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Abstract Microbial exopolysaccharide (EPS) is a biothickener that can be added to a wide variety of food products, where it
serves as a viscosifying, stabilizing, emulsifying, and gelling agent. The objective of this study was to investigate the optimum
conditions of pH, incubation temperature, and whey protein concentration (WPC) for EPS production by Lactobacillus
rhamnosus ATCC 9595. We found that maximal EPS production was achieved at a pH of 5.5 and temperature of 37°C. At the
same fermentation conditions, EPS production was affected by the addition of L. rhamnosus GG (a weak-EPS producer).
After growth for 24 hr, total EPS production was 583+15.4 mg/L in the single culture system, and 865+22.6 mg/L in the co-
culture system with L. rhamnosus GG Based on the presence of WPC, EPS production dramatically increased from 583+15.4
(under no WPC supplementation) to 1,011+14.7 mg/L (under supplementation with 1.0% WPC). These results suggest that
WPC supplementation and the co-culture systems coupled with small portions of weak-EPS producing strain can play an

important role in the enhancement of EPS production.
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Introduction

Most of the biothickeners in current use by the food
industry are polysaccharides from plants (e.g., starch, pectin,
locust bean gum, and guar gum) or seaweeds (carrageenan
and alginate). Animal protenaceous hydrocolloids such as
gelatin and casein are also used. However, these
polysaccharides may not always be readily available in the
quality needed or have the correct rheological properties
(1). Most utilized plant carbohydrates are chemically
modified to improve their structure and rheological
properties (2). Hence, their use is strongly restricted. In the
dairy industry, notably in the European yoghurt industry,
additions of stabilizers are prohibited, and food products
need to be labeled with an E-number. Therefore, microbial
exocellular polysaccharides may be regarded as an
alternative class of biothickeners.

Exopolysaccharide (EPS), one of the primary metabolic
products of lactic acid bacteria (LAB), have received
increasing amounts of attention in recent years (3). EPS
has thickening properties, and also appears to improve both
the texture and mouthfeel of several dairy products.
Moreover, there are a number of reports referring to the
health benefits of EPS from LAB. Kitazawa er al. (4)
claimed that EPS has various beneficial physiological
effects on humans. Based on these characteristics, EPS
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from some LLAB is actually used as a natural additive in
food products and has become an alternative to chemical,
plant, or animal additives as a stabilizing, thickening,
gelling, and waterbinding agent (5,6).

Unfortunately, the EPS amounts produced by LAB
cultures are generally very low. Currently, a lot of effort is
put into the selection of LAB strains and the optimization
of culture conditions to achieve a higher yield of EPS that
is already commercially successful. Moreover, there is
considerable interest in finding a new EPS suitable for
special applications, or that has industrial relevance, either
by applying different culture conditions or by using novel
bacterial strains. Manipulation of the growth medium may
consist of altering the carbon source, medium composition,
temperature, or pH (7). Among these factors, the presence
of casein hydrolysate, co-culture systems, and the amount
of glucose (8) have been considered.

Lactobacillus strains including L. rhamnosus, members
of the L. casei group, are recently become important as
adjunct cultures for the production of fermented foods (9-
11). However, few studies have been performed on EPS
production by these strains, including their comparison to
other LAB. Recently, we reported on the characterization
and purification of EPS produced by L. rhamnosus ATCC
9595 as one of the LAB which produces high levels of
EPS (6).

The purpose of the present study was to investigate the
optimial technical conditions for EPS production by L.
rhamnosus ATCC 9595, according to pH, fermentation
temperature, co-culture systems, and whey protein
concentration (WPC).
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Materials and Methods

Bacteria and medium L. rhamnosus ATCC 9595, the
EPS-producing strain, and the L. rhammosus GG strain
(ATCC 53103), were acquired from a frozen stock
collection obtained from the Dairy Food Microbiology
laboratory at Korea University (Seoul, Korea), and were
sub-cultured 3 times in MRS broth (Difco Laboratories,
Detroit, MI, USA) at 37°C for 18 hr. The stock cultures
were stored at —80°C in 10% reconstituted skim milk
(RSM) containing 20%(v/v) glycerol. Prior to use, the
bacteria were sub-cultured twice in RSM at 37°C for 18 hr.

Fermentation for EPS production For high production
of EPS, batch fermentation was carried out for 48 hr in a
laboratory fermentor (Biostat C; B. Braun Biotech International,
Melsungen, Germany) controlled with a pH controller (the
pH was maintained at 5.5 by the addition of 5N NaOH;
Whatman Lab Sales, Clifton, NJ, USA), as previous
described by Kim et al. (6). The EPS was quantified using
the phenol-sulfuric method (12) and was expressed as a
glucose standard. In addition, cell growth was evaluated by
the number of viable cells after anaerobic incubation (BBL
Gas-Pak System, Sparks, MD, USA) at 37°C for 72 hr in
MRS agar (Difco).

Effects of pH and temperature on cell growth and EPS
production The effects of pH on EPS production were
examined in separate fermentations at pH 4.5, 5.5, and 6.5
at 37°C, respectively. Inoculation was carried out as previously
mentioned. The desired pH was maintained automatically
over 24 hr using 5N NaOH. Samples were aseptically
removed at 0 hr and every 6 hr thereafter. Additionally, the
effect of pH on EPS production was examined by
removing pH automation, and allowing the pH to drop
freely during fermentation for 24 hr at 37°C. In addition,
fermentations were conducted separately at 30, 37, 40, and
42°C at pH 5.5 (optimum pH was found to be pH 5.5 in
this study). Temperature and pH were maintained
automatically, as described earlier, over 24 hr, and the
samples were aseptically collected every 6 hr.

Effects of co-culturing with the weak-EPS producing L.
rhamnosus culture on cell growth and EPS production
The effects of co-culturing with the weak-EPS producing
L. rhamnosus strain GG as an adjunct culture on EPS
production were studied. Three combinations of L.
rhamnosus ATCC 9595 and L. rhamnosus GG (75:25,
50:50, and 25:75, v/v) were examined based on the initial
medium volume. Bacterial cultures were grown separately
at the conditions described earlier and an appropriate
quantity of each strain was transferred into the fermentation
vessel. The fermentations were conducted for 24 hr at pH
5.5 and 37°C.

Effects of supplementation with WPC on cell growth
and EPS production WPC containing 80% protein
(Davisco, Eden Prairie, MN, USA) was used as an
additional nitrogen source. The WPC was supplemented in
RSM at 0.5, 1, and 1.5%(w/v) prior to sterilization. The
fermentations were conducted at pH 5.5 and 37°C.
Furthermore, the effects of pH and supplementation with
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WPC on EPS production were examined by removing the
automatic pH controller and allowing the pH to drop freely
during fermentation for 24 hr at 37°C.

Statistical analysis All of the experiments conducted in
this study were repeated 3 times. Statistical analyses were
performed by SAS using the general linear model
procedures. The level of significance was defined at
p<0.05 using Tukey’s test.

Results and Discussion

Effects of the growth medium pH and temperature on
bacterial growth and EPS production There are
significant relationships among pH, EPS production, and
bacterial growth. Most researchers have shown the
optimum pH for EPS synthesis to be around pH 6.0. Many
have reported a pH of 6.2 as the optimum pH for
Streptococcus thermophilus (13).

Figure 1 presents the effects of pH on EPS production and
bacterial growth for L. rhamnosus ATCC 9595 fermented
in 10%(w/v) RSM at 37°C over 24 hr, at constant pH levels
of 4.5, 5.5, and 6.5, respectively. As expected, there were
significant differences in EPS production at pH 4.5, 5.5,
and 6.5 after 24hr of fermentation (p<0.05). EPS
production dramatically decreased at pH 4.5, and this pH
also affected the bacterial population as compared to the
other pH conditions. Similar to previous data described by
Zisu and Shah (14), at pH 5.5, profound EPS production
was observed in L. rhamnosus ATCC 9595, yielding 650+
14.3 mg/L in 24 hr of fermentation.

In addition, to understand the effects of different
temperatures on EPS production yield, various temperatures
were investigated during separate fermentations at 32, 37,
and 42°C, respectively. The pH was maintained at 5.5,
which we found to be adequate for EPS production, as
stated above. As shown in Fig. 2, the optimum temperature
was demonstrated as 37°C. At this temperature, the total
yield of EPS was 650+14.3 mg/L, while the EPS levels at
32, 40, and 42°C were 303+11.5, 456+18.6, and 272+13.3
mg/L, respectively. In the case of the cell population,
similar trends were observed during 24 hr of fermentation.

Different optimal temperatures have been reported
according to strains. For S. thermophlus, De Vyust et al.
(13) demonstrated 42°C as the optimal temperature. In
other reports, mesophilic microorganisms showed greater
EPS production at temperature below 37°C (8,15). These
reports indicate that the optimal temperature is dependant
on the LAB strain.

Based on our results, pH 5.5 and 37°C were selected as
the basal fermentation conditions for performing the
remaining experiments of this study.

Effects of co-culturing systems with weak-EPS
producing L. rhamnosus culture on cell growth and
EPS production The effects of the co-culturing system
and the weak-EPS producing L. rhamnosus strain on cell
growth and EPS production are shown Fig. 3. Three
combinations were carried out as follows: a 50% mixture
of each strain, a mixture of 75% L. rhamnosus ATCC 9595
and 25% L. rhamnosus GG, and another mixture of 25% L.
rhamnosus ATCC 9595 and 75% L. rhamnosus GG,
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Fig. 1. Bacterial counts and quantity of exopolysaccharide (EPS) produced during fermentation in 10% RSM by L. rhamnosus
ATCC 9595 at 0, 6, 12, 18, and 24 hr, at various pH levels and 37°C. A represents fermentation at pH 4.5; B at pH 5.5; and C at pH
6.5, respectively. The line plot indicates bacterial counts and the vertical bar indicates the quantity of EPS, respectively. Different letter

superscripts within the same column indicate differences at p<0.05.

respectively.

Interestingly, the co-culturing system showed a significant
induction of EPS production during 24 hr of fermentation.
The 75% L. rhamnosus ATCC 9595 and 25% L. rhamnosus
GG mixture showed the highest quantity of EPS production
at 865+22.6 mg/L for 24 hr of fermentation. Moreover, an
EPS production of 726+14.9 mg/L. in each 50% mixture
was higher than that of 650+14.3 mg/L in the 100% L.
rhamnosus ATCC 9595. As expected, the quantity of EPS
produced in the 25% L. rhamnosus ATCC 9595 and 75%
L. rhamnosus GG mixture was lowest. However, cell
counts were slightly lower when both strains were co-
cultured than single cultured. Unfortunately, in this study, it
is impossible to enumerate the portions of L. rhamnosus
ATCC 9595 and L. rhamnosus GG, separately.

Overall, one may suggest that a co-culturing system with a
weak-EPS starter culture has the potential to increase EPS
production, and may be a convenient alternative for the
elevation of EPS production. Limited research with regard

to EPS production influenced by co-culturing systems with
no, or with weak-EPS producing LAB has been published.
EPS produced by S. thermophilus increases when it is
grown in the presence of Lactobacillus delbrueckii subsp.
bulgaricus (16,17). In the present study, the increase in
EPS synthesis by the addition of L. rhamnosus GG may
indicate a complementary relationship that existed between
the 2 strains of L. rhamnosus. The co-culturing combinations
showed sustained increases in EPS production for 24 hr of
fermentation, whereas, in the case of pure strain, the rate of
EPS synthesis had slowed after 12 hr fermentation (Fig. 3).
The components of the medium are crucial factors to the
production of EPS. Especially, the essential nutrients such
as vitamins and minerals resulted in an enhanced EPS
production (13,14). Therefore, it is likely that induced EPS
production in co-culture systems were caused, in part at
least, by a result of supplementation of specific EPS-
inducing components produced by L. rhamnosus GG
fermentation from RSM medium.
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Fig. 2. Bacterial counts and quantity of exepolysaccharide (EPS) produced during fermentation in 10% RSM by L. rhamnosus
ATCC 9595 at 0, 6, 12, 18, and 24 hr, at various temperatures and pH 5.5. A represents fermentation at 32°C; B at 37°C; C at 40°C;
and D at 42°C, respectively. The line plot indicates bacterial counts and the vertical bar indicates the quantity of EPS, respectively.
Different letter superscripts within the same column indicate differences at p<0.05.

In addition, this suggests there was a gradual release of
peptides and amine acids that were readily available to the
bacterial cells; similar to what was observed in the
symbiotic relationship that exists between S. thermophilus
and L. delbrueckii subsp. bulgaricus in yogurt, which was
found to improve the growth of the bacterial population
(18). Moreover, our results indicate that L. rhamnosus GG,
weak-EPS producer, provided essential components to
induce EPS synthesis of L. rhamnosus ATCC 9595 as well
as not affected to cell growth. Our studies are currently
underway to evaluate the purification and characterization
of EPS-inducing components in the L. rhamnosus GG
specifically with regard to fermentation strategies for
optimal EPS production in dairy food industry.

Recently, many bacteria, including pathogens and
commensals, communicate via diffusible signal molecules

to coordinate multi-cellular behavior in a process referred
to as ‘quorum sensing’ (19). Regarding the high density
and diversity of the gastrointestinal microbiota, it is postulated
that bacterial communication fulfills an important role in
coordinating various processes in the gut. Quorum sensing,
however, is not limited to pathogenic bacteria. In fact,
many commensal and potentially probiotic bacteria such as
Bifidobacterium and Lactobacillus strains possess a luxS
homologue and can produce autoinducer (AI)}-2, a
universal quorum sensing signal, but a role for the AI-2/
LuxS system has not yet been assigned (20). Interestingly,
a co-culture system can act as an environmental signal that
is able to switch on bacteriocin production in L. plantarum
NCS8 via a quorum-sensing mechanism (21). At present, we
are investigating the specific relationships of co-culturing
systems and quorum sensing signals in EPS production.
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Fig. 3. Bacterial counts and quantity of exopolysaccharide (EPS) preduced during fermentation in 10% RSM by L. rhamnosus
ATCC 9595 and L. rhamnosus GG at 0, 6, 12, 18, and 24 hr, at pH 5.5 and 37°C. A represents fermentation when the ratio of
9595:GG=100:0; B=75:25; C=50:50; D=25:75, respectively. The line plot indicates bacterial counts and the vertical bar indicates the
quantity of EPS, respectively. Different letter superscripts within the same column indicate differences at p<0.05.

Effects of WPC supplementation on cell growth and
EPS production Table 1 shows the effects of different
concentration of WPC on cell growth and EPS production
during 24 hr of fermentation. After 24 hr of fermentation,
the quantity of EPS produced in the media supplemented
with WPC dramatically increased from 650+14.3 (under
no WPC supplementation) to 1,011+14.7 mg/L (under
supplementation of 1.0% WPC), whereas the bacterial
counts grown on media supplemented with WPC were
lower than those grown without WPC. This suggests that
WPC was mainly utilized for EPS production rather than
bacteria growth. Previously, increases in EPS quantity were
observed by additions of nitrogen sources such as yeast
extract or specific amino acids (13,22). Furthermore, there
were no significant difference in EPS production between
the concentrations of 0.5 and 1.0% WPC. From these
results, it is suggested that a 0.5% addition of WPC would

be appropriate for cost reduction. However, preliminary
studies have reported that WPC supplementation over
0.5% would not be effective in food applications (5,14).

Table 1. Bacterial counts and quantity of exopolysaccharide
(EPS) produced by L. rhamnosus ATCC 9595 for 24 hr of
fermentation in 10% RSM supplemented with various
concentrations of WPC at pH 5.5 and 37°C"

Concentration of Bacterial count (log

EPS (mg/L)

WPC (%) CFU/mL)
0 650+14.3° 8.63+0.16°

0.5 983+21.3% 7.76x0.16°
1.0 1,011£14.7 7.84+0.13°

1.5 979+23.5° 7.66+0.29°

"Different letter superscripts within the same column indicate differ-
ences at p<0.05.
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The effects of controlled pH and WPC supplementation
on EPS production, during fermentation for 24 hr at 37°C
are shown in Fig. 4. The concentration of WPC was fixed
at 0.5% as stated above. Interestingly, under uncontrolled
pH, a robust reduction in EPS production was observed
compared to controlled pH conditions at 5.5 in the
presence of WPC. Importantly, EPS production of LAB is
influenced by pH conditions (14). Especially, as the bacteria
population entered the stationary phase with relative low
pH condition (pH 4.2-4.5), there was significant reduction
on the production of EPS (23). These results indicated that,
in the RSM medium including WPC, pH conditions during
fermentation were one of crucial factors on the EPS
production of LAB. On the other hand, it has been shown
that enhanced EPS production was achieved in the
uncontrolled pH condition supplemented with 0.5% WPC
(594+13.8 mg/L} compared to that of uncontrolled pH

condition without WPC (483+10.3 mg/L; data not shown).
As described in previous reports (14,23), inducing EPS
production in the presence of WPC may partially be due to
the buffering effects of WPC. In particular, Kailasapathy ez
al. (23) demonstrated that protein and phosphates from the
addition of WPC improved buffering capacity.

Furthermore, it seems that WPC is apparently useful for
the metabolism of EPS synthesis. Simple peptides or
amino acids are responsible for increased EPS production,
and providing a nitrogen source such as WPC plays an
important role in enhancing EPS production yields, as
described by De Vuyst and Degeest (5).

In conclusion, our data clearly show that fermentation
factors such as pH and temperature influenced bacterial
growth and EPS production. In addition, EPS production
significantly increased in mixed culture systems with L.
rhamnosus GG, a weak-EPS producer. Furthermore, in the
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presence of WPC, EPS production dramatically increased
as compared to the control, whereas bacterial counts on
media supplemented with WPC were lower than those of
bacteria grown without WPC. These results suggest that
specific supplementation and culture conditions, such as
WPC and co-culture systems, can play important roles in
the enhancement of EPS production for applications in the
food industry.

Acknowledgments

This work was supported by a grant (20050401-034-698-
007-01-00) from BioGreen 21 Program, Rural Development
Administration, Korea. Y. Kim was supported by a Korea
Research Foundation Grant funded by the Korean
Government (MOEHRD) (KRF-2007-357-F00025).

References

1. Roller S, Dea ICM. Biotechnology in the production and
modification of biepolymers for food. Crit. Rev. Biotechnol. 12:
261-277 (1992)

2. Tomb M, Harding SE. An Introduction to Polysaccharide
Biotechnology. Taylor and Francis, London, UK. pp. 185-205
(1998)

3. Welman AD, Maddox IS. Exopolysaccharides from lactic acid
bacteria: Perspectives and challenges. Trends Biotechnol. 21: 269-
274 (2003)

4. Kitazawa H, Yamaguchi T, Miura M, Saito T, Itoh H. B-Cell
mitogen produced by slime-forming, encapsulated Lactococcus latis
subsp. cremoris isolated from ropy sour milk, viili. J. Dairy Sei. 76:
1514-1519 (1993)

5. De Vuyst L, Degeest B. Indication that the nitrogen source
influences both amount and size of exopolysaccharides produced by
Streptococcus thermophilus LY03 and modeling of the bacterial
growth and exopolysaccharide production in a complex medium,
Appl. Environ. Microb. 65: 2863-2870 (1999}

6. Kim JU, Kim Y, Han KS, Oh S, Whang KY, Kim JN, Kim SH.
Function of cell-bound and released exopolysaccharides produced
by Lactobacillus rhamnosus ATCC 9595, J. Microbiol. Biotechn.
16: 939-945 (2006)

7. Degeest B, de Vuyst L. Correlation of activities of the enzymes
alpha-phosphoglucomutase, UDP-galactose 4-epimerase, and UDP-
glucose pyrophosphorylase with exopolysaccharide biosynthesis by
Streptococcus  thermophilus LY03. Appl. Environ, Microb. 66:
3519-3527 (2000)

8. Ceming J, Bouillanne C, Desmazeaud M. Isolation and characterization
of exopolysaccharides from slime-forming mesophilic lactic and
bacteria. J. Dairy Sei. 75: 692-699 (1992)

9. Lee NK, Kim HK, Chang HI, Yun CW, Kim SW, Kang CW, Paik

10.

20.

23.

593

HD. Probiotic properties of Lactobaciflus plantarum NKI181
isolated from jeotgal, a Korean fermented food. Food Sci.
Biotechnol. 15: 227-231 (2006)

Lee JH, Kweon DW, Lee SC. Isolation and characterization of an
immunopotentiating factor from Lactobacillus plantarum in kimchi:
Assessment of immunostimulatory activities. Food Sci. Biotechnol.
15: 877-883 (2006)

. Park KB, Oh SH. Isolation and characterization of Lactobacillus

buichneri strains with high y-aminobutyric acid producing capacity
from naturally aged cheese. Food Sci. Biotechnol. 15: 86-90 (2006)

. Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F

Colormetric method for determination of sugar and related substances.
Anal. Chem. 28: 350-356 (1956}

. De Vuyst L, Vanderveken F, Van de Ven S, Degeest B. Production

by and isolation of exopolysaccharides from Streptococcus
thermophilus grown in milk medium and evidence for their growth-
associated biosynthesis. J. Appl. Microbiol. 84: 1059-1068 (1998)

. Zisu B, Shah NP. Effects of pH, temperature, supplementation with

whey protein concentrate, and adjunct cultures on the production of
exopolysaccharides by Streprococcus thermophilus 1275, J. Dairy
Sci. 86: 3405-3415 (2003)

. Kojic M, Vujcic M, Banina A, Cocconcelli P, Ceming J, Topisirovic

L. Analysis of exopolysaccharide production by Lactobacillus casei
CGll, isolated from cheese. Appl. Environ. Microb. 58: 4086-4088
(1992)

. Cerning J. Exocellular polysaccharides produced by lactic acid

bacteria. FEMS Microbiol. Rev. 87: 113-130 (1990)

. Cemning J, Bouillanne C, Desmazeaud M. Exocellular polysaccharides

production by Streptococcus thermmophilus. Biotechnol. Lett. 10:
255-260 (1988}

. Adams MR, Moss MO. Food Microbiology. The Royal Society of

Chemistry, Guildford, UK. pp. 200-225 (1997)

. Kim Y, Oh SN, Ahn EY, Imm JY, Oh S, Park S, Kim SH. Proteome

analysis of virulence factor regulated by autoinducer-2-like activity
in Escherichia coli O157:H7. J. Food Protect. 70: 300-307 (2007)
Lebeer S, De Keersmaecker SC, Verhoeven TL, Fadda AA,
Marchal K, Vanderleyden J. Functional analysis of /ux$S in the
probiotic strain Lactobacillus rhamnosus GG reveals a central
metabolic role important for growth and biofilm formation. J.
Bacteriol. 189: 860-871 (2007)

. Maldonado A, Jimenez-Diaz R, Ruiz-Barba JL. Induction of

plantaricin  production in Lactobacillus plantarum NC8 after
coculture with specific Gram-positive bacteria is mediated by an
autoinduction mechanism. J, Bacteriol. 186: 1556-1564 (2004)

. Gorret N, Maubois JL, Engasser M, Ghoul M. Study of the effects

of temperature, pH, and yeast extract on growth and exopolysaccharide
production by Propionibacterium acidi propionici on milk microfiltrate
using a response surface methodology. J. Appl. Microbol. 99: 788-
796 (2001)

Kailasapathy K, Supriadi D, Hourigan JA, Effect of partially
replacing skim milk powder with whey protein concentrate on
buffering capacity of yoghurt. Aust. J. Dairy Technol. 51: §9-93
(1996)



