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Abstract: Lactic acid bacteria (LAB) used in the food industry, mainly for the production of dairy
products, are able to synthetize exopolysaccharides (EPS). EPS play a central role in the assessment
of rheological and sensory characteristics of dairy products since they positively influence texture
and organoleptic properties. Besides these, EPS have gained relevant interest for pharmacological
and nutraceutical applications due to their biocompatibility, non-toxicity and biodegradability. These
bioactive compounds may act as antioxidant, cholesterol-lowering, antimicrobial and prebiotic
agents. This review provides an overview of exopolysaccharide-producing LAB, with an insight on
the factors affecting EPS production, their dairy industrial applications and health benefits.

Keywords: lactic acid bacteria; exopolysaccharides; functional foods; dairy industrial applications;
health benefits

1. Introduction

Bacteria are well known for their ability to produce a wide variety of polysaccha-
rides, which can be tightly linked to the cell surface forming a capsular polysaccharide
(CPS) or secreted as exopolysaccharides (EPS). Exopolysaccharides have a high molecular
weight and biodegradable polymers formed by monosaccharide residues of sugar and
sugar derivatives, and are produced by a wide range of bacteria [1]. Different bacterial
groups—mainly lactic acid bacteria (LAB) and bifidobacterial—produce a wide variety
of carbohydrate polymers during fermentation. Although the beneficial effect that EPS
production provides to the bacterial physiology is still not entirely clarified, it seems that
LAB produce EPS as a protective matrix to endure all the stresses related to fermentation
processes, such as pH, temperature and osmotic stress, among others [2]. Moreover, EPS
play a fundamental role in formation of biofilm matrix, and cell aggregation or adhesion
mechanisms to both the abiotic and biotic surface (i.e., intestinal mucosa). EPS deeply
regulate microbial life, being involved in several ecological process that enhance bacterial
colonization of either technological or gastrointestinal microenvironment, through a stable
cell recognition and cooperation and by acting as a protective barrier against harmful
substances (i.e., antibiotics, toxic compounds), that ultimately lead to increased bacterial
survival [3].

LAB produce a wide variety of EPS with different chemical structure and physical
characteristics that, in turn, affect their technological properties that result in their main
interest for food industry applications. For instance, the side chains found on many
linear polysaccharides promote conformational disorder, resulting in solubility in aqueous
solutions. Thus, xanthan, which possesses a cellulose backbone with trisaccharide side
chains on alternate glucose residues, has been described as a natural water-soluble cellulose
derivative. The EPS XM6 produced by Enterobacter spp. is made up of a tetrasaccharide-
repeating unit and lacks acylation. It interacts with various monovalent and divalent
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cations to form a gel. However, the EPS 54 released by K. aerogenes has the same structure
but failed to gel [4].

The precise EPS physiological function is still not fully understood in terms of different
EPS types and producer strains. They play a central role in affecting the rheological
and sensory characteristics of dairy products since they increase viscosity and related
organoleptic properties at consumption. In the cereal and bakery industry they can replace
food gums such as hydroxypropylmethylcellulose (HPMC) [5]. Moreover, they are involved
in bacterial–host interactions and microbial-mediated immunomodulation [6]. EPS help
producing bacteria to face gastrointestinal stresses and to persist longer in the gut [7].
These health benefits allow the production of added-value, functional products in line with
consumers’ demand for healthy and “green” products [8]. The roles of some HoPS and
HePS are reported in Table 1.

Table 1. Industrial applications and health properties of some HoPS and HePS.

EPS Producers Biological Properties

HoPS

Dextran (glucose)

Leuconostoc mesenteroides, Lactobacillus
reuteri, Lacticaseibacillus casei,
Latilactobacillus sakei, Limosilactobacillus
fermentum, Lentilactobacillus parabuchneri

Food industry: emulsifier and stabilizer,
improvement of softness, crumb texture,
loaf volume in bakery products,
improvement of moisture retention and
viscosity in confectionary

Reuteran (glucose) Lactobacillus reuteri Bakery industry

Levan (fructose) Bacillus subtilis, Streptococcus salivarius,
Streptococcus mutans

Health benefits: prebiotic activity,
antitumor property, hypocholesterolemic
agent
Food industry: bio-thickener

Inulin-type (fructose) Streptococcus mutans, Lactobacillus reuteri

Health benefits: prebiotic activity
Food industry: sugar and fat replacer,
texture modifier in low-fat dairy products
enhancer of creaminess

Alternan (glucose) L. mesenteroides, Leuconostoc citreum
Food industry: Sweetener in
confectionary, stabilizer, emulsifier and
prebiotics

Curdlan (glucose) Alcaligenes faecalis, Rhizobium meliloti,
Agrobacterium radiobacter

Starter culture, gelling agent,
immoblization matrix

HePS

Glucose and galactose Lactiplantibacillus plantarum, Streptococcus
thermophilus, Enterococcus faecium

Health benefits: immunomodulatory
activity

Arabinose, mannose, glucose and
galactose Lpb. plantarum

Food industry: improvement of texture
and rheological properties of various
food stuffs

Glucose, arabinose, galactose, mannose
and xylose Bacillus tequilensis Food industry: stabilizer and thickener

Glucose, mannose, galactose, rhamnose,
and a small fraction fucose Lactobacillus gasseri

Food industry: antioxidant agent,
viscosifying agent and antimicrobial
agent

Arabinose, rhamnose, fucose, xylose,
mannose, fructose, galactose and glucose Lpb. plantarum Food industry: natural antioxidant or

functional additive

EPS can be divided based of repeating units’ composition into two groups: (i) ho-
mopolysaccharides (HoPS) and (ii) heteropolysaccharides (HePS). The former (HoPs)
present only one type of monosaccharide (D-glucose or D-fructose), and the main ones are
α-glucans, β-glucans or fructans. They can be further classified on the basis of the glycosyl
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type, linkage variety and the position of carbon involved in the bond (Figure 1). They are
produced by different genera of LAB, including Weissella, Leuconostoc, Lactobacillus (recently
reclassified into 25 genera) [9], Pediococcus and Streptococcus.
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Figure 1. Classification of HoPS. The majority of HoPS-producing LAB produce a single glycansu-
crase enzyme, but some contain more than one glycansucrase gene and therefore may synthesize
more than one type of HoPS.

HePS contain from three to eight repeating units made up of two or more monosac-
charides (e.g., rhamnose, fructose, galactose or glucose); they can present some molecular
modifications, including acetylations, pyruvylations and phosphorylations [10]. Van Kra-
nenburg et al. [11] and Mozzi et al. [12] described the production of HePS containing a
pentameric repeating unit of galactose in a Lactococcus (Lact.) lactis subsp. lactis H414 and
Lactobacillus (Lb.) delbrueckii subsp. bulgaricus CRL 406 and 142.

2. Bacterial Synthesis of EPS
2.1. HoPS Biosynthetic Pathways

HoPS are produced in the extracellular environment from a molecule of sucrose,
which is used as donor of a monosaccharide by action of an extracellular enzyme belong-
ing to the glycosyl hydrolase family [13]. α-Glucans and β-fructans are then produced
through glucansucrases and fructansucrase, respectively. These enzymes hydrolyze the
sucrose–glycosidic bond and use the energy released to transfer the glucosyl or the fructosyl
moieties to the growing reducing end of the polymer [13,14]. α-Glucans are generally pro-
duced by several LAB genera, and the main are Leuconostoc, Lactobacillus, Lactiplantibacillus,
Limosilactobacillus, Lacticaseibacillus, Streptococcus, Pediococcus and Weissella.

β-Glucans production occurs in the intracellular environment by a membrane-associated
glucosyltransferase, and it does not use sucrose as substrate. Levan-type and inulin-
type fructans are produced by levansucrases and inulosucrases, respectively. β-Glucans
production has been described in LAB isolated from alcoholic beverages, such as Pediococcus
spp., Lactiplantibacillus spp. and Oenococcus spp. Fructans are produced by W. confusa
strains, Limosilactobacillus (Lim.) reuteri Lb 121 and a Lim. pontis strain. Inulin production
has been reported only in few strains of Lactiplantibacillus, Leuconostoc and streptococci [13].
Leemhuis et al. [15] described the presence of a cell-associated transglycosylating (GH70)
4,6-α-glucanotransferase in a strain of Lim. reuteri. This enzyme catalyzes the synthesis of
α-glucan from starch and maltodextrins.

2.2. HePS Biosynthetic Pathways

HePS production is more complex than HoPS one. Repeating units are synthetized
intracellularly and polymerized extracellularly (Figure 2).
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The main pathway used by LAB to produce HePS is the Wzy-dependent pathway.
This process can be divided into 4 steps:

(1) Activated sugar generation: Sugar nucleotides are produced from the glucose-6-
phosphate, fructose 6-phosphate or glucose-1-phosphate produced in the Leloir path-
way during lactose catabolism [15]. This reaction is catalyzed by priming-GT (a
membrane bound polyprenyl-P sugar-1-P transferase).

(2) Assembly of EPS units: sugar nucleotides are added via membrane-bound GT.
(3) Transport across the membrane: repeating units are flipped across the membrane via a

flippase (Wzx). This enzyme is bound to the membrane and shows 12 transmembrane
domains.

(4) Polimerization: it is catalysed by the Wzy polymerase, which adds single repeating
units generating a new glycosidic bond to the reducing end of the chain.

This pathway require energy and therefore is subjected to a strict regulation. For
instance, in S. thermophilus and Lb. bulgaricus HePS production is favored under optimal
growth conditions; in Lacticaseibacillus (Lcb.) casei, medium composition influenced exocel-
lular polysaccharide production and its sugar composition. Polysaccharide production is
also influenced by pH, temperature, aminoacids, vitamins and minerals [16].

2.3. Genetic of EPS Production

Genes of the Wzy-dependent pathway have been reported only in Weisella, Leuconostoc,
Lactiplantibacillus, Pediococcus and Streptococcus genera. These genes are organized in an
operon, the so-called eps operon, and can reside on a plasmid or the chromosome. Genes in
the eps operon are grouped on the basis of their established or putative roles: modulatory
genes (e.g., phosphoregulatory module epsBCD), polysaccharide assembly machinery genes
(initiation epsE, polymerization wzy, flippase wzx and attachment epsA), genes encoding the
GT necessary for the assembly of the repeating units and genes involved in the synthesis
of activated sugar precursors and modification of the sugar residues [16].

In LAB, a typical eps gene cluster presents 5 highly conserved genes named epsA,
epsB, epsC, epsD and epsE, and a more variable region including the polymerase wzy, the
flippase wzx, and glucosyltransferases. In Lpb. plantarum, multiple EPS clusters have been
described [17]. However, in lactobacilli, the EPS gene cluster architecture is more complex
than that observed in other species such as Lactococcus lactis and S. thermophilus.

For instance, the sequenced strain WCFS1 harbours four chromosomal clusters of eps
genes. Two of them (cps2A-J and cps4A-J) are involved in capsular polysaccharide forma-
tion, while cps1A-I and cps3A-J seem to have a regulatory function and encode a priming
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glycosyl-transferase [18]. The most conserved cluster appears to be the cps4A-J, which
presents tyrosine kinases, phosphotyrosine phosphatase, a priming glycosyltransferase,
glycosyltransferases, a flipase and a polysaccharide polymerase [17].

In Lact. lactis the eps genes are named epsR, epsA, epsB, epsC and epsD, in S. thermophilus,
epsA, epsB, epsC, epsD and epsE, while in Lb. bulgaricus, epsABCDE [19,20]. Several LAB
species also contain a second cluster for the production of cell wall polysaccharides (CW-PS)
anchored to peptidoglycan. These molecules contain rhamnose and have multiple functions.
In S. thermophilus, they are involved in antibiotic stress response, while in Lact. Lactis,
they act as phage receptors [21–23]. CW-PS production is regulated by rmld-associated
gene clusters which contains from 12 to 27 genes with putative functions including GT,
polysaccharide biosynthesis proteins, rhamnose biosynthesis proteins (RmlABCD) and
transport molecules [21].

3. EPS-Producing Lactic Acid Bacteria

The ability to produce EPS by LAB depends on several factors, and the amount of
production is largely species- and strain-specific (Table 2).

In general, in non-optimized conditions it has been reported that EPS yield is under
1 g/L for the majority of LAB strains [24], such as Lim. fermentum (0.75–0.85 g/L) [25,26],
Lev. brevis (0.35 g/L) [27], Lpb. plantarum (0.14–0.4 g/L) [27,28] and Lact. lactis (0.2–0.35 g/L).
However, a higher amount of EPS has been reported for Lcb. rhamnosus RW-9595M
(2.8 g/L) [29], the Lb. kefiranofaciens WT-2B strain (2.5 g/L) [30], the Lpb. plantarum BR2
strain (2.8 g/L) [31] and Lim. reuteri L26 and Lim. reuteri DSM 17938 (4.3–5 g/L) [32].

Table 2. Exopolysaccharide produced by some LAB strains growing in different media, carbon source and its monosaccha-
ride composition.

Genus Strains EPS Yield
(mg/L) Culture Media Carbon Source

in Media
Monosaccharide

Composition Reference

Streptococcus

S. thermophilus
DGCC7919 404 Whey permeate Lactose Glucose, Galactose,

Rhamnose, Mannose [33]

S. thermophilus ASCC
1275 163–430 M17 Glucose or lactose

or sucrose Glucose, Galactose [34]

S. thermophilus S-3 100 Skim milk Lactose Glucose, Galactose [35]

S. thermophilus CC30 1950 Skim milk Lactose Glucose, Galactose [36]

S. thermophilus 05-34 55–120 Skim milk

Glucose or
Galactose or
Lactose or
Sucrose or
Fructose

Glucose, Galactose [37]

S. thermophilus
GST-6 Not reported Skim milk Lactose Glucose, Galactose [38]

S. thermophilus ST1 136 Skim milk Lactose and
sucrose Glucose, Galactose [39]

S. thermophilus
CRL804 166 Skim milk Lactose Galactose, Rhamnose [12]

S. thermophilus SY89,
SY102, IMDO1,

IMDO2, IMDO3,
NCFB 859

Not reported Skim milk Lactose Glucose, Galactose [40]

S. thermophilus NCFB
2393 300 Skim milk Lactose Glucose, Galactose,

Rhamnose [41]
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Table 2. Cont.

Genus Strains EPS Yield
(mg/L) Culture Media Carbon Source

in Media
Monosaccharide

Composition Reference

Lactobacillus

Lb. delbrueckii subsp.
bulgaricus

5570.34–
5910.62

Modified Skim
milk Glucose

Glucose, Galactose,
Rhamnose, Ribose,
Mannose, Xylose,

Arabinose, Fructose

[42]

Lb. delbrueckii subsp.
bulgaricus 147 960 Skim milk Lactose

Glucose, Galactose,
Rhamnose, Ribose,

Mannose
[43]

Lb. delbrueckii subsp.
bulgaricus 2214 1880 Skim milk Lactose Glucose, Rhamnose,

Mannose [43]

Lb. delbrueckii subsp.
bulgaricus B3 449 MRS Glucose Glucose, Fructose,

Mannose [27]

Lb. delbrueckii subsp.
bulgaricus SRFM-1 141.63 Milk Lactose Glucose, Galactose [44]

Lb. delbrueckii subsp.
bulgaricus

OLL1073R-1
1546 Skim milk Lactose Glucose, Galactose [45]

Lb. delbrueckii subsp.
bulgaricus 190–740 Modified MRS Lactose and

Glucose Not reported [46]

Lb. delbrueckii subsp.
bulgaricus CRL 852,

865, 874
24–150 Skim milk Lactose Glucose, Galactose,

Rhamnose [12]

Lb. delbrueckii subsp.
bulgaricus LY03 Not reported Skim milk Lactose Glucose, Galactose,

Rhamnose [40]

Lb. helveticus LZ-R-5 128 Milk Lactose Glucose, Galactose [47]

Lactiplantibacillus

Lpb. plantarum subsp.
plantarum JLAU103 75 Modified MRS Sorbitol

Glucose, Galactose,
Rhamnose, Mannose,

Xylose, Arabinose,
Fructose, Fucose

[48]

Lpb. plantarum subsp.
plantarum GD2 397 MRS Glucose Glucose, Mannose,

Arabinose [27]

Lpb. plantarum subsp.
plantarum JLK0142 Not reported Modified MRS Sorbitol Glucose, Galactose [49]

Lpb. plantarum subsp.
plantarum C7 198–265 Modified MRS Sucrose Glucose, Mannose [50]

Limosilactobacillus

Lim. reuteri L26 and
Lim. reuteri DSM

17938
4300–5000 Modified MRS Sucrose Glucose [32]

Lim. fermentum
YL-11 84.5 Skim milk Lactose Glucose, Galactose,

Mannose, Arabinose [26]

Lacticaseibacillus

Lcb. rhamnosus E9 298 MRS Glucose Glucose, Mannose,
Arabinose [27]

Lcb. rhamnosus
RW-9595M 931–1275 MRS Glucose Glucose, Galactose,

Rhamnose [51]

Lcb. rhamnosus R 438–601 MRS Glucose or
Lactose

Glucose, Galactose,
Rhamnose [51]
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Table 2. Cont.

Genus Strains EPS Yield
(mg/L) Culture Media Carbon Source

in Media
Monosaccharide

Composition Reference

Levilactobacillus

Lev. brevis LB63 347 MRS Glucose Glucose, Mannose,
Arabinose [27]

Lactococcus

Lact. lactis LL-2A 354 Whey permeate Lactose Glucose, Galactose,
Mannose [33]

Lact. lactis SLT10 280–336 Modified MRS Sucrose Glucose, Mannose,
Rhamnose [50]

Lact. lactis subsp.
cremoris JFR1 Not reported Skim milk Lactose Glucose, Galactose,

Rhamnose [52]

Lact. lactis subsp.
cremoris 352 204 Skim milk Lactose Glucose, Galactose [19]

Physicochemical parameters influencing bacterial growth (i.e., temperature, incuba-
tion time, pH, oxygen rate, etc.) as well as different carbon and nitrogen sources are the
main factors affecting EPS production (Table 3) [8,53]. Moreover, the same LAB strain
can synthetize various EPS under different growth conditions [54]. The composition of
the culture medium, including added nutrients as growth enhancers, is one of the most
important factors affecting EPS production [55]. For instance, de Man Rogosa and Sharpe
(MRS) media supplemented with sucrose, fructose or maltose is generally used to screen
HoPS production [37,55,56].

Several other authors also reported the impact of culture medium composition on
the level of EPS produced by LAB [34,37,42,55,57]. In this regard, a number of media
specifically developed for EPS production, including skim or partially skim milk, whey
based medium, semi-defined medium, chemically defined medium and basal minimum
medium have also been applied [58]. Among them, milk-based media have shown to
be good substrates to be used for EPS production, especially after enrichment with an
appropriate carbon source. Lb. delbrueckii subsp. bulgaricus showed a high amount of
EPS production ca. (5.5 g/L) in modified skim milk with glucose as a carbon source [42].
Additionally, S. thermophilus has been found to exhibit high EPS production in milk medium
in comparison to MRS or M17 broths [59]. On the other hand, Lcb. casei and Lb. delbreuckii
subsp. bulgaricus strains cultured in fermented milk produced a lower amount of EPS
(<600 mg/L) compared to M17 broth supplemented with different carbon and nitrogen
sources (1500 mg/L) [60]. Organic nitrogen (i.e., casein, tryptone, yeast extract, peptone)
significantly improved the production of specific EPS, such as kefiran, while the use
of inorganic nitrogen, such as ammonium chloride, leads to a lower amount of kefiran
grains [61,62]. Physicochemical parameters are also relevant for LAB in growing and
producing EPS. The optimal pH value for production of EPS is generally considered to be
around pH 6.0 but varies greatly between species and LAB strains [63]. The S. thermophilus
ST111 strain was found to produce EPS at maximum capacity when the pH of the culture
medium was maintained at 6.2 [57]. For Lb. delbrüeckii subsp. bulgaricus, the ideal pH value
was considered to be 6.5 [54], as found also for the Lim. fermentum F6 strain [64]. Some
authors reported that low pH (i.e., 4.9) significantly affects EPS degradation, leading to a
decrease in EPS yields [65].

Regarding temperature, the hydrolytic degradation of EPS can be reduced using sub-
optimal temperature of incubation (18–25 ◦C for mesophilic and 35–37 ◦C for thermophilic
species) [63,66]. In turn, several studies reported that sub-optimal temperature is the
optimal temperature for higher EPS production [59,67], probably due to the physiological
stress induced by the reduced temperature on bacterial cells, particularly in strains lacking
proteolytic activity (e.g., S. thermophilus) [57,59,68]. S. thermophilus BN1 showed an EPS
production in skim milk 5-fold higher at 37 ◦C compared to that of 42 ◦C [59]. Likewise,
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Lim. fermentum F6, Lim. fermentum TDS030603 and Lcb. casei CRL 870 produced elevated
amounts of EPS when incubated at 37 ◦C [64,69]. For the Lb. delbrüeckii subsp. bulgaricus
DSM 20081 strain, the EPS yield was higher when incubated between 30 ◦C to 40 ◦C,
whereas the EPS production was decreased by almost half when incubated at 45 ◦C [67].
On the other hand, a study by Ruas-Madiedo et al. [70] reported no effect of temperature
on the EPS production when the Lact. lactis subsp. cremoris strain was used to ferment milk.

The activity of EPS-producing bacteria can be also influenced by the concomitant
presence of different LAB strains in the culture medium. This topic is of high significance
since, in industrial practice, mixed cultures consisting of multiple strains of the same LAB
species and/or different species are typically used. The synergic actions of Lb. delbrüeckii
subsp. bulgaricus and S. thermophilus are well-known in yogurt-making. On the other hand,
competition and/or growth inhibition may also occur. When a mixed culture was prepared
containing the EPS-producer strain of Lb. kefiranofaciens ZW3 and non-EPS-producer strains
of Lb. delbrüeckii subsp. bulgaricus and S. thermophilus, Lb. kefiranofaciens ZW3 was found to
exhibit structurally different EPS compared to the structure of EPS in the absence of yogurt
culture bacteria [71]. Therefore, the mixed culture of EPS-producer and non-producer
strains can offer the opportunity to obtain EPS of a different type and structure and that, in
turn, can lead to different qualitative properties in the final product. Recently, a study by
Berstch et al. [72] investigated the effects of co-culture on the amount of EPS produced by
three different Lcb. rhamnosus strains in combination with Saccharomyces cerevisiae, showing
positive interactions for promoting EPS biosynthesis [72].

As stated above, different bacterial species/strains influence EPS production.
Yu et al. [73] revealed that only a strain of Weissella cibaria isolated from kimchi produced
up to 9.8 g/L of EPS in a dose-dependent way in response to a high sucrose supplementa-
tion in the growing media. Similarly, Zannini et al. [74] demonstrated that different strains
of W. cibaria showed about 2.8-fold variance in EPS production in sucrose-MRS broth.
The different behavior of strains in terms of EPS production has been corroborated by
other studies. Different strains of Lpb. plantarum isolated from different sources—Turkish
sourdough and cow milk—showed an average EPS production of 1153.8 µg/107 cells and
197 mg/L, respectively [75,76].

Abdalrahim et al. [77] showed that different strains of L. pseudomesenteroides and
L. mesenteroides produced EPS with concentrations ranging from 18.08 to 61.9 g/L. Bifi-
dobacterium animalis, B. longum and B. pseudocatenulatum isolated from human intestinal
microbiota produced HePS made up of galactose and glucose. Some of the EPS produced
also contained rhamnose in higher proportion compared to those produced by LAB isolated
from food [78].

This different behaviour of LAB in terms of EPS production could be explained
through changes in gene expression in response to stressing conditions. For instance,
a glycosyltransferase related to EPS synthesis was upregulated after exposure to acidic
stress, bile salts and osmotic stress in B. animalis subsp. lactis [79]. Other studies demon-
strated this overexpression of genes related to EPS production in other species such as
S. thermophilus [80] and Lcb. paracasei [81] when stressing conditions are encountered.
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Table 3. Main factors influencing EPS production by LAB strains.

Main Influencing Factors Example Reference

Microbial factors

EPS producers Species/strains [8,12,24,35,53]
Bacterial growth Exponential/stationary phase [38,60,68,82,83]

Microbial interactions Synergistic/antagonist effects in bacterial mixture [71,84]

Medium composition

Carbon source Glucose/Sucrose/Lactose etc. [34,37,39,55,56,60,64,82]
Nitrogen source Organic/inorganic nitrogen [37,57,60,68,82]

Physicochemical parameters

pH pH of medium and its variations [37,54,57,60,68,82]
Temperature Optimal/sub-optimal temperature [37,39,57,59,60,64,67–69,82]
Oxygen rate Aerobiosis/anaerobiosis [24,60,67,85]

Incubation time Prolonged incubation time [37,39,55,57,64,66,68,82]

3.1. In Vitro Screening of EPS-Producing LAB

Investigations on EPS-producing bacteria require an early characterization based on
in vitro screening of LAB strains. There are a wide variety of microbiological techniques
that can be utilized to screen EPS-producing strains as “ropy or non-ropy”. The ropy
phenotype is distinguished visually by the formation of long filaments when a needle
is lifted from the colony surfaces as well as from the cell pellet in fermented liquid [58].
Visual observation of viscosity in liquid media has also been used as a screening method
for EPS producer strains [55]. However, not all viscous cultures exhibit a “ropy” phenotype.
Ortega-Morales et al. [86] successfully screened EPS producer strains based on the “mu-
coid” and “slimy” appearance of strains. The terminology to describe the EPS-producing
strains of LAB is confusing, and terms such as, “mucoid”, “slimy” and “ropy” have been
often utilized imprecisely in literature [58]. In fact, the visual in vitro screening can lead
to the selection of false negative strains and to mislead in defining the morphological
characteristics of “ropy” colonies. Novel polymers probably will not be recognized because
of a missing evident slime development. Furthermore, the presence of different carbohy-
drates as a carbon source can significantly affect the formation of ropy filaments, leading to
misinterpretation of ropy phenotypes [55].

EPS producers can be identified applying other more objective tests. A common assay
is ruthenium red stain in milk agar plates. Non-ropy colonies appear red, while ropy
colonies from EPS producers remain white [87]. Aniline Blue fluorochrome (Sinofluor)
interacts with β-(1-3)-glucans and has been used to screen 89 putative EPS producer
strains [88]. Similarly, Lauer Cruz and de Souza da Motta [89] have successfully used a
fluorescence-based method. Calcofluor White binds to both succinoglycan and pure β-(1-3)-
and β-(1-4)-glucans and, when irradiated by long-wave UV radiation, exhibits a blue-green
fluorescence. Fluorescence-negative colonies on agar-plates can thus easily be detected,
especially if applied for the characterization of a large number of strains. However, the use
of these dyes may not be suitable for the screening of novel polymers containing various
sugars or uronic acids as well as deoxy-and amino-sugars, as interactions of the dyes with
new EPS are uncertain, making this technique impractical for identifying novel variants
of EPS.

Recently, with the development of omics technologies, the in vitro screening of EPS
producers can benefit from the wide amount of complete genome data available for a
variety of species to gain knowledge of genetic determinants and metabolic pathways
behind the bacterial capacity to produce EPS [90]. The wide number of complete genome
sequences for different species is useful to understand microbial biological capabilities and,
for instance, can be exploited to optimize the EPS production in food industry bacteria.
Whole-genome analysis of EPS clusters have been already reported for some species, such
as S. thermophilus [91], Lpb. plantarum [92] and Lact. lactis; additionally, comparative ge-
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nomic analyses for EPS biosynthesis have been performed for Lb. bulgaricus 2038 [93]. More
information on the genome of the EPS producer strains will enable to develop additional
strategies to improve EPS production, and to engineer strains in order to modify composi-
tion and chain length. Omic approaches are needed to control and optimize production
in order to improve EPS yields. For instance, metagenomic studies have been applied to
investigate the metabolic potential of LAB in the fermentation of kimchi [94] and the tran-
scriptomic approach has been used for yogurt and milk fermentation [20,95]. Moreover,
models based on the genome sequence could integrate transcriptome, metabolomics and
proteomics data to predict EPS production at different conditions.

3.2. EPS Isolation and Purification

EPS isolation and purification are of paramount importance for the recovery and
characterization of single EPS. Recently, the isolation methods were extensively reviewed
for providing a more comprehensive outlook of recent developments on this subject [8,53].

Various techniques of isolation and purification have been developed. Generally,
EPS isolation consists of the following required steps: (i) a centrifugation step to re-
move bacterial cells; (ii) EPS precipitation; (iii) EPS purification by dialysis against water;
(iv) freeze-drying.

In complex media with a high protein content (e.g., skim milk), and at acidic pH,
purification and quantification of EPS requires the isolation of EPS from a protein net-
work where EPS and bacterial cells are trapped or conjugated with the protein [53,96].
For instance, a heating step (e.g., at 100 ◦C for 15 or 30 min) as a pre-treatment prior
to isolation can be applied to inactivate endogenous enzymes that can cause EPS degra-
dation in the medium [53]. Then, proteins can be precipitated with trichloroacetic acid
(TCA) [27,49,58,70] or a combination of TCA and proteases [97]. In certain cases, heat treat-
ment is used to improve the EPS recovery from the culture medium as the first step in EPS
isolation [27,32,35,58,97,98]. For the following precipitation of EPS, ethanol is commonly
used [27,42,43,50,55,58,99], although isopropanol [100], acetone [33] or a mixture of acetone
and ethanol [101] have been also used.

In general, after precipitation and recovery, the isolated EPS-rich phase is then dis-
solved in deionized water, and this dispersion is used for the removal of the protein
fraction with tricholoracetic acid (TCA). To eliminate low-molecular-mass contaminating
carbohydrates, the dissolved EPS is then dialyzed against water and a dialysis membrane
with a cutoff of 12–14-kDa is commonly used [8]. As a preceding step to EPS purification,
membrane filtration techniques such as microfiltration, ultrafiltration and/or diafiltration
have also been used [50,58,70,101].

Finally, the EPS is lyophilized [27,33,35,43,99,101] to remove moisture and allow long
storage. For molecular characterization purposes, additional purification steps have been
employed to increase the purity of the EPS fraction, by applying advanced instrumental
techniques such as size-exclusion chromatography (SEC) or ion-exchange chromatogra-
phy [8,27,36,44,47,53,99].

3.3. EPS Quantification and Characterization

Gravimetric method, such as weighing the dry mass of the purified polysaccharide,
is the most straightforward approach for quantifying EPS yield [58]. However, this is not
very reliable, particularly when the isolated EPS fraction does contain low quantities of
EPS and/or in presence of impurities [8].

A colorimetric procedure for the determination of total carbohydrate (expressed as
glucose equivalents per unit of weight) by phenol-sulfuric acid method is the most widely
used method of calculating EPS yield [27,33,34,42–44,49,55,99,102]. A similar colorimetric
technique is the anthrone-sulfuric acid method reported by some researchers as another
useful method for the quantification of carbohydrates [101,103,104]. However, these colori-
metric methods can suffer interference with the other carbohydrates present in the growth
medium [8,53].
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Moreover, Ruijssenaars et al. [105] estimated more precisely the quantity of EPS by
using the following formula:

EPS = TS − RS

where TS is the total sugar calculated by the phenol-sulfuric method and RS is the reducing
sugar fraction determined by the dinitrosalicylic acid method. Traditionally, colorimetric
assays of quantification represent the cheapest and simplest methods to be used but they
are not free from interference that needs to be considered when quantitative information
is needed.

Instrumental methods have been developed to improve the quantification of EPS
production. Tang et al. [44] used ion-exchange chromatography to separate EPS, and
then the carbohydrate content of the EPS-rich fraction was estimated using the phenol-
sulfuric method.

Size-exclusion chromatography can be applied also to more precisely determine the
EPS concentration, and the quantification of EPS can be done through the corresponding
elution peak using the refractive index measurements [27,53,58].

For a rapid and simultaneous quantification of lactic acid, lactose and EPS directly in
culture media without a prior isolation step, a near infrared (NIR) spectroscopy method
has also been reported by Macedo et al. [29] This method led to results with strong corre-
lation (R2 > 0.90) with reference methods to indicate the effectiveness for monitoring the
production of EPS and lactic acid during fermentation.

High-performance, anion-exchange chromatography coupled with pulsed ampero-
metric detection [8,27,35,53] or gas chromatography (GC) [32,43] are commonly utilized
to analyze the monosaccharide composition of EPS. To degrade the EPS to its constituent
monosaccharides, which are then detected, an initial hydrolysis step is necessary. Trifluo-
roacetic acid (TFA), HCl or H2SO4 at high temperature (i.e., 100–121 ◦C) can be used for
the hydrolysis of EPS. TFA is the most frequently used acid, also because the unreacted
TFA can be easily eliminated by evaporation [58]. The resulting monosaccharides are then
derivatized to alditol acetates and can be determined by HPLC or GC [8,27,32,35,43,53].

Enzyme hydrolysis as an alternative to acid hydrolysis has also been employed for the
cleavage of specific linkage present in the EPS polymer [56,106]. The subsequent release
of monosaccharide components indicates the existence of an enzyme-targeted linkage in
the EPS polymer (e.g., dextranase derived hydrolysis of a polymer indicates the presence
of α-1,6 linkages, and thus, the EPS could be a dextran) [56]. However, one drawback
associated with this type of assay is the limited availability of suitable enzymes that can
specifically act on a specific linkage predicted to be present in the EPS polymer [8].

Recently, anion-exchange chromatography and carbohydrate gel electrophoresis have
been used to evaluate the presence of a charge on the EPS [49], while Fourier transform-
infrared spectroscopy has been used to obtain information about functional groups in EPS,
including the presence of charged moieties such as phosphate and sulfate groups [38,42,49].

Nuclear magnetic resonance (NMR) spectroscopy is the only analytical instrument
that can allow to obtain information about the molecular arrangement of carbohydrates
and to identify the structural characteristics of the polysaccharides [58]. NMR enables the
interaction of carbon and hydrogen atoms with neighboring atoms, and chemical groups
to be elucidated, allowing their relative location in the structure to be determined and thus
the polymer configuration to be known [27,38,42,45].

Microscopic techniques can be used to detect EPS presence at the microstructural
level in food matrices. In particular, after staining with a fluorescent lectin, confocal laser
scanning microscopy analysis allowed to obtain both qualitative [99] and quantitative [79]
information about EPS structure and production in fermented soy milk and fermented
milks, respectively. Moreover, typically after staining with ruthenium red, scanning electron
microscopy [107] or transmission electron microscopy [98] can be also used to visualize
and confirm EPS production in situ. More in particular, in dairy fermentation studies,
these microscopic staining techniques are the most commonly used as they confirm the
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in situ production without damaging the food microstructure and enable to evidence the
interaction of EPS with other food components [8].

4. EPS and Health Benefits

Besides the application in food industry, thanks to the thickening and structuring
abilities that allow an improvement of the texture and rheological properties of the prod-
ucts in which EPS are produced, LAB-derived EPS have also gained growing interest in
other sectors (e.g., pharma, nutraceutical) due to their biocompatibility, non-toxicity and
biodegradability features [108]. The EPS-producing bacteria, mainly LAB and bifidobacte-
ria, known to be a reservoir of various probiotic strains, have long been used in the food
industry thanks to their safety, as they are generally recognized as safe (GRAS) by the Food
and Drug Administration (FDA) and are included in the quality presumption of safety
(QPS) list of the European Food Safety Authority (EFSA) [6], and in recent years their use
has been increasing as “natural” food additives with beneficial health effects.

The health functionality of EPS is correlated with the specific molecular and structural
properties (e.g., molecular weight, alignment and monosaccharide composition) that are
affecting their bioactivity [109]. Moreover, it is worth noting that the specific chemical struc-
ture of EPS depends on both the bacteria involved and the conditions applied during the
fermentation process, leading to the production of strain-specific EPS with a wide variety of
biological activities [110] that include, among others, the antioxidant, immunomodulatory,
cholesterol lowering, antimicrobial and prebiotic effects (Figure 3). The main activities will
be reviewed in the following sections.

Figure 3. Principal health benefits of EPS produced by LAB strains. Graphical illustrations were
created by using some graphical items from Servier Medical Art by Servier, available on https:
//smart.servier.com/ (accessed on 15 January 2021) under a Creative Commons Attribution 3.0
Unported License.

https://smart.servier.com/
https://smart.servier.com/
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4.1. EPS and Antioxidant Properties

Nowadays, there is an increasing scientific interest in the effects of reactive oxygen
species (ROS) accumulation that cause in vivo oxidative stress conditions, leading to
many chronic inflammatory conditions in the gut, as well as degenerative systemic diseases
(atherosclerosis, diabetes, Alzheimer’s disease, inflammatory bowel disease, cardiovascular
diseases, aging, and cancer) [111,112]. ROS, such as superoxide (−O2), hydroxyl radical
(OH•), nitric oxide (NO) and peroxynitrite (ONOO−), are natural by-products of human
cells which can cause serious damages to the cellular biomolecules, such as lipids, proteins
and nucleic acids, thus a correct redox homeostasis is fundamental for maintaining a
healthy cell metabolism and functions.

Currently, antioxidants from natural sources, including food-associated LAB and
probiotics, have been investigated as dietary interventions to face ROS overproduction
and accumulation [113,114]. As experimental data evidence, a higher intake of antioxidant
molecules is associated with lower occurrence of human diseases [111,112].

The antioxidant role of EPS isolated from LAB strains, mainly from food origin, has
been extensively investigated in in vitro systems. In general, the mechanisms by which
bacterial EPS can exert antioxidant activity may include degradation of superoxide anion
and hydrogen peroxide through ROS scavenging activity, inhibition of lipid peroxidation,
reduction of metal ion chelating activity as well as up-regulation of enzymatic and non-
enzymatic antioxidant activities [115–117].

A study carried out by Sengül et al. [118] reported that a high EPS-producing Lb.
delbrueckii ssp. bulgaricus B3 strain exhibited higher antioxidant and metal ion chelating
activities than Lb. delbrueckii ssp. bulgaricus A13, a low EPS-producing strain. More
recently, other studies confirmed the antioxidant potential of EPS produced during milk
fermentation, and in particular those from Lb. delbrueckii ssp. bulgaricus SRFM-1 [44].

EPS isolated from Lpb. plantarum C88 was found to possess antioxidant activity by
scavenging ROS, upregulating of enzymatic- and non-enzymatic- antioxidant activities,
and inhibiting lipid peroxidation [115]. In addition, EPS isolated from Lcb. paracasei ssp.
paracasei NTU 101 and Lpb. plantarum 102 [119], Lcb. rhamnosus E/N [120], Lpb. plantarum
C88 [115], Lpb. plantarum LP6 [121], Lb. helveticus MB2-1 [122], Lpb. plantarum BR2 [31],
Lactobacillus spp. Ca6 [117] and Lb. gasseri FR4 [123] exhibited free radical scavenging
activity, lipid peroxidation inhibition, β-Carotene bleaching reducing power, reducing
and metal ion chelating activities in in vitro systems, reinforcing the potential use of LAB-
derived EPS as naturally produced antioxidant food additives. Moreover, it has been
observed that some EPS produced from different LAB species with antioxidant activity
have also shown the ability to exert other beneficial effects such as immunomodulatory
and anti-inflammatory properties, suggesting a potential correlation [109,119,124–126].

Enhanced activities of superoxide dismutase, glutathione peroxidase and catalase in
murine hepatocytes and erythrocytes, as well as decreased levels of malondialdehyde by
EPS, have been reported [115,127,128]. More recently, the antioxidant activity of EPS is also
being confirmed by different in vivo studies [109,129,130]. In particular, a high dose of EPS
(50 mg/kg per day) from Lpb. plantarum YW11 successfully ameliorate oxidative stress
phenotypes in the aging mice model with a beneficial modulation of key Phylum in gut
microbiota [129]. A similar result in the aging mice model has been found after the intake
of EPS-1 produced by Lb. helveticus KLDS1.8701 that significantly alleviated liver injury
and oxidative stress, together with a decrease in oxidative-stress related bacteria in the gut
microbiota, confirming the correlation of antioxidant activity of EPS with gut microbiota
modulation [130].

Although in vitro and in vivo studies conducted so far provide supportive and promis-
ing evidences for the use of EPS as natural strategy to counteract oxidative and inflammatory-
related stress, future investigations should be carried out to elucidate the molecular mecha-
nisms of EPS antioxidant activity, that are still not entirely understood.
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4.2. EPS and Cholesterol-Lowering Effect

Cardiovascular disease (CVD) is one of the leading causes of death in Western soci-
eties, and hypertension and hypercholesterolemia are recognized as the two major risk
factors [131]. Lifestyle changes, including dietary modifications, have a significant effect
on the management of CVDs but adherence to low cholesterol and low-fat diets is, in
actuality, not easy to maintain for a long-term period, leading to inefficacy over time [132].
On the other hand, pharmacological approaches, generally cholesterol-lowering drugs (i.e.,
statins), are still applied, despite the side effects. Recently, among dietary interventions,
fermented dairy foods and/or probiotics, as well as specific microbial molecules such as
EPS, have been shown a potential role in CVDs management for their lowering-cholesterol
activity [133].

The administration of EPS produced by LAB has shown to be promising in the
mitigation of CVD-related complications. For instance, EPS, produced by Lb. lactis ssp.
cremoris SBT0495 in fermented milk, exhibited a positive effect on reducing cholesterol
when fed to experimental hypercholesterolemic rats [134]. Significant improvements of
HDL cholesterol and HDL to total cholesterol ratio were also observed when compared to
the control group fed with milk fermented with a non-EPS-producing strain. Additionally,
when kefiran EPS from Lb. kefiranofaciens WT-2B was fed to spontaneously hypertensive
stroke-prone rats, significantly lower blood pressure and lower levels of cholesterol and
triglycerides, both in serum and the liver, were observed compared to untreated rats [30].
Moreover, administration of 15 mg/kg body weight of EPS fractions from Lcb. casei LC2W in
spontaneously hypertensive rats resulted in a moderate reduction in blood pressure [135].

A study by Tok and Aslim [131] suggested that high EPS-producing Lb. delbrueckii
ssp. bulgaricus strains were more potent to sequester cholesterol from the medium in vitro
compared to low EPS producer strains. Similarly, in an in vitro assay, EPS from Lpb.
plantarum RJF4 (from rotten jack fruit) was able to reduce cholesterol level by 42.24% [125],
and similarly, fruit-associated Lpb. plantarum BR2 by 45% [31]. Recently, EPS from Lcb.
paracasei M7 showed higher in vitro cholesterol-lowering activity (70.78%) [133].

Moreover, in an in vivo assay, EPS isolated from Lb. kefiranofaciens was found to
possess superior cholesterol-lowering properties by decreasing the level of extremely
low-density lipoprotein cholesterol [136].

The exact mechanism behind cholesterol-lowering activity is still to be understood
and may likely be multifactorial. It has been suggested that the EPS from bacteria can act
in a similar way to dietary fibers that adsorb the cholesterol [137]. However, mechanisms
associated with increased secretion of bile acids and reduced absorption of cholesterol by
EPS were also proposed [138–140]. It has been also hypothesized that the bacterial cells can
remove cholesterol from circulation by passively adsorbing it onto their membranes [99] or
by assimilating it during cell growth [141].

Another lowering-cholesterol mechanism by LAB is through bile salt hydrolase activity
(BSH), which decreases the resorption of bile acids by bile acid deconjugation and increases
the elimination of the deconjugated bile acids in the enterohepatic circulation, leading to
new bile acids synthesis from cholesterol in the liver [142]. Lpb. plantarum BSH activity has
been also associated with the prevention of CVDs in human clinical trials [132].

The evidences described in this section, in particular the promising in vivo data, sug-
gest that EPS-producing LAB and/or crude EPS, as well as the fermented foods containing
them, could potentially offer a natural dietary alternative to the synthetic statins and bile
acid sequestrants, which can cause undesirable side effects, for the management of CVDs
and related diseases.

4.3. EPS and Antibacterial Activity

LAB-derived EPS have also claimed their antibacterial activity towards gram-positive
and gram-negative food pathogens and/or for their competitive exclusion of pathogenic
bacteria in the gastrointestinal tract (GI).
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For example, Salmonella enterica ATCC 43972 and Micrococcus luteus were effectively
inhibited by EPS-Ca6 isolated from Lactobacillus sp. Ca6 [117]. Additionally, EPS-DN1 iso-
lated from Lb. kefiranofaciens DN1 exhibited notable bactericidal activity against pathogenic
bacteria such as Listeria monocytogenes and Salmonella enteritidis in a dose-dependent man-
ner [143]. EPS-C70 produced by Lpb. plantarum isolated from camel milk showed a good
inhibitory activity towards food-borne pathogens, including Staphylococcus aureus and
E. coli [144].

Furthermore, EPS produced by Lb. johnsonii FI9785 may favor the colonization of
probiotic bacteria in the host gastrointestinal tract by replacing pathogenic bacteria in a
competitive inhibition mode [145].

A possible in vitro mechanism behind the antimicrobial activity of LAB-derived EPS
may be related to their ability to interfere with the formation of pathogens biofilms by
disrupting cellular integrity and communications [146,147]. The capability to form biofilm
enhances the environmental survival and persistence of pathogenic bacteria, increasing the
incidence of chronic and recurrent infections as well as raising antibiotic resistance [148], be-
ing responsible for safety concerns in both the food industry and in a medical environment.

Antibiofilm activity of EPS from different LAB has been reported against pathogenic
bacteria such as E. faecalis, B. cereus and P. aeruginosa [149]. In particular, a high an-
tibiofilm activity has been found for EPS synthetized by Leuconostoc citreum isolated from
sausages [150]. Recently, EPS from Lcb. paracasei M7 has been shown a broad spectrum of
biofilm inhibition: Enterococcus faecalis (64.27%), Bacillus subtilis (63.84%), Bacillus cereus,
(62.89%), S. aureus (61.45%), Klebsiella sp. (59.42%), P. aeruginosa (58.88%) [133], while
dextran by probiotic W. confusa from Romanian yogurt showed a high biofilm inhibition
percentage (70%) towards Candida albicans [151].

It has been suggested that EPS can inhibit the initial auto-aggregation of biofilm-
forming bacteria by either interrupting communications among cells or by weakening cell
membranes [152], and this ability is considered to be dose-dependent [153]. On the other
side, it has been suggested that EPS may enhance the possibility of LAB colonization in
the gut and its resistance to pathogenic bacteria. However, this speculation is yet to be
tested related to LAB-derived EPS. Recently, it has been reported that EPS secreted by
Lim. fermentum UCO-979C was able to reduce H. pylori adhesion (~30%) in both in vitro
and in vivo studies, being also involved in ameliorating the immune response in H. pylori
infections [154].

Chronic infections and antibiotic resistance are serious challenges for both food safety
and population health. Thus, the potential of LAB-derived EPS to counteract biofilm
formation could be used to lower infectious disease incidence caused by biofilm-producing
pathogenic bacteria, as well as represent a promising alternative antimicrobial strategy as a
growing number of evidence shows resistance to conventional antibiotics by pathogens.

4.4. Prebiotic Effects of EPS

Nowadays, the human gut microbiota, one of the most populated microbial communi-
ties ever known, has been considered fundamental for host health. Microbial populations
harboring the GI environment act as metabolic and immunologic mediators, being directly
involved in the maintenance of gut homeostasis [155]. It is well-known that a wide variety
of factors can influence the composition of GI microbiota, including host endogenous (i.e.,
genetics or physiological status) and environmental factors. Among the latter, the diet
represents one of the major environmental determinants of a healthy microbiota, in terms
of composition and metabolic activity. In this perspective, a diet rich in dietary fibers and
prebiotics is gaining attention as a strategy to positively modulate the gut microbiota by
selectively increasing the number of beneficial microorganisms at the expense of the prolif-
eration of harmful species, thus maintaining a correct balance in the gut ecosystem [156].

Prebiotics, were initially defined as “non-digestible food ingredients that beneficially
affect the host by selectively stimulating the growth and/or activity of one or a limited
number of bacteria in the colon, and thus improve host health” [157], and this definition
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was recently modified by the International Association of Probiotics and Prebiotics (ISAPP)
as “a substrate that is selectively utilized by host microorganisms conferring a health
benefit”, enlarging the potential prebiotics effects also to extra-intestinal sites [158].

In order to be claimed as prebiotics, a compound needs to fulfill the following criteria:
“(i) be resistant to gastric and intestinal digestion, (ii) not be absorbed in the small intestine,
(iii) be fermented by the intestinal microbiota, and (iv) produce a beneficial effect on
host health through the selective stimulation of microbial populations or their metabolic
activities” [159].

Recently, EPS secreted by LAB have been claimed to have a potential prebiotic effect
similar to diet-derived polysaccharides from plant origin [7,24,155,159]. In particular, it
has been shown that the capacity to endure the harsh condition of the GI tract may vary
among different EPS and is strictly dependent on their physicochemical properties [105],
being ultimately strain-specific in their gut microbiota modulation ability [6].

Considering that, several studies have been focused on evaluating the EPS resistance
to both gastric and intestinal conditions by in vitro mimicking digestion and putative EPS
fermentation by bacteria belonging to intestinal microbiota species [160–163]. In general,
the prebiotic effect of EPS consists of promoting the selective growth of beneficial and/or
probiotic bacteria (mainly LAB and bifidobacteria) that are able to enzymatically digest
EPS, while the inhibition of Enterobacteriaceae is one of the main desirable features.

EPS from Lpb. plantarum showed high resistance to the acidity of gastric environment
with a notable bifidogenic effect by selectively improving the growth of bifidobacteria [161].
EPS from Lpb. plantarum DM5 have been shown to promote the growth of Bifidobacterium
infantis and Lb. acidophilus in an in vitro study [162]. A similar bifidogenic effect has
been also reported in a previous study examining the prebiotic effect of levan EPS from
Fructilactobacillus (Fr.) sanfranciscensis [160].

Recently, a strong selective growth enhancement of bifidobacteria, lactobacilli and
lactococci has been found by two different EPS fractions from Lb. delbrueckii ssp. bulgaricus
SRFM-1 in an in vitro digestion and fermentation study, in which EPS also showed a
high production of short-chain fatty acids (SCFA) after fermentation of human faecal
samples [163]. Moreover, EPS from Lb. delbrueckii ssp. bulgaricus SRFM-1 showed the ability
to promote the growth of S. thermophilus and an inhibitory effect on E. coli [164], suggesting
that LAB-derived EPS could be good candidates to be used as prebiotics additives for
functional foods.

However, some in vivo studies reported controversial effect of EPS (β-D-glucan)
from Pediococcus parvulus. In particular, β-D-glucan produced from P. parvulus 2.6 has been
shown to enhance the growth and increase adherence to intestinal cells of different probiotic
strains in vitro [165], but no specific physiological responses correlated to P. parvulus 2.6
have been found in an experimental model with mice [166].

The main challenge in determining the effectiveness of the prebiotics effect of EPS
secreted by LAB, is that usually the EPS biodegradability and its modulating effect are
mainly investigated by in vitro assays that mimic gastrointestinal conditions during diges-
tion, but often these conditions do not consider the effective interaction among the bacterial
population in the gut as well as host-microbe interactions [24]. In this perspective, the use of
the novel gut fermentation system, in which it is possible to monitor both the EPS digestion
and the fecal microbiota changes, can be a useful tool to examine more deeply the potential
prebiotic effect, even though the in vivo conditions are hard to entirely achieved [159].
Due to the complexity of metabolic activity of microbes in the gut, a possible correlation
between EPS and other bioactive molecules (i.e., SCFA) secreted by some LAB species (Lb.
delbrueckii subsp. bulgaricus, S, salivarus subsp. thermophilus, Pediococcus damnosus and Lim.
reuteri) should also be taken into account [167].

It has been supposed that, after EPS digestion by intestinal bacteria, the residual
oligo- and monosaccharides can be used as a carbon source by many gut inhabitants
that will produce mainly SCFA and lactic acid as secondary metabolites, which conse-
quently can be reused by cross-feeding mechanisms and/or can have other beneficial
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effects through the host–microbe interactions [159]. The most innovative -omics technolo-
gies have been also applied to better-elucidated microbiota variations induced by prebiotic
substances [168,169].

This state-of-the-art application highlights that there is a lack of in vivo studies and
no human intervention studies have been performed to date, thus demonstrating that the
effectiveness of prebiotic effects of bacterial EPS in conferring health benefits through a
selectively modulation of gut microbial populations still remains an open challenge.

5. Application of EPS in Dairy Industry

The industrial applications of EPS-producing LAB are gaining a growing interest
because of their positive impact as thickening and structuring agents on rheology, texture
and mouth-feel properties [170]. They are widely applied in fermented dairy products
such as yogurt, cheese and fermented milks, as well as in dairy-based desserts. In fact, the
in situ production of EPS is likely to have the ability to limit the use of added chemicals
and stabilizers frequently applied to enhance the textural properties of fermented milk
products [85]. A broad number of EPS-producing LAB species are currently included in
dairy product formulations, and several studies on the effects of these EPS-producing
strains on the textural properties and stability of fermented dairy products are available
(Table 4).

Table 4. EPS-producing strains in fermented milk products and their effects on techno-functional properties.

EPS-Producers Foods Main Effects Reference

S. thermophilus Yogurt drink (Ayran) Increased apparent viscosity [107]

S. thermophilus Low-fat Italian Cacciotta type cheese Improved taste, flavor and chew ability [171]

S. thermophilus ST-5581,
ST-4239 and ST-PH

Lact.lactis subsp. cremoris JFR1
Fermented milk

Low syneresis, increased viscosity,
lowered incidence of colon tumor and
activity of cyclooxygenase-2 enzyme

[172]

S.thermophilus ASCC 1275 Set and stirred yogurt Decreased firmness and syneresis [173]

S. thermophilus zlw TM11 Yogurt Improved yogurt texture and lower
separation of whey [174]

Lb. delbrueckii subsp.
bulgaricus 147 and 2214 Fermented milk Improved viscosity, low syneresis and

increased water holding capacity [43]

Lb. delbrueckii subsp.
bulgaricus CNRZ 1187 and 416 Fermented milk Improved viscosity [175]

Lpb. plantarum KX881772 and
KX881779 Low-fat Akawi cheese

Improved water holding capacity,
improved elastic structure, reduced

hardness and adhesiveness, higher scores
in appearance and overall quality

[176]

Lim. fermentum Lf2 Non-fat yogurt
Creamy consistency, increased hardness,

improved water holding capacity and
low syneresis

[177]

Lim. mucosae DPC 6426 Low-fat yogurt Improved viscosity and reduced
syneresis [178]

Lcb. rhamnosus JAAS8 Yogurt Increased apparent viscosity and
improved water holding capacity [83]

From the data reported in Table 4, it could be evidenced that microbial EPS play an im-
portant role in defining physicochemical (viscosifying, stabilizing or water-binding capaci-
ties) and sensorial (palatability) characteristics of final products. The use of EPS-producing
LAB for yogurt and fermented milks and beverages allows to reduce the quantity of added
milk solids, and to improve some qualitative attributes such as viscosity, texture and stabil-
ity, and avoid syneresis [68]. In yogurt industrial production, the use of EPS-producing
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S. thermophilus and Lb. delbrueckii subsp. bulgaricus strains, due to their synergistic action,
leads to a decrease in syneresis and higher viscosity, as well as a smoother and creamy
texture, offering a valid alternative to the use of stabilizers (gums, starches, gelatin) and/or
of some dry dairy ingredients (i.e., whey protein, skim milk powder, sodium- or calcium ca-
seinates) generally used to obtain a desirable yogurt texture [83,173,174,179]. A successful
and positive interaction between other EPS-producing species, such as Lb. kefiranofaciens,
with the traditional yogurt starter cultures in improving viscosity and avoiding syneresis
of yogurt has also been shown [84]. EPS in situ production is exploited in traditional
fermented beverages such as kefir, dahi and pulque. Lb. kefiranofaciens is the best producer
of kefiran, a water-soluble EPS produced in kefir grains. It is a branched glucogalactan
composed of hexa- or heptasaccharide repeating structure with almost equal amounts of
glucose and galactose [180].

Leuconostoc mesenteroides is the main microorganism involved in pulque fermentation.
The strain IBT-PQ isolated from pulque produced a soluble linear dextran with glucose
molecules linked by α-(1,6) bonds with branching from α-(1,3) bonds in a 4:1 ratio, re-
spectively [181]. Some EPS-producing LAB strains, such as Lact. lactis subsp. lactis PM23,
S. thermophilus ST and Lact. lactis NCDC 191 have been applied for improving texture and
flavour of dahi, a traditional yogurt very popular in South Asia, usually made through the
fermentation of buffalo, cow or goat milk [182].

EPS-producing strains are also applied to improve the technological traits of low-fat
cheeses [183]. The use of the EPS-producing S. thermophilus strain allowed to improve the
sensory attributes of a low-fat Caciotta-type cheese [171]. Moreover, the use of an EPS-
producing Lact. lactis strain for reduced-fat Cheddar cheese induced an increase in moisture
content, water activity and water desorption rate [184]. The inclusion of EPS-producing
cultures in an Egyptian cheese Karish improved its acceptability and creaminess [185].

In general, the application of EPS-producing strains provides a positive effect in
reduced-fat cheeses since they increase the moisture, reduce the rigidity of the protein
network and increase viscosity of the serum phase [183]. However, one of the major limiting
factors for the use of EPS-producing LAB for industrial applications is the relatively low in
situ production of EPS by LAB strains that remain the major challenge to face in order to
widen the use of EPS as thickeners and/or texture-forming natural additives in the dairy
industry. Moreover, no standardized protocols are available for an EPS-producing starter
cultures selection. In fact, the absence of a clear structure–process–function relationship
is a problem for the screening of tailored EPS-producing starter cultures. In fact, EPS
production is influenced by food matrix composition and processing conditions. Another
aspect which makes the assessment of a standardized protocol difficult is that the EPS
should be produced in an amount at which functionality is guaranteed. This is particularly
difficult when raw materials are subject to variations and thus cannot be standardized. In
this sense, genetic engineering may be useful to drive the production of specific EPS with
interesting rheological or biological characteristics.

6. Conclusions

In the glossary to the report of the Dahlem Workshop on Structure and Function of
Biofilms 1988, EPS are defined as “organic polymers of microbial origin which in biofilm
systems are frequently responsible for binding cells and other particulate materials together
(cohesion) and to the substratum (adhesion)” [186]. Starting from that point, EPS have
gained scientific interest.

The majority of studies are focused on the isolation and characterization of microbial
EPS, owing to their importance in industrial applications. However, their use in food
industries is still limited because of the high production costs. The possibility to reduce
costs and improve yield—using waste biomass such as molasses—are the main challenges
in this field. Improvement of the fermentation conditions and the downstream steps for
EPS recovery are essential for a market massive use of microbial polysaccharides. Genetic
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and metabolic engineering will be also useful for the widespread use of these biopolymers
of microbial origin.

The research interest in EPS is increasing also because of its health benefits. Many
in vitro studies have reported antioxidant, cholesterol-lowering, antimicrobial, anti-biofilm
as well as prebiotics and immunomodulatory activities of EPS. However, in vivo studies
are still limited, and there is much more to further investigate to increase the EPS yield
to enlarge industrial applications, as well as more in vivo and clinical studies needed to
validate the entire potential of EPS to be used as functional adjuncts.
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