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There are many functional characteristics of exopolysaccharides (EPS) produced by lactic acid bacteria
in fermented dairy products. In this study, 2 EPS-producing strains of Lactobacillus delbrueckii ssp.
bulgaricus and 2 Streptococcus thermophilus strains were isolated from commercial and rural yoghurts
and they were inoculated into whey and their effects on EPS production and viscosity of whey were
monitored. Two pH applications (adjusted pH and free pH) and 3 incubation temperature (42, 36 and
42/36°C) were performed. pH of samples was significantly affected by starter culture strains, pH
adjustment and incubation temperature (P < 0.01). Generally counts of L. delbrueckii ssp. bulgaricus
were found higher than of S. thermophilus (P < 0.05). Viable cell counts were significantly higher, in pH-
adjusted samples and 42°C samples, than their relevants (P < 0.01). Higher concentrations of EPS were
observed in pH-adjusted media than that in pH-free media (P < 0.01). Also 2-step (42/362C) and lower
(362C) incubation temperature caused an increase in EPS production. Viscosity of samples greatly
influenced from their EPS contents. The highest EPS concentration (676 mg/L) and viscosity (6.37
mPa.s) was determined in the sample that inoculated with S. thermophilus ST3 strain, incubated at
42/36°C with pH-adjustment.
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INTRODUCTION

Many functional characteristics of lactic acid bacteria
(LAB) are responsible for their traditional and modern use
in food production. One such characteristic that has
recently generated much interest is polysaccharide pro-
duction (Shihata and Shah, 2002). The LAB that produce
exopolysaccharides (EPS) are often used to increase the
viscosity of stirred fermented milks, such as yoghurt and
to decrease the susceptibility to syneresis (Ruas-
Madiedo et al., 2002a). Exopolysaccharides are polysac-
charides external to the cell, either attached to cells or
excreted as free polysaccharides (Cerning et al., 1992;
Nakajima et al.,, 1990). Compositions and structures of
EPSs are very heterogeneous and their effects on the
product are also variable. Therefore many different terms
are used to describe EPS produced by LAB. They have
been described as mucoid, slime producing and ropy
(Knoshaug et al., 2000). Also the molecular masses of
the EPS from LAB very changeable and range from 10
kDa and over 200 kDa to >1,000 kDa (De Vuyst et al.,

1998; Higashimura et al., 2000; Lemoine et al., 1997; Lo
et al., 2007). In recent years several studies have focus-
ed on the rheological and textural properties of yoghurt
made with EPS-producing strains (Bouzar et al., 1997;
Hassan et al.,, 1996; Hess et al., 1997; Rawson and
Marshall, 1997; Van Marle et al., 1999). Currently, EPS-
producing LAB strains are used in yoghurt, sour cream
and whipped toppings to improve their rheological pro-
perties, to prevent syneresis and to replace stabilizers
(Wacher-Rodarte et al.,, 1993; Hess et al.,, 1997).
Gassem et al. (1995) and Giriffin et al. (1996) reported
that polysaccharide - producing yoghurt bacteria were im-
portant determinants of yoghurt viscosity and texture. In-
dustrial scale production of EPS from LAB is not very
common since the yield of EPS biosynthesis is relatively
low when compared with dextran-producing or gram-
negative EPS-producing strains (De Vuyst and Degeest,
1999; Doleyres et al., 2005).

In most cases, the total amount of EPS synthesized



Table 1. Definition of starter cultures used in the experiment.
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Starter culture code Starter culture strain Source

LB12 Lactobacillus delbrueckii ssp. bulgaricus LB12 | Laboratory collection, rural yoghurt

LB18 Lactobacillus delbrueckii ssp. bulgaricus LB18 | Laboratory collection, commercial yoghurt
ST3 Streptococcus thermophilus ST3 Laboratory collection, commercial yoghurt
ST7 Streptococcus thermophilus ST7 Laboratory collection, commercial yoghurt

does not exceed 1 g/L even under optimal growth condi-
tions, although some higher amounts have been reported
for Lactobacillus returi strains (4.1 and 4.8 g/L), S. ther-
mophilus LYO3 (1.5 g/L) and L. sakei0 -1 (1.4 g/L) (Lo et
al.,, 2007). Nevertheless, the search for over producing
strains and the better understanding of the mechanisms
that regulate their synthesis could improve the yields to
economically feasible levels.

The majority of EPS-producing microorganisms utilize
carbohydrates as their energy source as well as their
carbon source for EPS formation (Lo et al., 2007). Whey
is an important by product of cheese manufacture and
contains most of the lactose of cheese-milk. Sometimes
whey was thrown away by cheese producers or used for
feeding livestock. Currently, the major usage of whey and
whey permeate are in manufacturing dried whey powder
and refined lactose. These usages, however, are often
aimed at keeping the surplus whey out of sewers rather
than producing a highly desirable product. The ultimate
goal for the dairy industry should be to turn whey lactose
into a product with high value. Thus, by the production of
EPS, whey will be utilized for the production of valuable
products. EPS produced by LAB using whey can be
utilized in the dairy products and bakery products such as
cakes. Coherent with this premise, in a study conducted
our laboratories, partially purified and concentrated EPS
were successfully used to reduce oil/fat requirement in
cake production.

The aim of this study was to investigate the effect of
LAB strains, incubation temperature and pH development
on EPS production and viscosity in whey. In order to do
this, 2 EPS-producing strains of L. delbrueckii ssp.
bulgaricus and 2 S. thermophilus strains were isolated
from commercial and rural yoghurts and they were
inoculated into whey and their effects on EPS production
and thickening efficiency were monitored.

MATERIALS AND METHODS
Bacterial strains and propagation media

2 EPS-producing L. delbrueckii ssp. bulgaricus strains and 2 EPS-
producing S. thermophilus strains previously isolated from com-
mercial yoghurts were used in whey fermentation.

Stock cultures were kept frozen in 12% (wt/vol) skim milk and
25% (wtv) glycerol at -20°C. For inoculum preparation, 1% of the
frozen L. delbrueckii spp. bulgaricus strains and 1% S.

thermophilus strains were propagated separately in 10% (wt/vol)
skim milk medium at 42°C for 5 h. Definition of starter cultures was
given in Table 1.

Whey properties and fermentation conditions

Whey was obtained from cheese production without starter culture
addition. Fat of whey was removed by centrifugal cream separation
and then whey was sterilized at 121°C for 15 min. After cooling to
45°C, whey was filtered using sterilized glass wool and filter flasks
to remove the heat-formed precipitate. Then whey content was en-
riched by the addition of 5% (v/v) sterilized skim milk. Composition
of fermentation media was as follows: total solids 5.54 - 5.63%;
crude protein 0.37 - 0.41%; fat < 0.1%; pH 6.42 - 6.44 and titration
acidity 0.15 - 0.17%. Whey (200 mL) was dispensed into 250 ml
sterilized glass jars with screw cap. Whey samples were divided
into 2 groups. pH adjustment was applied in the first group and the
pH was maintained at the set point (pH 5.5) by the addition of 5 N
NaOH. Maximum NaOH addition was determined as 2.25 ml/200
mL per whey sample. Thus, at the end of fermentation, volume of
the other samples was made up to 202.25 mL with water. No pH
adjustment was applied in the other group and incubation was per-
formed with a free pH. However, volume of these samples was also
adjusted. 3 different incubation temperatures were used for each
group. The first batch was incubated at 42°C, the second batch at
36°C and the third batch at 42°C for 2 h and then at 36°C. Whey
samples were inoculated with the starter cultures indicated above at
the ratio of 1%. Fermentation was performed in static condition;
however fermentation media were agitated sometimes by shaking
the jars with hand. Thus, the experiment was conducted using 4
starter cultures, 2 pH applications and 3 incubation temperatures.
Incubation was performed for 18 h and study was performed in
triplicate.

Chemical analyses

The total solids were determined by oven-drying method (AOAC,
1990); pH of the samples was measured by pH meter (Hanna
Instruments, Cluj-Napoca, Romania); total nitrogen was determined
by micro-Kjeldahl procedure (Simsek Laborteknik, Ankara, Turkey)
(Case et al., 1985) and crude protein was calculated by % total N x
factor of 6.38. Titration acidity and fat content were also carried out
according to the methods described by Case et al. (1985).

Enumeration of lactic acid bacteria

MRS Agar (de Man, Rogosa, Sharpe; Oxoid Ltd. Hampshire, Eng-
land) was used for counting L. delbrueckii ssp. bulgaricus. 5%
lactose added M17 Agar (Oxoid Ltd. Hampshire, England) was
used for enumeration of S. thermophilus. Inoculated plates were
incubated at 42°C for 72 h and then formed colonies were counted.
Counts of bacteria were stated in text as log number.
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EPS purification and quantification

EPS purification was performed by the method given by
Amatayakul et al. (2006) with some modifications. For this reason,
proteins in 50 mL of whey sample (1:1; whey : deionized water)
(MES Ltd. Sti., Ankara, Turkey) were precipitated by adding 4 mL of
20% (wt/vol) TCA (Merck, Darmstadt, Germany). They were kept at
12°C for 3 h to accomplish the precipitation reaction. Precipitated
proteins were separated by centrifugation (Hettich, Tuttlingen,
Germany) at 3500 x g for 30 min at 4°C. The pH of supernatant was
adjusted to 6.80 with 40% (wt/vol) NaOH followed by boiling the
supernatant at 100°C for 30 min to denature whey proteins.
Denatured whey proteins were separated by centrifugation at 3500
x g for 30 min at 4°C. Equal volume of cold absolute ethanol was
mixed with the supernatant to precipitate the carbohydrate from the
supernatant. The precipitation was carried out overnight at 4°C and
the precipitate was separated by centrifugation at 3500 x g for 30
min at 4°C. The resultant carbohydrate pellet was completely dis-
solved by adding 10 mL of deionized pure water and the resultant
suspension was subjected to sonication in a ultrasonic water bath
(Bandelin, Berlin, Germany) for 1 h at room temperature. After that,
the solution was dialysed at 4°C in a dialysis membrane tube with
molecular weight cut-off 12 kDa (Sigma-Aldrich, St Louis, MO,
USA) against distilled water for 3 days on a rotating-shaker incu-
bator (Heidolph, Schwabach, Germany). Water : sample ratio was
20:1. Water was changed 4 times in a day. After this time, the sam-
ples were freeze-dried (Edwards, Crowley Susex, England),
weighed and then EPS values were calculated (Gassem et al.,
1997). Nitrogen contents of these samples were also determined
and subtracted from these values. Thus, the final EPS values were
expressed as mg /L of whey.

Determination of viscosity

Viscosity measurements were performed on 16 mL samples by
using Brookfield digital rheometer model DV Il Ultra (Brookfield
Engineering Laboratories Inc., Stoughton, Massachusetts, USA).
The rheometer was equipped with ultra low adapter (Brookfield
Engineering Laboratories Inc), which rotated in a sample-containing
chamber connected to a temperature-controlled cryostat water bath
(Brookfield Engineering Laboratories Inc). The rheometer was
controlled with the Brookfield Rheocalc V3.1-1 software (Brookfield
Engineering Laboratories Inc). Apparent viscosity measurements in
samples were performed at 25°C. Spindle speeds of 0 - 240 rpm
with 5 rpm interval were applied for 30 s. However, for the com-
parison of the samples between the different applications, a spindle
speed of 200 rpm was chosen. The torque was between 14.1 and
23.7% and shear rate was 244.60 sec™ at this rotation. All viscosity
measurements were expressed in mPa.s, performed in duplicate
and averaged.

Statistical analysis
The data were analyzed using 2-way ANOVA at 95% confidence le-

vel with SAS (2005). The means of data were expressed with
standard deviation and compared with Duncan test.

RESULTS AND DISCUSSION

Growth of lactic acid bacteria in whey and change of
pH

Expectedly, pH of pH-adjusted whey samples was deter-
mined as almost stable (pH 5.5) at the end of fermenta-

tion, however, pH values were significantly (P < 0.01)
decreased in the samples fermented without pH adjust-
ment. pH values of samples fermented at 42°C were
found significantly (P < 0.01) lower than that of others
(Table 2). As known, optimal growth temperature of S.
thermophilus and L. delbrueckii ssp. bulgaricus are over
40°C (Ucuncu, 2005). Thus, decrease in the fermen-
tation temperature had caused lower starter activity. The
highest glycolytic capacity was determined in LB12 sam-
ple. Viable cell counts (L. delbrueckii ssp. bulgaricus)
were also higher in this sample than the other samples.
pH and buffering capacity of fermentation media can
change depending on their composition and especially
protein concentration (Amatayakul et al., 2005). However,
composition of all fermentation media was the same in
this study.

There was significant effect of pH adjustment (P <
0.05), fermentation temperature (P < 0.01) and starter
culture (P < 0.05) factors on the growth of starter bac-
teria. NaOH addition into fermentation medium to control
of pH generally enhanced the growth of starters used.
While mean viable count was 7.09 log cfu/g for pH-
adjusted media, it was 6.75 log cfu/g for pH-free media.
The highest counts of bacteria were observed at 42°C
when compared with other incubation temperatures. On
the other hand, incubation at 42/36°C had positive effect
on the growth of bacteria. The number of viable cells of
the L. delbrueckii ssp. bulgaricus LB12 strain was signify-
cantly (P < 0.05) higher than that of other strains. The
lowest viable cell numbers were determined in ST3 and
ST7 samples (Table 2). It was reported that viable cell
counts can change in yoghurt depending on the strain
used (Amatayakul et al., 2005). In general, L. delbrueckii
ssp. bulgaricus counts were found lower in this study
than determined in yoghurt (Bouzar et al., 1997) even at
42°C. Also viable counts of S. thermophilus were gene-
rally found lower than that of results reported by De Vuyst
et al. (2003) and Vaningelgem et al. (2004). However,
milk or enriched milk medium was used in these resear-
ches. Probably, these media are more suitable than whey
for the bacteria. Despite of obtaining slightly lower counts
of bacteria in this study, composition of whey was
reported as sufficiently complex for growth of lactic acid
bacteria (Grobben et al., 1998).

EPS concentration and viscosity of whey samples

Higher concentrations of EPS for all incubation tempe-
ratures and for all strains were observed in pH-adjusted
media than pH-free media (P < 0.01). While mean EPS
production for pH-adjusted media was 468 + 124 mg/L,
this value was 316 £ 96 mg/L for pH-free media (Table
3). pH is one of the most important factors affecting meta-
bolic activity of starter cultures in fermented products
(Degeest et al., 2001). Also the factor of incubation tem-
perature had significant effects (P < 0.01) on EPS pro-
duction and the highest amount of EPS was determined
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Table 2. pH change and viable cell counts in fermented whey samples*.
Parameter Starter culture Adjusted pH (5.5) Free pH Mean 1+ SD
code Incubation temperature (°C) Mean % SD Incubation temperature (°C) Mean % SD
42 36 42/36 42 36 42/36
pH LB12 550+0.02 | 549+0.03 | 550+£0.04 | 5.49+0.03 4.04+0.09 | 482+0.16 | 423+0.06 | 4.36+0.36 | 4.93+0.63°
LB18 549 +0.03 [ 550+0.01 [ 551+0.03 | 5.50+0.02 4.01+0.14 | 5.06+0.09 | 4.35+0.07 | 4.47+0.47 | 4.99+0.62%
ST3 552+0.02 | 551+0.03 | 549+0.03 | 5.50+0.02 422+0.07 | 496+0.10 | 4.35+0.11 451+0.35 | 5.01+0.56°
ST7 549+0.02 [ 548+0.01 [ 550+0.03 | 5.49+0.02 4.05+0.08 | 4.87+0.08 | 424+0.07 | 4.39+037 | 494+0.62"
Meanz SD 5.50+0.02 | 5.49+0.02 | 550+0.03 | 550+0.02" | 4.08+0.12 | 4.93+0.13 | 4.29+0.09 | 4.43+0.38°
Mean * SD depending on incubation temperature  42°C =4.79+0.72° 36°C =5.21+0.30°% 42/36 °C = 4.89+0.61 °
Viable cell | LB12 6.98+0.73 | 742+054 | 7171046 | 7.19+0.55 8.08+0.61 | 6.72+058 | 6.92+0.20 | 7.24+0.77 | 7.21+0.65°%
counts (log | | B1g 716+039 | 722+0.68 | 7.15+0.50 | 7.18+0.46 7.00+0.21 |6.20+0.23 | 6.63+0.09 | 6.61+0.38 | 6.89+0.50%
cfu/g) ST3 7.06+£0.37 | 7.05+0.70 | 6.84+0.44 | 6.98+0.46 6.82+0.29 | 6.04+0.76 | 6.82+0.54 | 6.56 +0.62 | 6.77 +0.58 "
ST7 7.36+048 | 6.42+0.37 | 7.21+£0.56 | 6.99+0.60 7.54+065 | 589+027 | 6.33+0.62 | 659+0.87 | 6.79+0.76°
Mean + SD 7.14+0.46 | 7.03+0.63 | 7.09+0.45 | 7.09+052" | 7.36+0.65 | 6.21+054 | 6.67+0.43 | 6.75+0.71°
Mean + SD depending on incubation temperature 42 °C =7.25+0.56* 36 °C =6.62 +0.71° 42/36 °C = 6.88 + 0.48 °

* Mean values * standard deviation of three trials.

3 |etters indicate differences (P < 0.05) between mean values of cultures
AB |etters indicate differences (P < 0.05) between mean values of pH adjustment.
¢ |etters indicate differences (P < 0.05) between mean values of incubation temperature.

in the samples incubated at 42/36°C. It seems
that, incubation of bacteria at 42°C both increased
viable cell and stimulated acid production but
retarded EPS production. Coherent with this pre-
mise, it can be seen from Table 2 that the highest
mean cell counts and the lowest mean pH value
has been determined in the samples fermented at
42°C. Amount and character of EPS can be affec-
ted by incubation conditions such as pH, incu-
bation temperature and period and composition of
media (Garti and Reichman, 1993; Fajardo-Lira et
al., 1997; Ruas-Madiedo et al., 2002b).

ST3 sample has possessed the highest mean
EPS concentration. EPS production of this sample
has also reached to 676 mg/L when pH was
adjusted (5.5) and 2-step temperature (42/36°C)
was applied. In a study, synthesis of EPS by L.

delbrueckii ssp. bulgaricus RR strain in semi-
defined medium varied greatly depending on incu-
bation temperature and pH of medium; the highest
EPS concentration was obtained at 38°C and pH
5.0 (Kimmel et al., 1998). The quantities of EPS
produced in milk by different species and strains
vary considerably. The EPS quantities produced
in milk by different strains of Lactococcus lactis
sub sp. cremoris range from 80 to 600 mg/L and
even lower yields (25 mg/L) have been reported
(Cerning, 1995).

In the previous studies, the amounts of EPS
reported range from 50 to 350 mg/L for S. thermo-
philus (Cerning et al., 1988; Doco et al., 1990),
from 60 to 150 mg/L for L. bulgaricus (Cerning et
al., 1986; Garcia-Garabay and Marshall, 1991).
However, higher EPS production has been

reported for S. thermophilus by Degeest and De
Vuyst (1999) and Zisu and Shah (2003) and for L.
delbrueckii ssp. bulgaricus by Grobben et al.
(1998). In a study, a very high EPS concentration
of 2.3 ¢g/L was ob-tained during pH-controlled
batch cultures of Lactobacillus rhamnosus RW-
9595M in 8% whey permeate medium supple-
mented with some minerals and yeast extract
(Bergmaier et al., 2003). Similar yield (2.2 g/L)
was obtained by Doleyres et al. (2005) using this
strain. In the studies stated above, generally
various enrichment agents or additives has been
practiced in order to improve EPS production in
milk or milk based media. However, the aim of this
study was to determine the productivity of yoghurt
cultures in whey medium without enrichment with
other carbon sources and keep the cost of product
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Table 3. Exopolysaccharide concentration (mg/L) and viscosity (mPa.s) of whey samples™.

Parameter | Starter culture Adjusted pH (5.5) Free pH Mean = SD
code Incubation temperature (°C) Mean % SD Incubation temperature (°C) Mean % SD
42 36 42/36 42 36 42/36
EPS (mg/L) LB12 311 +£27.6 436 +44.5 457 +44.8 401 £ 76 203 +27.0 259 +25.3 296 + 23.8 253 + 46 327+97°
LB18 261 £21.7 479 £ 56.5 619 +£41.0 453 £ 160 183 +£16.5 378 £35.7 410 £ 411 324 £+ 110 388 + 149 °
ST3 454 + 25.54 633 +34.5 676 + 6.5 588 + 104 333+50.4 438 +45.5 482 + 61.1 418 + 80 503 + 1252
ST7 392 + 18.44 431 £ 50.1 464 +43.0 429 + 46 283 +43.6 245 +19.6 283 +41.0 270 + 36 350+ 91 °¢
Mean+ SD 355 +79 494 + 94 554 + 104 468 + 124 " 250+ 70 330 £ 89 368 £ 93 316+ 96 °
Mean + SD depending on incubation temperature  42°C =302 +90°  36°C =412 +123° 42/36°C = 461 +136 °
Viscosity LB12 3.50 £0.03 4.33 £0.08 442 +0.15 4.08 £ 0.45 3.07+0.09 |4.00x0.08| 3.69+0.17 3.59+042 3.83+0.49°
(mPa.s) LB18 3.54 £ 0.03 5.10£0.12 6.16 £ 0.52 493 +1.17 3.21+0.13 | 437+0.17 | 5.00+0.14 419 +0.79 456 +1.04°
ST3 4.70 £0.07 5.95+0.15 6.37 £0.28 5.67 £0.77 3.81+0.08 |516+0.29 | 514 +£0.20 4.70 £ 0.69 5.19+0.86 7
ST7 3.82 £ 0.11 411 £0.11 419 +0.10 4.04 +0.19 3.40+0.07 | 3.63+x0.16 | 3.61+£0.20 3.55+0.17 3.79+031°
Mean £ SD 3.89 + 0.51 4.87 +0.76 528+1.06 | 4.68+0.98" | 3.37+0.30 | 4.29+0.61 | 4.36+0.75 | 4.01 +0.73°
Mean + SD depending on incubation temperature 42 °C =3.63+0.48° 36°C=458+0.74" 42/36°C =4.82+1.01°

* Mean values * standard deviation of 3 trials.

3¢ |etters indicate differences (P<0.05) between mean values of cultures
AB |etters indicate differences (P<0.05) between mean values of pH adjustment.
¢ |otters indicate differences (P<0.05) between mean values of incubation temperature.

lower. Therefore, only skim milk was added into
whey at the ratio of 5%. In the preliminary study,
growth of bacteria was found insufficient in whey.
However, sufficient cell growth was obtained
when the whey enriched with 5% milk addition.
Thus, both starter growth and EPS production
was found satisfactory when the media enriched
with milk.

Viscosity of the samples was significantly
affected by the factors of starter culture (P < 0.01),
pH adjustment (P < 0.01) and incubation tempe-
rature (P < 0.01). The highest mean viscosity was
determined in ST3 sample (5.67mPa.s) and this
followed by LB18 sample (4.93mPa.s). There was
a clear effect of pH adjustment on the viscosity of
whey samples. pH-adjusted media possessed
higher viscosity values than free pH applied sam-

ples. Viscosity values were also influenced by
incubation temperature and the highest mean vis-
cosity was determined in the samples incubated
at 42/36°C (4.82 mPa.s). Viscosity of fermented
whey samples was strongly affected by their EPS
contents. Correlation coefficient between the EPS
concentration and the viscosity was very signi-
ficant (¥ = 0.905; P < 0.01). Although some
authors suppose a direct correlation between vis-
cosity of stirred yoghurts and EPS concentration,
no clear relation has been demonstrated (Dupont
et al., 2000; Sebastiani and Zelger, 1998; Van
Marle and Zoon, 1995; Wacher-Rodarte et al.,
1993), except that if a given strain produces more
EPS the viscosity of the fermented milk will in-
crease (Sebastiani and Zelger, 1998). Other
factors, such as the molecular characteristics of

the EPS will play a part (Ruas-Madiedo et al.,
2002b). Most of the viscosity measurements in the
literature were carried out using yoghurt (Hassan
et al.,, 1996; Hess et al., 1997; Rawson and
Marshall, 1997; Van Marle et al., 1999). As it is
known, rheology of yoghurt is very different from
whey due to its gel structure and composition.
Protein content, heat treatment and the presence
of milk fat, thickening agents (stabilizers) and
bacterial exopolysaccharides are factors with a
direct effect on the structure of the protein matrix
of yoghurt (Lucey, 2004; Herrero and Requena,
2006). Whereas, material of this study was whey
and it is a very simple medium when compared to
yoghurt. Thus, it can be said that viscosities of
whey samples were greatly formed depending on
their EPS contents.



At present EPS yields in LAB fermentations are still too
low to consider them as an alternative to polysaccharides
from animal and plant sources. Nevertheless, the search
for over producing strains and the better understanding of
the mechanisms that regulate their synthesis could im-
prove the yields to economically feasible levels.

REFERENCES

Amatayakul T, Halmas AL, Sherkat F, Shah NP (2005). Physical
characteristics of yoghurts made using exopolysaccharide-producing
starter cultures and varying casein to whey protein rations. Int. Dairy
Jo 1111,

Amatayakul T, Sherkat F, Shah NP (2006). Physical characteristics of
set yoghurt made with altered casein to whey protein ratios and EPS-
producing starter cultures at 9 and 14% total solids. Food
Hydrocolloids, 20: 314-324.

AOAC (1990). Official Methods of Analysis of the Association of Official
Analytical Chemists (15" ed.). Association of Official Analytical
Chemists. Arlington, Washinghton, DC.

Bergmaier D, Champagne CP, Lacroix C (2003). Exopolysaccharide
production during batch cultures with free and immobilized
Lactobacillus rhamnosus RW-9595M. J. Appl. Microbiol. 95: 1049-
1057.

Bouzar F, Cerning J, Desmazeaud M (1997). Exopolysaccharide
production and texture-promoting abilities of mixed-strain starter
cultures in yogurt production. J. Dairy Sci. 80:2310-2317

Case RA, Bradley RL, Wiliams RR (1985). Chemical and Physical
Methods. In: Richardson GH ed. Standard Methods for the
Examination of Dairy Products, 15th ed., Baltimore, U.S.A. Am.
Public Health Association, pp. 327-404.

Cerning J, Bouillanne C, Desmazeaud MJ, Landon M (1986). Isolation
and characterization of exocellular polysaccharide produced by
Lactobacillus bulgaricus. Biotechnol. Lett. 8: 625-628.

Cerning J, Bouillanne C, Desmazeaud MJ, Landon M (1988).
Exocellular  polysaccharide  production by  Streptococcus
thermophilus. Biotechnol. Lett. 10: 255-260.

Cerning J, Bouillanne C, Landon M, Desmazeaud MJ (1992). Isolation
and characterization of exopolysaccharides from slime-forming
mesophilic lactic acid bacteria. J. Dairy Sci. 75: 692-699.

Cerning J (1995). Production of exopolysaccharides by lactic acid
bacteria and dairy propionibacteria. Lait, 75: 463-472.

De Vuyst L, Zamfir M, Mozzi F, Adriany T, Marshall V, Degeest B,
Vaningelgem F (2003). Exopolysaccharide-producing Strepto-coccus
thermophilus strains as functional starter cultures in the production of
fermented milks. Int. Dairy J. 13: 707-717.

De Vuyst L, Degeest B (1999). Heteropolysaccharides from lactic acid
bacteria. FEMS Microbiol. Rev. 23: 153-177.

De Vuyst L, Vanderveken F, Van de Ven S, Degeest, B (1998).
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.

Degeest B, De Vuyst L (1999). Indication that the nitrogen source
influences both amount and size of exopolysaccharides produced by
Streptococcus thermophilus LYO3 and modelling of the bacterial
growth and exopolysaccharide production in a complex medium.
Appl. Environ. Microbiol. 65: 2863-2870.

Degeest B, Vaningelgem F, De Vuyst L (2001). Microbial physiology,
fermentation kinetics and process engineering of
heteropolysaccharide production by lactic acid bacteria. Int. Dairy J.
11: 747-757.

Doco T, Wieruszelski JM, Fournet B, Carcano D, Ramos P, Loones A
(1990). Structure of an exocellular polysaccharide produced by
Streptococcus thermophilus. Carbohydr. Res. 198: 313-321.

Doleyres Y, Schaub L, Lacroix C (2005). Comparison of the functionality
of exopolysaccharides produced in situ or added as bioingredients on
yogurt properties. J. Dairy Sci. 88: 4146-4156.

Dupont I, Roy D, Lapointe G (2000). Comparison of exopolysaccharide

Tungtlrk 4227

production by strains of Lactobacillus rhamnosus and Lactobacillus
paracasei grown in chemically defined medium and milk. J. Ind.
Microbiol. Biotechnol. 24: 251-255.

Fajardo-Lira C, Garibay MG, Rodarte CV, Farres A, Marshall VM
(1997). Influence water activity on the fermentation of yoghurt made
with exacellular polysaccharide-producing or non-producing starter.
Int. Dairy J. 7: 279-281.

Garcia-Garibay M, Marshall VME (1991). Polymer production by
Lactobacillus delbrueckii ssp. bulgaricus. J. Appl. Bacteriol. 70: 325-
328.

Garti N, Reichman D (1993). Hydrocolloids as food emulsifiers and
stabilizers. Food Structure, 12: 411-426.

Gassem MA, Schmidt KA, Frank JF (1995). Exopolysaccharide
production in different media by lactic acid bacteria. Cultured Dairy
Products J. 30: 18-21.

Gassem MA, Sims KA, Frank JF (1997). Extracellular polysaccharide
production by Lactobacillus delbrueckii subsp. bulgaricus RR in a
continuous fermentor. Lebensm.-Wiss. u.-Technol. 30, 273-278.

Griffin AM, Morris VJ, Gasson MJ (1996). The cpsABCDE genes
involved in polysaccharide production in Streptococcus salivarius
subsp. thermophilus strain NCBF 2393. Gene, 183: 3-27.

Grobben GJ, Chin-Joe |, Kitzen VA, Boels IC, Boer F, Sikkema J,
Smith MR, De Bont JAM (1998) Enhancement of Exopolysaccharide
Production by Lactobacillus delbrueckii subsp. bulgaricus NCFB 2772
with a Simplified Defined Medium. Appl. Environ. Microbiol. 64: 1333-
1337.

Hassan AN, Frank JF, Schmidt KA, Shalabi SI (1996). Rheological
properties of yoghurt made with encapsulated nonropy lactic cultures.
J. Dairy Sci. 79: 2091-2097.

Herrero AM, Requena T (2006). The effect of supplementing goats milk
with whey protein concentrate on textural properties of set-type
yoghurt. Int. J. Food Sci. Technol. 41: 87-92.

Hess SJ, Roberts RF, Ziegler GR (1997). Rheological properties of
nonfat yogurt stabilized using Lactobacillus delbrueckii ssp.
bulgaricus producing exopolysaccharide or using commercial
stabilizer systems. J. Dairy Sci. 80: 252-263.

Higashimura M, Mulder-Bosman BW, Reich R, lwasaki T, Robijn GW
(2000). Solution properties of Viilian, the exopolysaccharide from
Lactococcus lactis subsp. cremoris SBT 0495. Biopolymers, 54: 143-
158.

Kimmel SA, Roberts RF, Ziegler GR (1998). Optimization of
exopolysaccharide production by Lactobacillus delbrueckii subsp.
bulgaricus RR grown in a semidefined medium. Appl. Environ.
Microbiol. 64: 659-664.

Knoshaug EP, Ahigrent JA, Trempy JE (2000). Growth associated
exopolysaccharide expression in Lactococcus lactis subspecies
cremoris Ropy352. J. Dairy Sci. 83: 633-640.

Lemoine J, Chirat F, Wieruszeksi JM, Strecker G, Favre N, Neeser JR
(1997). Structural characterisation of the exocellular polysaccharides
produced by Streptococcus thermophilus Sfi39 and Sfi12. Appl.
Environ. Microbiol. 63: 3512-3518.

Lo YM, Argin-Soysal S, Chia-Hua Hsu (2007). Bioconversion of Whey
Lactose into Microbial Exopolysaccharides. In: Bioprocessing for
Value-Added Products from Renewable Resources. Ed. Yang ST,
Elsevier Publ. pp. 559-583.

Lucey JA (2004). Cultured dairy products: an overview of their gelation
and texture properties. Int. J. Dairy Technol. 57: 77-84.

Nakajima H, Toyoda S, Toba T, Itoh T, Mukai T, Kitazawa H, Adachi S
(1990). A novel phosphopolysaccharide from slime-forming
Lactococcus lactis subspecies cremoris SBT 0945. J. Dairy Sci. 73:
1472-1477.

Rawson HL, Marshall VM (1997). Effect of ‘ropy’ strains of Lactobacillus
delbrueckii ssp. bulgaricus and Streptococcus thermophilus on
rheology of stirred yogurt. Int. J. Food Sci. Technol. 32: 213-220.

Ruas-Madiedo P, Hugenholtz J, Zoon P (2002b). An overview of the
functionality of exopolysaccharides produced by lactic acid bacteria.
Int. Dairy J. 12: 123-171.

Ruas-Madiedo P, Tuinier R, Kanning M, Zoon, P (2002a). Role of
exopolysaccharides produced by Lactococcus lactis subsp. cremoris
on the viscosity of fermented milks. Int. Dairy J. 12: 689-695

SAS (2005). SAS user’s guide: Statistics (version 9.1). pp. 351-359.
Cary, NC: SAS Institute Inc.



4228 Afr. J. Biotechnol.

Sebastiani H, Zelger G (1998). Texture formation by thermophilic lactic
acid bacteria. Milchwissenschaft, 53: 15-17.

Shihata A, Shah NP (2002). Influence of addition of proteolytic strains of
Lactobacillus delbrueckii subsp. bulgaricus to commercial ABT starter
cultures on texture of yoghurt, exopolysaccharide production and
survival of bacteria. Int. Dairy J. 12: 765-772.

Ucuncu M (2005). Yogurt Teknolojisi. In: Sut ve Mamulleri Teknolojisi.
Meta Basim Matbaacilik Hiz. Bornova, izmir. pp. 405-484.

Van Marle M, Zoon P (1995). Permeability andrheological properties of
microbially andchemically acidifiedskim-milk gels. Netherlands Milk
Dairy J. 49: 47-65.

Van Marle ME, van den Ende D, de Kruif CG, Mellema J (1999).
Steady-shear viscosity of stirred yogurts with varying ropiness. J.
Rheol. 43: 1643-1662.

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. Appl. Environ.
Microbiol. 70: 900-912.

Wacher-Rodarte C, Galvan M, Farres A, Gallardo F, Marshall VM,
Garcia-Garibay M (1993). Yoghurt production from reconstituted skim
milk powders using different polymer and nonpolymer forming starter
cultures. J. Dairy Res. 60: 247-254.

Zisu B, Shah NP (2003). Effects of pH, temperature, supplementation
with whey protein concentrate, and adjunct cultures on the production
of exopolysaccharides by Streptococcus thermophilus 1275. J. Dairy
Sci. 86: 3405-3415.



