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Lactic acid bacteria (LAB) produce a broad spectrum of exopolysaccharides (EPSs), commonly used as texturizers
in food products. Due to their potential contribution to LAB probiotic properties, like adhesion to human
epithelial cells and competitive exclusion of pathogens from human intestinal epithelial cells, this study was

yvl\}/ffle enome sequencin focussed on the structural and functional characterization of the EPSs produced by two Limosilactobacillus fer-
Probiot?c q 8 mentum strains — MC1, originating from mother’s milk, and D12, autochthonous from Croatian smoked fresh

cheese. Whole-genome sequencing and functional annotation of both L. fermentum strains by RAST server
revealed the genes involved in EPS production and transport, with some differences in functionally related genes.
EPSs were extracted from the cell surface of both bacterial strains and purified by size-exclusion chromatog-
raphy. Structural characterization of the EPSs, achieved by chemical analyses and 1D and 2D NMR spectroscopy,
showed that both strains produce an identical mixture of three different EPSs containing galactofuranose and
glucopyranose residues. However, a comparison of the functional properties showed that the MC1 strain adhered
better to the Caco-2 cell line and exhibited stronger antimicrobial effect against Salmonella enterica serovar
Typhimurium FP1 than the D12 strain, which may be attributed to the potential bacteriocin activity of the MC1
strain.

1. Introduction

Exopolysaccharides (EPSs) are extracellular macromolecules pro-
duced by microorganisms in the form of a strongly bound capsule or a
loose mucus layer [1]. In addition to improving the organoleptic prop-
erties and extending the shelf life of fermented foods [2], EPSs can also
have antimicrobial, anti-inflammatory, antitumor, antiviral, antioxi-
dant, immunomodulatory, antidiabetic, antiulcer and cholesterol-
lowering effects [3,4]. Different bacteria, fungi and certain algae have
the ability to produce EPSs [5]. EPSs produced by lactic acid bacteria
(LAB) were selected for numerous applications due to their “generally
regarded as safe” (GRAS) status and their potential use as probiotics [6].
EPS production is strain-specific and EPSs are usually produced in small
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quantities. Deo et al. [7] point to major differences in the composition
and organization of genes involved in EPSs biosynthesis in Lactobacillus
strains. Despite their great structural diversity, EPSs can be assembled
by microorganisms through four common pathways: (1) the extracel-
lular synthesis pathway, (2) the ATP-binding cassette (ABC) transporter-
dependent pathway, (3) the synthase-dependent pathway and (4) the
Wzx/Wzy-dependent pathway [8]. The most distinguished EPS-
producing LAB are Limosilactobacillus, Lacticaseibacillus, Lactiplantiba-
cillus, Lactobacillus, Lactococcus, Latilactobacillus, Lentilactobacillus, Leu-
conostoc, Pediococcus, Streptococcus, Fructilactobacillus and Weissella
species, which are capable of synthesizing a variety of EPSs [9,10]. EPSs
might be of central importance in enhancing the probiotic properties of
LAB strains, e.g through protecting bacterial cells from stressful
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environmental conditions or adverse compounds [11,12]. They are
associated with biofilm formation [13] and host-pathogen interactions
[14], and may play a major role in adhesion to eukaryotic cells and in
modulating the host immune system [15,16].

LAB are omnipresent, including dairy and non-dairy based products
or can be isolated from animal origin like meat and meat products [9].
Another source of probiotic bacteria is mother’s milk [17,18], which
contains nutrients such as proteins, lipids, carbohydrates, vitamins and
minerals and is the optimal food for neonates [19]. The growth and
metabolism of microorganisms varies depending on the source and
environmental conditions, and it has been shown that the yield of EPSs
depends on the producing strain as well as cultivation and environ-
mental conditions [20]. The EPSs produced by LAB strains differ in their
chemical composition and structure, which directly affects the protec-
tive role of the producing cells under unfavorable environmental con-
ditions, adhesion properties and interaction with specific receptors of
the host defense system, which have been scarcely described in EPSs
derived from LAB [21].

It has been disclosed that some Limosilactobacillus fermentum strains
are capable of producing EPSs, but their contribution to the functional
properties of the producing strains remains to be investigated. This
paper describes the characterization of the EPSs produced as well as
adhesion and antimicrobial properties of Limosilactobacillus fermentum
MC1 strain, isolated from human milk [17], and Limosilactobacillus fer-
mentum D12 strain, previously isolated and characterized by our group
from smoked fresh cheese from the Zagorje region (Croatia) [11].

2. Materials and methods
2.1. Bacterial strains and cell line

The EPS-producing Limosilactobacillus fermentum MC1 and Limosi-
lactobacillus fermentum D12, isolated from mother’s milk and smoked
fresh cheese, respectively, were stored as frozen stocks at —80 °C in de
Man Rogosa Sharpe (MRS) broth (BD Difco, USA) supplemented with 15
% v/v glycerol, while Escherichia coli 3014 and Salmonella enterica
serovar Typhimurium FP1 were maintained in nutrient broth (Biolife,
Italy) supplemented with 15 % v/v glycerol. All strains used in this study
are part of the Culture collection of the Laboratory for Antibiotic,
Enzyme, Probiotic and Starter Cultures Technology, University of
Zagreb Faculty of Food Technology and Biotechnology. Prior to each
experiment, strains L. fermentum MC1 and D12 were grown in MRS broth
(BD Difco, USA) medium overnight at 37 °C under anaerobic conditions,
while E. coli 3014 and S. Typhimurium FP1 were grown overnight at
37 °C in nutrient broth (Biolife, Italy) under aerobic conditions.

The Caco-2 cell line, which contains heterogeneous human tumor
cells of the colorectal epithelium, was used in this work to study LAB
adhesion and competitive exclusion of potentially pathogenic bacteria.
Caco-2 cells are stored in EMEM medium (Eagle’s minimal essential
medium; Thermo Fisher Scientific, USA) at -—80 °C with the addition of
10 % glycerol. The Caco-2 cell line used in the experiments is part of the
collection of the Laboratory for Biology and Microbial Genetics of the
University of Zagreb Faculty of Food Technology and Biotechnology
(American Type Culture Collection, ATCC HTB-37, USA). Research ac-
tivities were performed in compliance with all regulatory requirements
and quality and safety standards.

2.2. Whole-genome sequencing (WGS) and detection of genes responsible
for exopolysaccharides (EPSs) production

The L. fermentum MC1 genomic DNA was isolated according to
Butorac et al. [11], and sequenced on the Illumina MiSeq 2500 (Illu-
mina, USA) at IGA Technology Services (Italy) using a method described
in Banic et al. [22]. The L. fermentum MC1 genome was analyzed using
the RAST server (Rapid Annotations using Subsystems Technology; htt
p://rast.nmpdr.org/rast.cgi), ~ which performs annotation of
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Table 1
Optimization of EPSs isolation from the strains L. fermentum MC1 and D12.
Growth medium and Treatment Reference
conditions
o cells were treated with 20 % TCA and
MRS broth +2 % w/v incubated for 2 h at 4 °C under gentle [26]

glucose, 3 days, 30 °C s
agitation

cells were treated with 20 mL of 2 M NaOH

and shaken overnight at room temperature

cells were treated with 0.05 M EDTA and
incubated under gentle agitation for 4 h at [26]
4°C

cells were treated with 0.5 % phenol and

the mixture was agitated at 60 rpm atroom  [27]
temperature for 4 h

cells were treated with 20 % TCA and

MRS broth +2 % w/v

1
glucose, 3 days, 30 °C tl

MRS broth +2 % w/v
glucose, 3 days, 30 °C

MRS broth +2 % w/v
glucose, 3 days, 30 °C

MRS agar +2 % w/v

incubated for 2 h at 4 °C under gentle 26
glucose, 4 days, 30 °C e 4c 8 1261
agitation
i 0,
MRS broth +2 % w/v .supematant was treated with 20 % TCA and ,
incubated for 2 h at 4 °C under gentle [26]
glucose, 3 days, 30 °C .
agitation

prokaryotic genomes by identifying protein-coding, rRNA and tRNA
genes, assigning them a function, predicting which subsystems are
present in the genome, and using the information obtained to construct
the metabolic network of an individual organism [23]. This Biosample is
deposited in the NCBI database under the Accession number
SAMN22155537 (BioProject PRJNA388578). The circular genome
comparison of L. fermentum MC1 and D12 was generated using BRIG
v0.95 [24]. The BAGEL4 server (http://bagel4.molgenrug.nl/) was used
to identify gene clusters in silico that may be present in the genomes of L.
fermentum MC1 and D12 and are involved in bacteriocin biosynthesis
[25].

2.3. Optimization of EPSs isolation from the strains L. fermentum MC1
and D12

To optimize the isolation of EPSs produced by strains L. fermentum
MC1 and D12, cells grown in MRS broth (BD Difco, USA) or on MRS agar
(BD Difco, USA) enriched with 2 % w/v glucose (Kemika, Croatia) were
subjected to different treatments (Table 1). After these treatments, EPSs
were obtained by protocol described in Bani¢ et al. [17]. Finally, the
purified EPSs were freeze-dried in CHRIST Alpha 1-2 LDplus (Martin
Christ, Germany) and weighed on an analytical balance (Scaltec,
Germany).

2.4. Purification of EPSs isolated from L. fermentum MCI1 and D12
strains

Both EPSs, obtained by alkaline treatment of the producer strains
with 2 M NaOH (Kemika, Croatia), were separated by medium pressure
size-exclusion chromatography (SEC) according to protocol described in
Bellich et al. [28]. Calibration of the Sephacryl S-300 HR column was
achieved using pullulan standards [28]. The total amount of samples
loaded on the column were 55 mg of D12 EPSs and 19 mg of MC1 EPSs
which were dissolved in 12 mL and 4 mL of 0.15 M NaCl, respectively
(multiple separations were performed). As reported in Fig. S1, each
chromatogram is characterized by only one peak, which was divided in
three parts [head (D12-H, D12-C), centre (D12—C, MC1-C), and tail
(D12-T, MC1-T)], and fractions belonging to the same part were pooled
together. The samples were dialyzed against water, the pH value was
adjusted to neutrality and the samples were lyophilized. The following
amounts of D12 EPS fractions were recovered: D12-H = 8.6 mg, D12-C
= 24.1 mg and D12-T = 4.3 mg; the amounts recovered of MC1 EPS
fractions were: MC1-H = 1.7 mg, MC1-C = 10.5 mg and MC1-T = 1.3
mg. Approximately 1 to 2 mg of each sample was subjected to NMR
spectroscopy.
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2.5. Composition and linkage analysis of D12 EPS

Derivatization of D12 EPS to alditol acetates and to trimethylsilyl
methyl glycosides was used to establish the composition, while
methylation analysis determined the position of the glycosidic linkages.
About 0.5 mg were used for each procedure following the protocols
described in Manna et al. [29]. GLC and GLC-MS analysis of the de-
rivatives were performed as already reported [29]. Quantification of
each component in the PMAA mixture was achieved by correcting the
values of the integrated peak areas with the effective carbon response
factors [30]. The absolute configuration was determined (0.5 mg of EPS)
as reported in the literature [31,32].

2.6. NMR spectroscopy

About 2-10 mg of EPS were exchanged twice with 99.9 % D50,
dissolved in 0.6 mL of the same solvent and transferred in a 5 mm NMR
tube for recording NMR spectroscopy experiments on a 500 MHz VAR-
IAN UNITY INOVA NMR spectrometer (Agilent Technologies, USA)
operating at 50 °C. Chemical shifts are expressed in ppm relative to
acetone (2.225 for 'H and 31.07 ppm for '3C). NMR spectra were pro-
cessed using MestreNova software.

2.7. Adhesion to Caco-2 cell line

Adhesion of L. fermentum MC1 to the Caco-2 cell line in vitro was
performed as reported [11]. The experiments were repeated three times
and the adhesion to the Caco-2 cell line was calculated using the
following equation: Alog(CFU/mL) = log(CFU/mL)pefore adhesion - 108
(CFU/mL)after adhesion-

2.8. Testing the antimicrobial activity by the agar well-diffusion method

The antimicrobial activity of the overnight grown culture of the
strains L. fermentum MC1 and D12 was tested against E. coli 3014 and S.
Typhimurium FP1 using the agar well-diffusion method. 100 pL of the
bacterial culture of the test-microorganism (ODggo = 2) was added to 12
mL of sterile 1.5 % w/v nutrient agar, which was melted and cooled to
50 °C beforehand. After solidification, holes were drilled in the agar with
a sterile 7 mm diameter drill and 40 pL of the antimicrobial culture
supernatant was added for efficacy testing. The diameters of the inhi-
bition zones were measured after 18 h of incubation at 37 °C.

2.9. Competitive exclusion assay by L. fermentum MC1 and D12 on the
Caco-2 cell line

The addition of EPSs isolated from MCI1 at a concentration of 0.5 and
1 mg/mL and the EPSs themselves at the same concentrations, as well as
MC1 strain itself, were tested for competitive exclusion following the
published protocol [33]. MC1/EPSs/MC1 + EPSs were then cultured for
1 h with a Caco-2 monolayer. The total number of viable adherent E. coli
3014 and S. Typhimurium FP1 was determined by the spot-plate method
on Rapid (Biorad, USA) and XLD (Biolife, Italy) agar plates, respectively.

2.10. Statistical analysis

The results are showed as mean values of three separate experiments
+ standard deviation (SD). Statistical significance was determined using
one-way analysis of variance (ANOVA). Pairwise differences between
the group means were determined using Tukey’s honestly significant
difference test for pairwise comparisons after analysis of variance
(https://www.statskingdom.com/index.html, accessed on 11 January
2024) [34]. Images were created using GraphPad Prism v.9.4.1
(GraphPad Software, USA). Differences between samples were consid-
ered significant at p < 0.05.
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Table 2
Genome characterization comparison of Limosilactobacillus fermentum MC1 and
D12 strains using the RAST server.

Genome data L. fermentum MC1 L. fermentum D12

Size (bp) 1,991,595 2,016,340
GC content 52.1 52.0
N50" 35,468 62,009
L50" 18 11
Number of contigs (with PEGs) 75 29
Number of subsystems 218 313
Number of coding sequences 2049 1972
Number of RNAs 40 64

# N50 = the sequence length of the shortest contig at 50 % of the total as-
sembly length.

b 150 —=count of smallest number of contigs whose length sum makes up half
of genome size.

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts
] @m Miscellaneous (16)

@MW Membrane Transport (11)

©m Cell Wall and Capsule (26)
@ Gram-Positive cell wall components (11)

30%
Cell wall of Mycobacteria (0)
@ Cell Wall and Capsule - no subcategory (9)
Gram-Negative cell wall components (0)
1l o Capsular and extracellular polysacchrides (6)
Exopolysaccharide Biosynthesis (6)
@m Cell Division and Cell Cycle (4)
@M Cofactors, Vitamins, Prosthetic Groups, Pigments (88)
@ Respiration (15)
@m Sulfur Metabolism (3)
@m Protein Metabolism (93)
@M Stress Response (11)
e ® Dormancy and Sporulation ()
3 M RNA Metabolism (35)
®m Amino Acids and Derivatives (126)
@M Phosphorus Metabolism (4)
@ Virulence, Disease and Defense (25)
@M Iron acauisition and metabolism (8)
@ Motility and Chemotaxis (0)
@M Secondary Metabolism (0)
® cleosides and Nucleotides (85)
egulation and Cell signaling (4)

Carbohydrates (122)

®M Potassium metabolism (3)

@m Nitrogen Metabolism (13)

Photosynthesis (0)

DNA Metabolism (51)

Fatty Acids, Lipids, and Isoprenoids (42)

@m Metabolism of Aromatic Compounds (0)

@m Phages, Prophages, Transposable elements, Plasmids (11)

fep=rerc)

Fig. 1. Functional annotation of the genes of L. fermentum strain MC1 using the
RAST server. The subsystem of the genome related to EPSs biosynthesis is
highlighted in purple. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

3. Results and discussion

3.1. Comparison of the whole genomes and genes for EPSs biosynthesis of
MC1 and D12 strains

Whole-genome comparison of L. fermentum MC1 and D12 was per-
formed due to the different origin of the autochthonous LAB strains,
namely human and cow’s milk. Furthermore, the presence of putative
EPS-encoding genes in the MC1 genome was also investigated, as had
already been done for the D12 strain in our previous research [11].
Genome mining of the L. fermentum MC1 genome was achieved using the
RAST server, which revealed that it contains 1,991,595 pb distributed
over 75 contigs, with the proportion of G + C base pairs being 52.1 %
(Table 2). The results obtained are consistent with the average size of the
LAB genome (1.3-3.3 Mb), and the proportion of G + C base pairs is
consistent with previously sequenced Limosilactobacillus fermentum
strains, which is higher than the GC content of other LAB species [35].
The number of coding sequences is also consistent with the average
number of coding sequences (1700-3000) in other L. fermentum strains
[36]. The genome size (1,991,595 bp in comparison to 2,016,340 bp for
D12), G + C content (52.1 % in comparison to 52.0 % for D12) and
number of coding sequences (2049 in comparison to 1972 for D12) are
similar to our previously described L. fermentum D12 strain. On the
contrary, the number of contigs (75 in comparison to 29 for D12) is
higher, while the number of RNAs is lower in MC1 strain (40 in com-
parison to 64 for D12) (Table 2) [11].

The genome sequence of strain MC1 was annotated in silico to
determine the subsystems associated with EPSs biosynthesis using the
RAST server (Fig. 1). A subsystem related to EPSs biosynthesis was also
found in other L. fermentum strains [37], including strain D12 [11].
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L. fermentum D12
W 100% identity

70% identity

50% identity
L. fermentum MC1
W 100% identity

70% identity

50% identity

2000 kbp
1800 kbp

Limosilactobacillus
JSermentum MC1
1,991,595 bp
52.1% GC

y )
- 1600 kbp 0okbp

Limosilactobacillus
JSermentum D12
2,016,340 bp
52% GC

1400 kbp o0koe,

1200 kbp

Fig. 2. Graphical genome comparison map of the D12 strain (pink) with the
closely related MC1 strain (green) using the BRIG tool. The intensity of the
corresponding strains colour in the legend indicates the pairwise genomic
sequence similarity according to blastn. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

To point out the differences between the MC1 and D12 genomes, a
genome comparison was carried out using BRIG (BLAST Ring Image
Generator), a cross-platform desktop application that allows visualiza-
tion of BLAST comparisons with reference sequences using genomic data
[24]. The results show a high degree of overlapping identity between the
two genomes (Fig. 2), which was expected as they belong to the same
species, including some genes involved in EPSs production via the Wzx/
Wzy-dependent pathway (Table 3). Although there is a high degree of
similarity, the MC1 genome contains epsIIG and epsF involved in EPSs
biosynthesis, which were not detected in the D12 genome, while the D12
genome harbours epsC’, which is involved in transport and polymeri-
zation of EPSs and which was not detected in the MC1 genome.

Most LAB strains, including L. fermentum MC1 (Table 3), produce
EPSs via the Wzx/Wzy-dependent pathway [38], which is divided into 5
steps [39]. Eight genes encoding the phosphotransferase system (PTS),
which simultaneously transports and phosphorylates monosaccharides
or oligosaccharides, were found in the genome of strain MC1 (results not
shown). Genes encoding for sugar activating enzymes, phosphogluco-
mutase (pgm), galactose-1-phosphate uridylyltransferase (galT), UDP-
glucose-4-epimerase (galE) and dTDP-glucose-4,6-dehydratase (rfbB)
were detected; the latter is the first of two enzymes involved in rham-
nose biosynthesis which was not found in any of the isolated EPSs. Genes
encoding for glycosyltransferases [priming undecaprenyl-phosphate
galactosephosphotransferase (EpsE), exopolysaccharide biosynthesis
glycosyltransferase (EpsF), and putative glycosyltransferase (EpsIIG)],
whose activity builds the repeating units, and genes for the flippase
(Wzx) and the polymerase (Wzy) were found in the MC1 genome. In
addition, genes encoding transcriptional regulator (EpsA), manganese-
dependent protein-tyrosine phosphatase (EpsB), tyrosine-protein ki-
nase transmembrane modulator (EpsC), tyrosine-protein kinase (EpsD),
and acetyltransferase involved in the biosynthesis and regulation of
EPSs were found in the MC1 genome. As expected from genomic data
and EPS structures, these data are similar to those collected for D12
strain [11].
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Table 3
Genes of L. fermentum MC1 involved in exopolysaccharides production via Wzx/
Wzy-dependent pathway.

Gene Start Stop Strand Function

Precursor Activation

pgm 14,818 13,094 — Phosphoglucomutase (EC 5.4.2.2)

galT 25,224 26,678 + Galactose-1-phosphate uridylyltransferase
(EC 2.7.7.10)

galE 32,393 33,388 + UDP-glucose 4-epimerase (EC 5.1.3.2)

galu 75,845 76,756 + UTP-glucose-1-phosphate
uridylyltransferase (EC 2.7.7.9)

glf 8338 9459 + UDP-galactopyranose mutase (EC
5.4.99.9)

rfbB 26,346 27,278 + dTDP-glucose 4,6-dehydratase (EC
4.2.1.46)

Exopolysaccharide biosynthesis
epsA 3267 2266 - Cell envelope-associated transcriptional
attenuator LytR-CpsA-Psr, subfamily F2
Manganese-dependent protein-tyrosine
phosphatase (EC 3.1.3.48)
Manganese-dependent protein-tyrosine
phosphatase (EC 3.1.3.48)
Tyrosine-protein kinase transmembrane
modulator EpsC

Tyrosine-protein kinase EpsD (EC
2.7.10.2)

Undecaprenyl-phosphate
galactosephosphotransferase (EC 2.7.8.6)

epsB 711 1 —
epsB’ 11,520 11,329 —
epsC 2266 1496 -
epsD 1478 738 -

epsE 4971 5624 +

epsF 10,629 9523 — Exopolysaccharide biosynthesis
glycosyltransferase EpsF (EC 2.4.1.-)

epslIG 23,619 24,527 + EpslIG, Putative glycosyltransferase

gt 5636 6397 + Glycosyltransferase

at 10,890 11,948 + Membrane protein, putative
actyltransferase

Transport and polymerization

wzx 9462 10,880  + Membrane protein involved in the export

of O-antigen, teichoic acid lipoteichoic
acids

wzy 6408 7631 + Hypothetical protein, polymerase

3.2. Optimization of isolation and purification of EPSs biosynthesized by
L. fermentum MC1 and D12 strains

Different protocols have been assessed to isolate EPSs of good purity:
growth of the strains on solid and in liquid MRS medium, followed by
isolation of the EPSs from i) the supernatant by TCA treatment, ii) the
cells by EDTA treatment, iii) the cells by phenol treatment, iv) the cells
by TCA treatment. However, the best results in terms of purity and yield
were obtained by cultivating the strains in liquid MRS broth supple-
mented with 2 % glucose and isolating the EPSs from the cell surface
after treatment with 2 M NaOH.

The isolated MC1 and D12 EPSs were subjected to 'H NMR spec-
troscopy, which revealed almost identical 1D spectra, the only differ-
ence being some very low intensity anomeric resonances in MC1 sample,
thus suggesting production of the same main polysaccharides by these
two strains (Fig. S2). Moreover, the anomeric regions showed reso-
nances with very different integration areas, indicating the presence of
more than one polysaccharide. The EPSs samples were subjected to size-
exclusion chromatography on a Sephacryl S-300 HR column and both
eluted as a single peak with a molecular mass of approximately 9 kDa, as
determined after calibration with pullulan standards. In order to sepa-
rate the different polysaccharides, each peak was divided into three
parts (head (H), center (C), and tail (T), Fig. S1), and each fraction was
subjected to 'H NMR spectroscopy. As shown in Figs. S3 and S4, the
three fractions of each EPSs have identical 'H NMR spectra, indicating
that SEC chromatography was not successful in separating the different
components.

Since 'H NMR spectra showed that the main resonances were
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" 54 52 50 48 46 44 42 40 38 36 34
ppm

Fig. 3. 'H NMR spectrum of D12 EPS recorded in D,0, at 500 MHz and 50 °C.
Anomeric signals are indicated.

identical in all fractions of both samples, D12-C fraction, being the most
abundant, was used for in depth structural investigation, and simply
named D12 EPS.

3.3. Composition and linkage analysis of D12 EPSs

Composition analysis was carried out by GLC and GLC-MS after
chemical derivatization of the D12 EPSs to alditol acetates and trime-
thylsylil methyl-glycosides. Both methods showed only Gal and Glc in
the relative molar ratios 1.2 : 1.0. The absolute configuration was
determined to be D for both sugars. The determination of the glycosidic
linkages was achieved by GLC-MS analysis of the partially methylated
alditol acetates which identified: t-Glcp : 3-Galf : 3-Glcp : 6-Galf : 2,6-
Galf in the molar ratios 1.00: 0.10 : 0.14: 0.18 : 0.51.

3.4. NMR spectroscopy of D12 EPSs

The 'H NMR spectrum of the anomeric region of D12 EPS (Fig. 3)
shows two more intense resonances at 5.18 (A) and 5.07 (B) ppm and
five less intense ones at 5.24 (C), 5.12 (D), 5.08 (E), 5.05 (F) and 4.64 (G)
ppm. The 'H NMR spectrum was consistent in different preparation
batches with the peaks’ areas in the molar ratio of 1 for A and B, 0.2 for
C, D, E, G, while peak F always had an integration value <0.2. As ex-
pected, these different integration values indicated the presence of three
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different EPSs: one composed of residues A and B, the second one con-
taining C, D, E, and G, and possibly a homopolymer composed only of
residue F. In a previous article [11] it was established that the main
components (A and B) correspond to 2,6-Galf and t-Glcp, respectively.
'H—'H and '3C—!H 2D experiments were recorded to establish the
structure of the polysaccharides. First of all, the resonances belonging to
the two most abundant spin systems, A and B, were considered. The
COSY spectrum (data not shown) established the H2 resonances for each
spin system, while the TOCSY experiment gave H1 to H4 for A spin
system, and H1 to H6 for B spin system (Fig. S5). Inspection of the HSQC
spectrum (Fig. 4A) resulted in the complete Ig—13¢ assignments for
each spin system, and the data are reported in Table 4. C2 and C6 of
residue A are deshielded with respect to a not-linked p-Galf residue [40],
thus indicating that they are the site of glycosidic linkages, while the
a-Glcp chemical shifts are in agreement with a t-Glc. An HMBC spectrum
(Fig. 4B) showed both intra- and inter-residue connectivities; among the
latter p-Galf H1 (5.18 ppm) was correlated to C6 (70.1 ppm) of the same
spin system, thus establishing that the Eps main chain is constituted by
1-6 linked p-Galf residues, while H1 of t-a-Glcp (5.07 ppm) was corre-
lated to B-Galf C2 (87.5 ppm) (Table 5). At the same time, anomeric
carbon - ring proton correlations confirmed the linkages. Therefore, the
structure of the main EPS produced by L. fermentum D12, named D12
EPS I, in the growth conditions adopted is as follows (Scheme 1):
Regarding the other spin systems C - F, by increasing the intensity of
the 2D spectra, it was possible to obtain the complete assignments of the
chemical shifts for each spin system. The COSY spectrum (data not
shown) established the H2 resonances for each spin system, while the
TOCSY experiment (Fig. S6) gave most of the protons. Inspection of the
HSQC spectrum (Fig. 5) resulted in 'H—'3C determination for each spin
system, and the data are reported in Table 4. The resonances for C2 and
C6 of C, C3 of E and G, and C6 of F, and C-4 of D were displaced
downfield with respect to their shifts in non-substituted mono-
saccharides [40], demonstrating the glycosylation pattern of the RU.
The HMBC spectrum (Fig. 6A and B) showed intra-residue connectivities
which confirmed the chemical shifts assignments and the following
inter-residue connectivities (Table 5): H1 of 2,6-p-D-Galf (5.42 ppm) to
C3 (83.2 ppm) of 3-p-D-Glep, C1 of 2,6-p-D-Galf (107.5) to H3 (3.67
ppm) of 3--D-Glcp, H1 (5.12 ppm) of a-D-Glcp to C2 (87.6 ppm) of 2,6-
B-D-Galf, C1 of a-D-Glcp to H2 (4.24 ppm) of 2,6-p-D-Galf, H1 (5.08
ppm) of 3-p-D-Galf to C6 (70.2 ppm) of 2,6-p-D-Galf, H1 (4.64 ppm) of 3-
B-D-Glep to C3 (85.4 ppm) of 3-p-D-Galf, H1 (102.9 ppm) of 3-p-D-Glcp
to H3 (4.29 ppm) of 3-p-D-Galf, H1 (5.05 ppm) of 6-p-D-Galf to its C6
(70.2 ppm), and C1 (108.7 ppm) of 6-3-D-Galf to its H6 (3.88, and 3.64
ppm). All these inter-residues connectivities established that the five
spin systems compose the following two exopolysaccharides, named
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Fig. 4. HSQC (4 A) and HMBC (4B) spectra of D12 EPSs recorded in D50, at 500 MHz and 50 °C showing only the cross peaks related to residues A and B. Proton/
carbon crosspeaks are labelled according to the corresponding residue, as in Table 4.
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Table 4
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1H and '3C chemical shift assignments of the seven sugars composing the different EPSs produced by
Limosilactobacillus fermentum D12 recorded at 500 MHz and 50 °C. Grey cells indicate chemical shifts

Table 5

of carbon atoms involved in glycosidic linkages.

Chemical shifts (ppm) *

Residue Nucleus
1 2 3 4 5 6
A 'H 518 418 424 402 399  3.89-3.67
—2,6)-B-D-Galf-(1— e 107.1 875 762 834 703 70.1
B H 507 357 371 344 376  388-3.78
a-D-Glep-(1— e 989 720 738 705 733 61.5
C 'n 542 424 424 414 401 3.89-3.67
—2,6)-B-D-Galf-(1— B 107.5 876 763 832 703 70.2
D " 512 358 372 345 378  3.93-375
a-D-Glep-(1— “c 988 721 738 706 733 61.7
E 'H 508 430 429 416 396  3.72-3.68
—3)-B-D-Galf-(1— e 109.0 806 854 828 713 63.7
F 'H 505 413 407 401 397  3.88-3.64
—6)-B-D-Galf-(1— “c 1087 819 777 841 703 70.2
G 'H 464 344 367 349 350  3.93-3.76
—3)-B-D-Glep-(1— e 1029 739 832 690 767 61.7

aChemical shifts are given relative to internal acetone (2.225 ppm for 'H and 31.07 ppm for '3C).

anomeric proton - ring carbon correlations and anomeric carbon - ring proton
correlations determined with the HMBC experiment.

A

[—>6)-B-D-Galf(1

2

1

o-D-Glcp

B

Scheme 1. structure of the repeating unit of D12 EPS I.

Residues Anomeric Correlated Anomeric Correlated
Proton to Carbon to
(ppm) 13C (ppm) (ppm) 'H (ppm)
—2,6)-p-D-Galf- Al (5.18) A6 (70.1) Al (107.1) A6 (3.89)
1-(A)
A3 (76.2) A6’ (3.67)
A4 (83.4) A2 (4.18)
o-D-Glep-(1—-(B) B1 (5.07) B2 (72.0) B1 (98.9) B2 (3.57)
B5 (73.3) B3 (3.71)
B3 (73.8) B5 (3.76)
A2 (87.5) B6 (3.88)
A2 (4.18)
—2,6)-p-D-Galf- C1 (5.42) C3 (76.3) C1 (107.5) C2 (4.24)
1-©
G3 (83.2) G3 (3.67)
C2 (87.6)
a-D-Glep-(1-(D) D1 (5.12) D2 (72.1) D1 (98.8) D2 (3.58)
D5 (73.3) D3 (3.72)
D3 (73.8) D5 (3.78)
C2 (87.6) C2 (4.24)
—3)-f-D-Galf-(1-»  E1 (5.08) C6 (70.2)
(E)
E4 (82.8)
E3 (85.4)
—6)-p-D-Galf-(1— F1 (5.05) F6 (70.2) F1 (108.7) F6 (3.88)
(F)
F3 (77.7) F6’ (3.64)
F4 (84.1)
—3)-p-D-Glep-(1— G1 (4.64) G5 (76.7) G1 (102.9) G2 (3.44)
()]
G3 (83.2) E3 (4.29)
E3 (85.4)

D12 EPS II and III, respectively (Scheme 2):

The possible presence of base-labile substituents, like acetyl groups,
could not be determined due to the use of NaOH for EPSs purification.
Moreover, NMR chemical shifts were confirmed using the simulation

tool for 13C [41,42] nucleus at the Carbohydrate Structure Database
(CSDB) [43], the CSDB structural ranking tool [44], and empirical
chemical shift simulation [45], fully supporting the proposed structures
(Tables S1-S3).

3.5. NMR spectroscopy of MC1 EPSs

In order to undoubtedly prove that MC1 and D12 EPSs are identical,
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2
1
1
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Scheme 2. Structure of the repeating units of D12 EPS 1I (left) and D12 EPS
1II (right).

an HSQC experiment of MC1 EPSs was recorded. The spectrum (Fig. S7)
is identical to that of D12 EPS, thus confirming the identity of the EPSs
produced by the two strains when isolated using NaOH.

3.6. Comparison of the functional properties of L. fermentum MC1 and
D12 strains

Although EPS-producing LAB are implemented in the production of
various dairy products due to their interesting technological properties,
there are not many reports on the functional probiotic properties of the
EPSs extract itself, especially for the genus Lactobacillus [18]. Many re-
searchers have confirmed numerous functional roles of EPSs, such as
antioxidant, antibacterial, immunoregulatory, antitumor, anticoagulant
and antiviral effects and influence on the health of the host’s intestinal
tract [9]. Therefore, addition of these strains as probiotic supplement
could help to stabilize an imbalanced gut microbiota, as the presence of
these bacteria in the gut microbiota is related to a healthy state of the
host [14]. Many health-promoting effects of probiotic strains are con-
nected to their ability to adhere to the intestinal mucosa, a necessary
prerequisite for the colonization of the gastrointestinal tract (GIT),
which gives the cell a competitive advantage and is also one of the main
criteria for the selection of probiotic strains. Bacterial adhesion ability
varies between strains depending on the properties of the cell surface,
and it is hypothesized that exopolysaccharides, among other molecules,
might influence the ability of the producing bacteria to adhere to
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Fig. 7. Inhibition of Escherichia coli 3014 and Salmonella enterica serovar
Typhimurium FP1 by L. fermentum MC1 (green) and D12 (red), expressed as the
diameter of the inhibition zones around the grown cultures (cm). The error bars
represent the standard deviations of the mean values of the results from three
replicates. *Statistical difference (*p < 0.05). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

different structures of the intestinal tract and form a biofilm [46].
Butorac et al. [11] have already demonstrated the functional properties
of the D12 strain, showing its ability to adhere to Caco-2 intestinal
epithelial cells and extracellular matrix proteins and to survive freeze-
drying and unfavorable conditions like simulated GIT environment.
Therefore, the functional properties of the MC1 strain were also inves-
tigated using Caco-2 cells as an in vitro model for predicting adhesion
ability to intestinal epithelial cells. The results showed that the MC1
strain adhered better to Caco-2 cells than the D12 strain (p < 0.017) [11]
as shown by its lower Alog (CFU/mL) value (2.4 + 0.13 for the MC1
strain compared to 3.63 + 0.53 for the D12 strain), thus favoring the
MC1 strain as a potentially adherent probiotic strain. It is possible that
the EPSs of the D12 strain mask some of the microbial cell surface
adhesins involved in adhesion to intestinal cells, whereas the EPSs of the
MC1 strain do not have the same effect. Additionally, some other surface
molecules, which can be strain-specific, like cell surface proteins, may
also be involved in adhesion mechanisms [22,33,47].

Antibacterial activity is one of the important features of probiotic
strains, as various antimicrobial compounds such as organic acids (lactic
and acetic acid), hydrogen peroxide, ethanol, diacetyl, acetaldehyde,
acetoin, carbon dioxide, reuterin, reutericyclin and bacteriocins can be
produced and can exhibit strong antagonistic activity against many

MC1.fasta AOI_01

M Gene names

B Predicted promoters

M Pred: rminators
Show or hide small ORFS
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Gram-positive and Gram-negative bacteria, including pathogens and
those causing spoilage [48]. Therefore, the ability of MC1 and D12 to
inhibit the growth of potentially pathogenic E. coli 3014 and S. Typhi-
murium FP1 was examined. The results showed (Fig. 7) that both L.
fermentum strains inhibited the growth of these two species to a certain
extent. Strain MC1 showed a stronger antagonistic activity towards S.
Typhimurium FP1, as the inhibition diameter was significantly higher
(p < 0.05) than that of strain D12. However, no statistical significance
between the two examined L. fermentum strains was detected when
assessing the inhibition capacity of E. coli 3014 growth. This effect is not
necessarily due to lactic acid, the main antibacterial metabolite of LAB,
but can also be enhanced by other metabolites, including strain-specific
feature like bacteriocin production. An in silico analysis of MC1 and D12
genomes performed using BAGEL4 software showed that only the MC1
strain harbours a gene cluster for bacteriocin production (Fig. 8), with
37.013 % sequence similarity (e-value = 1.5 x 10~2%) to enterolysin A, a
class IV bacteriocins usually produced by some Enterococcus faecalis
strains [49]. These results support our findings that strain MC1 has
better antimicrobial activity against S. Typhimurium FP1, since enter-
olysin A can increase the permeability of the outer membrane of Gram-
negative pathogens. Recent literature supports our findings, since pro-
duction of enterolysin A was reported in other LAB strains, including L.
fermentum [50,51].

In addition to various proteins present on the surface of the bacterial
cell, extracellular metabolites such as EPSs can also be involved in
adhesion and thus in competitive exclusion, which are also prerequisites
for a particular strain to be considered a probiotic [17,22,33,52].
Moreover, the presence of heterologous EPS might reduce the adhesion
of pathogenic bacteria to intestinal cells due to the covering of surface
adhesins and contribute to their exclusion from the intestine [15].
Moreover, the presence of heterologous EPS might reduce the adhesion
of pathogenic bacteria to intestinal cells due to the shielding of surface
adhesins and contribute to their exclusion from the intestine. Since
strain MC1 showed a better adhesion capacity to the Caco-2 cell line and
a stronger growth inhibition of S. Typhimurium FP1, the role of EPSs
isolated from the MC1 strain in the competitive exclusion of E. coli 3014
and S. Typhimurium FP1 was investigated. For this purpose, the Caco-2
cell line was pre-incubated with 0.5 and 1 mg/mL EPSs with or without
the addition of MC1 cells, or with MC1 cells alone, followed by incu-
bation with E. coli 3014 or S. Typhimurium FP1 (Fig. 9). It was found
that the exclusion of E. coli 3014 from Caco-2 cells was the greatest with
1 mg/mL EPSs, with or without MC1 cells, in comparison to the adhered
E. coli 3014 in the control (without MC1/EPS incubation). On the con-
trary, the competitive exclusion of S. Typhimurium FP1 was not statis-
tically significant. Our results regarding the competitive exclusion of
E. coli 3014 are similar to those of Liu et al. [14], who revealed that 1
mg/mL of EPSs isolated from Lactobacillus plantarum WLPL04 can
significantly prevent the adhesion of Escherichia coli 0157:H7 to HT-29
cells.

The findings in this study contribute to a better understanding of
EPSs in the probiotic functionality of L. fermentum strains, but the exact
mechanisms of action are not yet clear. The results obtained in this paper
suggest a potential use of these strains as probiotics due to their anti-
microbial activity against potentially pathogenic bacteria and adhesion
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Fig. 8. Bacteriocin cluster found in the genome of L. fermentum MC1 with the position of the bacteriocin sequence in light green. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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to intestinal epithelial cells. Further studies are necessary to evaluate the
potential health-promoting effects such as microbiome modulatory and
immunomodulatory activity of the MC1 and D12 strains, as well as their
EPSs, through in vivo experiments on experimental animals. In addition,
micro- and nanoencapsulation methods with different potential pro-
tective matrices will be investigated to improve the survival of EPS-
producing strains during freeze-drying, storage and under unfavorable
conditions in the GIT and to ensure their probiotic effect in vivo.

4. Conclusion

The WGS results showed that the L. fermentum MC1 genome differs
slightly from that of D12 strain. Characterization of the produced EPSs,
isolated from the cell surface with 2 M NaOH, revealed that both strains
biosynthesized a mixture of three different polymers when cultivated in
liquid MRS broth enriched with 2 % glucose. The structures identified
are similar to those reported for Lactobacillus fermentum Lf2 by Ahmed
et al. [53] who described a mixture of two EPSs: a more abundant EPS
similar to D12 EPS I, except for the non-stoichiometric glucosylation of
the Galf residue, and a less abundant EPS identical to EPS II described in
this manuscript. Also, Ahmed et al. [53] found a 6-linked Galf residue
which was assigned to the non glucosylated Galf of the main poly-
saccharide. Moreover, the 'H NMR spectrum of MC1 EPSs shows
anomeric resonances unique to this sample (Fig. S2 and S4), even if they
have a very low intensity, suggesting that MC1 biosynthesizes poly-
saccharides which are not produced by D12, in line with the genetic
findings and functional experiments. According to the results obtained,
the EPSs isolated from L. fermentum MCI1 contribute to its probiotic
functionality in terms of better competitive exclusion of E. coli 3014.
Better antimicrobial activity of MC1 against S. Typhimurium FP1 with
respect to D12 was also proved and it was hypothesized to be due to a
bacteriocin, since a gene cluster for its production was found in MC1
only.

By analyzing the genes involved in EPS biosynthesis, it is difficult to
draw conclusions about their influence on the functional properties of

the producer strains. In addition to EPSs, other biomolecules produced
by the cell also play a role in the functional properties of the bacterial
strains such as adhesion and antimicrobial activity. The main difference
between the two L. fermentum strains examined is that only MC1 pro-
duces bacteriocins, which contribute to antimicrobial activity as a
functional property. Regarding the role of EPSs in adhesion, it is known
that other surface molecules, which may contain lipid and protein
structures in addition to carbohydrates in their chemical composition,
also play a role. Therefore, further detailed characterization of the ge-
nomes of L. fermentum MC1 and D12 strains and of other potential
biomolecules, apart from EPSs, which may contribute to the functional
properties of the tested strains is required.
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