 Y03 growth and EPS pro-
duction in detail, fermentations were carried out with various
initial nitrogen concentrations (peptone and yeast extract in a
2.5/1.0 ratio) and an optimal initial lactose concentration of
7.5% (Table 1). A maximal EPS yield of 1,142 mg of PDM per
liter could be obtained if an initial lactose concentration of
7.5% and an initial complex nitrogen concentration of 4.2%
(3.0% peptone plus 1.2% yeast extract) was applied. This value
is ca. 50% higher than those reported in the literature for S.
thermophilus (4). It was further remarkable that no EPS ma-
terial could be harvested at an initial complex nitrogen con-
centration of 7.5%. However, it could be shown that in the
latter case only low-molecular-mass EPS material was pro-
duced (see below).

Differentiation of high- and low-molecular-mass EPS. It
could be shown that S. thermophilus 1.Y03 produces two EPS
fractions which could be isolated separately, i.e., as a floating
fraction and as a pelleted fraction (see Materials and Meth-
ods). The monomeric compositions of the two fractions were
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compared and shown to be identical; i.e., galactose and glucose
were in the same 4:1 ratio as was described previously for the
EPS produced by this strain in a milk medium (9). Both frac-
tions were applied to a gel permeation column and showed
differences in molecular size (Fig. 2). The determination of the
molecular masses of the EPS preparations has been carried out
for different medium compositions (MRS medium with 7.5%
lactose, 3.0% peptone, and 1.2% yeast extract; MRS medium
with 7.5% lactose, 4.0% peptone, and 1.6% yeast extract; and
a medium with 10% skimmed milk powder, 1.0% peptone, and
0.5% yeast extract) and at different time points of the fermen-
tation course (i.e., the middle and end of the exponential-
growth phase). The gel permeation chromatograms were com-
parable for all cases. The fraction that was easily isolated by
spinning (the floating EPS material) possessed a molecular
mass of 1.8 X 10° whereas the pelleted fraction isolated only
after centrifugation possessed a molecular mass of 4.1 X 10°.
In addition, the proportion of these EPS fractions was depen-
dent on the carbon/nitrogen ratio (Table 1). Indeed, a quan-
titative and detailed investigation of different S. thermophilus
LYO03 fermentations indicated that a shift from high- to low-
molecular-mass EPS occurred in S. thermophilus LY03 fermen-
tations with increasing initial complex nitrogen concentrations.
However, both EPS fractions were produced simultaneously.
At an initial complex nitrogen concentration of 7.5%, only
low-molecular-mass EPS material was produced (Table 1).
When the production course of these EPS fractions was com-
pared during the active growth phase, it was remarkable that in
all other cases the level of the low-molecular-mass fraction
increased when that of the high-molecular-mass fraction de-
creased, indicating a possible breakdown of the high-molecu-
lar-mass EPS fraction. However, degradation of the low-mo-
lecular-mass EPS fraction also occurred. Isolation of both
fractions from two different, independent fermentation exper-
iments carried out in the same medium and under the same
environmental conditions resulted in almost the same profile
for high- and low-molecular-mass EPS titers. As a result, the
total amount of EPS decreased slightly during the stationary
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FIG. 2. Gel permeation chromatography of the floating (HMM EPS, high-
molecular-mass EPS fraction) and the pelleted (LMM EPS, low-molecular-mass
EPS fraction) EPS material isolated from a S. thermophilus 1.Y03 fermentation.
The fermentation mentioned here was carried out in MRS medium containing
7.5% lactose and 5.6% complex nitrogen at a constant temperature of 42°C and
a constant pH of 6.2. The curves show the optical density (at 620 nm) of 8.5-ml
fractions after determination of the reducing sugar content by the anthrone
spectrophotometric method. The dextran standards with molecular masses of
4.1 X 10° and 1.8 X 10° are displayed.
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phase, but a major EPS fraction always remained unchanged
upon further fermentation; this fraction is referred to as EPS,.

Model development. The dynamic growth equation used to
describe growth of S. thermophilus L'Y03 is given by equation 1:

dx X
a = M’maxX 1 - Xmax (1)

where X represents the CDM concentration (in grams per
liter), w,.. represents the maximum specific growth rate (per
hour), and X, is the highest obtainable CDM concentration
(in grams per liter). This is a commonly used equation to
describe the growth of LAB (1, 21, 26, 29, 30). This logistic
equation can be considered a mathematical description of the
growth-associated production of an inhibitory product such as
lactic acid (26). Another point of view could be that the fer-
mentation broth contains components used as carbon and ni-
trogen sources by the bacteria which are more favored for
growth than others, resulting in a decreased specific growth
rate during the fermentation course and a limited maximum
obtainable cell mass concentration (X, (21).

Lactose consumption is described by the following mainte-
nance energy model (31):

ds 1 dx
dt - Vs ar X @)
where S is the lactose concentration (in grams per liter), Yy,g
is the cell yield coefficient (in grams of CDM per gram of
lactose), and myg is the maintenance coefficient (in grams of
lactose per gram of CDM per hour).

S. thermophilus 1Y03 imports lactose via a lactose-galactose
antiporter transport system and does not ferment galactose
(20). This results in a galactose efflux during growth and main-
tenance of the bacteria, described by the following equation:

dGal 1 ds X
dt — Yggu dt ©)

where Gal is the galactose concentration (in grams per liter)
and Y, is the yield coefficient for galactose (in grams of
lactose consumed per gram of galactose excreted). Since S.
thermophilus 1Y03 does not use galactose as a carbon source,
1 mol of lactose consumed should result in 1 mol of galactose
excreted, which means that Yy, should be 2 g- g~

Since S. thermophilus LY03 is a homofermentative LAB
strain, the lactic acid production can be given by equation 4

dLA 1 dS A
a YS/LAa )

where LA is the lactic acid concentration (in grams per liter)
and Yy, A is the yield coefficient for lactic acid (in grams of
lactose consumed per gram of lactic acid produced). The latter
should be 2 g - g~ . Indeed, lactose is hydrolyzed into glucose
and galactose in equimolar ratios. Each mole of glucose which
is then metabolized through glycolysis results in 2 mol of lactic
acid. This explains why on-line monitoring of base consump-
tion can simulate lactic acid production and hence lactose
consumption.
The EPS production and degradation can be simulated by

dEPS =k dX'fX<X’ 5
de Mgt ®)

and

APPL. ENVIRON. MICROBIOL.

120.00
100.00 __
=)
E
80.00 o
— 7
g &
= 6000 2
° <
4000 -
=
[0
12000 @

: ; 0.00

0 5 10 15 20 25 30

time (h)

FIG. 3. Simulation of the experimental data of an S. thermophilus LY03
fermentation in MRS medium containing 10.0% lactose and 2.8% complex initial
nitrogen at a constant temperature of 42°C and a constant pH of 6.2. Experi-
mental values are indicated as follows: @, CDM (in grams liter—'); #, total PDM
(in milligrams liter~'); A, residual lactose concentration (in grams liter™'); +,
lactic acid produced (in grams liter™'); and A, galactose excreted (in grams
liter™!). Concomitant simulated data are indicated by solid lines.

dEPS .
“d - —ky(EPS — EPS,)) if X>X" orS =10 (6)
respectively, where EPS is the total concentration of PDM (in
milligrams per liter), k; is the specific EPS formation (in mil-
ligrams of PDM per gram of CDM), k, is the EPS degradation
rate (per hour), EPS, is the concentration of the total EPS
fraction (in milligrams of PDM per liter) which remains unaf-
fected in the fermentation broth upon prolonged fermentation,
and X" is the critical CDM concentration at which the EPS
production ceases (in grams per liter). Equation 5 describes
the production of EPS as a growth-associated product if the
biomass concentration has not reached X’ yet. After this crit-
ical biomass concentration is reached, EPS degrades and the
PDM level drops to a certain constant level (EPS,), since it was
observed that a major EPS fraction always remained unat-
tached in the fermentation broth. This degradation is de-
scribed by equation 6 as a first-order reaction.

Simulation. The use of the above-described mathematical
model enabled the simulation of the data of the S. thermophilus
LYO03 fermentations as well as the estimation of relevant bio-
kinetic parameters. Modelled data fit experimental values
quite well (Fig. 3). Indeed, for all relevant biokinetic parame-
ters (Wmaxw Yyss» Ms, Ky, and ky) and fermentation characteris-
tics (Xmaxs X' EPS a0 and EPS)), only small differences were
observed. For the maximal specific growth rate (w,,.,), a value
of 1.28 h™' was obtained from the model, while the value
calculated from the experimental data was 1.50 h™'. Yy, mg,
k;, and k, were modelled as 0.085 g of CDM - g of lactose ',
0.16 g of lactose * g of CDM ' - h™!, 270 mg of PDM - g of
CDM ™, and 0.40 h™*, respectively. Comparable small vari-
ances were also observed for X,,.; 4.29 g of CDM liter " was
obtained from the experimental data and 4.50 g of CDM li-
ter~! was calculated from the model. For EPS,,, values of 912
mg of PDM liter ! (experimental data) and 1,018 mg of PDM
liter ! (modelled value) and for EPS, values of 776 mg of
PDM liter ! (experimental data) and 770 mg of PDM liter !
(modelled value) were obtained. X" was modelled as 3.80 g of
CDM liter '. All these data indicate that the proposed model
is very appropriate to simulate S. thermophilus LY03 EPS fer-
mentations in MRS broth.
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TABLE 2. Modelled values of the biokinetic parameters for growth and EPS production of S. thermophilus L'Y03“

Initial N Pmax KXmax (g of Yys (g of mg (gof Sgof ki (mgof PDM  EPS,,, (mg of ky () EPS, (mg of X' (gof
concn (%) (h™') CDMliter™!) CDMgofS™) CDM 'h™Y) g of CDM ™) PDM liter 1) d PDM liter™!)  CDM liter ')
1.40 1.4 3.9 0.075 0.16 143 543 0.05° 400 38
2.10 1.2 4.1 0.075 0.16 190 769 0.10° 500 4.0
2.80 1.4 4.0 0.080 0.16 260 972 0.60 890 3.7
4.20 1.4 4.5 0.095 0.16 320 1,209 0.40 900 38
5.60 1.6 4.9 0.095 0.16 195 906 0.60 700 4.6
7.00 1.5 4.0 0.072 0.16 225 909 0.50 824 4.0

“The pma (maximal specific growth rate), X, (maximal attainable biomass concentration), Yy,s (cell yield coefficient based on substrate consumption), mg
(maintenance coefficient based on substrate consumption), X’ (critical biomass concentration), k; (specific EPS formation), EPS,,,, (maximal EPS yield), k4 (EPS
degradation rate), and EPS, (residual EPS concentration) are given. These values were obtained from simulations of S. thermophilus 1Y03 fermentations carried out
at a constant temperature of 42°C and a constant pH of 6.2 in MRS medium with various initial complex nitrogen source concentrations (from 1.4 to 7.0% with a

constant peptone/yeast extract ratio of 2.5:1.0) and a constant initial lactose concentration (7.5%).

 Based on a limited number of data points.

Influence of the C/N ratio on bacterial growth. For increas-
ing initial complex nitrogen concentrations at a constant initial
lactose concentration of 7.5%, the maximal specific growth
rate (ca. 1.4 h™') did not vary substantially (Table 2). For the
cell maintenance requirements, a constant value of 0.16 g of
lactose - g of CDM ™+ - h~! was observed for all fermentations.
In contrast, the cell yield coefficient Y 4 increased with higher
initial complex nitrogen concentrations (Table 2). For all fer-
mentations carried out, a constant residual lactose concentra-
tion of approximately 15 g - liter " was observed. An initial
complex nitrogen concentration of approximately 5.0% can be
seen as an optimal value for bacterial growth. The highest ob-
tainable CDM concentration (X,,,,) parallels the Yy, changes
(Table 2). The X, Pmax and Yy values seem to have an
upper limit. For the fermentation carried out with 7.0% of the
initial complex nitrogen source, Yy,s dropped to a value of
0.7 g of CDM - g of lactose ™ '; also, X, and p,.. were lower
in this case.

For the yield coefficients Yy, and Y1 , constant values of
2.2 g of lactose - g of galactose ' and 1.8 g of lactose - g of lactic
acid !, respectively, were applied in the model. These values,
different from the theoretical ones (cf. model development),
seemed to be appropriate for modelling galactose excretion
and lactic acid formation in all experiments. They confirm the
hypothesis of conversion of galactose into lactic acid by S. ther-
mophilus LY03.

Influence of the C/N ratio on EPS production. The influence
of the C/N ratio on EPS production was studied by estimation
of the relevant parameters such as k., EPS_ .., EPS_, k,, and X'.
The specific EPS formation constant (k;) is significantly influ-
enced by increasing amounts of initial complex nitrogen. This
value increased to a maximal value of 320 mg of PDM - g of
CDM ! at an initial complex nitrogen concentration of 4.2%
and then declined for fermentations with higher initial complex
nitrogen concentrations (Table 2). The same tendency was
observed for the maximally observed total EPS yield (EPS,,,.,)
and the levels of EPS, (Table 2). This result underlines the
importance of the carbon/nitrogen ratio for EPS production.
For X', the cell concentration at which the EPS production
ceases, no significant variations were observed for different
initial complex nitrogen concentrations. This is not surprising,
since bacterial growth did not display significant changes at the
end of the exponential-growth phase in all cases, and hence the
EPS production always reached a maximum at almost the same
moment in time because of the constant initial lactose concen-
tration (7.5%) determining growth. This, together with the low
variation between the X, values, resulted in constant X’
values. For kg, again no major changes were observed (Table
2). A value of 0.5 h™' resulted in the best fits.

Simulation of S. thermophilus 1.Y03 milk fermentations. To
use the above-developed model to simulate EPS production
(which is growth associated) during milk fermentations, a cor-
relation was first established between cell synthesis (biomass
formation in grams of CDM per liter) and cumulative base
consumption (correlated with lactic acid production and hence
a measure of cell growth). Indeed, it is difficult to carry out
CDM determinations in complex media such as milk; usually,
the cell number or the cumulative base consumption is mea-
sured to monitor growth (9). To establish the correlation be-
tween biomass formation and cumulative base consumption,
the experimental data of all the above-mentioned MRS fer-
mentations were used. The results are represented in Fig. 4. A
second-order correlation could be established (to determine
the best-fit line). By using this second-order correlation, cell
growth in milk can be simulated and hence also the course of
EPS production, since the latter is linked to the former (see
equation 5). An example of an S. thermophilus 1. Y03 fermen-
tation in enriched milk containing 10.0% skim milk powder
enriched with 1.0% peptone and 0.5% yeast extract at a con-
trolled temperature of 42°C and a pH of 5.5 is given in Fig. 5.
Because the simulation of EPS biosynthesis represents the
total EPS material (both the high- and the low-molecular-mass
EPS fractions), a deviation can occur between modelled and
experimental data, since only the high-molecular-mass frac-
tions could be isolated from the complex milk medium exper-
imentally. However, the double-peak fermentation profile re-
ported earlier (9) is not apparent, since a low yield of high-

5
45 ] A
A
4 |
ferm. 1
= 35 - *
= 5 Ao X m ferm 2
o = ferm. 3
& 251 X A )
ﬁ 5 x ferm 4
£ [ x ferm.5
o 15 correlation
1
05 |
ol

0,00 10.00 20.00 30.00 40.00
cumulative base consum ption (ml/l)

FIG. 4. Correlation between the cumulative base consumption and the bio-
mass formation for fermentations carried out with S. thermophilus LY03 in
different MRS media at a constant temperature of 42°C and a constant pH of 6.2.
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FIG. 5. Simulation of a S. thermophilus LY03 fermentation at a constant
temperature of 42°C and a constant pH of 5.5 in enriched milk medium (10.0%
skim milk powder, 1.0% peptone, 0.5% yeast extract). The simulations for cell
growth, total EPS production, residual lactose concentration, lactic acid produc-
tion, and galactose secretion are represented by solid lines. The concomitant
experimental data are indicated as follows: ®, CDM (in grams liter ) simulated
according to the cumulative base consumption (cf. correlation in Fig. 4); ¢, PDM
(in milligrams liter~'); A, residual lactose content (in grams liter'); +, lactic
acid (in grams liter™!); A, galactose (in grams liter ™ ').

molecular-mass EPS seems to be compensated for by a high
yield of low-molecular-mass EPS. The maximal amount of EPS
was modelled as 356 mg of PDM liter ! (the sum of low- and
high-molecular-mass EPS fractions), which perfectly coincides
with the experimental value of 352 mg of PDM liter ' (high-
molecular-mass EPS) (9). This indicates that at this maximum
for EPS production in milk, the fraction of low-molecular-mass
EPS is almost zero. The average maximal specific growth rate
(modelled value = 1.30 h™*; experimental value = 1.60 h™') is
comparable to the results in MRS broth (1.40 h™"). The cell
yield coefficient Yy s (modelled value = 0.090 g of CDM - g of
lactose ™) and the maintenance coefficient mg (modelled
value = 0.08 g of lactose - g of CDM ' - h™ ') deviate from the
values of the MRS fermentations (0.075 g of CDM - g of
lactose ™! and 0.016 g of lactose - g of CDM ™! - h™!, respec-
tively). These values indicate a lower energy demand for main-
tenance metabolism in milk medium and hence a more appro-
priate nitrogen source for cell synthesis. A lower EPS yield may
indicate the presence of too little nitrogen in milk to stimulate
EPS production. The modelled values of EPS degradation rate
and residual EPS fractions averaged 0.21 h™' and 300 mg of
PDM liter ', respectively. These values are lower than those
obtained in MRS broth under comparable conditions (cf. Ta-
ble 2).

DISCUSSION

S. thermophilus 1.Y03 is a yogurt strain producing an EPS of
the heteropolysaccharide type consisting of galactose and glu-
cose in a 4:1 ratio (9). From gel permeation chromatography
data it can be concluded that S. thermophilus 1Y03 produces
two types of EPS simultaneously: a high-molecular-mass EPS
(molecular mass of 1.8 X 10°) and a low-molecular-mass EPS
(molecular mass of 4.1 X 10°). Both EPS can be isolated from
the fermentation broth separately. The proportion in which
they are produced is strongly dependent on the carbon/nitro-
gen ratio of the fermentation broth. This was observed after
detailed analysis of the fermentation profile and quantifying
the separate EPS fractions through PDM determinations.
Analysis of the EPS content from fermentation samples with
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the commonly used spectrophotometric methods does not dif-
ferentiate between EPS fractions with respect to monomer
composition or molecular size. Also Marshall et al. (25) found
that Lactococcus lactis subsp. cremoris LC 330 produces two
EPS simultaneously: an EPS with high molecular mass (>1.0 X
10°) and one with low molecular mass (1.0 X 10%), both with a
different monomer composition. In contrast to the high-mo-
lecular-mass EPS, the production of the low-molecular-mass
EPS was not influenced by the fermentation conditions (nitro-
gen limitation). Analysis of the EPS produced by Lactobacillus
delbrueckii subsp. bulgaricus NCFB 2772, cultivated in a che-
mostat, also results in high-molecular-mass (1.7 X 10°) and
low-molecular-mass (4.0 X 10%) EPS fractions, the proportion
of which is dependent on the nature of the carbon source
without any alteration of the monomer composition (17). Fi-
nally, Cerning (3) concluded that S. thermophilus strains pro-
duce two different EPS simultaneously, with molecular masses
of 2.0 X 10° and 3.5 X 10*. Because of the identical monomer
compositions, she postulated that the latter one is a degrada-
tion product of the former.

The same production kinetics as those already observed in a
milk medium (9) were again established in the customized
MRS medium. Again, EPS was produced associated with
growth, reaching a maximum at the beginning of the stationary
phase. However, it could now be shown that the earlier de-
scribed local high-molecular-mass EPS minimum, most often
observed before the maximum occurs, was compensated for
with an increase of low-molecular-mass EPS. Biosynthesis of
the latter EPS fraction is most probably induced by a varying
carbon/nitrogen ratio. Considering the totals of both fractions,
the EPS production curve increased almost parallel with
growth. It dropped to a constant level after it reached a max-
imum at the end of the exponential-growth phase.

This is the first study presenting a mathematical model to
describe the growth and EPS production kinetics of LAB,
particularly S. thermophilus. The model was developed by using
some well-known metabolic LAB characteristics, namely, (i)
increase of the biomass according to a logistic equation, (ii)
non-growth-associated substrate consumption (maintenance
metabolism), and (iii) homofermentative production of lactic
acid (1, 21, 26, 29, 30). EPS production was described by using
primary metabolite kinetics (9). After a critical biomass con-
centration is reached, EPS degradation takes place. This could
be described by a first-order reaction. This model allowed the
description of S. thermophilus 1.Y03 growth, lactose consump-
tion, galactose excretion, lactic acid formation, and EPS pro-
duction in all of the cases tested. All relevant biokinetic pa-
rameters could be estimated, and it was shown that the carbon/
nitrogen ratio has a major effect on EPS production.

Considering the constant maximum specific growth rates,
the constant cell maintenance value, and the constant residual
lactose concentrations for fermentations carried out with in-
creasing initial complex nitrogen concentrations and a constant
initial lactose concentration, it can be concluded that increas-
ing the initial complex nitrogen concentrations had little effect
on the bacterial growth. Nevertheless, these maximum specific
growth rates are quite high, indicating that milk is a good
growth medium and can be linked to the rather low mg values.
It has been shown before with LAB that growth rate and
maintenance metabolism are indeed inversely correlated (28).
Limited X .\, lmaxw and Yy g values can be explained by the
fact that some growth-limiting factor must begin to play an
important role when the initial complex nitrogen concentration
is increased. This factor can be seen as the formation of some
growth-inhibiting component (other than lactic acid) or the
lack of a necessary medium component other than nitrogen
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and lactose. Even sterilization of such high nitrogen concen-
trations can be responsible for the formation of some “toxic”
components and hence growth-limiting conditions. The one
exception with the highest nitrogen concentration can be ex-
plained by the same “growth-inhibiting” conditions. Further-
more, one can conclude that cell maintenance requirements
(based on lactose) are not limited by the high lactic acid con-
centrations. The data also indicate that less energy (substrate
consumption) is needed to obtain the same biomass concen-
tration with an increasing initial complex nitrogen concentra-
tion. In addition, although S. thermophilus is a homofermen-
tative bacterium, both yield coefficients Yy, and Yy, » differ
from their theoretical values (1.8 and 2.2 g - g ', respectively,
instead of 2.0 g - g~ ! for both). The only explanation for this
can be found in the fact that small amounts of galactose are
used as an energy source and are thus converted into lactic
acid. We do not know at present the factor responsible for this
phenomenon, although induction of galactose metabolism as a
result of a variation of the carbon/nitrogen ratio during the
growth cycle might be one explanation.

On the other hand, the initial complex nitrogen concentra-
tion drastically influences EPS production kinetics. The C/N
ratio clearly influences specific EPS production; the k; doubled
when higher initial complex nitrogen concentrations were ap-
plied. However, the increase of k; and the maximal EPS yield
(EPS,,..x) were limited. This limitation of maximal EPS yield
was also observed in milk medium (9). It has indeed been
shown that some vitamins may affect the production of EPS
relative to cell growth (14). The increase of the specific EPS
formation (k;) can partly be explained by the increasing bio-
mass yield coefficient Yy, since less energy is required to
achieve the same biomass concentration so that more energy
becomes available for EPS biosynthesis. This is in contrast to
some literature data stating that EPS production displays sec-
ondary metabolite kinetics (3, 4). Finally, a shift from high-
molecular-mass EPS towards low-molecular-mass EPS was ob-
served for increasing initial complex nitrogen concentrations, a
phenomenon which cannot be explained by the current knowl-
edge of EPS production mechanisms.

EPS degradation often takes place upon prolonged incuba-
tion; this may be due to glycohydrolase activity (5, 6, 12, 23).
However, a large EPS fraction remained unaffected in the
fermentation broth; this fraction, denoted by EPS, in the
model, paralleled perfectly the maximum EPS yield and the
specific EPS production. It seems that degradation takes place
at a constant rate, confirming the hypothesis that EPS degra-
dation would only depend on physical factors such as temper-
ature and pH (9), thus indicating the presence of an EPS-
degrading enzyme.

If all of the knowledge of EPS production kinetics are con-
sidered, the above-described mathematical model could be
applied to simulate S. thermophilus LY03 growth and EPS
production behavior in milk fermentations. This is important
when applications of EPS-producing LAB starter strains in
fermented milk production are being considered. Extending
the model, taking into account all possible influences on
growth and EPS production, will further contribute to the
improvement of EPS production by S. thermophilus strains.

The influence of C/N ratios on EPS production by S. ther-
mophilus LY03 in a customized MRS medium at a controlled
optimal temperature and pH were described here. It is shown
that in MRS broth the same EPS is produced as in enriched
milk medium. It is further shown that S. thermophilus 1.Y03
produces a high-molecular-mass and a low-molecular-mass
EPS fraction, of which the proportion is dependent on the
carbon/nitrogen ratio of the fermentation medium. A model is
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presented describing both S. thermophilus LY03 growth and
EPS production. The model is valid with various initial com-
plex nitrogen concentrations and can be applied to simulate
EPS production in a milk medium.
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