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Abstract: Microbial polysaccharides have interesting and attractive characteristics for the food
industry, especially when produced by food grade bacteria. Polysaccharides produced by lactic
acid bacteria (LAB) during fermentation are extracellular macromolecules of either homo or
hetero polysaccharidic nature, and can be classified according to their chemical composition
and structure. The most prominent exopolysaccharide (EPS) producing lactic acid bacteria are
Lactobacillus, Leuconostoc, Weissella, Lactococcus, Streptococcus, Pediococcus and Bifidobacterium sp.
The EPS biosynthesis and regulation pathways are under the dependence of numerous factors as
producing-species or strain, nutrient availability, and environmental conditions, resulting in varied
carbohydrate compositions and beneficial properties. The interest is growing for fruits and vegetables
fermented products, as new functional foods, and the present review is focused on exploring the EPS
that could derive from lactic fermented fruit and vegetables. The chemical composition, biosynthetic
pathways of EPS and their regulation mode is reported. The consequences of EPS on food quality,
especially texture, are explored in relation to producing species. Attention is given to the scientific
investigations on health benefits attributed to EPS such as prebiotic, antioxidant, anti-inflammatory
and cholesterol lowering activities.

Keywords: food rheology; prebiotic; health benefits

1. Introduction

Lactic acid fermentation (LAF) is a liable method to improve the shelf-life of fruit and vegetables
along with nutritional and sensory qualities. Bacterial strains belonging to Lactobacillus, Leuconostoc,
Weissella and Bifidobacterium genera are commonly involved in food LAFE. These lactic acid bacteria can
produce lactic acid and other organic acids, carbon dioxide, aromatic compounds, exopolysaccharides
(EPS), bacteriocins and enzymes, all involved in the modification of quality of fermented foods. It
has also been shown that lactic acid bacteria (LAB) are able to modulate the composition in phenolic
compounds and enhance antioxidant activity [1]. Several studies have suggested that lactic acid
fermented fruit juices, which exhibit a specific phenolic composition and contain EPS, could constitute
a prebiotic food and have an influence on the structure and function of the gut microbiota [2,3]. The
ability of LAB to modulate nutritional status of plant-based foods depends on bacterial strains and
matrix used for LAF [4]. Among the compounds produced during LAF, EPS have the ability to change
rheological properties of food such as viscosity [5], which contributes to the sensory acceptability and
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stabilization of the products [2]. In the food industry, hydrocolloids gather polysaccharides, which
improve textural stability of suspensions, rheological properties of foods, pastry and cake texture
and shelf-life by swelling in aqueous medium. It has been shown that EPS produced by Lactobacillus,
Leuconostoc and Weissella strains have hydrocolloid properties [6] and would deserve to be tested as an
innovative alternative for food formulation.

Up to 70% of the energy of microbial cell can be used to produce EPS. However, this energy
consumption is balanced by the protective effect of EPS against stress by the formation of a protecting
barrier [7]. The cell is therefore protected from temperature or osmolarity shifts and from toxins and
antibiotics. Both quantity and quality of EPS produced depend on sugar availability, presence of
micronutrients and fermentation conditions [8].

LAB polysaccharides have interesting and attractive characteristics, including antioxidant activities,
and generate an increasing interest for their possible use in the field of food and pharmaceutical
industries. This review aims at exploring EPS production during fruit and vegetable LAF, the
contribution of EPS-producing LAB species and the associated nutritional and sensory benefits that
can result from this production.

2. EPS Classification

EPS produced by LAB are classified according to their chemical composition and their biosynthesis
mechanism. Homopolysaccharides (HoPS) are produced in the extracellular medium from one type
of monosaccharide, whereas heteropolysaccharides (HePS) are produced intracellularly from several
monosaccharides and are then exported from the cell [2,8-11].

2.1. Homopolysaccharides

HoPS can be characterized according to the type of monosaccharide composing their structure.
Glucan, namely dextran, contains only glucose, whereas fructans, namely levan and inulin, contain
only fructose and polygalactan contains only galactose [8]. As HoPS are composed of a single
monosaccharide, they can be further characterized according to their glycosidic bonds (Figure 1),
branching, chain length, molecular weight, and polymer structure [12].

HoPS

Fructans Glucans
Synthesized by fructansucrases .
Blinis Synthesized by glycansucrases

< T | alinks | | Blinks |

Inulin-type Levans
B-(1,2) B-(2,6)
Linear or branched Linear
1 1 Mutans Dextrans Alternans Reuterans
a-(1,3) a-(1,6) a~(1,3) and a-(1,6) a~(1,4)

Figure 1. Homopolysaccharides (HoPS) classification according to their glycosidic linkages (adapted
from [10]).

LAB producing HoPS belong to Lactobacillus, Streptococcus, Leuconostoc, Oenococcus, Pediococcus and
Weissella genera. For instance, synthesis of a dextran-type glucan by a Leuconostoc pseudomesenteroides
strain isolated from jucara palm fruit was confirmed using nuclear magnetic resonance (NMR)
spectroscopy. More precisely, a Fourier transform-infrared (FI-IR) spectroscopy analysis identified
functional groups and characterized covalent bonds of the produced EPS [13].

HoPS molecular weight ranges between 10* Da and 10% Da and is bacterial strain-dependent [8].
Indeed, dextrans from Leuconostoc mesenteroides and Weissela cibaria have a molecular weight between
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6.2 and 7.1 X 10° Da and between 5 x 10° and 4 x 107 Da, respectively. HoPS production yield can
reach up to 10 g/L of bacterial culture [2].

HoPS classification takes into account the carbon atoms involved in o or 3 linkages (Figure 1).
a-D-glucans include dextrans, mutans, reuterans and alternans and are produced by Lactobacillus,
Leuconostoc and Streptococcus species. Pediococcus species produces 3-glucans [14]. More precisely,
dextrans are composed of a main chain of repeated glucosyl units with «-(1 — 6) linkages and of
simple units or side chains with o-(1 — 2), x-(1 — 3) or x-(1 — 4) linkages [6,15]. They form compacted
branched structures regardless of the number of branch chains, which explain their effect on viscosity
when present at high concentrations. Lactobacillus fermentum, Lactobacillus sakei, Lactobacillus hilgardii,
Lactobacillus parabuchneri and Lactobacillus curvatus produce dextrans which are mainly composed of
a-(1 — 6) glycosidic bonds and ramified at the carbon atom in position 3. Dextrans confer different
rheological properties depending on their solubility and structural heterogeneity. They are commonly
used as plasma substitutes, thickening agents and emulsifiers. Mutans are generally linked by a-(1 —
3) bonds. They are characterized by their ability to contribute to microbial adhesion [12].

The main chain of fructans contains fructosyl fragments with 3-(2 — 6) or 3-(2 — 1) linkages [6].
Fructans gather inulins and levans which are synthesized by Lactobacillus, Leuconostoc, Streptococcus and
Weissella species [10]. Levans are produced by some Lactobacillus reuteri and Lactobacillus sanfranciscensis
strains and contained predominantly 3-(2 — 6) linkages [6]. Inulins are composed of 3-(2 — 1) linkages
and ramifications at position 3-(2 — 6) [12].

2.2. Heteropolysaccharides

HePS consist of repeated units with different degrees of polymerization and are composed of two
to eight different monosaccharides such as glucose, rhamnose, galactose, fructose or mannose. HePS
are produced by Lactobacillus, Lactococcus, Streptococcus and Bifidobacterium species [8]. HePS structure
depends on the number and type of monosaccharides and on the kind of linkages involved [2]. They
can be linear or branched with « and {3 linkages [8]. HePS produced by Lactobacillus species are
composed of repeated units of seven monosaccharides with glucose, galactose and rhamnose as main
sugars. The molecular weight of HePS ranges from 10* to 10° Da [10].

Unlike HoPS, HePS are produced at small concentrations, typically from 50 to 200 mg/L of bacterial
culture [2,8,12].

3. EPS Production

3.1. Effect of the Substrate Composition

A method commonly used to demonstrate EPS production by LAB is to grow them on solid
MRS medium supplemented with sugars such as sucrose, maltose, fructose, glucose or lactose and to
characterize EPS produced according to the appearance of the colonies. Indeed, colonies with HoPS
have a viscous appearance whereas those with HePS have a shiny aspect [2]. EPS production can
also be determined by evaluating their production in a liquid medium supplemented with various
nitrogen and carbon sources and vitamins. Moreover, for EPS production in foods, the influence of
sugars already present in the studied matrix must be taken into account [2].

A specific substrate is required for EPS synthesis and allows the action of specific enzymes on
oligosaccharide carbon sources. Sucrose is the most commonly used substrate for HoPS synthesis. EPS
production can also be influenced by modifying the nature or/and the amount of nutrients available as
well as pH, water activity and oxygen concentration in the culture medium [12]. Indeed, the structure
of EPS and their content vary according to carbon, nitrogen, phosphorus or sulphur sources [15] and
their biosynthesis depends also on the carbohydrate source [16].

For instance, a more than five-fold increase in HePS production was achieved by optimization of
glucose, yeast extract and ammonium sulphate content in growth media of two Lactobacillus plantarum
strains [16].
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LAB are sensitive to pH and nature or amount of sugars, these factors should be considered for
EPS production in fruit and vegetable products in regards to their composition. Sugar content is highly
variable in these matrixes, and approximatively ranges from 0.8 in citrus to 19.6 g/100 g in black grape
within fruits, and from traces in baby spinach to 6.8 g/100 g in beetroot within vegetables. The main
sugars consist mostly in fructose, glucose or sucrose as it was found for litchi and red pepper, black
grape and black radish, or pineapple and carrot, respectively. Apart from these major sugars, some
products also contain compounds in smaller amounts, such as galactose or maltose in peach [17]. As
for the pH, going from around 2.3 in citrus and 3.5 in pineapple to around 6 in cantaloupe melon and
carrot [18,19]. Both pH and main sugars variation could lead to a wide diversity of EPS production
from fruit and vegetables.

3.2. Effect of Bacterial Strain and Incubation Parameters on EPS Production

Apart from pH and sugar content, the type of bacteria influences HoPS production levels.
Yu et al. [20] showed that only one strain of W. cibaria screened from kimchi can achieve a significant
EPS production (up to 9.8 g/L) in a dose-dependent way in response to a high sucrose supplementation
in the growing media. Similarly, different strains from the same species, W. cibaria MG1, MG7 and
F33 isolated from cereal environments, showed approximately 2.8-fold variance in EPS production in
sucrose-MRS broth [21].

Fessard and Remize [22] demonstrated the impact of temperature on EPS production using
various LAB isolated from tropically grown fruits and vegetables. L. pseudomesenteroides/mesenteroides,
Leuconostoc lactis and Weissella cibaria/confusa isolates were able to produce EPS at 30 °C but not at
37 °C [22]. Similarly, dextran production by L. lactis AV1n could be observed with growth media
containing sucrose (but not glucose, fructose or maltose) and this production occurred at 20 and
30 °C but not at 37 °C. Dextran content was higher at 30 °C than at 20 °C, with 4.15 g/L and 2.96 g/L,
respectively. Dextran production decreased to 0.41 g/L when the LAB was grown at 37 °C. These results
demonstrated that dextran production by L. lactis AV1n was the highest at 30 °C [23]. Turkish-type
fermented sausages, named Sucuk, were prepared using Lb. plantarum 162 R, L. mesenteroides N6 or
a mixture of both strains. These LAB were chosen for their ability to produce EPS. An increase in
temperature or fermentation time resulted in a rise in EPS production. Under the same fermentation
conditions, EPS production was higher for L. mesenteroides compared to Lb. plantarum and the
mix of both strains. Increases in temperature and incubation time led to an increase in hardness,
gumminess, and chewiness and to a decrease in adhesiveness [24]. It therefore appears that among
LAB species, the capacity and yields of EPS production would be a relevant parameter to consider, in
order to select bacterial species and strains that match the desired properties of fermented fruits and
vegetable products.

The addition of H,O, and CaCl, to the media led to an overproduction of HePS from Lactobacillus
rhamnosus ZY [25]. Indeed, initial EPS production under anaerobic conditions at 37 °C was measured
at 342.8 mg/L and increased to 567 mg/L following incubation with 3 mM H,O, for 24 h and up to
2203 mg/L following incubation with 10 mM CaCl, for 12 h. EPS concentration was further increased by
incubation with both H,O, and CaCl, for 12 h reaching 2498 mg/L, which represents a 9.5-fold increase
when compared to the initial condition. These results suggested a stimulation of EPS production to
protect Lb. rhamnosus ZY against the cytotoxic oxidative effect of HyO, [25]. Regarding monosaccharide
composition on overall cell content, higher total carbohydrate concentrations were measured with
3 mM H,0O; but a decrease in total protein content and the molecular weight were observed when CaCl,
was present in the growth medium. Further analysis revealed that EPS produced by Lb. rhamnosus
ZY were composed of rhamnose, galactose, glucose, mannose, fucose and fructose and that EPS
composition varied depending on culture conditions [25].
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3.3. HoPS Production Pathway

Biosynthesis of HoPS, described in Weissella, Leuconostoc, Lactobacillus and Pediococcus genera, is
performed by extracellular enzymes, glucansucrases or fructansucrases (Figure 2) [6]. Fructansucrase
and glucansucrase transfer a monosaccharide from a specific substrate to the growing polysaccharide
chains [26]. These enzymes belong to the glycosyltransferase (GTF, E.C. 2.4x.y) group and catalyze
the hydrolysis of sugars, the resulting monosaccharide residues being attached to a glycan acceptor
chain. These enzymes can be categorized into transglucosidases (E.C. 2.4.1.y; glucan-synthesizing
dextran-sucrases, mutansucrases, and reuteransucrases) and transfructosidases (E.C. 2.4.1.y or 2.y;
fructan-catalyzing transfructosidases levansucrases and inulosucrases). These proteins are encoded by
the gtf and the ftf genes, respectively [12]. Glucansucrases are responsible for glucans and fructans
synthesis and belong to the a-amylase superfamily as part of the glycosides hydrolases (GH), in clan
GH-H [2,11].

a-glucans

B-glucans Fructans

Extracellular
environment

Sucrose
hydrolysis

Cytoplasm

Transglucosidases Transfructosidases
A A
I I
1 I
gtf genes ftf genes

Figure 2. HoPS biosynthesis pathway

Glucansucrases are characterized by their ability to cleave the a-glycosidic linkage between a
glucose moiety and another monosaccharide moiety using a catalytic (f/a)8-barrel domain which
determines the reaction specificity [27]. Moreover, small differences in the amino acid sequence can
influence the product specificity. Regarding the three-dimensional structures of glucansucrases, the
catalytic core contains three domains to which two extra domains are attached, namely IV and V
domains. Some of the domains are made up from two discontinuous segments of the polypeptide
chain, resulting in a U-shaped structure [27].

3.4. HePS Production Pathway

HePS synthesis involves several steps: sugar transportation into the cytoplasm of bacterial
cells, sugar nucleotide and sugar-1-phosphate (sugar nucleotide donor substrate) synthesis, repeating
unit synthesis, polymerization of the sugar repeated units, and lastly, EPS exportation from the cell
(Figure 3) [8,12]. During this last step, EPS can be secreted out as a slimy polymer or by adhering to
the cell wall to form a capsule [12].

Enzymes, transporters and regulators are encoded by genes of plasmid replication origins in
mesophilic Lactobacillus strains and of chromosomal replication origins in the thermophilic ones [12].
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Figure 3. HePS biosynthesis pathway. EPS: exopolysaccharides; HePS: heteropolysaccharides; P:
phosphate PEP-PTS: phosphoenolpyruvate-phosphotransferase system; UDP: uridine diphosphate.

Transportation and phosphorylation of sugars mainly occur using the phosphoenolpyruvate-
phosphotransferase system (PEP-PTS) in which two protein groups link sugar residues to the carriers
and are in charge of the intermembrane transport and sugar phosphorylation [11]. Regarding sugar
nucleotide formation, lactose-6-phosphate is hydrolyzed by phospho-{3-galactosidase to produce
glucose-6-phosphate and galactose-6-phosphate. Likewise, lactose is hydrolyzed by (-galactosidase to
produce glucose and galactose. Then, galactose-6-phosphate and glucose-6-phosphate are transformed
into glucose-1-phosphate, which will later be converted into UDP-glucose, UDP-galactose and
dTDP-rhamnose. The glucose-6-phosphate branch-point is involved into carbon distribution between
metabolic pathways. The role of NAD+/NADH balance as a regulation factor for carbon distribution
into pathways was proposed and engineering of intracellular redox level was showed to be a potent
way to increase HePS production level [28].

Sugar-nucleotide precursors, such as UDP-glucose and UDP-galactose, formed intracellularly,
polymerize to form HePS. These precursors do not only serve for EPS production and are also used
for various intracellular polysaccharides synthesis. The synthesis of precursors leading to HePS
is controlled by glycosyltransferase genes which are located in an operon with genes involved in
regulation, chain length determination, polymerization and cell export. Diversity of HePS produced
by LAB is due to the variability of glycosyltransferase genes in the operon [2]. Indeed, overexpression
of a complete eps gene cluster in Lactococcus lactis was shown to induce higher EPS production
levels. Likewise, a slight increase in EPS production was observed when the NIZO B40 priming
glycosyltransferase gene epsD was overexpressed [28].

Finally, the formation, transportation and polymerization of EPS-repeating units involve the
Wzx/Wzy pathway. The repeating units are polymerized to long-chain HePS by several polymerases,
namely Wzy, and exported from the cell by a flippase, namely Wzx (Figure 3) [11].

4. Enzyme Activities, Genes Involved and HoPS Synthesis Pathway Regulations

4.1. Dextransucrase Activity and In vitro Enzyme Properties

Several LAB selected for their ability to produce EPS showed a dextransucrase activity. These
strains belong to Weissella, Leuconostoc and Streptococcus genera. Weissella species were able to ferment
cellobiose, fructose, galactose, maltose, ribose, and sucrose whereas Leuconostoc species fermented
melibiose and arabinose. Regarding dextransucrase activity, Leuconostoc isolates demonstrated the
highest activities, followed by Weissella and Streptococcus isolates, respectively [29].

For further analyzes, the most promising strains were selected and identified as W. confusa
KIBGE-IB38 and W. confusa KIBGE-IB39 [29]. To improve dextransucrase activity, the authors modified
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one fermentation parameter at a time. They demonstrated a maximum enzyme production of
1.508 dextransucrase unitssmg~! after 8 h of incubation. For the W. confusa strains tested, higher enzyme
activity was reached at 25 °C and was not altered up to 30 °C. An increase in the pH of the medium
resulted in an increase in enzyme activity. Indeed, this activity was enhanced at pH 7.5 and decreased
at higher pH as well as at pH values of 6.0 and 6.5. Optimization of fermentation conditions improved
dextransucrase activity and thus dextran production by W. confusa [29].

Bounaix et al. [30] characterized dextransucrase production by dextran-producing W. cibaria
strains isolated from sourdough. They evaluated the production level of dextransucrase using sucrose
or glucose as the carbon source and showed that dextransucrase activity was 1.5-fold higher when
glucose was used instead of sucrose. Using electrophoretic analyses and zymograms, the authors
determined a soluble dextransucrase at 180 kDa regardless of the carbon source used (sucrose or
glucose) [30]. Using a recombinant W. cibaria DSRWC glucansucrase (rDSRWC), Kang et al. [31]
assessed optimal parameters for its activity and showed the highest dextran production at pH 5.2 and
30 °C. However, 62% of the original activity remained at temperatures down to 20 °C. Likewise, 80%
of the original activity remained within a pH range of 5.0-6.0 but a rapid decrease occurred outside
this pH range [31].

Amari et al. [32] have studied the complete sequence of a dextransucrase from W. confusa LBAE
C39-2 and W. cibaria LBAE K39 strains isolated from traditional French wheat sourdoughs. When
dextransucrase gene from W. confusa LBAE C39-2 was cloned and expressed in Escherichia coli, results
showed 75% of residual activity at pH 4.5-6 and 60% at pH 4.0, suggesting that this enzyme is active
in an acidic environment. Using sucrose as a substrate, dextransucrase activity was enhanced at a
temperature range of 35 to 40 °C. This study also illustrated that the enzyme remains during storage at
4 °C when conserved in 20 mM sodium acetate at pH 5.4 with about 10% activity loss after 6 days and
35% after 20 days of storage. The molecular weight of produced EPS was 2 x 10° Da. Further analysis
revealed that the dextran obtained was composed of «-(1 — 6)-linked D-glucopyranosyl units with
a-(1 — 3)-linked branches [32].

Dextransucrases isolated from Lb. hordei TMW 1.1822 allowed dextran production only when
sucrose was present [33]. The authors confirmed a pH-dependent release of dextransucrases in LAB and
optimal activities at pH 4.0-4.5. This study suggested that controlling the pH during EPS production
can be an asset to enhance production of dextrans with varying properties of dextransucrase. Maximum
dextran production was obtained when Lb. hordei TMW 1.1822 was grown at pH 4.0 and 4.5 or when
dextransucrases were recovered at these pH values. However, high concentrations of dextrans can
be produced at pH 5.0 to pH 6.0 if the enzymes were recovered at pH 4.5, reducing the denaturation
and the loss of transglycosylation activity of dextransucrases at a non-optimum pH. A pH increase
resulted in an increase in molecular mass (and thus functional properties) of the dextrans produced
by Lb. hordei TMW 1.1822. Likewise, the activity of a dextransucrase from W. cibaria RBA 12 isolated
from pumelo pulp was influenced by the pH of the reaction mixture. In fact, a higher activity was
observed at pH 5.4 and a decreased aboved this value. In addition, dextransucrase activity seems to be
influenced by the temperature, as a loss of activity was observed at temperatures beyond 40 °C [34].

Taken together, these data indicate that an exhaustive comprehension of the parameters influencing
biosynthesis pathways for each selected strain is needed for efficient EPS production in fermented fruit and
vegetables. Fermented conditions should be optimized as, given the notable low pH, fruit and vegetables
natural environment could be considered as unfavorable according to the strain. Their possibility of
modulation could be limited by sensorial aspect and consumer acceptability of the final products.

7

4.2. Genes Involved in Production of HoPS

Several LAB strains, such as Lb. plantarum, L. pseudomesenteroides/mesenteroides and W. cibaria, were
isolated from Turkish sourdough to determine their EPS production and the EPS genes involved were
screened. All strains possessed eps genes required for EPS biosynthesis (Table 1) [35].
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Most LAB producing HoPS harbor only one glucansucrase gene; however, some LAB genomes
have more than one gene encoding the enzyme and are thus able to synthesize different HoPS. For
instance, the L. mesenteroides NRRL B-512F strain coding both a glucansucrase and fructansucrase can
produce levan in addition to dextran usually produced [2].

Table 1. Review of the various genes involved in HoPS production by lactic acid bacteria (LAB).

Gene Function EPS LAB Species Ref.

Lb. plantarum, Lb. curvatus, Lb.
rossiae, Lb. sanfranciscensis, Lb.
brevis, Lb. paralimentarius, W.

8f Glucansucrase gene Dextran paramesenteroides, L. mesenteroides, [35,36]
L. pseudomesenteroides, W. cibaria,
W. confusa
ftf Fructansucrase Levan W. confusa [37]

Lb. paraplantarum, Lb.
sanfranciscensis, Lb. paralimentarius,
lev Levansucrase gene Levan W. paramesenteroides, L. [35]
mesenteroides, L.
pseudomesenteroides

Gene of extracellular Dsr Streptococcus, Leuconostoc and
dsr Dextran , . [23]
enzyme Lactobacillus strains
Transmembrane
dps glucosyltransferase (Gtf) ~ -glucans Pediococcus spp. [14]
gene

Leuconostoc spp. produces insoluble glucans. More precisely, L. mesenteroides NRRL B-1118 (ATCC
8293) generates insoluble dextran. Coté et al. [38] cloned the DsrI gene (referring to dextransucrase
insoluble product) from L. mesenteroides NRRL B-1118 [38]. Besrour-Aouam et al. [23] characterized
the dsrLL gene encoding DsrLL of L. lactis AVIn. The analysis revealed 97-99% identity of dsrLL with
homologous genes from L. lactis, L. garlicum or L. mesenteroides. Dsr coding genes are also found in the
chromosomes of Streptococcus, Leuconostoc and Lactobacillus species. The DsrLL enzyme is composed of
1500 amino acids. A signal peptide sequence in the N-terminal region of the protein allows translocation
of the enzyme through the cell membrane leading to the protein secretion extracellularly where the Dsr
acts. Further analysis showed that the DsrLL enzyme was bound to the cell wall, suggesting that this
enzyme synthesizes dextran attached to the cell surface to protect the bacterial cell from extracellular
stress [23]. Expression analysis revealed that dsrLL transcription was nor modulated by carbon source
neither by growth temperature. An increase in EPS production level according to the presence of
sucrose or low temperature probably resulted from post-transcriptional regulations, such as a higher
turn-over of Dsr protein at lower temperatures [23].

The glucansucrase DSRWC was isolated from W. cibaria CMU from human saliva. The
corresponding gene, namely dsrWC, encodes an extracellular enzyme that produces glucans with only
a-(1 — 6) linkages [31].

W. confusa MBF8-1 strain isolated from a homemade Indonesian fermented soybean product has at
least two gtf genes encoding glucansucrase enzymes. These genes, gtf8-1A and gtf8-1B, encode Gtf8-1A
and Gtf8-1B glucansucrases which may then be exported by the secretory (Sec)-dependent pathway [36].

Pediococcus species EPS production is linked to the presence of plasmids containing a
glycosyltransferase gene, namely dps. This gene leads to Gtf production which polymerizes
UDP-glucose into 3-glucans [14].

Approximately 150 glucansucrase genes have been sequenced and about a third correspond to
functional genes [27]. Sequence analysis of glucansucrase encoding genes from Lactobacillus, Leuconostoc,
Weissella and Pediococcus species confirmed that these LAB can be clustered according to the specificity
of the EPS glycosidic bonds, rather than the 165 rRNA taxonomy (Figure 4).
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Figure 4. Phylogenetic tree of genes involved in glucansucrases synthesis. NCBI database was used to identify genes involved in glucansucrases synthesis. Only those
with a complete coding sequence from “start” to “stop” were selected. Next, multiple sequence alignment was inferred with Clustal Omega program. Finally, the
phylogenetic tree was calculated using Jalview software. Leuconostoc spp. sequences are shown in blue, Lactobacillus spp. sequences in purple and Weissella spp.

sequences in red. Further details regarding these genes’ identification are developed in the Supplementary Materials (Table S1).
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5. LAB Producing EPS

Various LAB strains can be isolated from fruit and vegetables and/or perform spontaneous
fermentation [39-41], but only a few were demonstrated to be able to produce EPS, with variable
characteristics according to the strain as listed in Table 2.

Table 2. Characteristics of exopolysaccharide (EPS) produced by LAB.

Production
LAB Species EPS Structure Improvement Observed Effect on the Ref.
Factor Product
Strong acidity of smell
. and taste, poor )
L. mesenteroides Levan-type and fructans Sucrose sweetness, enhanced [6,42]
thickness
L. . . /
pseudomesenteroides Dextrans with «-(1 — 4) linkages Sucrose [6,42]
Dextrans, mainly glucopyranose units
L. lactis w1Fh a-(1 — 6) linkages and side [23]
chains made of a a-glucopyranose
unit

I Dextrans with a-(1 — 6) linkages and Y

W. cibaria a-(1 — 3) linked branches, or Fructans [43,44]
HePS containing fructose, arabinose,
galactose, glucose, and A
Lb. plantarum mannosea-D-glucan with a-(1 — 6) Glucose [45-47]
linkage and a-(1 — 3) branching
Lb. fermentum B-glucan and two HePS composed of Glucose [48]
glucose and galactose
Lb. thammnosus EPS containing rhamnose, glucose [49]
and galactose
B-glucans composed of D-glucose o
Pediococcus spp. with 3-(1 — 3) linkages and 3-(1 — 2) Enhance viscosity, [14]

modulated mouthfeel
branches

HePS containing galactose, glucose

and rhamnose (50]

Bifidobacterium spp.

5.1. L. mesenteroides and L. pseudomesenteroides

Leuconostoc were isolated from fruit and vegetables traditionally fermented in Romania, green
tomato, cauliflower, and carrot. Production by L. mesenteroides/pseudomesenteroides was evaluated at
15 g/L. Results also showed that colonies belonging to Leuconostoc spp. have a mucoid appearance
on sucrose-supplemented MRS [51]. Juvonen et al. [6] confirmed an important EPS production by
L. pseudomesenteroides when sucrose was present in the medium. This strain produced dextran with
14% x-(1 — 4) linkages. Moreover, adjustments of saccharose concentration in fermented carrot
puree suggested that L. mesenteroides also produces levan-type fructan. However, total concentration
of dextran and fructan was not in line with the sucrose consumption observed for the strain. The
authors hypothesized that this L. mesenteroides strain could use sucrose as an energy source or for
production of a dextran with more linkages [6]. L. mesenteroides also produced lactic acid, acetic
acid, and mannitol. Sensory analysis carried out on carrot puree fermented with L. mesenteroides
showed a strong acidity of smell and taste and poor sweetness. Results indicated a positive correlation
(R? > 0.77) between concentrations of lactic acid plus acetic acid and the perceived acidity and a negative
correlation (R? < —0.89) with sweetness. Regarding the appearance of these purees, fermentation with
L. mesenteroides enhanced the matrix thickness [6]. This bacterial species is used in the food industry
because of its ability to produce dextran up to 20 g/L [2].

Recently, Abdalrahim et al. [42] showed that L. pseudomesenteroides and L. mesenteroides
isolated from fermented fruits and vegetables and from dairy products (potato, gawava, molokhai,
kiwi, labneh) produced EPS from sucrose. EPS concentrations of the seven tested strains of
L. pseudomesenteroides/mesenteroides ranged from 18.08 to 61.9 g/L [42].
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5.2. Leuconostoc lactis

EPS production of L. lactis AV1n isolated from Tunisian avocado yielded 2.25 g/L. Further
characterization showed that EPS produced were a-glucans composed of glucose units. More precisely,
these HoPS contain a main chain of glucopyranose units with 35% of a-(1 — 6) linkages with side chains
made of a a-glucopyranose unit, allowing their classification as dextran-type HoPS [23]. L. lactis was
occasionally isolated from cabbage, especially kimchi. The genome of the strain CCK940 producing EPS
was sequenced, confirming the presence of genes possibly encoding enzymes of EPS synthesis [22,52].

5.3. Weissella cibaria

W. cibaria is a bacterial strain able to produce dextran up to 36 g/L which is of great interest at the
agri-food level [2]. A W. cibaria strain was isolated from cabbage to assess its EPS production. Results
showed dextran production of 2.4 g/dL linked to a dextransucrase activity. Dextran exhibited a linear
structure with consecutive a-(1 — 6) linkages and 3.4% of a-(1 — 3) linked branches. Moreover, a gel
permeation chromatography analysis determined the molecular weight of this dextran at approximately
2 x 10° Da [43].

W. cibaria/confusa strains isolated from spontaneously fermented Malian sour milk or cassava
produced glucan-type EPS in culture medium supplemented with sucrose [44]. From 123 strains
assayed all producing dextran, 18 additionally produced fructan.

5.4. Lactobacillus Species

Lactobacillus sp. are less efficient producers of EPS compared to other LAB, because they produce
mainly HePS known for having a small production yield, which make their production uneconomical
when used for the food industry. EPS produced by these LAB are mainly synthesized during the
exponential growth phase and there is a decrease in their concentration at the end of the fermentation,
which suggests that EPS could be used as alternative carbon sources [12].

Lactobacillus strains isolated from human intestinal microbiota were grown in MRS-C agar (de
Man, Rogosa, Sharpe supplemented with 0.25% L-cysteine) for 5 days to provide enough EPS for
further characterization. Identified species include Lb. plantarum, Lactobacillus casei, Lb. rhamnosus and
Lactobacillus vaginalis. All EPS isolated from these strains were composed of galactose and glucose and
52% of them contained rhamnose. This latter monosaccharide content is higher than the concentration
found from bacterial strains isolated from food. The major monosaccharide was strain-dependent but
glucose, and rhamnose when present, were generally the most abundant. Screening of genes involved
in EPS synthesis confirmed that EPS produced by Lactobacillus were HePS [50].

5.4.1. Lactobacillus plantarum

Lb. plantarum is an EPS-producing LAB with various functions well investigated. Lb. plantarum
strains are tolerant to bile and gastric juices, are able to adhere to the intestinal epithelium and have
antimicrobial properties [9].

The EPS produced by Lb. plantarum NTU 102 contained fructose, arabinose, galactose, glucose, and
mannose, and are, therefore, HePS [9,45]. EPS produced by Lb. plantarum YO175 and OF101 isolated
from a Nigerian fermented food had a molecular weight of 1.2 X 10° and 4.4 x 10° Da, respectively [53].
Chemical composition revealed a total carbohydrate content of 87.1% for EPS-YO175 and 80.6% for
EPS-OF101. More precisely, these EPS were composed of glucose and galactose for YO175 and glucose
for OF101. Further analyses showed that these EPS have an important antioxidant capacity [53].

A Lb. plantarum strain isolated from Turkish sourdough showed an average EPS production of
1153.8 ug/lO7 cells at 30 °C [35]. Two strains of Lb. plantarum, NTMI05 and NTMI20, isolated from cow
milk for their ability to produce EPS, showed EPS yields of 197 mg/L and 187 mg/L, respectively [16].
The greatest production was obtained when glucose (20 g/L) was used as the carbon source in the
growth media. The production was also improved for the two studied strains by the addition of yeast
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extract. This effect was explained by yeast extract composition which includes amino acids, peptides,
carbohydrates, and salts. In addition, a high EPS production was observed at an incubation time of 72 h,
which corresponds to the most suitable period for enzymatic activity and polysaccharide metabolism
rate. Analysis of EPS chemical composition indicated a total carbohydrate content of 95.45% for Lb.
plantarum NTMIO05 and 92.35% for Lb. plantarum NTMI20, the absence of protein or nucleic acid and
a production of lactic acid of 14 mg/mL for NTMIO5 and 11 mg/mL for NTMI20. Monosaccharide
composition analysis of EPS produced by these strains revealed the presence of galactose [16].

It has been shown that EPS produced in response to environmental conditions, such as temperature,
pH and light, by Lb. plantarum and W. cibaria are resistant to gastric and intestinal digestions and are
also able to promote beneficial intestinal bacteria [2,3].

Characterization of an a-D-glucan isolated from Lb. plantarum DM5 showed that it comprises
glucose monomers with an average molecular mass of 1.11 x 10° Da. They are linked through 86.5%
a-(1 — 6) linkage and 13.5% a-(1 — 3) branching [47].

5.4.2. Lactobacillus fermentum

’

Lb. fermentum stains have been isolated from the spontaneous fermentation of ‘Almagro
eggplants [41,54] and have been assayed for their functional and technological properties [48]. EPS
production by Lb. fermentum 139, Lb. fermentum 263 and Lb. fermentum 296 was 47.4 mg/L, 55.1 mg/L
and 55.6 mg/L, respectively. Lb. fermentum Lf2 is able to produce EPS to levels of 1 g/L. This production
can be further improved by modifying the medium composition and culture conditions. Indeed, the
highest influence on EPS production was observed by changing the proportions of the nitrogen and
type of carbon sources as well as the pH. EPS production at 300 and 600 mg/L from Lb. fermentum
increased yogurt hardness and consistency without altering sensory and syneresis properties. EPS
produced by Lb. fermentum consist of a 3-glucan and two HePS composed of glucose and galactose. Lb.
fermentum MC3 was studied to evaluate its ability to produce EPS using various carbohydrate sources.
Supplementation of the growth medium with different sugars significantly improved EPS production,
with the highest yield at 178.2 mg/L when glucose was added [48].

5.4.3. Lactobacillus rhamnosus

Lb. rhamnosus strains interest for fruit juice LAF was studied through their viability in acidic
conditions [55-57], allowing to survive in fruit juice and gastrointestinal tract. Interestingly, the Lb.
rhamnosus 9595 strain was described to produce 2.7 g/L of EPS, which is one of the highest concentrations
reached by a Lactobacillus strain. The EPS obtained contained rhamnose, glucose and galactose [49].

5.5. Other LAB Species

5.5.1. Pediococcus spp.

Pediococcus pentosaseus is the species of the genus the most frequently found in fermented
vegetables [58,59]. P. damnosus, P. parvulus and P. pentosaceus can cause “ropiness “ of wine, which is
hypothesized to increase resistance to low pH, high ethanol content and sulfur dioxide [14].

Pediococcus species involved in winemaking can synthesize EPS such as (3-glucans of 500-2000 kDa
composed of p-glucose with 3-(1 — 3) linkages and 3-(1 — 2) branches made up of single units [14].
Genes encoding EPS synthesis are located on a plasmid. These EPS enhance the beverage viscosity,
affect filtration, and modulate the mouthfeel from a concentration as low as 20-30 mg/L, and production
above 100 mg/L results in an unpalatable wine.

5.5.2. Bifidobacterium spp.

Bifidobacterium animalis, Bifidobacterium longum and Bifidobacterium pseudocatenulatum isolated
from human intestinal microbiota and grown in MRS-C agar (de Man, Rogosa, Sharpe supplemented
with 0.25% L-cysteine) produced EPS composed of galactose and glucose [50]. Some of the EPS also
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contained rhamnose in higher proportion compared to those produced by LAB isolated from food.
The identification of genes involved in synthesis of EPS produced by Bifidobacterium sp. confirmed
HePS production [50].

Bifidobacterium sp. ability to survive in acidic environment is a crucial parameter for fruits LAF.
One of the more acid resistant strains among Bifidobacterium species, Bifidobacterium animalis, has been
investigated for stability in an orange, grape, passion fruit mixed juice [60] and showed a lower viability
compared to milk and at room temperature. Therefore, these data of cultures alone do not give an
accurate enough prediction of the strain versatile functionality in adverse conditions and should be
more investigated. Recently, B. animalis subsp. lactis B94 was specifically selected due to it better
growth and viability in Durian pulp fermentation and inoculated in combination with other LAB
in order to extend this fruit preservation and to reduce the spoiling and wasting of large volume of
Durian fruit [61]. The use of Bifidobacterium spp. as probiotics in non-dairy beverages is of interest for
lactose-intolerant people, and research towards their incorporation in fruit or vegetable based foods is
wide [62].

6. Production of EPS during Lactic Acid Fermentation of Fruit and Vegetables and Consequences
on Food Quality

The production of EPS by LAB is widely considered for fermented milk-based products, where they
can contribute to the texture and physical stabilization, while not being considered as food additives.
The effect of EPS production in fruit and vegetable products was recently examined to achieve consumer
sensory satisfaction while avoiding the use of hydrocolloid additives in industrial foods.

Depending on their rheological properties, EPS can be used as emulsifiers or stabilizers in the
food industry [9,47]. EPS produced by LAB led to a modification of rheological properties linked
to their composition, structure, size, and charge [6,10]. For example, 3-glucans highly promoted
viscosity and elasticity of food matrix regardless of their concentration, thanks to their linear structure
and to their production in an acidic environment. On the contrary, bacterial strains producing
dextran led to a moderate acid formation and decrease in pH [6]. Enhancing rheological properties
of fermented products is an asset for consumer consumption by improving organoleptic quality,
appealing appearance and pleasant mouthfeel [10], which increased the gustatory sensations of the
consumers [12].

Zheng et al. [5] underlined an EPS production in fresh litchi juices fermented with Lb. casei at
5 log CFU/mL, reaching 7.07 g/L after 18 h of fermentation. Although EPS have not been characterized,
this production resulted in an improvement of the viscosity of this matrix which increased from
4.7 mPas initially to 84.8 mPas after fermentation. Moreover, fructose concentration was also higher after
fermentation, which showed that enzymes partially involved in EPS production were glucansucrases [5].

In another study, EPS production in vegetable matrixes was assessed in agar medium containing
30% of carrot puree and supplemented with 5% sucrose [6]. EPS production assayed for 37 LAB strains
was positive for Lactobacillus spp. except Lb. plantarum strains, several L. mesenteroides strains and one
W. cibaria strain. According to these results L. mesenteroides strains producing EPS were selected for
carrot puree fermentation and the presence of water-soluble low branching dextrans was analyzed
using an enzymatic method. Results showed a dextran concentration of 0.2% for two strains (out of
six) and production of fructan-type levans for one of them. On the other hand, viscosity increased for
fermented carrot purees since L. mesenteroides increased the viscosity from 50% to 270% compared to
non-fermented samples. Likewise, fermentation changes the texture of purees by thickening through
EPS production [6].

Similarly, Han et al. [63] showed EPS production by a L. mesenteroides strain used for fermentation
of a tomato juice supplemented with 15% sucrose. Monosaccharides of the EPS produced by
L. mesenteroides were identified using high-performance anion-exchange chromatography equipped
with a pulsed amperometric detector (HPAEC-PAD) and the only monosaccharide present was
glucose [63]. Dextran concentration obtained was 32.15 g/L, which approximately corresponds to



Fermentation 2020, 6, 115 14 of 21

60% of glucosyl units of metabolized sucrose. This increased dextran concentration was consistent
with the observed increases of bacterial growth and viscosity. Viscosity increased up to 451 CP
(centipoises) during fermentation with L. mesenteroides, which is a modification of the matrix commonly
observed during dextran production. The analysis of sugars in the tomato juice showed that after
48 h of fermentation, sucrose concentration initially at 15.10% decreased to 4.11% whereas fructose
concentration increased from 1.11% to 4.93%. Observation of fructose content increase, derived from
sucrose, is characteristic of dextran synthesis by this LAB [63].

EPS solubility is associated with their molecular weight and branching percentage. The porous
matrix structure formed by polysaccharides chains is linked to their solubility and water holding
capacity as large amounts of water can be held by hydrogen linkages. Some electrostatic interaction
capacities were also described with charged proteins, resulting in the modification of the product
elasticity [10].

7. Health Benefits of EPS

Besides technological and organoleptic properties, the EPS produced by LAB are associated to
various biological properties, such as prebiotic, antioxidant, anti-inflammatory, cholesterol lowering
capacities (Figure 5), and health benefits [64]. The studies conducted on EPS produced by LAB, showed
a direct influence on biological potential of the chemical nature of EPS, whether it be monosaccharide
composition, glycosidic linkage or chemical modifications [65]. Non-dairy sources, including fruit and
vegetables, are nowadays targeted to explore their health promoting effects, as novel EPS are identified
from different resources with outstanding benefits.

Lactic acid bacteria |

Exopolysaccharides |

Antioxidant properties Gut Blood Immune system Food products
(DPPH radical scavenging Prebiotics effects Cholesterol Lymphocyte proliferation Modification of the
activity, reducing power (resistance to the lowering effect Macrophage activation rheological properties
assay, superoxide anion gastric acidity and Cytokine production (viscosity, water
and hydroxyl radical digestive enzymes) holding capacity,
scavenging activity) emulsifier)

Figure 5. General representation of the properties attributed to EPS produced by LAB.
7.1. Prebiotic Properties

Gut microbiota play a major role in immunity against pathogens by contributing to the immune
barrier role of intestinal mucosa [66-68]. The composition of intestinal microbiota is under the influence
of multiple factors, including diet, that be linked to changes in microbial diversity [69,70]. Probiotics,
but also prebiotics allowing the growth of specific microorganisms, including EPS, are widely studied
in order to restore a balance in the intestinal microbiota of patients [9,69].

Das et al. [47] have shown that a-D-glucan produced by Lb. plantarum DM5 stimulates B.infantis and
Lb. acidophilus growth, but also its own growth with a population increase from 6.09 to 9 log10 CFU/mL
in vitro. However, the growth of non-probiotic strains, E. coli and Enterococcus aerogenes, was not
stimulated. An important criterion for prebiotic selection is their resistance to gastric acidity and
digestive enzymes, so that they can reach the colon and be fermented by probiotic bacteria, including
hydrolysis which allows absorption. This study showed that EPS produced by Lb. plantarum DM5
were resistant to gastric juice of pH 1-4 and that an increase in pH decreased the percent hydrolysis
of glucan-DM5 from 0.39% to 0.19%. Regarding the intestinal fluid, the hydrolysis percentage of
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glucan-DM5 was 0.21% which demonstrates this EPS high resistance to harsh intestinal environment.
The hydrolysis ratio of glucan-DM5 by a-amylase increased with pH and incubation time from 0.09%
to 0.22% after 1 h of incubation at pH 5-8 and from 0.13% to 0.32% after 5 h of incubation at pH 5-8.
Inulin, a standard prebiotic used in this study, showed maximum hydrolysis of 19.13% at pH 8 after
5 h of incubation whereas this value was 0.32% for glucan-DM5 under the same conditions, showing
significantly higher a-amylase resistance by glucan-DM5 (99.8%) compared to inulin. All together,
these results suggest that a-D-glucan from Lb. plantarum DM5 will be accessible to the probiotic bacteria
as a carbon source in the gastrointestinal tract [47]. As a-glucans are not degraded in the human
digestive tract, they can reach the colon to be fermented by colonic bacteria. Therefore, produced HoPS
can be considered as beneficial fibers with an extended liberation of glucose. Prebiotic properties of
HoPS produced through glucansucrases have been assessed using in vitro fermentation of gut and
colon models. Results have shown that only short oligosaccharides exert prebiotic abilities [27].

EPS are involved in mechanisms of adhesion to surfaces or to other organisms [8]. For fermented
products, EPS drives an increase in the retention time in the gastro-intestinal tract resulting in an
increased colonization by EPS-producing LAB [8]. In addition, EPS can alter the surface of bacterial
cells by inhibiting their ability to bind to the surface of cells or to modulate expression of genes involved
in biofilm formation, thus promoting their formation [9]. Resistance to antibacterial compounds is a
thousand times higher for microorganisms producing biofilms [8].

Dextran produced by L. mesenteroides XG5 from homemade wine have been investigated for its
ability to promote bacterial growth [71]. Supplementation of the growth media with this EPS resulted
in a significant stimulation of growth of Bifidobacterium and Lactobacillus species. EPS produced by
L. mesenteroides XG5 were not digested in human saliva. Likewise, simulated small intestinal juice did
not affect these EPS; however, these molecules were substantially degraded during fecal fermentation.
These results suggested that EPS produced by L. mesenteroides XG5 are resistant to gastro-intestinal
digestion and are then utilized by the fecal microbiota. During human fecal fermentation, XG5 EPS
significantly enhanced Bifidobacterium growth but not Lactobacillus growth. These EPS also enhanced the
contents of short-chain fatty acids. The EPS enriched the cecum microbiota of C57BL/6] mice, leading
to an increase in Firmicutes and a decrease in the Bacteroidetes to Firmicutes ratio. These microbiota
modifications could be an asset for type 1 diabetes patients. These results suggested that EPS produced
by L. mesenteroides XG5 could be used as prebiotics given their ability to stimulate probiotic growth [71].

7.2. Antioxidant Activity

The ability to exert antioxidant activity is widespread in LAB-derived EPSs. Imran et al. [16]
evaluated the antioxidant activity of EPS produced by Lb. plantarum NTMI05 and NTMI20 by measuring
free radical scavenging activity. The results showed an improvement of this activity with 500 pg/mL of
EPS with a capacity of 96.62% and 91.86%, respectively, for these two strains. A hypothesis suggested
that antioxidant activity could be influenced by the presence of functional groups such as hydroxyl
groups [9].

An EPS composed of glucose and rhamnose sugar units produced by W. cibaria strain GA44
demonstrated moderate but significant antioxidant capacities in a dose-dependent manner in various
in vitro models such as DPPH radical scavenging activity, reducing power assay, superoxide anion and
hydroxyl radical scavenging activity [53]. Similarly, strong and concentration-dependent antioxidant
activities were found for EPS from Lb. plantarum C88 and for HoPS from L. pseudomesenteroides
JF17 [13,72].

Another study characterizing antioxidant properties of an EPS produced by Lactococcus lactis
strain EPS-1 showed an important antioxidant capacity. This EPS was mainly composed of fructose
and rhamnose. EPS-1 was also able to inhibit hydroxyl and superoxide radical activities. These
results suggested that EPS-1 produced by Lactococcus lactis could reduce lipid peroxidation of cell
membranes [73].
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EPS from LAB have been studied for their health-benefit properties. It follows that their chemical
structure and molecular weight (MW) are relevant characteristics to define their health-promoting
functions and activities [74].

7.3. Anti-Inflammatory Activity

EPS produced by LAB are able to stimulate dendritic cells and other antigens presenting genes
thanks to Toll-like receptors (TLRs) and to modulate the inflammatory response by leading to the
production of pro-inflammatory cytokines [45].

Anti-inflammatory properties have been observed using in vitro and in vivo approaches for EPS.
Decreased expression of pro-inflammatory markers has been shown in a rat model of inflammation [75].
Lipopolysaccharide-stimulated RAW 264.7 cells also exhibited lower contents of TNFe, IL-1b and
IL-6 [76].

EPS produced by Lb. plantarum NTU 102 promote proliferation of RAW 264.7 macrophages at a
concentration below 5 pg/mL but a cytotoxic effect was observed at higher concentrations. Moreover,
macrophages treatment with these EPS allow phagocytosis. It was also showed that EPS produced by
Lb. plantarum NTU 102 are able to induce a pro-inflammatory response by producing cytokines, such
as IL-6, TNF-« and IL-1§3, in a dose-dependent manner in treated macrophages [45].

7.4. Cholesterol-Lowering Activity

Recently, studies have investigated the promising cholesterol-lowering effect related to
LAB-derived EPS. A high molecular weight EPS of glucomannan nature from Lb. plantarum BR2
showed a strong ability to adsorb cholesterol, exhibiting 47.5% of cholesterol lowering ability on
in vitro assimilation procedure [77]. Similarly, an EPS consisting of mannose, glucose and galactose
produced by Enterococcus faecium K1, an isolate from indigenously fermented milk product kalarei, also
displayed a 49% cholesterol-lowering property [78].

In vivo, the effect of water-soluble EPS from kefir was determined in C57BL/6] mice by
Lim et al. [79]. The EPS supplementation had significant anti-obesity effect by reducing HFD-induced
body weight gain, adipose tissue weight, and plasma very-low-density lipoprotein cholesterol
concentration compared to the control group in this study.

Current hypotheses on the mechanism involved in EPS cholesterol-lowering effect considers
elimination of bile, cholesterol assimilation and conversion, coprecipitation effect and short fatty acids
promotion [26].

8. Conclusions

EPS production by LAB involved in fruit and vegetable fermentation is gaining interest because
of both effects on sensory characteristics and potential positive health effects.

The impact of EPS of food texture can be seen as a strategy to limit the use of additives, but
requires a production level of several g/L. To that aim, the production of HoPS is more favorable
than HePS as several LAB species, such as L. pseudomesenteroides, L. mesenteroides, W. cibaria and
W. confusa produce these compounds at high levels. Moreover, production level of EPS can be enhanced
through adjustment of fermentation medium composition and incubation parameters. However, this
optimization should not decrease the general sensory quality of fruit or vegetable fermented foods.

EPS produced during fermentation of fruit or vegetables can exert prebiotic activity, but also
antioxidant, anti-inflammatory and cholesterol-lowering activity. Most of previous results were
obtained in vitro, on cell models or in mice, and will require further investigations to determine if the
observed effects can be expected from human diet modifications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/6/4/115/s1,
Table S1: Detailed information corresponding to the gene sequences used to achieve the phylogenetic tree of genes
involved in glucansucrases synthesis.
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