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Abstract Exopolysaccharide (EPS) production and the
activities of the enzymes involved in sugar nucleotide
biosynthesis in Lactobacillus helveticus ATCC 15807
under controlled pH conditions were investigated. Batch
fermentations using lactose as energy source showed
higher EPS synthesis by L. helveticus ATCC 15807 at pH
4.5 with respect to pH 6.2, the enzyme α-phosphogluco-
mutase (α-PGM) being correlated with both total and
specific EPS production. When glucose was used as carbon
source instead of lactose, the lower EPS synthesis obtained
was linked to a decrease in α-PGM and galactose 1-
phosphate-uridyltransferase (GalT) activities, the reduction
of the latter being more pronounced. Higher EPS produc-
tion by L. helveticus ATCC 15807 at the acidic constant pH
of 4.5 requires that both α-PGM and GalT activities are
high. These enzymes are needed to synthesize UDP-glu-
cose and UDP-galactose for supplying the corresponding
monomers for EPS biosynthesis. Although differences are
observed in EPS production by this strain regarding the
energy source (lactose or glucose), the monomeric compo-
sition of the polymers produced is independent of the car-
bohydrate used. The obtained results contribute to a better
understanding of the physiological factors that affect EPS
biosynthesis by lactobacilli, which could help in the correct
handling of the fermentation parameters within the fer-
mented dairy industry.

Introduction

Among the wide variety of exopolysaccharide (EPS)-
producing microorganisms, lactic acid bacteria (LAB) have
gained much attention because of their GRAS (generally
recognized as safe) status, a sine qua non condition for
the exploitation of food-grade fermented products. Either
mesophilic (Lactobacillus casei, L. rhamnosus, L. para-
casei, L. sakei, Lactococcus lactis subsp. lactis, Lcc. lactis
subsp. cremoris) or thermophilic (Streptococcus thermo-
philus, S. macedonicus, Lactobacillus delbrueckii subsp.
bulgaricus, L. acidophilus, L. helveticus) LAB are able to
synthesize polysaccharides. These biopolymers have their
most important applications in the dairy industry, by im-
proving the texture, rheology and “mouthfeel” of ferment-
ed milks (especially in stirred and low-fat yoghurts) and
eliminating the use of food additives to achieve new market
demands (De Vuyst and Degeest 1999; Duboc and Mollet
2001). For many years, dairy processors have exploited the
differences among ropy strains of EPS-producing LAB to
produce a variety of fermented milks with unique textural
properties (Duboc and Mollet 2001). Although yoghurt
manufacture remains the most important commercial ap-
plication of these polymers within the food industry some
attempts have recently been made to introduce EPS-pro-
ducing strains as culture adjuncts to improve low fat and
partly skim milk cheeses (Broadbent et al. 2001). Thermo-
philic EPS-producing starters and/or adjunct cultures have
been used in the manufacture of reduced-fat and low-fat
Mozzarella cheeses in order to increase moisture retention
(Perry et al. 1997). It has been observed that fat removal has
undesirable effects on the physical properties of Mozzarel-
la cheese, which becomes tough and rubbery, loses its pli-
ability rapidly upon cooling and requires more heat for
melting (McMahon and Oberg 1998). These undesirable
changes, due to the lower moisture level in the cheese
(Merrill et al. 1994), can be solved by including EPS-
producing strains in the starter cultures. However, the
presence of EPS in cheese increases the viscosity of whey
and thereby retards the efficiency of membrane process-
ing, slowing down whey protein concentration during the
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drying steps (Petersen et al. 2000). Therefore, it is im-
portant that the EPS produced by LAB adsorbs tightly
onto the bacterial cells rather than being released into
the whey. A rational selection of EPS-producing LAB is
fundamental to improving the rheological and textural
properties of fermented foods.

A large biodiversity of EPS from LAB exists, with
respect to their yields, monomer compositions, molecular
masses and functionalities (Vaningelgem et al. 2004), the
EPS rheological properties being influenced not only by
the amount of polymer produced but also by the structures
and molecular mass (Faber et al. 1998; Ruas-Madiedo et al.
2002; Tuinier et al. 2001). These characteristics are depen-
dent on specific and non-specific enzymes, encoded in eps
gene clusters—either plasmid- or chromosome-located—
and in chromosomal housekeeping genes. The enzymes
involved in the biosynthesis of the EPS precursors or
building blocks, well known as sugar nucleotides, belong
to the latter group. In recent years, several researchers have
demonstrated a correlation between EPS production, the
activity of the sugar nucleotide-biosynthesizing enzymes
and the monomers present in the EPS repeating units, al-
though differences among strains have been reported (Boels
et al. 2001; Degeest et al. 2001a,b; Degeest and De Vuyst
2000; Escalante et al. 1998, 2002; Grobben et al. 1996;
Levander and Radström 2001; Mozzi et al. 2001, 2003).
Thus, the Leloir enzyme UDP-galactose 4-epimerase plays
an essential role in the EPS synthesis by L. casei CRL 87
in batch fermentations at constant pH (5.0) when galactose
is used as sugar source (Mozzi et al. 2003). Degeest and De
Vuyst (2000) reported a correlation between the ∝-phos-
phoglucomutase, UDP-galactose 4-epimerase and UDP-
glucose pyrophosphorylase activities and EPS production
in the strain S. thermophilus LY03.

L. helveticus is an industrially important starter micro-
organism used for the elaboration of semi-hard cheeses,
such as Grana and Provolone (Fortina et al. 1998). For the
manufacture of Mozzarella cheese, this microorganism is
used in combination with S. thermophilus (Broadbent et al.
2001; Perry et al. 1997). The ropy strain L. helveticusATCC
15807 is able to synthesize a high molecular mass EPS
(1.8×106 Da) composed of glucose and galactose (2:1)
when grown in milk cultures (Torino et al. 2000). This
microorganism produces higher amounts (247–549 mg
ml−1) of polymer under acidic culture conditions (pH 4.5–
5.0) with respect to the values obtained at a more alkaline
pH (6.2) when grown at 37°C in milk (Torino et al.
2001).

In order to better understand the biochemical basis
determining EPS synthesis in L. helveticus ATCC 15807
under optimum growth conditions, the aim of this work
was to investigate polymer production in a simplified
culture medium and to determine its relation with the sugar
nucleotide-biosynthesizing enzymes at constant pH.

Materials and methods

Microorganism and culture conditions

L. helveticus ATCC 15807 was obtained from the culture
collection of the Centro de Referencia para Lactobacilos
(San Miguel de Tucumán, Argentina). Before experimental
use, cultures were propagated (2%, v/v) in basal medium
(BM) containing (per liter distilled water): 10.0 g peptone
(Britania), 15.0 g triptone (Oxoid, New York, N.Y.), 5.0 g
yeast extract (Britania), 1.0 g Tween 80, 0.05 g MnSO4·
4H2O, 3.5 g CaCl2 and either lactose or glucose (Britania,
Buenos Aires, Argentina). The strain was sub-cultured on
each carbohydrate at least twice just prior to experimental
use. The microorganism was stored at −20°C in reconsti-
tuted skim milk (10%, w/v) containing 10% (v/v) glycerol,
0.5% (w/v) yeast extract and 1% (w/v) glucose.

Fermentation conditions

Batch cultures were carried out in a 2.0-l BioFlo fermentor
(New Brunswick Scientific Co., Edison, N.J.) with a work-
ing volume of 1.8 l. Agitation was applied at 100 rpm, the
temperature was maintained at 37°C and the pH was kept
automatically at 4.5 or 6.2 with either 1 M HCl or NH4OH
(both sterile). Lactose, glucose and CaCl2·2H2O were ster-
ilized separately (20 min at 121°C) and then added to the
fermentor vessel aseptically. The 16-h culture was washed
twice with sterile saline solution (NaCl 0.85%, w/v), sus-
pended in 10 ml saline solution and added to the fer-
mentation vessel until an optical density at 560 nm (OD560)
of 0.1 [about 107 colony-forming units (cfu) ml−1] was
reached. Fermentation was allowed to proceed for 30 h;
and samples were aseptically withdrawn from the fermen-
tation vessel at 0, 8, 12, 16, 24 and 30 h incubation and
cooled immediately on ice before the following assays
were performed: cell growth (OD560), cell viability [cfu
ml−1; using the plate dilution method in MRS agar plates
(MRS: Britania, Argentina; plus agar, 13 g l−1) incubat-
ed at 37°C for 48 h] and EPS production (see below).
The enzyme activities were determined at 12 h and 24 h
fermentation.

All fermentations were carried out in duplicate indepen-
dent experiments and the shown results represent the mean
of the obtained data.

Isolation, purification and characterization of EPS

EPS were isolated by the two-step deproteination–precip-
itation technique described by de Vuyst et al. (1998), but
ethanol was used instead of acetone. The isolated EPS
were re-dissolved in distilled water, neutralized to pH
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7.0–7.5 with 0.1 M NaOH and dialyzed against distilled
water at 4°C for 48 h. The amount of polysaccharides
(mg l−1) was estimated by the phenol/sulfuric acid method
(Dubois et al. 1956), subtracting the amount of EPS-re-
acting material from the non-inoculated culture medium.
Specific EPS production (Yp/x) was calculated dividing the
EPS production (p) by the dry cell biomass produced (x),
and was expressed as mg EPS mg−1 biomass.

The EPS were lyophilized, re-suspended in 1 ml distilled
water and applied to a Sepharose 4B (Sigma, Mo.) column
for purification and determination of their molecular mass
(MM). For this purpose, the column was calibrated with a
mixture of dextrans (Sigma) with MM of 39, 73, 515 and
2,000 kDa, at a concentration of 0.25 mg ml−1 each. The
MM of the EPS was determined by plotting the log of the
dextrans MM against the elution volume (Mozzi et al.
1996). The EPS were eluted with 0.05 M Tris-HCl buffer
(pH 7.0) and 2-ml fractions were collected at a flow rate of
0.1 ml min−1.

Collected purified samples were freeze-dried, re-sus-
pended in distilled water and hydrolyzed with 2 N tri-
fluoroacetic acid (final concentration) in sealed tubes at
100°C for 3 h. The hydrolyzed EPS were freeze-dried and
re-dissolved in ultra-pure water (MilliQ water; Millipore,
Cape Cod, Mass.). The impurity concentration was lower
than 5 ppm at a concentration of 100 μg ml−1. Monomer
analysis was carried out by high-performance anion ex-
change chromatography (HPAEC) with a CarboPac PA 10
column (Dionex). The monomers were eluted with 18 mM
NaOH at a fixed flow rate of 1 ml min−1. Pulsed am-
perometry (electromechanical detector ED 40, Dionex)
allowed simultaneous detection of sugars and sugar deriva-

tives (fucose, rhamnose, galactosamine, glucosamine, ga-
lactose, glucose, mannose, fructose).

EPS isolation and characterization were performed in
duplicate independent experiments. The estimated error of
the EPS isolation technique was within a range of 10–20%.

Preparation of cell-free extracts

Batch cultures of L. helveticus ATCC 15807 grown in BM
medium at pH 4.5 and pH 6.2 for 12 h and 24 h at 37°C (as
stated above) were harvested by centrifugation at 10,000 g
for 10 min at 4°C and the cells were washed twice and re-
suspended in cold 10 mM potassium phosphate buffer (pH
6.8) containing 5 mMMgCl2. Cells were disrupted by glass
beads, debris was removed by centrifugation (10,000 g,
10 min, 4°C) and the supernatant fluid was used as the
cell-free extract. The amount of protein in cell extracts was
estimated according to Bradford (1976), using bovine serum
albumin as standard. Cell-free extracts were maintained on
ice and immediately used for enzyme activity determinations.

Enzyme activities

All in vitro assays were performed in a volume of 1.0 ml in
1.0-ml polystyrene cuvettes at 37°C in a Cecil 2021 spec-
trophotometer (Cecil Instruments Ltd., Cambridge, UK)
with freshly prepared cell-free extracts. The formation or
disappearance of NAD(P)H was monitored by measuring
the absorbance at 340 nm (ɛ340: 6.22 M−1 cm−1). The
protein content of cell-free extracts was determined using
the method of Bradford (1976). The specific enzyme

Fig. 1 Left EPS production by L. helveticus ATCC 15807 at pH 4.5 (●) and pH 6.2 (❍) in BM broth. Right Cell viability (■,▲) and OD560
(□, △) at pH 4.5 (squares) and pH 6.2 (triangles)
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activity was expressed as nmol changed min−1 mg−1 cell
protein.

Galactose 1-phosphate-uridyltransferase activity (GalT)
was determined by the method of Kuruhashi and Anderson
(1958). Concentrations of phosphoglucomutase and glu-
cose-6-phosphate dehydrogenase had to be increased by
a factor of ten to give detectable enzyme activities
(Bettenbrock and Alpert 1998).

The uridine diphosphate (UDP)-glucose pyrophos-
phorylase (GalU) and UDP-galactose 4-epimerase (GalE)
assays were determined as described by Grobben et al.
(1996).

The α-phosphoglucomutase (PGM) assay was per-
formed as described by Looijesteijn et al. (1999).

All enzymatic measurements were carried out at least in
triplicate and results were expressed as mean values with
standard deviations.

Results

EPS production by L. helveticus ATCC 15807
at constant pH

L. helveticus ATCC 15807 showed a similar growth
behavior regarding the values of μmax (0.34–0.36 h−1),
maximal cell viability (5×108–3×108 cfu ml−1) and OD560

(5.5–4.5) obtained in BM broth at constant pH 4.5 and pH
6.2, respectively (Fig. 1). The main difference between the
cultures was the sudden decrease (two log units) in the cell
viability detected after 30 h incubation at the more acidic
pH (4.5).

EPS production by this strain started during the log
growth phase at both pH values and reached the maximal
amount during the stationary phase of growth. Polymer
synthesis was 2.9-fold higher at pH 4.5 (280 mg l−1) than at
pH 6.2 (97 mg l−1); and a slight decrease in the total EPS
amount was observed after 24 h fermentation at pH 6.2.

EPS characterization: monomer composition and MM

In BM broth, L. helveticus ATCC 15807 produced a high
MM EPS (1.2–1.9×106 Da) at both tested pH, a partial
degradation being observed after 24 h incubation in both
cases (Table 1). HPAEC analysis of the hydrolyzed sam-
ples showed that the EPS were composed of glucose and
galactose in a molar ratio of 2.0:1.0, results that are in
agreement with the 1H-NMR spectroscopy analysis of the
polymer samples isolated from fermented milk (unpub-
lished data). Moreover, the sugar composition of the EPS
was not modified by the carbon source when L. helveticus

Fig. 2 Biosynthetic pathway of
the sugar nucleotides UDP-
galactose and UDP-glucose in
the EPS production by L. hel-
veticus ATCC 15807 from glu-
cose, lactose and galactose

Table 1 Molecular mass (MM) and monomer composition of the
EPS produced by L. helveticus ATCC 15807 in BM medium at pH
4.5 and pH 6.2. The growth phases were: exponential (7–8 h) and
stationary (20–24 h). ND Not determined

pH Growth phase MM
(×106 Da)

Monomer ratio
(glucose:galactose)

4.5 Exponential 1.9 2.0:1.0
Stationary 1.5 ND

6.2 Exponential 1.7 2.0:1.0
Stationary 1.2 2.0:1.0
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ATCC 15807 grew in a chemically defined medium con-
taining lactose, glucose or galactose as carbon source
(unpublished data).

Sugar nucleotide-enzyme activities

The EPS produced by L. helveticus ATCC 15807 requires
the sugar nucleotides UDP-glucose and UDP-galactose
(Fig. 2) to donate the corresponding monomers for in-
corporation in the repeating units. Table 2 shows the EPS
production and the activity of the involved enzymes
leading to the synthesis of UDP-glucose and UDP-
galactose in L. helveticus ATCC 15807 when grown on
lactose cultures at pH 4.5 and pH 6.2. In general, this
microorganism displayed higher enzyme activities at pH
4.5 with respect to the cultures grown at pH 6.2, which in
addition was coincident with the highest total (91 mg l−1,
208 mg l−1) and specific (5.3×10−2 mg EPS mg−1 biomass,
7.3×10−2 mg EPS mg−1 biomass) EPS production observed
at pH 4.5 after 12 h and 24 h incubation, respectively. The
maximum enzyme activities at both pH values were found
at 12 h incubation before the highest EPS production was
reached. α-PGM displayed the highest activity values
independently of the evaluated pH. This enzyme was the
only one which showed a direct correlation with the total
and specific EPS production by L. helveticus ATCC
15807, being 2.0-fold higher in cultures at pH 4.5, with
respect to pH 6.2, either after 12 h incubation (exponential
growth phase) or 24 h (stationary growth phase; Table 2).
No significant differences were observed with GalT, GalU
or GalE. Since α-PGM is a glucose metabolism-related
enzyme, the results obtained suggested that the glucose
moiety of lactose is greatly involved as a carbon source for
EPS production. Using the galactose moiety of lactose, L.
helveticus ATCC 15807 showed scarce growth and poly-
saccharide synthesis at pH 4.5 (data not shown). To
confirm the former approach, EPS production and enzyme
activities were determined in BM cultures containing

glucose as energy source at pH 4.5 (optimal for EPS
production). The results are shown in Table 3. The total
and specific EPS synthesis and the α-PGM and GalT
activities were lower for glucose-grown cultures with re-
spect to the values obtained for lactose (Table 3), the pro-
nounced decrease (4.5-fold) in EPS production being more
correlated with a decrease in GalT activity (3.5-fold) than
with α-PGM activity (1.3-fold).

Discussion

The thermophilic ropy strain L. helveticus ATCC 15807
produced greater amounts of EPS at pH 4.5 than at pH 6.2,
using lactose as carbon source. For L. delbrueckii subsp.
bulgaricus, another thermophilic EPS-producing strain, the
best culture pH for polymer formation was coincident with
the optimum for culture growth (pH 6.0; Petry et al. 2000).
In contrast, Mozzi et al. (2003) observed a higher EPS
production by L. casei CRL 87 at acidic pH values (5.0)
than at pH 6.0 on galactose-grown cultures. These apparent
controversial results show that culture conditions should be
optimized for each EPS-producing strain for efficient
production (Font de Valdez et al. 2003).

The chemical composition of the EPS produced by
L. helveticus ATCC 15807 is composed of glucose and
galactose (2.0:1.0) either on lactose-grown cultures or
in milk fermentations; and the monomeric composition
was not modified by the carbon source when lactose,
glucose or galactose were used in a chemically defined
medium (unpublished data). In general, the carbohydrate
source does not influence the monomer composition
of the EPS produced by LAB (Degeest and De Vuyst
1999, 2000; Looijesteijn et al. 1999; van Calsteren et al.
2002), although some differences have been observed in
polysaccharides produced by certain L. delbrueckii subsp.
bulgaricus strains (Grobben et al. 1996; Petry et al. 2000).

Regarding EPS production, a substantial difference can
be noticed when diverse sugars are used as energy source.
Carbohydrates may enter the cell either in a phosphorylated

Table 3 Effect of glucose on total and specific (Yp/x) EPS pro-
duction and enzyme activities in L. helveticus ATCC 15807 during
the stationary (24 h) growth phase at pH 4.5. Glucose (2%, w/v final
concentration) was added to MB medium as an alternative carbo-
hydrate source to lactose. Each value is the average of at least three
measurements ±SD for samples coming from independent duplicate
experiments

Lactose Glucose

EPS (mg l−1) 208 46
Yp/x EPS (10−2)a 7.3 1.6
Enzymes (nmol min−1 mg−1 protein)
α-PGM 496±82 393±19
GalU 5±1 8±1
GalE 6±4 5±2
GalT 53±10 15±1
aExpressed in mg EPS mg−1 biomass

Table 2 Total and specific (Yp/x) EPS production and sugar nu-
cleotide enzyme activities in L. helveticus ATCC 15807 during
exponential (12 h) and stationary (24 h) growth phase in BM broth
using lactose as carbon source. Growth was performed at 37°C and
constant pH (4.5, 6.2). Each value is the average of at least three
measurements ±SD for samples from independent duplicate
experiments

pH 4.5 pH 6.2

12 h 24 h 12 h 24 h

EPS (mg l−1) 91 208 46 97
Yp/x EPS (10−2)a 5.3 7.3 2.1 3.6
Enzymes (nmol min−1 mg−1 protein)
α-PGM 671±25 496±82 306±84 244±11
GalU 5±1 5±1 7±0 5±0
GalE 1±0 6±4 3±0 2±2
GalT 77±6 53±10 53±3 57±5
amg EPS mg−1 biomass
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state or as free sugar, which has to be phosphorylated inside
the cell prior to further degradation. A key intermediate
linking the anabolic pathways of EPS production and the
catabolic pathways of sugar degradation appears to be
glucose 6-phosphate, from which the flux of carbon
bifurcates between the formation of fructose 6-phosphate
toward the biosynthesis of sugar nucleotides, the precur-
sor of EPS (Fig. 2). Phosphoglucomutase, the enzyme
responsible for the conversion of glucose 6-phosphate
into glucose 1-phosphate, plays an important role in this
flux divergence between the catabolic and anabolic
pathways (Degeest and De Vuyst 2000; Hugenholtz and
Kleerebezem 1999). In order to investigate the sugar fluxes
into the direction of sugar nucleotides in L. helveticus
ATCC 15807, the activities of the enzymes involved in the
synthesis of UDP-glucose and UDP-galactose were de-
termined on lactose cultures at pH 4.5 and pH 6.2 and on
glucose cultures at pH 4.5. The α-PGM enzyme was the
only one which showed a direct correlation with the EPS
production by this microorganism in BM medium under
controlled pH conditions, the highest levels being reached
at pH 4.5 (Table 1). These results suggested an important
role for the glucose moiety of lactose in polymer pro-
duction. However, when glucose was used as sole carbon
source instead of lactose, a marked decrease in EPS
production was observed, accompanied by a decrease in
the activity of α-PGM and a detrimental reduction in GalT
activity. GalU and GalE activities were similar in both
lactose- and glucose-grown cells, showing that they were
not directly correlated with the behavior of this L.
helveticus strain, regarding polymer formation. The role
of GalU (together with dTDP-rhamnose and α-PGM) was
important for EPS synthesis in S. thermophilus LY03
(Degeest and De Vuyst 2000), while GalE was crucial for
EPS production by L. casei CRL 87 (Mozzi et al. 2003) and
Lcc. lactis NIZO B40 (Boels et al. 2001).

As expected, low GalT levels on glucose-grown cells
were detected, since the GalT enzyme is linked to galactose
metabolism, where the formation of UDP-galactose is
mediated by both GalE and GalT (Frey 1996). Considering
this, a low flux in the pathway leading to UDP-galactose
synthesis occurs on glucose, resulting in lower EPS pro-
duction by L. helveticus ATCC 15807. In lactose-grown
cells, the higher GalT activity detected (compared with that
obtained on glucose) showed that this enzyme played an
important role either supplying UDP-galactose to incorpo-
rate the monomer into the EPS repeating unit or following
the flux to the formation of glucose 1-phosphate (Fig. 2).
The results obtained in our research suggest that the en-
zymes α-PGM and GalT are the ones which should be
targeted to in order to increase EPS yields by L. helveticus
ATCC 15807. In this respect, Levander et al. (2002) have
seen that the overexpression of the pgm and galU genes
(coding for the α-PGM and GalU enzymes, respectively)
enhanced the EPS synthesis in S. thermophilus LY03, while
the overexpression of each gene separately did not influence
EPS production.

For the first time, the enzymes involved in EPS bio-
synthesis by a L. helveticus strain were studied. The crucial
role of α-PGM for achieving high polymer formation by L.
helveticus ATCC 15807 was observed, although it was
associated with high EPS production if GalT was also
increased.
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