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Abstract Exopolysaccharide producing starter cultures
enable manufacturing “clean labeled” foods with
improved textural and nutritional properties. The structural
and technological analyses were performed on the ropy
exopolysaccharides of six Lactobacillus plantarum. The
incubation temperature, time and pH affected the
exopolysaccharide production and high exopolysaccharide
was produced in the presence of sucrose and maltose. The
viscosity of exopolysaccharide was high at acidic condi-
tions except PFC311E that showed viscous at neutral pH.
Lactobacillus plantarum strains produced between 120 and
400 mg/L exopolysaccharide in which the highest was
observed at L. plantarum PFC311. Exoploysaccharides
were degraded over 300 °C except PFC311E that degraded
at 295.7 °C. The NMR analyses revealed that the
exopolysaccharides were synthesized by ol-6, al-3 and
al-4 bonds with glucose, galactose and fructose moieties.
In conclusion, L. plantarum PFC311 produced ropy
exopolysaccharide with different structural, rheological
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and thermal properties and reveals potential to be used in
food industry.
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Introduction

Recent interest in food industry is the use of natural food
additives which fullfil the expectations during the produc-
tion of different food products due to consumer prefer-
ences. One of the preferred natural compounds are
exopolysaccharides (EPS) that can be produced by bacte-
ria, fungi, and blue-green algae (Amjres et al., 2015).
Lactic acid bacteria (LAB) are also among the EPS pro-
ducers and their long history in the production of fermented
food products together with their use in the food industry
for the bulk production make them necessary to be tested
for production of different metabolites including EPS
(Dertli et al., 2018). Previous studies also confirmed the
technological roles of EPS produced by LAB in different
food products including cereal based foods (Arendt et al.,
2007; Galle and Arendt, 2014). The structure of EPSs,
which can be either homopolymeric or heteropolymeric
that are composed of only one type of sugar monomer and
two or more types of sugar monomers, respectively (Dertli
et al., 2013), can be important for their technological
functions together with the production levels of EPSs.
Other important features of EPSs from LAB are their
rheological properties that can affect their viscosifying,
stabilizing, emulsifying or gelling properties and their
thermal properties, which affects their usage during ther-
mal processes (Ahmed et al., 2013).
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Tarhana as a traditional cereal-based fermented food
product that also contains yogurt in its preparation mixture
has a rich and diverse microflora formed by LAB and yeast
species (Czel et al.,, 2015; Sengun et al., 2009). Several
LAB species to be associated with Tarhana production
include Lactobacillus plantarum strains (Kivanc and
Funda, 2017; Sengun et al., 2009; Settanni et al., 2011).
Besides the potential probiotic functions of L. plantarum
strains, it has received a considerable attention due to its
technological functions (Wang et al., 2010; 2015; 2017;
Zhang et al., 2013) which also include EPS production.
Several L. plantarum strains were shown to produce both
homopolymeric and heteropolymeric EPS (Wang et al.,
2010) although these strains have been shown to produce
heteropolymeric EPS with glucose and galactose as the
main sugar monomers presented in the EPS repeating unit
structure (Zhang et al., 2013).

EPS production is crucial technological trait of LAB
species including L. plantarum that more researches are
required in order to identify LAB species with EPS pro-
duction from different fermented foods. In this study, 1044
LAB isolates previously isolated from Tarhana (Simsek
et al., 2017) were tested phenotypically for their ropy EPS
production characteristics. Among these isolates, six LAB
strains were selected as EPS producers. EPSs from these
strains were further isolated, purified, and characterised for
structural and functional properties. The effect of culture
conditions including temperature, pH, carbon source and
incubation time on EPS production levels was determined
and the rheological properties of EPS solutions under dif-
ferent temperature and pH conditions were tested. This
study reveals the identification of LAB isolates from Tar-
hana with EPS production properties and the characteri-
sation of EPSs produced by these isolates in order to
demonstrate their potential for future industrial
applications.

Materials and methods

Bacterial strains and exopolysaccharide (EPS)
production

In this study, 1044 LAB strains from Pamukkale University
Food Engineering Culture Collection (PUFECC, WDCM
1019), which were previously isolated from Tarhana
(Simsek et al., 2017), were tested. All LAB strains were
cultivated in MRS and GM17 broth (Merck Co. Germany)
at 30 °C for 2 days and streaked to the corresponding agar
plates to obtain single colonies that were then tested for
their ropy characteristics using protocol described previ-
ously (Ruas-Madiedo and De Los Reyes-Gavilan, 2005).
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Positive strains were selected for further studies as EPS
producers.

Genotypic characterization and identification
of EPS producer LAB strains

In total 18 LAB strains were further selected as EPS pro-
ducers and these strains were discriminated by (GTG)s
analysis using primer (5-GTGGTGGTGGTGGTG-3') as
described previously (Groenewald and Botha, 2008). Dis-
tinct strains were then identified by 16S rRNA gene
sequencing and two primer sets (529F 5'-GTGCCA
GCMGCCGCGG-3’, 1491R 5-ACGGCTACCTTGTT
ACGACTT-3' and 27F 5-AGAGTTTGATCCTGGCTC
AG-3’-780R  5-TACCAGGGTATCTAATCCTGTT-3')
were used for the amplification of 1464 bp of 16S rRNA
gene. PCR mixes were prepared as described previously
(Dertli et al., 2016) and PCR was performed with the fol-
lowing programme: 95 °C for 3 min, 30 cycles of 95 °C
for 30 s, 57 °C for 30 s, and 72 °C for 1 min and 72 °C for
5 min final extension. PCR products were run on a gel to
check the amplication and amplicons were sent to Macro-
gen for sequencing. Sequences obtained were interrogated
with the NCBI database using the BLAST algorithm with a
similarity criterion of 97-100%. The partial 16S sequences
of the identified strains in this study were deposited in
GenBank under accession numbers given in Table 1.

Determination of EPS production at different
conditions

In order to determine the effect of incubation temperature
on EPS production, cultures were grown in MRS incubated
at 20 °C, 30 °C and 37 °C for 18 h. To test the effect of
incubation time, cultures were incubated at 30 °C for 24,
36 and 48 h. Similarly, the effect of pH on EPS production
was tested by growing cultures in MRS broth (Merck Co.
Germany) set to pH 4, 5, 6 and 7, respectively. Finally,
cultures were grown in MRS broth (Merck Co. Germany)
containing 2% sucrose, maltose, lactose and fructose

Table 1 The identification accession number and the EPS production
levels of L. plantarum strains

Isolate code GeneBank accession number Amount of EPS (mg/L)

PFC308 MG493258 198 = 13,90
PFC309 MG493261 120 + 18,40
PFC310 MG493262 211 4+ 14,80
PFC311 MG493263 400 + 28,00
PFC312 MG493269 258 + 18,10
PFC313 MG493264 290 £ 20,30
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(Merck Co. Germany) instead of glucose in order to test the
effect of carbon sources on the tested strains. The level of
EPS production was determined by phenol—sulphuric acid
methodology (Dubois et al., 1956).

EPS production levels of L. plantarum strains

Large scale EPS production at L. plantarum strains was
carried out at 2 L of a Bioreactor (Minifors, Switzerland) at
30 °C with 100 rpm stirring rate and adjusting the pH to
6.0. To discard the contamination potentially originate
from the yeast extract in MRS medium, modified BHI
medium containing beef heart 5 g/L, calf brains 12.5 g/L,
disodium hydrogen phosphate 2.5 g/L, peptone 10 g/L,
sodium chloride 5 g/L, glucose 10 g/L, tween 20 g/L,
sodium acetate 5 g/L, peptone casein 5 g/L, peptone meat
5 g/L and magnesium sulfate 0.2 g/L. was used as substrate
in the bioreactor to grow the L. plantarum strains. All
strains were initially activated in 100 mL of the same
medium then inoculated 1% (v/v) to bioreactor which was
operated for 2 day and the EPS was isolated from the
culture media by using the method as previously described
(Dertli et al., 2016).

Rheological characterisation of EPSs

The rheological characterisation of EPSs was performed as
described previously (Wang et al., 2015). Briefly, 30 mg of
lyophilised EPSs were dissolved in dH,O that was set to
pHs 3, 4, 6 and 7 and rheological properties were deter-
mined using a rheometer (Haake Mars, Thermo Fisher,
Waltham, Massachusetts, USA) at 25 °C for 2 min and
viscosity of the EPSs according to the shear stress values at
50! s was determined. These measurements were also
conducted at 45 and 60 °C (Wang et al., 2015).

Thermal properties of EPSs

Thermal properties of the EPSs were tested by thermo-
gravimetry (TG) and differential thermal analysis (Perk-
inElmer Diamond instrument, Waltham, Massachusetts,
USA). For this, 3 mg of lyophilised EPSs were placed to
ceramic pans and thermogravimetric properties were
scanned at 50-1000 °C interval with a temperature incre-
ment at 10 °C/m. The weight loss (%) and the derivative
mass values (%/°C) were determined as described previ-
ously (Wang et al., 2015).

For Differential Scanning Calorimetry (Perkin Elmer
Pyris 6 DSC, Waltham, Massachusetts, USA) analysis, the
purified EPS sample (5 mg) was placed in an aluminum
pan, which was sealed and analyzed using empty pan as a
reference. The melting point and enthalpy changes were

determined by increasing the heating rate at 10 °C/min
from 10 to 400 °C (Wang et al., 2015).

Monosaccharide composition of EPSs

The monosaccharide composition of EPSs produced by L.
plantarum strains were determined as described previously
(Dertli et al., 2018). Briefly, freeze-dried EPSs were
hydrolysed with 0.5 M H,SO, at 95 °C for 12 h followed
by neutralisation with 4 M NaOH. The hydrolysates were
filtered through a 0.45 pm pore size filter and the
monosaccharide composition was determined by HPLC
(Shimadzu Corp. Japan) using a CARBOsep CHO-682 Pb
Column (Chrom-tech, USA) and RID-10A refractive index
detector with a mobile phase of H,O, flow rate 0.7 mL/min
and column temperature of 25 °C. Standard monosaccha-
rides were glucose, galactose, fructose and rhamnose.

NMR analysis

NMR spectrum of the EPS produced from L. plantarum
strains were analyzed by using a Bruker AVANCE
600 MHz spectrometer (Bruker Group, Fillanden,
Switzerland) operated at 27 °C with a 5 mm inverse probe.
The samples were dissolved in D,O at concentrations of
10 mg/mL  for '"H NMR. Chemicals shifts (5) were
expressed in parts per million (ppm) (Wang et al., 2015).

Statistical analysis

A one-way ANOVA test was applied for the determination
of the differences on the effects of environmental condi-
tions on EPS production levels of the tested strains using
Minitab program (MINITAB 14.0, State Colloge, Pensil-
vanya, USA). Differences among samples were determined
by Tukey’s test (p < 0.05).

Results and discussion

Identification of EPS producer strains
among Tarhana isolates

In total 1044 LAB previously isolated from Tarhana were
tested for their EPS production characteristics (Simsek
et al.,, 2017). According to colony observation test, 18
isolates were selected as EPS producers and among these
isolates 6 (PFC308, PFC309, PFC310, PFC311, PFC312,
PFC313) were noted to be as high EPS producers due to
their observable ropy phenotype. The (GTG)s profiles of
the LAB strains revealed that all tested isolates were dis-
tinct strains. Further identification of these strains by 16S
rRNA sequencing showed that all strains were belong to L.
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plantarum. The GenBank accession numbers of LAB
strains were given in Table 1. Furthermore, other previous
studies also confirmed that L. plantarum strains are
important strain in terms of EPS production (De Vries
et al., 2006; Leroy and De Vuyst, 2004).

Effects of incubation temperature and time, carbon
source and pH on EPS production levels of L.
plantarum strains

The extrinsic factors are important determinants of the EPS
production in LAB strains, we then tested the effects of
incubation temperature and time, carbon source and pH on
EPS production levels of L. plantarum strains (Fig. 1).
Incubation temperature was found to be an important factor
on EPS production of L. plantarum strains (Fig. 1A). At
20 °C, no EPS production was observed in strains PFC308
and PFC313 and testing EPS production at 20 °C and
37 °C showed that strain specific conditions affected the
EPS production of L. plantarum strains depending on
incubation temperature (Fig. 1A). More importantly all
strains produced significantly lower (p < 0.05) EPS levels
at 37 °C and 20 °C in comparison to EPS levels at 30 °C.
This can be related with the mesophilic nature of L.
plantarum strains and similar to our findings Pingitore et al.
(2016) reported the tenfold decrement of EPS production in
L. plantarum Q823 as an effect of the increment of incu-
bation temperature from 30 to 37 °C. Tallon et al. (2003)
also showed that L. plantarum EP56 produced higher level
of EPS at 30 °C compared to 37 °C. This finding is crucial
in terms of industrial production of Tarhana as generally
fermentation occurs at room temperature, which is poten-
tially a positive factor for the EPS production of Tarhana
isolate L. plantarum strains.

Effects of carbon source on EPS production levels of L.
plantarum strains were tested by growing strains with
sucrose, maltose, lactose and fructose as carbon sources
and EPS production of the tested strains were altered
depending on carbon source and strain specific conditions
were determinant for the effect of carbon source (Fig. 1B).
For instance, strains PFC308, PFC309 and PFC312 pro-
duced the highest EPS level when sucrose was the carbon
source whereas with the maltose as the carbon source
strains PFC310 and PFC311 produced the highest EPS
levels (Fig. 1B). Additionally, L. plantarum PFC313 pro-
duced the highest EPS with lactose as the carbon source. In
general, L. plantarum PFC311 appeared to be the highest
EPS producer strain depending on different carbon source
and produced 2086 pg/mL and 1601 pg/mL EPS with
maltose and lactose, respectively (Fig. 1B). Our findings
revealed that utilizing disaccharides as carbon sources
resulted in higher levels of EPS production in L. plantarum
strains. Previous studies also reported similar findings
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(Tallon et al., 2003) and in terms of cereal fermentation
process, this fact can positively affect the EPS production.

Similar to the influence of incubation temperature and
carbon sources, the effects of pH and incubation time were
found to be strain specific (Fig. 1C, D). In general EPS
production in L. plantarum strains was higher at pH 5-6
compared to the other pH values tested and this can be
attributed to the fact that the physiological growth pHs of
LAB is between 5 and 6 (Caggianiello et al., 2016; Ruas-
Madiedo and De Los Reyes-Gavilan, 2005; Torino et al.,
2015). Therefore, at this high level of physiological state,
L. plantarum strains might produce higher levels of EPSs.
Unlike the other conditions tested, there was not a direct
relationship with the effect of incubation time and EPS
production levels of L. plantarum strains (Fig. 1D). For
instance, in strain PFC308 EPS production was minimum
at 24 h incubation, peaked at 36 h, and gradually decreased
at 48 h whereas at PFC309 24 h was the best incubation
time but 36 h was the worse. Similar patterns were
observed for the other tested strains and this finding reveals
the complex nature of the EPS production and requirement
for the optimisation of the incubation period.

EPS production levels of L. plantarum strains

EPSs from culture supernatants of L. plantarum strains
grown with a modified BHI medium in a 2 L pH-controlled
bioreactor were isolated and purified. Under these condi-
tions the level of EPS production among the L. plantarum
strains altered between 120 and 400 mg/L with the highest
EPS production detected in L. plantarum PFC311
(Table 1). These strains showed relatively average level of
EPS production in comparison to the reported level of EPS
production among different LAB strains. For instance, two
highest EPS producers were Lactobacillus rhamnosus RW-
9595M and Lactobacillus kefiranofaciens WT-2B with an
EPS production level of 2775 mg/L and 2500 mg/L,
respectively (Maeda et al., 2004). But for L. plantarum
strains, these levels of EPS production can be comparable
with the other L. plantarum strains reported in the literature
(Wang et al., 2010). We should also note that EPS pro-
duction can be affected by intrinsic and extrinsic factors
and can alter depending on strain specific conditions (Dertli
et al., 2013).

Rheological characterisation of EPS

All EPSs produced by L. plantarum strains showed shear
thinning behaviour potentially due to the formation of
some breaks in EPS polymers with the hydrodynamic force
applied during rheological measurement (Kavita et al.,
2014). This attribute can be important for the perception of
some sensorial properties of food products as well as
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during the technological process of food products (Zhou
et al., 2014). The effect of pH on rheological properties of
EPS solutions were tested and several patterns were
observed for the effect of pH on EPS rheology (Fig. 2A).
All EPSs except EPSs from PFC311E and PFC312E
showed higher viscosity under acidic conditions compared
to the neutral conditions (p < 0.05). This is important for
the fermented food products and their physicochemical
properties. Similar to this findings Wang et al. (2015)
reported that EPS from L. kefiranofaciens ZW3 was more
viscose under acidic conditions.

Effect of temperature of the EPS solution on viscosity of
the EPSs were also tested and for all EPSs increment of the
temperature from 25 to 60 °C resulted in the decrease at
the viscosity of the EPS solution (Fig. 2B) which might be
potentially due to the increase at the solubility of the EPSs.
We should note that this can be drawback for Tarhana
production as Tarhana is mostly consumed as a soup.
Nevertheless, for other food products consumed at low
temperatures this attribute of EPSs can be important. The
rheological property of EPSs was found slightly lower than
dextran (3% w/v) which showed 0.013 Pa s viscosity in

dH,O at 25 °C. This result indicated that L. plantarum
EPSs was able to show as much as the rheological of
dextran.

Thermal properties of EPSs

The thermogravimetric analysis (TGA) of the EPS from L.
plantarum strains was performed dynamically between
weight loss versus temperatures (Fig. 3A-F) and EPSs
from PFC310E and PFC311, PFC313E, PFC308E and
PFC309E and finally PFC312E showed two, three and four
degradation peaks respectively (Fig. 3). An initial weight
loss between 8.40 and 10.46% observed at 47.51-59.94 °C
temperature interval in all EPSs and this can be associated
to the moisture loss due to the presence of the carbonyl
groups in EPSs (Kumar et al., 2004). Additionally, between
140 and 147 °C, second weight loss was observed in EPSs
of PFC312E, PFC313E, PFC308E and PFC309E at 10.30,
11.45, 9.08 and 10.73%, respectively (Fig. 3). The main
weight loss was observed at 314 £ 1 °C in all EPSs except
EPS from PFC311E, which was observed at 295.72 °C.
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The thermal degradation temperature of the EPSs from
L. plantarum strains except PFC311 was found to be higher
than previous reports (Wang et al., 2010; 2015; 2017)
including the degradation temperatures of xanthan and
locust gums (Dertli et al., 2018; Wang et al., 2010). The
thermal stabilities of EPSs can be related with the core-
repeating unit and the structure of EPSs as previously
discussed (Wang et al., 2017). Higher level of thermal
stability is crucial for EPSs to protect their stability during
high temperature of thermal processes.

The melting temperatures of EPSs were determined at
70.99-74.17 °C (Table 2). The highest melting tempera-
ture was detected in the PFC308 strain and the lowest in the

PFC312. At the same time, it was determined that the
enthalpies of relavant EPSs were between 186.68 and
865.68 J/g. The highest enthalpy was determined in EPS
produced by PFC309 and PFC313 strains, and the lowest in
EPS of PFC310 strains (Table 2). Although the melting
temperatures of EPSs were similar with the previous
results, the high enthalpy of PFC309 and PFC313 strains
were striking (Wang et al., 2010; 2015; 2017).

Monosaccharide composition of EPSs

HPLC analysis of the EPSs produced by L. plantarum
strains revealed that EPSs from PFC309E, PFC313E,

Table 2 The melting point,

enthalpy and monosaccharide L. plantarum

Melting point (°C)

Enthalpy (J/g) Monosaccharide composition

composition of L. plantarum

PFC308 74.17
EPSs

PFC309 72.15

PFC310 73.00

PFC311 72.74

PFC312 70.99

PFC313 72.78

343.54 Glucose, galactose, fructose
865.21 Glucose, galactose
186.68 Glucose, galactose
351.46 Glucose, galactose, fructose
389.40 Glucose, galactose
795.22 Glucose, galactose
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PFC310E and PFC312E harboured glucose and galactose
in their repeating units whereas EPSs of PFC308E and
PFC311E contained fructose together with glucose and
galactose. These findings suggested that the former strains
produced heteropolymeric EPSs with glucose and galactose
as sugar monomers and the latter strains produced
homopolymeric fructan type EPS together with the
heteropolymeric EPSs. In EPSs PFC309E and PFC313E
glucose:galactose ratio was 1:3 and this ratio was 1:4 in
EPSs PFC310E and PFC312E and finally glucose:galac-
tose:fructose ratio of EPSs PFC308E and PFC311E were
1:3:1 and 2:2:1, respectively. These findings are in accor-
dance with previous observations reported the EPS struc-
ture of L. plantarum strains in which glucose and galactose
reported as dominant sugar monomers and arabinose and
mannose were also reported as the sugar monomers in
these studies (Wang et al., 2017; Zhou et al., 2014).
Finally, the presence of the fructose in EPSs of L. plan-
tarum strains was also reported (Wang et al., 2015).

NMR analysis of EPSs

'"H NMR was mainly used to define the glycosidic bond
configuration at polysaccharides. 64.5-5.5 ppm signals at
anomeric region were often used to differentiate the
anomeric protons of sugar residues in polysaccharides.
Chemical shifts between 4.4 and 4.8 ppm are typical of the
anomeric protons of these B-linked residues, whereas o-
anomeric protons usually resonate between 4.9 and
5.3 ppm (Agrawal, 1992). All the EPSs produced by L.
plantarum strains showed very similar H-NMR spectra to
each other (Fig. 4). Three major chemical shift signals in
the 34.5-5.5 ppm were detected in 'H NMR, indicated that
the EPSs produced from L. plantarum mainly contained
three monosaccharide residues with both a-type glycosidic
linkages. According to the H-NMR spectra, it is interpreted
that the bond at 4.9 ppm is a-1-6, the bond at 5.07 ppm is
o-1-3 and the bond at 5.2 ppm is a-1-4. In the proton
region, it is not analyzed because there are many overlaps.
Similar H-NMR spectra have also been reported at EPS
structures in L. plantarum strains (Kumar et al., 2004;
Wang et al., 2015; Zhou et al., 2014).

As a conclusion, EPSs produced by different L. plan-
tarum strains isolated from a traditional food Tarhana were
discussed in terms of their structural, thermal and rheo-
logical properties. Lactobacillus plantarum strains isolated
in this study were able to produce ropy EPSs with different
characteristics in strain-dependent but EPS production
significantly increased in the presence of sucrose and
maltose. Lactobacillus plantarum PFC311 strain was one
of the highest EPS producers reported for this species. The
EPS produced in L. plantarum PFC311 is different for
structural, rheological and thermal properties and reveals
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Fig. 4 The H-NMR spectrum of EPSs produced by L. plantarum
strains (A) PFC308, (B) PFC309, (C) PFC310, (D) PFC3l11,
(E) PFC312 and (F) PFC313

potential to be used in food industry as well as during the
fermentation of different products including Tarhana.
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