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ABSTRACT

A thermophilic lactic acid bacterium, Lactobacillus fermentum TDS030603, produced
about 100 mg/L of EPS in purified form when grew in de Man-Rogosa-Sharpe (MRS) broth.
The 1% (w/v) solution of the purified EPS was highly viscous, exhibiting an apparent
viscosity (77app) Of 0.88 Pa-s at a shear rate of 10/s. To investigate the impact of carbohydrate
source on the production yield and chemical structure of EPS and the viscosity of EPS
solution, a chemically defined medium (CDM) has been developed. Results of TLC, HPLC,
and *H-NMR spectroscopy indicated that the chemical structures of EPS released in MRS and
in the CDM supplemented with glucose, galactose, lactose or sucrose were very similar. All
the 1% solutions of EPSs released in CDMs were highly viscous similar to the EPS released
in MRS, but their viscosities appeared to differ, presumably because of the differences in their

molecular mass distributions.

Keywords: Chemical structure; Chemically defined medium; Exopolysaccharide; Lactic acid

bacteria; Viscosity
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1. Introduction

An exopolysaccharide (EPS) is a sugar polymer that is produced mainly by bacteria and
microalgae, either in a form bound to the cell-wall, a so-called capsular polysaccharide (CPS),
or in a free form liberated into the culture medium, known as a slime EPS (Sutherland, 1972).
It is believed that the physiological function of EPS is as the first line of biological defense
against phagocytosis, phage attack, antibiotics, toxic metal ions and physical stresses such as
desiccation and osmotic stress (Looijesteijn, Trapet, de Vries, Abee, & Hugenholtz, 2001;
Roberts, 1996; Weiner, Langille, & Quintero, 1995; Whitfield, 1988). EPS produced by lactic
acid bacteria (LAB) is very useful in the food industry, because it provides consistency to the
resulting fermented milk products, such as Scandinavian ropy milks, viili and langfil (Duboc
& Mollet, 2001). Furthermore, some EPSs have been claimed to show bioactivities beneficial
to health, including prebiotic or anti-inflammatory effects (Salazar, Gueimonde,
Herndndez-Barranco, Ruas-Madiedo, & de los Reyes-Gavilan, 2008; Vinderola, Perdigon,
Duarte, Farnworth, & Matar, 2007).

A large number of EPSs produced by LAB have been described (Cerning, 1990; De Vuyst
& Degeest, 1999; Jolly, Vincent, Duboc, & Neeser, 2002; Laws, Gu, & Marshall, 2001,
Welman & Maddox, 2003), but little is known about the effects of medium components on
the chemical structure of the EPS and its rheological properties (Vaningelgem et al., 2004).
Since the complexity of media composition can lead to an incorrect structural analysis of EPS
(De Vuyst & Degeest, 1999), a chemically defined medium (CDM) is of great advantage
when assessing the effects of medium components on the chemical structure and the
physicochemical properties of EPS (Grobben et al., 1998). It has been shown, using CDM,
that adenine or orotic acid stimulates both the cell growth and the yield of EPS in Lactobacilli
(Petry, Furlan, Crepeau, Cerning, & Desmazeaud, 2000; Torino, Hébert, Mozzi, F., & de
Valdez, 2005). Composition of carbohydrate source also exhibited significant effects on the
EPS vyield, but the preferences for sugar for the maximum EPS production were

3
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strain-dependent (Cerning et al., 1994; Tallon, Bressollier, & Urdaci, 2003; Torino, Hebert,
Mozzi, F., & de Valdez, 2005). On the other hand, the effects of carbohydrate source on the
monosaccharide composition of EPS are still unclear: the constitutive monosaccharides were
found to be the same in L. helveticus following alterations in the carbohydrate source (Torino,
Hébert, Mozzi, F., & de Valdez, 2005), but the relative proportions of the individual
monosaccharides varied in L. delbrueckii subsp. bulgaricus (Petry, Furlan, Crepeau, Cerning,
& Desmazeaud, 2000). The rheological properties of the EPS produced by LAB are attributed
to its molecular mass, molecular mass distribution, constituent sugar residues, linkages
between the sugar monomers and the presence of side groups (Shene, Canquil, Bravo, &
Rubilar, 2008). However, effects of altered medium composition on the rheological properties
of EPS have been scarcely reported.

In the present paper we aimed to evaluate the effects of carbohydrate source on the yield,
chemical structure and viscosity of a neutral hetero-EPS produced by L. fermentum
TDS030603. In this context, we have developed a CDM for this strain, having modified the
previously reported media (Morishita, Deguchi, Yajima, Sakurai, & Yura, 1981). The
chemical structure and viscosity of EPS released into CDM were assessed using the EPS
released into MRS as the reference. Possible determinants leading to rheological variations in

the EPS will be discussed.
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2. Materials and methods

2.1. Bacterial strain and chemicals

L. fermentum TDS030603 was obtained from the bacterial collection of our own
laboratory (Leo et al., 2007). MRS was from Oxoid (Cambridge, UK). DEAE-Sephadex A-50
and Toyopearl HW-55F was from GE Healthcare (Uppsala, Sweden) and Tosoh (Tokyo,
Japan), respectively. D,0O (99.99% atom % D) was from Sigma-Aldrich (St. Louis, USA). All

the chemicals used were analytical grade.

2.2. Development of CDM and culture condition

Following the previous report (Morishita, Deguchi, Yajima, Sakurai, & Yura, 1981), we
firstly tested a prototype CDM consisting of 48 constituents, of which 6 were non-essential
amino acids (see below) and the other 42 are listed in Table 1. Essential or important
chemical compounds for cell growth were determined by checking the cell density of culture
medium from which one of the above constituents had been omitted. After static culture in
MRS for 24 h at 30°C under aerobic conditions, the cells were harvested, washed thoroughly
with sterilized phosphate buffered saline, and inoculated into 1 L of either MRS or CDM to
yield an optical density (OD) of 0.2 at 600 nm. Cell growth (ODgoonm) and pH of the static
culture were monitored. Simultaneously, cultivable cell numbers were counted on MRS-agar
plates; after a given time period, a 1-ml aliquot of culture medium was collected, diluted with
MRS and spread on a MRS-agar plate, which was incubated at 30°C for 24 h under anaerobic
condition. Colonies appearing on the plate were counted as cultivable cells. To measure the
amount of EPS produced, a 100-ml aliquot of the culture medium was collected, and the EPS

was purified following the procedure described below.
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2.3. Production and isolation of EPS

Glucose, galactose, lactose, or sucrose was used in the CDM as carbohydrate source at the
final concentration of 1% (w/v). After cultivation as described above, the cells were removed
by centrifugation (17,000 g, 1 h, 4°C). Crude EPS released in CDM was precipitated by
addition of an equal volume of ice-cold ethanol to the supernatant. The ethanol precipitate
was collected by centrifugation (17,000 g, 30 min, 4°C), dissolved in 30 ml of water, dialyzed
overnight with water at 4°C, and lyophilized. The lyophilized crude EPS (from 100 ml of the
culture medium) was dissolved in 10 ml of 50 mM Tris-HCI (pH 8.7), and purified by a batch
method using a 20-ml slurry of DEAE-Sephadex A-50 equilibrated with the same buffer. The
non-adsorbed fraction was collected, thoroughly dialyzed against water, and lyophilized.
Crude EPS released in MRS was subjected to the same procedure described above, however,
it required further purification using a Toyopearl HW-55F column (2.6 x 100 cm, 15 mi/h)
equilibrated with water. The polymer dry mass of purified EPS was determined by measuring

the weight. The lyophilized EPS was stored in a desiccator until used.

2.4. Estimation of EPS molecular mass

The molecular mass distribution of EPS was estimated using high performance liquid
chromatography (HPLC). The purified EPS was dissolved in water (1 mg/ml), and 100 pl of
this solution was loaded onto a TSKgel G6000PWXL column (7.8 x 300 mm, Tosoh). Elution
was done with water at 40°C at a flow rate of 1 ml/min. The EPS was detected by measuring
the refractive index of the eluate using a refractive index monitor RI-8020 (Tosoh). Shodex
Standard P-82 (Showa Denko, Tokyo, Japan), a series of pullulans with known molecular

masses ranging from 0.59 x 10 to 7.88 x 10° Da, was used as the standard.

2.5. Monosaccharide composition of EPS
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The purified EPS (2 mg) was hydrolyzed in 250 ul of 2 M trifluoroacetic acid (TFA) at
100°C for 5 h. Excess TFA was removed by rotary evaporation, and the hydrolysate was
washed thoroughly with water and lyophilized. The lyophilized powder was dissolved in 100
ul of water, and a 5-ul aliquot was used for thin-layer chromatography (TLC). Development
was done twice on a silica gel TLC plate (20 x 20 cm) using a developing solvent of
n-butanol:ethanol:water (2:1:1, v/v). Carbohydrates were visualized by heating the TLC plate
after spraying with 5% (v/v) sulfuric acid in ethanol. Glucose, galactose, and mannose were
used as standard monosaccharides.

The molar ratio of the monosaccharides of the hydrolysate was analyzed using an HPLC.
Prior to the analysis, the hydrolysate was labeled with 2-aminobenzoic acid using a modified
method of Anumula & Dhume (1998). For the labeling reaction, labeling reagent A (4%
sodium acetate trihydrate, 2% boric acid, in methanol, w/v) and labeling reagent B (0.32 M
2-aminobenzoic acid, 1 M sodium cyanoborohydride, in the labeling reagent A) were used.
The hydrolysate (1.4 mg of EPS) in 10 ul of water was mixed with 50 ul of the labeling
reagent B, and the mixture was heated at 80°C for 50 min. After cooling to room temperature,
1 ml of chloroform and 0.5 ml of water were added, mixed well, and then an aqueous phase
was collected by centrifugation (900 g, 10°C, 10 min). The solvent was removed by rotary
evaporation, and the dried sample was dissolved in 500 ul of water. The sample was diluted
50 times with 150 mM trisodium citrate (pH 4.5)/7.5 % (v/v) acetonitrile, and passed through
an ODS-100Z column (4.6 x 250 mm, Tosoh) at a flow rate of 0.75 ml/min, using the same
buffer as eluant. Glucose and galactose, labeled with 2-aminobenzoic acid, were used as
standards. The molar ratio of glucose and galactose was calculated from the peak areas. Each

analysis was performed in triplicate.

2.6. 'H-NMR spectroscopy
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Exchangeable protons in the purified EPS (2 mg) were replaced by deuterium in 99.99%
D,0. Using a 500 MHz FT-NMR spectrometer, Jeol ECP-500 (Jeol, Tokyo, Japan), *H-NMR
spectra were recorded at a probe temperature of 343 K that allowed us to observe the
chemical shifts in the range of 4.75-4.35 ppm, which were overlapped by a large signal of
HDO at ambient temperature. The spectrum was measured by reference to internal acetone
(6=2.225), but chemical shifts (ppm) were represented by reference to internal sodium

2,2-dimethyl-2-silapentane-5-sulphonate.

2.7. Viscosity measurement

Using a Dynamic Analyzer RDA 11 (Rheometric Scientific, Piscataway, USA) equipped
with a cone-and-plate attachment (diameter, 25 mm; angle, 0.1 radian; gap, 65 um), the shear
stress of a 1% (w/v) solution of the purified EPS was monitored for 300 s at 22°C up to 300/s,
in a steady shear testing mode. The apparent viscosity, 77.p, Was calculated from the shear

stress at a certain point of shear rate.
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3. Results and discussion

3.1. Development of CDM and the growth of L. fermentum TDS030603 in CDM

By subtracting each component from the prototype CDM, out of 48 chemicals, we have
determined 25 essential and 17 important but not essential compounds for the cell growth of L.
fermentum TDS030603 (Table 1). When the strain was cultivated in the prototype CDM
which did not contain one of the essential components, no cell growth was observed (results
not shown). Optimum cell growth was not obtained even in a medium that contained the 25
essential compounds, so we added other components individually and thereby determined 17
compounds that were important for optimum cell growth. Six amino acids, L-alanine,
L-cysteine, glycine, L-lysine, L-proline and L-threonine, were not required for the growth of L.
fermentum TDS030603, indicating that the biosynthetic pathways of these 6 amino acids were
functionally active (Morishita, Deguchi, Yajima, Sakurai, & Yura, 1981). In the developed
CDM consisting of 42 chemicals, the bacterial population only reached an ODgyonm Of 1.5
units whereas 4.5 units were detected after the bacterial growth in MRS (Fig. 1A). At the end
of the exponential phase, the great difference of bacterial population between CDM and MRS
cultures was confirmed by cultivable cell counts and pH values reflecting acidification of the

culture medium (Fig. 1B and 1C).

3.2. EPS production in MRS and CDM supplemented with various carbohydrate sources

EPS production was investigated using MRS and the CDM supplemented with either
glucose (CDMgyc), galactose (CDMg,), lactose (CDMy,) or sucrose (CDMs,c), each at a
concentration of 1% (w/v). Neither cell growth nor EPS production was observed when
maltose and/or fructose were used as carbohydrate sources (results not shown). After 72 h
cultivation, the best EPS production (97.1 mg/L) in purified form was found in MRS. The
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EPS production of L. fermentum TDS030603 grown in MRS and CDM supplemented with
various carbohydrate sources reaches the maximal concentration at the beginning of the
stationary phase, in accordance with other EPS producing LAB (Petry, Furlan, Crepeau,
Cerning, & Desmazeaud, 2000; Torino, Hébert, Mozzi, F., & de Valdez, 2005). Of the
carbohydrates tested, glucose gave the second highest EPS production (69.0 mg/L), while
lactose, galactose or sucrose yielded 73%, 51% or 19%, respectively, of the EPS released in
CDMgy.. There is no consistency in the reported preference for carbohydrates regarding EPS
production (Cerning et al., 1994; Tallon, Bressollier, & Urdaci, 2003; Torino, Hébert, Mozzi,
F., & de Valdez, 2005), and thus this seems to be strain-dependent. When the strain was
cultivated in MRS, CDMgc, or CDMgg, the EPS production reached to the highest at 24-48 h,
but a decline of the EPS yield was observed at 72 h (Fig. 1D). The decline of EPS production
during prolonged fermentation has been observed in L. rhamnosus R being attributed to the
enzymatic degradation of EPS (Pham, Dupont, Roy, Lapointe, & Cerning, 2000). Therefore,

EPS degrading enzymes might be expressed in L. fermentum TDS030603 in 72 h cultivation.

3.3. Chemical structure of EPS

All the EPSs that were released in MRS and the CDM supplemented with various
carbohydrates consisted of glucose and galactose; no other monosaccharide was detected on
TLC (Fig. 2). The monosaccharide composition of EPS was also investigated by an HPLC
experiment. As the result, the molar ratio of glucose to galactose ranged from 2.6 to 2.8
(Table 2). This result was similar to the value of 2.5 which had been previously determined
for the EPS produced by L. fermentum TDS030603 in MRS (Leo et al., 2007). The *H-NMR
spectra of the EPSs released in MRS and CDMs were very similar (Fig. 3). In all spectra,
typical chemical shifts that represent (i) an H-2 signal of glucose, which was substituted at
OH-2 and OH-3 (6=5.661), (ii) a-anomeric configuration of the glucose (6=4.978 and 5.314),
and (iii) B-anomeric configuration of the glucose (6=4.510 and 4.725) were identified. All

10
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these data indicated that composition in monosaccharides of L. fermentum TDS030603 EPS
were not dependent on the nature of carbohydrates supplemented in the culture medium as
was the case for other Lactobacillus strains (Petry, Furlan, Crepeau, Cerning, & Desmazeaud,

2000; Torino, Hébert, Mozzi, F., & de Valdez, 2005; van den Berg et al., 1995).

3.4. Molecular mass of EPS

The molecular masses of the major EPSs (peak I, Fig. 4) released either in MRS or CDM
supplemented with various carbohydrates showed similar values. Only the major EPS
produced in CDMgy Yielded a higher molecular mass than the others. Referring to the
standard pullulan and considering the size exclusion limit of the column (approx. 5 x 10" Da),
the molecular mass of peak | was estimated to be more than 10° Da. The EPS produced in
MRS contained a lower molecular mass fraction (peak 111, Fig 4), whose molecular mass was
2.8 x 10* Da. An apparent shoulder was observed in the vicinity of peak | in the EPSs
released in CDMs supplemented with different carbohydrate sources, although it was not
apparent in the EPS released in MRS (peak Il, Fig. 4). The molecular mass distributions of
peak Il were clearly divided into two groups: one includes the EPSs released in CDMgc and
CDM | 4 and the other the EPSs released in CDMgy and CDMs,,¢ (Fig. 4). The peak 11 fraction

was higher in the former group than in the latter.

3.5. Viscosity of EPS

Rheological analysis revealed that the EPS solutions exhibited pseudoplastic behavior that
was typical of aqueous solutions of high molecular mass biopolymers. Among the EPS
solutions, however, the viscosities were obviously different, especially in the low shear rate
range (Fig. 5). At a shear rate of 10/s, the solution of EPS released in MRS yielded an
apparent viscosity, 77,p 0f 0.88 Pa-s. Compared with this value, only the EPS in CDMgc had a
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higher viscosity, 7., 0Of 1.27 Pa-s. Other carbohydrates yielded EPSs whose apparent
viscosities at the same shear rate were much lower, namely 43 to 65% of that of the EPS

produced in MRS.

3.6. Possible determinant of the viscosity of EPS solution

In contrast to the effect on chemical structure of EPS, carbohydrates had a significant
influence on its viscosity (Fig. 5). Generally, the viscosity of EPS is affected by (i)
electrostatic interactions between charged residues, (ii) entanglement of long sugar chains,
and (iii) the effect of branching. The electrostatic interaction is not the case for L. fermentum
TDS030603 producing EPS, since it was revealed to be a neutral polysaccharide (Leo et al.,
2007). *H-NMR and monosaccharide composition analysis demonstrated that the chemical
structures of the EPSs were very similar (Fig. 2 and Fig. 3). Furthermore, no correlation was
observed between the viscosity of EPS solution and the monosaccharide composition ratios of
EPS; therefore variations in monosaccharide composition are not a cause of the variations in
viscosity. Although no significant variations could be found in the chemical structures of the
EPSs, some differences were demonstrated in the molecular mass distribution (Fig. 4). Even
though the major EPS fraction (peak I) in CDMg, had the highest molecular mass, EPS in
CDMga showed the lowest viscosity. A low molecular mass fraction (peak Il1) could be
found only in the EPS from MRS indicating that differences in EPS chain length are unlikely
to cause variations in viscosity. In Lactobacillus rhamnosus R lowering molecular mass of
EPS caused a decline of the viscosity of EPS solution (Pham, Dupont, Roy, Lapointe, &
Cerning, 2000). Therefore, the viscosity of EPS solution might be affected by the ratio of low
molecular mass EPS. A certain relationship between viscosity and molecular mass
distribution of EPS has been observed in peak Il (Fig. 4). Degradation of peak Il fraction may
cause the lower viscosity of EPS released in CDMgy and CDMsg,c. It was difficult to find a
clear relationship between molecular mass distribution and viscosity; nevertheless,
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4. Conclusions

To conclude, a CDM for L. fermentum TDS030603 has been developed. The ability of the
strain to produce a highly viscous EPS was observed in the CDM as well as in MRS. The
production of the EPS reaches the maximal concentration at the beginning of the stationary
phase, but degradation of the EPS was observed during 72 h cultivation. Carbohydrates did
not affect the chemical structure of the EPS, but did affect the production yields. Moreover,
the viscosity of the EPS was also affected by carbohydrates, possibly owing to the

heterogeneity in the molecular mass distribution of the EPS.

14



300

301

302

303

304

305

306

307

308

309

310

Acknowledgements

We thank Associate Professor H. Koaze and Associate Professor K. Hironaka of Obihiro
University of Agriculture and Veterinary Medicine, Japan, for giving us much useful
technical advice on the rheological analysis of the EPS produced by L. fermentum
TDS030603. We gratefully acknowledge Professor M. Messer of The University of Sydney,
Australia, for reviewing the manuscript. This study was supported by research grants from
Morinaga-Housikai Foundation, Yotsuba Milk Product Co., and Global COE Program
“Frontier Program for Animal Global Health and Hygiene”, Ministry of Education, Culture,

Sports, Science, and Technology, Japan.

15



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

References

Anumula, K. R., & Dhume, S. T. (1998). High resolution and high sensitivity methods for
oligosaccharide mapping and characterization by normal phase high performance liquid
chromatography following derivatization with highly fluorescent anthranilic acid.
Glycobiology, 8, 685-694.

Cerning, J. (1990). Exocellular polysaccharides produced by lactic acid bacteria. FEMS
Microbiology Reviews, 87, 113-130.

Cerning, J., Renard, G. M. G. C,, Thibault, J. F., Bouillanne, C., Landon, M., Desmazeaud,
M., & Topisirovic, L. (1994). Carbon source requirements for exopolysaccharide
production by Lactobacillus casei CG11 and partial structure analysis of the polymer.
Applied and Environmental Microbiology, 60, 3914-3919.

De Vuyst, & L., Degeest, B. (1999). Heteropolysaccharides from lactic acid bacteria. FEMS
Microbiology Reviews, 23, 153-177.

Duboc, P., & Mollet, B. (2001). Application of exopolysaccharides in the dairy industry.
International Dairy Journal, 11, 759-768.

Grobben, G. J., Chin-Joe, 1., Kitzen, V. A, Boels, I. C., Boer, F., Sikkema, J., Smith, M. R.,
& de Bont, J. A. M. (1998). Enhancement of Exopolysaccharide Production by
Lactobacillus delbrueckii subsp. bulgaricus NCFB 2772 with a Simplified Defined
Medium. Applied and Environmental Microbiology, 64, 1333-1337.

Jolly, L., Vincent, S. J. F., Duboc, P., & Neeser, J. R. (2002). Exploiting exopolysaccharides
from lactic acid bacteria. Antonie van Leeuwenhoek, 82, 367-374.

Laws, A., Gu, Y., & Marshall, V. (2001). Biosynthesis, characterization, and design of
bacterial exopolysaccharides from lactic acid bacteria. Biotechnology Advances, 19,
597-625.

Leo, F., Hashida, S., Kumagai, D., Uchida, K., Motoshima, H., Arai, I., Asakuma, S., Fukuda,
K., & Urashima, T. (2007). Studies on a neutral exopolysaccharide of Lactobacillus

16



338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

fermentum TDS030603. Journal of Applied Glycoscience, 54, 223-229.

Looijesteijn, P. J., Trapet, L., de Vries, E., Abee, T., & Hugenholtz, J. (2001) Physiological
function of exopolysaccharides produced by Lactococcus lactis. International Journal of
Food Microbiology, 64, 71-80.

Morishita, T., Deguchi, Y., Yajima, M., Sakurai, T., & Yura, T. (1981). Multiple nutritional
requirements of lactobacilli: genetic lesions affecting amino acid biosynthesis pathways.
Journal of Bacteriology, 148, 64-71.

Petry, S., Furlan, S., Crepeau, M. J., Cerning, J., & Desmazeaud, M. (2000). Factors affecting
exocellular polysaccharide production by Lactobacillus delbrueckii subsp. bulgaricus
grown in a chemically defined medium. Applied and Environmental Microbiology, 66,
3427-3431

Pham, P. L., Dupont, I., Roy, D., Lapointe, G., & Cerning, J. (2000). Production of
exopolysaccharide by Lactobacillus rhamnosus R and analysis of its enzymatic
degradation during prolonged fermentation. Applied and Environmental Microbiology, 66,
2302-2310.

Roberts, I. S. (1996). The biochemistry and genetics of capsular polysaccharide production in
bacteria. Annual Review of Microbiology, 50, 285-315.

Salazar, N., Gueimonde, M., Herndndez-Barranco, A. M., Ruas-Madiedo, P., & de los
Reyes-Gavilan, C. G. (2008). Exopolysaccharides produced by intestinal Bifidobacterium
strains act as fermentable substrates for human intestinal bacteria. Applied and
Environmental Microbiology, 74, 4737-4745.

Shene, C., Canquil, N., Bravo, S., & Rubilar, M. (2008). Production of the exopolysacharides
by Streptococcus thermophilus: Effect of growth conditions on fermentation kinetics and
intrinsic viscosity. International Journal of Food Microbiology, 124, 279-284.

Sutherland, 1. W. (1972). Bacterial exopolysaccharides. Advances in Microbial Physiology, 8,
143-213.

Tallon, R., Bressollier, P., & Urdaci, M. C. (2003). Isolation and characterization of two

17



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

exopolysaccharides produced by Lactobacillus plantarum EP56. Research in
Microbiology, 154, 705-712.

Torino, M. I., Hébert, E. M., Mozzi, F., & de Valdez, G. F. (2005). Growth and
exopolysaccharide production by Lactobacillus helveticus ATCC 15807 in an
adenine-supplemented chemically defined medium. Journal of Applied Microbiology, 99,
1123-1129.

van den Berg, D. J. C., Robijn, G. W., Janssen, A. C., Giuseppin, M. L. F., Vreeker, R.,
Kamerling, J. P., Vliegenthart, J. F. G., Ledeboer, A. M., & Verrips, C. T. (1995).
Production of a novel extracellular polysaccharide by Lactobacillus sake 0-1 and
characterization of the polysaccharide. Applied and Environmental Microbiology, 61,
2840-2844.

Vaningelgem, F., Zamfir, M., Mozzi, F., Adriany, T., Vancanneyt, M., Swings, J., & De
Vuyst, L. (2004). Biodiversity of exopolysaccharides produced by Streptococcus
thermophilus strains is reflected in their production and their molecular and functional
characteristics. Applied and Environmental Microbiology, 70, 900-912.

Vinderola, G., Perdigon, G., Duarte, J., Farnworth, E., & Matar, C. (2007). Effects of the oral
administration of the exopolysaccharide produced by Lactobacillus kefiranofaciens on
the gut mucosal immunity. Cytokine, 36, 254-260.

Weiner, R., Langille, S., & Quintero, E. (1995). Structure, function and immunochemistry of
bacterial exopolysaccharides. Journal of Industrial Microbiology, 15, 339-346.

Welman, A. D., & Maddox, I. S. (2003). Exopolysaccharides from lactic acid bactera:
perspectives and challenges. Trends in Biotechnology, 21, 269-274.

Whitfield, C. (1988). Bacterial extracellular polysaccharides. Canadian Journal of

Microbiology, 34, 415-420.

18



Viable cells (log,,cfu/ml)

Optical density at 600 nm

—~160
f=)
E
e 120
S
32 80
2
= 40
B %]
[l _/7//9(
3 L 0 | |
0 20 40 60 80 0 20 40 60 80
Cultivation time (h) Cultivation time (h)

Fig. 1. Cell growth and EPS production of L. fermentum TDS030603 and pH profile
of the culture broth. The cell growth was monitored by ODgoonm (A) and cultivable
cell count (B). (C), pH profile of the culture broth. EPS was purified and its dry mass
was weighed (D). Symbols; open circle, EPS released in MRS; closed circle, EPS
released in CDM supplemented with glucose; open triangle, EPS released in CDM
supplemented with galactose; closed triangle, EPS released in CDM supplemented
with lactose; cross, EPS released in CDM supplemented with sucrose.
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Fig. 2. Monosaccharide composition of EPSs produced by L. fermentum TDS030603 in
MRS and CDM supplemented with various carbohydrate sources. Glucose (Glc),
galactose (Gal), and mannose (Man) were used as standards. MRS, EPS released in
MRS broth; CDMgy, EPS released in CDM supplemented with glucose; CDMgg, EPS
released in CDM supplemented with galactose; CDM,,, EPS released in CDM
supplemented with lactose; CDMs,., EPS released in CDM supplemented with sucrose.
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Fig. 3. NMR spectra of EPSs produced by L. fermentum TDS030603 in MRS and
CDM supplemented with various carbohydrate sources. Chemical shifts derived
from a H-2 signal of glucose, which was substituted at OH-2 and OH-3 (5 = 5.661),
a-anomer (6 = 4.978 and 5.314), and B-anomer (6 = 4.510 and 4.725) were
observed. Chemical shifts of heavy water (HDO) and acetone were & = 4.348 and

2.225, respectively.
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Fig. 4. Molecular mass distribution of EPSs produced by L. fermentum TDS030603
in MRS and CDM supplemented with various carbohydrate sources. 100 pg of the
each purified EPS were used. I, Il, and Il indicate corresponding peaks in the
chromatograms. The elution of the EPS was monitored by refractive index of the
eluent.
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Fig. 5. Viscosity of EPSs produced by L. fermentum TDS030603 in MRS and
CDM supplemented with various carbohydrate sources. Symbols; open circle,
EPS released in MRS; closed circle, EPS released in CDMgc; open triangle, EPS
released in CDMgg; closed triangle, EPS released in CDMy,; cross, EPS
released in CDMsgyc.



Tablel
Chemical composition of the CDM for

L. fermentum TDS030603

Components Concentration

(9/L)
D-Glucose 10.0?
DL-Alanine 0.2°
L-Arginine 0.1@
L-Aspartic acid 0.1°
L-Glutamic acid 0.22
L-Histidine 0.18
L-Isoleucine 0.18
L-Leucine 0.12
L-Methionine 0.12
L-Phenylalanine 0.1@
L-Serine 0.1°
L-Tryptophan 0.1@
L-Tyrosine 0.18
L-Valine 0.18
p-Aminobenzoic acid 0.002°
Biotin 0.000012
Folic acid 0.0001°
Nicotinamide 0.001°
Nicotinic acid 0.001°
Pantotheic acid 0.0022
Pyridoxal 0.0022
Pyridoxol 0.001°
Riboflavin 0.0002°
Adenine 0.012
Guanine 0.01b
Thymine 0.005?
Uracil 0.012
Xanthine 0.01°
Adenylic acid 0.022
Cytidylic acid 0.05?
2’-Deoxyguanosine 0.012
Ammonium citrate 1.08
Sodium acetate 6.0°
Sodium citrate 0.5°
Sodium thioglycolate 0.5°
FeSO,-7H,0 0.02b
K,HPO, 3.0°
KH,PO, 3.02
MgSO,-7H,0 0.5°
MnSO,-5H,0 0.22
Spermidine phosphate 0.005°
Tween80 1.08

Essential.

® Important but not essential.



Table2
Monosaccharide composition of L. fermentum
TDS030603 releasing EPS in MRS and CDM

supplemented with various carbohydrate sources

Media Molar ratio?
(Glucose/Galactose)
MRS 2.6 £ 0.05
CDMg, 27+0
CDMg, 2.6 +£0.03
CDM,,. 2.6 +0.02
CDMg,, 28+0

*Mean£S.D. (n=3).
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