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ABSTRACT

Limosilactobacillus fermentum CRL2085, isolated from feedlot cattle rations, displayed high efficiency as a probiotic when ad-
ministered to animals. A comprehensive genomic analysis was performed to elucidate the genetic basis underlying its probiotic
potential. Fifteen genomic islands and CRISPR-Cas elements were identified in its genome. Pan-genomic analysis highlighted
the dynamic evolution of this species, and clustering based on the nucleotide genomic similarity only partially correlated with
the source of isolation or the geographic origin of the strains. Several genes known to confer probiotic properties were identified,
including those related to adhesion, resistance to acidic pH and bile salts, tolerance to oxidative stress, metabolism/transport of
sugars and other compounds, and genes for exopolysaccharide biosynthesis. In silico analysis of antimicrobial resistance genes
and virulence determinants confirmed the safety of this strain. Moreover, genes related to B-group vitamins biosynthesis and
feruloyl esterase hydrolase were also found, showing the nutritional contribution of the strain, which also showed moderate
adhesion capability, exopolysaccharide production when grown with sucrose, and the capacity to metabolise 42 out of 95 carbon
substrates tested. This data provides the genetic basis for deciphering the mechanisms beyond the benefits demonstrated by its
use during cattle intensive raising and confirms its promising role as a probiotic.

1 | Introduction currently the Lactobacillaceae family includes 36 child taxa.

Limosilactobacillus (L.) fermentum comb. nov., previously

Lactobacillus genus is a group of Gram-positive, non-
sporulating, facultative anaerobic bacteria that are normally
found in nature and can be isolated from different matrices,
such as fermented foods, plant materials, dairy-related prod-
ucts, human and animal intestine (Ayivi et al. 2020; Heeney
et al. 2018; Maldonado et al. 2018; Mota-Gutierrez and
Cocolin 2021; Rodriguez-Sanchez et al. 2021). Description
of this genus was amended by Zheng et al. (2020), and

known as Lactobacillus fermentum, is the type species of
the Limosilactobacillus gen. nov. described in 2020 (Zheng
et al. 2020) and included strains previously belonging to the
Lactobacillus cellobiosus species, from which it was differen-
tiated in 2004 (Dellagio et al. 2004). However, L. fermentum
is the only species in the Limosilactobacillus reuteri group
rarely found in intestinal ecosystems but frequently isolated
from plants and spontaneously fermented cereals (Gidnzle and
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Ripari 2016), being an example of a species undergoing rever-
sion of the lifestyle from host adapted to free living species
(Duar et al. 2017). It is a heterofermentative microorganism
and has a widespread ecology, being naturally found in the
human/animal gastrointestinal tract, human vagina and den-
tal caries, dairy products, silage, and plant fermented food and
beverages. Itisincluded in the list of microorganisms generally
recognised as safe (GRAS) and with Qualified Presumption
of Safety (QPS) by the Food and Drug Administration (FDA)
and European Food Safety Authority (EFSA), respectively. It
produces a hydrolase enzyme (BSH) which makes it resistant
to bile salts through the elimination of the conjugated amino
acid fraction of bile acids (Dong and Lee 2018). L. fermentum
strains are used as starter culture due to their relevant tech-
nological properties, such as exopolysaccharides production
and antimicrobial activity (Pakroo et al. 2022). Starter cul-
tures of this species have improved the nutritional value, fla-
vour and functional properties of fermented milk, plants and
silage (Okoye et al. 2023). Moreover, L. fermentum has been
recognised as a probiotic species and applied in humans and
animals due to its anti-inflammatory and immunomodulatory
properties (Rodriguez-Sojo et al. 2021).

The Food and Agriculture Organisation and the World Health
Organisation (FAO/WHO) define probiotics as “live microor-
ganisms that, when ingested in adequate amounts, confer a
health benefit on the host” (FAO/WHO 2002; Hill et al. 2014;
ISAPP 2018). The microorganisms most used as probiotics
are lactic acid bacteria (LAB), which are generally considered
harmless microorganisms and are used as starter cultures to
ferment food matrices for domestic and commercial purposes
(Ayivi et al. 2020). In addition, LAB are found in the gastro-
intestinal system of humans and animals, which is physio-
logically important for intestinal health (Pasolli et al. 2020).
While probiotic strains include the genera Bifidobacterium,
Pediococcus, Lactococcus, and Enterococcus, most probiotics
currently on the market belong to the genus formerly known
as Lactobacillus, a taxonomically heterogeneous group reclas-
sified into 25 genera including more than 170 species (Zheng
et al. 2020).

In intensive cattle raising and/or fattening systems (feedlots),
the main objective is to obtain quality meat accompanied by
high animal productivity through efficient growth performance
(Bhogoju and Nahashon 2022). A common practice to promote
the growth of animals for meat production is the use of anti-
biotics as growth promoters in animal feed, which, over long
periods, has contributed to the global crisis of antimicrobial
resistance by the emergence of antibiotic-resistant bacteria and
difficulty in treating infections in animals/humans. In 2006 and
2017, the EFSA and the FDA (EC 2003; U.S. FDA 2013), respec-
tively, banned the use of antibiotics as animal growth promoters.
In the search for alternatives, the use of probiotics/prebiotics/
symbiotic and phytobiotics, among others, emerged as alterna-
tives for antimicrobials (Al-Shawi et al. 2020; Bakowski and
Kiczorowska 2021). The EFSA has published guidelines for the
safety assessment of probiotics, such as taxonomic identification
of the strain through whole genome sequencing, genomic and
phenotypic determination of antibiotic resistance profile and
virulence factors (Koutsoumanis et al. 2021). The preliminary
evaluation of the probiotic potential of a newly isolated strain

is thus crucial before proceeding to the assessment of its health
benefits and use within a formulation in food and pharmaceuti-
cal products (Da Silva et al. 2024). L. fermentum strains isolated
from fruit and vegetables have recently been positioned as novel
candidates for probiotic use to promote host health benefits and
biotherapeutics development (de Luna Freire et al. 2024).

L. fermentum CRL2085 was isolated from feedlot cattle ra-
tions, selected for its beneficial characteristics and further
applied as a probiotic in feedlot cattle, where its adminis-
tration has been demonstrated to improve the nutritional
status, the overall productive performance and reduction of
E. coli O157:H7 shedding (Aristimufio Ficoseco et al. 2018;
Maldonado et al. 2018; Mansilla et al. 2020, 2022, 2023).
The objective of this study was to perform a comprehensive
genomic and phenotypic characterisation of L. fermentum
CRL2085 in order to elucidate the genetic basis of its probi-
otic potential. In particular, we investigated the ability of this
strain to adhere to Caco-2 cells, produce exopolysaccharides,
ferment numerous carbon sources, and screen its genome for
the presence of genes involved in the metabolism and trans-
port of sugars and other compounds. Finally, we investigated
the presence of virulence and antibiotic resistance genes, al-
lowing novel insights to support the safe and consistent utili-
sation of this strain as probiotic in cattle feed.

2 | Materials and Methods
2.1 | Strain and Culture Conditions

L. fermentum CRL2085 was isolated from feedlot cattle ra-
tions and selected for its beneficial characteristics (Aristimufio
Ficoseco et al. 2018; Maldonado et al. 2018). It was stored at
—80°C in milk-yeast extract (13% non-fat milk, 0.5% yeast ex-
tract, and 1% glucose) and glycerol 20%. The inoculum of the
strain was prepared by transferring stock cultures to MRS broth
(Merck, Darmstadt, Germany) and sub-cultured twice in the
same medium at 37°C for 16 h.

2.2 | Whole Genome Sequencing (WGS)

Total DNA was obtained according to Pospiech and
Neumann (1995). The integrity, purity and quantity of DNA
were assessed by agarose gel electrophoresis, Nanodrop photom-
eter (Peqlab) and Qubit 3.0 fluorometer (by using Qubit dsDNA
Quantification Assay Kits, Life Technologies). Whole genome
shotgun sequencing was performed by Novogene Bioinformatics
Technology Co. Ltd. (Beijing, China) on a NovaSeq platform
(Illumina, San Diego, USA) by using the Illumina mate pair
with the 2x250 mate pair procedure (Nextera Mate Pair Library
Preparation Kit, Immumina, San Diego, USA), according to
the manufacturer's instructions. Reads were then trimmed by
the NxTrim (V2) (O'Connell et al. 2015) and de novo assembly
was performed using the genome assembler SKESA (Souvorov
et al. 2018) implemented in the Read assembly and Annotation
Pipeline Tool (RAPT; https://github.com/ncbi/rapt). The whole
genome shotgun projects have been deposited at DDBI/ENA/
GenBank under the accession JAXKWT000000000. The ver-
sion described in this paper is JAXKWT010000000.
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2.3 | Bioinformatic Methods
2.3.1 | WGS Analysis

The overall contiguity of the assembly and genome statistics
was determined with the Genome Taxonomy Data Base (GTDB)
Anchor pipeline implemented in The Microbial Genomes Atlas
(MIGA; https://disc-genomics.uibk.ac.at/miga; Rodriguez-R
et al. 2018). The completeness of the de novo assembly was
measured evaluating the presence of 111 essential single-copy
genes that are observed across almost all prokaryotic genomes
(Rodriguez-R et al. 2018), while contamination was measured
by the frequency at which these genes are present in more than
one copy. The quality score was then calculated as completeness
percentage minus five times contamination percentage.

2.3.2 | Gene Prediction, Phylogenomic
and Comparative Analysis

L. fermentum CRL2085 genes were predicted and annotated by
using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP;
Tatusova et al. 2016) implemented in the Read assembly and
Annotation Pipeline Tool (RAPT; https://www.ncbi.nlm.nih.gov/
rapt/), the Comprehensive Genome Analysis Service implemented
into the Bacterial and Viral Bioinformatics Resource Centre (BV-
BRC; https://www.bv-brc.org/) platform, and by the PROKKA
pipeline (Seemann 2014), and then manually curated; protein ID
used in the manuscript indicated those obtained by using PGAP.
Phylogenetic analysis was performed employing the Bacterial
Genome Tree service implemented in the BV-BRC (version 3.35.5;
https://www.bv-brc.org/) with the Maximum Likelihood method
RAXML (version 8.2.11) and progressive refinement (Stamatakis
2018). For the analysis, we used 40 genomes representative of all 33
validly published species included in the Limosilactobacillus genus
(Table S1). Phylogeny was inferred on 192 single-copy genes iden-
tified in the genomes of Limosilactobacillus spp. used in this analy-
sis. Paucilactobacillus oligofermentans DSM 15707 was used as an
outgroup. Visualisation of the phylogenetic trees was performed
by using iTOL (version 6.9; Letunic and Bork 2024). Comparative
genomic analysis of 96 L. fermentum strains (Table S1) was per-
formed using the PanACoTA (PANgenome with Annotations,
COre identification, Tree and corresponding Alignments; Perrin
and Rocha 2021) software implemented in Pan-genome Explorer
(Dereeper et al. 2022; https://panexplorer.southgreen.fr/) with
minimum percent identity for BLAST of 80%.

2.4 | InSilico Evaluation of Probiotic Potential

The Basic Local Alignment Search Tool (BLAST) algorithms
were used to perform homology-based analysis toward refer-
ence sequences (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The
evaluation of probiotic potential of L. fermentum CRL2085 was
performed by homology-based analysis with reference proteins
associated with probiotic features in the Limosilactobacillus
genus (Guhanraj and Dhanasekaran 2024; Phujumpa
et al. 2022; Ullah et al. 2024). Homology was predicted by
BLASTP with a cutoff E value of 1e!° and minimum iden-
tity of 35% and then manually curated. Active carbohydrate

enzymes were identified by executing CAZyme annotation on
the dbCAN3 meta server (Zheng et al. 2023; http://bcb.unl.edu/
dbCAN2/blast.php). Putative gene clusters involved in the bio-
synthesis of ribosomally synthesised and post-translationally
modified Peptides (RiPPs) and (unmodified) bacteriocins
were predicted with antiSMASH (version 7.0; Blin et al. 2023),
while Phastest (PHAge Search Tool with Enhanced Sequence
Translation; https://phastest.ca/; Wishart et al. 2023) web
server was used to identify prophage sequences within the
bacterial genome. Genomic Islands were predicted by using
the IslandViewer webserver (Bertelli et al. 2017; https://www.
pathogenomics.sfu.ca/islandviewer/). Contigs were rearranged
using L. fermentum strain SCB0035 as the reference genome.
The CRISPRCasFinder webserver (https://crisprcas.i2bc.paris-
saclay.fr/; Couvin et al. 2018) was used to detect CRISPR direct
repeats and spacers. The Resistance Gene Identifier tool imple-
mented in The Comprehensive Antibiotic Resistance Database
(CARD; https://card.mcmaster.ca/home) was used to predict
L. fermentum CRL2085 resistome. In addition, K-mer based
detection method for antimicrobial resistance genes was per-
formed by using the Comprehensive Genome Analysis Service
of BV-BRC. Proteins associated with antimicrobial resistance
were also retrieved by keyword search within the UniProt ID
entry list obtained by functional annotation. Unless specified,
tools were used with default parameters.

2.5 | EPS Production

L. fermentum CRL2085, Leuconostoc pseudomesenteroides
201937 (positive control), and Weissella diestrammenae DSM
279407, previously characterised as a no-EPS producing strain
(negative control; Fanelli et al. 2023), were grown on agar plates
containing modified de Man, Rogosa, and Sharpe medium
(MRS, Oxoid, Italy) supplemented with sterile sugar (purity
>99.5%, Sigma, Merck, Germany) solutions to obtain a final
concentration of 20g/L of either glucose, sucrose, fructose, or
galactose. All strains were cultivated for 24 h as previously de-
scribed and inoculated by streaking in triplicate on MRS-sugar
agar media. After incubation at 37°C for 48 and 72h, the strains
that produced slimy colonies were recorded as capable of pro-
ducing EPS.

2.6 | Carbon-Sources Utilisation

The carbon-source utilisation pattern by L. fermentum
CRL2085 was determined using Biolog AN microplates sys-
tem (Biolog Inc., Hayward, CA, USA), containing 95 different
carbon sources. Briefly, the strain was grown in MRS broth
(Oxoid, Italy) for 24 h. Cells were then collected by centrifu-
gation (10,000rpm, 10min), washed two times with sterile
phosphate buffer (50 mmol/L pH 7.0) and then resuspended in
sterile physiological saline solution (0.9w/v NaCl). Each plate
well was inoculated with 100 uL of the bacterial suspension
adjusted to 65% transmittance and subsequently incubated at
37°C for 24 h anaerobically as recommended by the manufac-
turer. Positive reactions were automatically recorded using the
MicroStation microplate reader (Biolog) at 590 nm and 750 nm
wavelength.
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2.7 | Adhesion Assay

The adhesion assay was performed as described by Fanelli
et al. (2023), with slight modifications. Caco-2 cells were cultured
in Dulbecco's Modified Essential Medium High Glucose (DMEM,;
Euroclone S.p.A, Italy) supplemented with 10% inactivated fetal
bovine serum, 1% L-glutamine, 1% antibiotic-antimycotic solution
(Euroclone S.P.A, Italy), and 1% non-essential amino acids solution
(Sigma-Aldrich, Italy) at 37°C in a humidified atmosphere con-
taining 5% CO,. Cells were harvested twice a week up to 70%-80%
confluence using a trypsin-EDTA solution. Cell density and via-
bility were determined using LUNA-II Automated Cell Counter
(Logos Biosystem) and the cells used in the experiments showed a
mean viability of 90%. Caco-2 cells were seeded in 12-well cell cul-
ture plates (3.85cm?) at a density of 5x 10* cells/cm? (1.9 X 10° cells/
mL) and incubated at 37°C with 5% CO, for 7days. The cell culture
medium (1 mL/well) was refreshed every 3days to achieve com-
plete confluence of cells. Lacticaseibacillus rhamnosus GG (ATCC
53103) was used as a positive control due to its known binding ca-
pacity to intestinal cells. For the adhesion assay, bacterial cultures
grown overnight in MRS broth at 37°C were refreshed in MRS
broth and incubated at 37°C. After 4h, the cultures were adjusted
to an optical density corresponding to ca. 108CFU/mL as previ-
ously determined. Serial dilutions of the suspension were plated
on MRS agar to calculate the initial viable bacterial counts (CFU/
mL) (I). One mililiter of this suspension was collected by centrif-
ugation (5000rpm, 10min), washed with Dulbecco’s phosphate
buffered saline (PBS) without calcium and magnesium (Euroclone
S.p.A, Italy), and resuspended in the DMEM without supplements.
Caco-2 cell monolayers were then washed twice with Dulbecco's
PBS without calcium and magnesium (Euroclone S.p.A, Italy), and
1mL of the bacterial suspension was added to each well. After in-
cubation for 2h at 37°C with 5% CO,, unattached bacteria were
removed by washing the monolayers three times with PBS. To lyse
the cells, the monolayers were treated for 15min with 1mL of 1%
(v/v) Triton X-100, and serial dilutions of the resultant lysates were
plated on MRS agar to calculate the number of adhered bacteria
(A). The % of adhesion was calculated according to the formula: %
adhesion=[A (CFU/mL)/1 (CFU/mL)] x 100.

2.8 | Statistics

For the adhesion assay, the results of the experiments carried
out in triplicate were expressed as mean % of adhesion + stan-
dard error. The ¢ test (p <0.05) was performed to evaluate statis-
tically significant differences.

3 | Results

3.1 | General Features of L. fermentum
CRL2085 Genome

General features of the L. fermentum CRL2085 genome are listed in
Table 1. The assembled genome has a total length of 1,914,364 bp, a
N50 of 49.5kb, an average GC content of 52.22%, and 1941 coding
genes with a coding density of 85.91%. The quality of the assem-
bly was excellent and no plasmid sequences in the genome were
identified. The annotated genome included 476 hypothetical pro-
teins and 1465 proteins with functional assignments as shown in

TABLE1 | Genomic feature of L. fermentum CRL 2085.

Total length 1,914,364 bp
Number of scaffolds 129
Largest contig 119,510bp
N50 36,114
GC content 52.22
Predicted genes 1957
CDS 1890
tRNA 54
ncRNAs 3
rRNAs 2, 6,2 (58S, 168, 23S)
Pseudo genes 72
Coding density % 85.91
Quality Excellent

Figure 1A. The highest number of genes was counted in the sub-
system metabolism (367), followed by protein processing (194),
energy (83), DNA processing (76), and stress response, defence, vir-
ulence (69) and cellular processing (57). In addition, the EggNOG
mapper classification assigned the highest number of genes from
L. fermentum CRL2085 to the category replication, recombination,
and repair (180), followed by amino acid transport and metabolism
(173), translation, ribosomal structure, and biogenesis (153), tran-
scription (123), and nucleotide transport and metabolism (114)
(Figure 1B). A total of 15 genomic islands were predicted in the
genome of L. fermentum CRL2085 (Table S2). They include genes
involved in carbohydrate metabolism, such as glycosyltransferases
and polysaccharide biosynthetic proteins (island 2), the ribofla-
vin biosynthetic genes (island 5), a cluster of CRISPR-associated
proteins (islands 6 and 9), and the putative cluster of terpenes
(squalene/phytoene) polyisoprene synthase proteins biosynthesis
(island 13). Nevertheless, various integrases/recombinases and 81
transposases were also detected in the CRL2085 genome (Table S3).
No complete intact prophagic region was predicted by Phastest,
while seven sequences with CRISPR and 148 Cas elements were
identified in the genome of L. fermentum CRL2085 (Table S4).

3.2 | Phylogenomic and Comparative Genomic
Analysis

Phylogenetic analysis confirmed the taxonomic placement of
the strain CRL2085 and the localization of this species in the
genus obtained by Zheng et al. (2020), close to L. gorilla species
(Figure S1). Comparative genomic analysis was performed on 96
genomes of L. fermentum (Table S1) by Pan-Explorer that iden-
tified a pangenome size of 7948 clusters, with 771 core genes,
4576 dispensable genes, and 2601 strains specific genes. The ge-
netic divergence, based on the average nucleotide identity (ANT)
among the analysed strains is shown in Figure 2.

On average, the strains shared 98.24% of nucleotide identity, and
L. fermentum AF615pHS5A resulted in the closest genome with re-
spect to L. fermentum CRL2085 (Table S5), with a value of 98.97%
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[o2]
(3]

METABOLISM (58%, 367)
PROTEIN PROCESSING (38%, 194)
= STRESS RESPONSE, DEFENSE, VIRULENCE (19%, 69)
mDNA PROCESSING (18%, 76)
ENERGY (12%, 83)
u CELLULAR PROCESSES (10%, 57)
=RNA PROCESSING (11%, 40)
MEMBRANE TRANSPORT (4%, 11)
= CELL ENVELOPE (4%, 11)
mREGULATION AND CELL SIGNALING (4%, 15)
= MISCELLANEOUS (2%, 2)

[Q] Secondary metabolites biosynthesis, transport and catabolism
[N] Cell motility

[V] Defense mechanisms

[T] Signal transduction mechanisms

[U] Intracellular trafficking, secretion, and vesicular transport
[O] Posttranslational modification, protein turnover, chaperones
[1] Lipid transport and metabolism

[P] Inorganic ion transport and metabolism

[H] Coenzyme transport and metabolism

[C] Energy production and conversion

[G] Carbohydrate transport and metabolism

[M] Cell wall/membrane/envelope biogenesis

[F]1 Nucleotide transport and metabolism

[K] Transcription

[J] Translation, ribosomal structure and biogenesis

[E] Amino acid transport and metabolism

[L] Replication, recombination and repair

[S] Function unknown

FIGURE1 | (A). Subsystems and associated genes counted in the L. fermentum CRL2085 genome. (B) COGs functional classification of genes

annotated in L. fermentum CRL2085.

of ANI. As shown in Figure 2, the clustering inferred appears to
be only partially correlated with the geographical origin or the
source of isolation of the strains. Clustering based on Euclidean
distance using the accessory genomes of L. fermentum strains is
shown in Figure S2. The comparison was based on the presence/
absence of softcore, dispensable, and singleton gene clusters;
overall, the distribution of the 2004 gene clusters showed that
they grouped independently from their geographical origin or
isolation source; L. fermentum CRL2085 is located close to strains
PMCI101, isolated from human vagina, and BFE6620, isolated
from fermented cassava, and near to strains isolated from food
and human faeces, or cereal-associated strains.

3.3 | InSilico Evaluation of Probiotic Potential
3.3.1 | Carbohydrate-Active Enzymes (CAZymes)

As reported in Table 2, the genome of L. fermentum CRL2085
harbours several genes coding for putative CAZymes. The 34
CAZymes predicted by dbCAN3 (HMMER prediction) mainly
belonged to the glycosyltransferases (GTs) family with 18 genes
among them; 7 genes from the GT2 family, 5 from GT4, and 2
from GT51 were counted, followed by the glycoside hydrolases
(GHs) family, which showed 15 genes including 5 from the GH73
family, while 1 gene was assigned to the Auxiliary Activity
Family 1 (AA). The most prevalent enzymes identified were

GT2 (7 genes) involved in the biosynthesis of disaccharides, oli-
gosaccharides, and polysaccharides, followed by GT4 (5 genes)
which involved many glycoside transferases that utilise diverse
nucleotide-sugar donors in the glycosidic bond formation.

3.3.2 | Genes Associated With Probiotic
and Nutritional Function

Genes associated with putative probiotic functions are listed
in Table S6. Among them, genes coding for stress response el-
ements (11) such as the molecular chaperon and co-chaperon
groEL and groES genes; adhesion (3), biofilm formation (11), and
aggregation (2) such as genes coding for the inlJ with a MucPB
domain, mapA coding gene for a collagen binding protein, and
a luxS gene that participates in the quorum-sensing system with
impact on biofilm development; acid tolerance (10) involving
several proton pump coding genes; oxidative stress survival (3)
which encompasses cold shock protein and peroxidases coding
genes; exopolysaccharides biosynthesis (9) including galE and
galU genes coding for the UDP-glucose 4-epimerase GalE and
the UTP-glucose-1-phosphate uridylyl-transferase GalU respec-
tively, a beta-phosphoglucomutase, and phosphoglucosamine
mutase, among others. In relation to the nutritional function,
six genes implicated in folate biosynthesis (folA, folB, folC, folE,
folK, and folP), genes (6) for the complete pathway for ribofla-
vin biosynthesis (ribAB, ribD, ribE, ribF, ribH, and yigB), and
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FIGURE2 | Whole-genome sequence comparisons and heatmap of the Average Nucleotide Identity among L. fermentum strains. Isolation source
and geographical origin are indicated by a square box close to the strain name, according to the legend.

the genes (2) coding for feruloyl esterase activity which improve
bioavailability of iron, mineral, and dietary fibre content were
detected; while genes coding for alcohol tolerance (16), immu-
nomodulation (5), supporting function (1), GI survival/stress
response (3), bile salt tolerance (31), extreme temperature tol-
erance (2), osmotic shock tolerance (4), cell wall formation (6),
moonlighting proteins (6) and glucose metabolism (1) were addi-
tionally harboured by the L. fermentum CRL2085 genome.

3.3.3 | Prediction of Secondary Metabolites Production

Gene involved in secondary metabolites production were pre-
dicted by using antiSMASH, which identified a putative cluster
of 20.5kbnt (contig 14:35,263-55,709) for terpene biosynthesis
(island 13; Table S2), which included several transposases and
recombinases/integrases. The core biosynthetic gene, coding
for a squalene/phytoene synthase family protein, was, however,
predicted as a pseudogene (UIR13_01345).

3.3.4 | InSilico Safety Assessment

Genes associated with potential antimicrobial resistance pheno-
type are listed in Table 3. These included the genes coding for two
tetracycline resistance genes (tetA, tetO), three penicillin-binding
proteins genes (pbp2b, ponA, pbpB), a penicillin V acylase (yxel),
two genes for multidrug transporters (emrB, mepA) and a baci-
tracin resistance protein (uppP). In addition, in the L. fermentum
CRL2085 genome, UIR13_07610 protein was annotated as a VanZ
family protein.

3.4 | In Vitro Probiotic Features Analysis
3.4.1 | EPS Production
As shown in Figure 3, L. fermentum CRL2085 was able to pro-

duce clear ropy and viscous material in MRS supplemented with
sucrose medium after 48h of incubation. No EPS production
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TABLE 2 | CAZYmes identified in L. fermentum CRL2085 genome. TABLE 2 | (Continued)
Class Product Protein ID Class Product Protein ID
AAl Multicopper oxidase domain- ~ UIR13_00650 GT4 Accessory Sec system UIR13_03860
containing protein glycosyltransferase Aspl
GH13_18 Sucrose phosphorylase UIR13_07390 Glycosyltransferase UIR13_03865
GH13_29 Alpha, UIR13_07725 UIR13_05035
alpha-phosphotrehalase Glycosyltransferase UIR13_07090
GH13_31 Alpha-galactosidase UIR13_02585 family 4 protein UIR13_ 07095
GH179 Gfo/Ifih/moca family UIR13_00625 GT51 Transglycosylase domain- UIR13_07295
oxidoreductase . )
containing protein
GH2 Glycoside hydrolase fa.mlly UIR13_03460 PBP1A family penicillin- UIR13_ 08800
2 TIM barrel-domain o .
. . binding protein
containing protein
GH32 Sucrose-6-phosphate UIR13_09125
hydrolase was visible in MRS supplemented with glucose, fructose, or ga-
GH36 Alpha-galactosidase UIR13_01325 lactose (data not shown).
GH65 Glycoside hydrolase UIR13_05660
family 65 protein 3.4.2 | Carbon-Source Utilisation Pattern
GH70 Glycoside hydrolase UIR13_07035
family 70 protein To characterise the carbon substrate utilisation patterns of L.
) o fermentum CRL2085, the AN Biolog micro plates were used
GH73 Lysm Peptldogl'y(fan-blndl'ng UIR13_01170 (Figure 4). Even with great differences, 42 out of 95 hydro-
domain-containing protein carbon substrates were consumed by the probiotic strain.
Glucosaminidase domain- UIR13_02830 The utilisation pattern of carbon sources was greatest for a-
containing protein ketovaleric acid, palatinose, and pyruvic acid methyl ester;
Gl ide hvdrol UIRL 1 also D-cellobiose, D-fructose, D-galacturonic acid, glucose-
fYCO.SII ; ydro .ase 300510 6-phosphate, lactulose, L-lactic acid, and pyruvic acid were
amily 73 protein UIR13_08875 highly consumed by the CRL2085 strain. Utilisation was also
UIR13. 09225 observled for the remaining.32.substrates, where positive con-
sumption was detected, while in the other 53 substrates no re-
GHS Glycosyl hydrolase family 8 UIR13_08365 action was revealed.
GT111 DUF4422 domain- UIR13_00810
containing protein
&P 3.4.3 | Adhesion Assay
GT113 Galactofuranosyltransferase =~ UIR13_02790
GT14 Beta-1,6-N- UIR13_05075 L. fermentllitm CRIfZOSS Was}tﬁ?eddfor its(eitbilitylto adzl;re .to the%
acetylglucosaminyltransferase Caco-2 cell monolayer. It exhibited a mo erat'e-'ow adhesion o
0.32% £0.22% (p < 0.05) compared to the probiotic L. rhamnosus
GT2 Glycosyltransferase UIR13_00830 GG, which was used as a positive control and showed an adhe-
family 2 protein UIR13_ 02785 sion of 2.54% +0.55%.
UIR13_02800
UIR13_02810 4 | Discussion
UIR13_05040 Limosilactobacillus fermentum CRL2085 isolated from feedlot
UIR13_05060 cattle rations has been identified and characterised as tolerant to
GIT conditions, with adhesive and biofilm-forming ability, pro-
Glycosyltransferase UIR13_08360 ducer of antimicrobial compounds (acid and H,0,) and feruloyl-
GT28 Undecaprenyldiphospho- UIR13_09365 esterase enzyme related to nutrient degradation (Maldonado

muramoylpentapeptide
beta-N-
acetylglucosaminyltransferase

(Continues)

et al. 2018; Uezen et al. 2020). In addition, although phenotypic
sensitivity to all assayed antibiotics was exhibited by this strain,
the occurrence of ERY resistance genes was previously reported
(Aristimurio Ficoseco et al. 2018). The use of this probiotic strain
in feedlot cattle contributed to improving metabolic-nutritional
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TABLE 3 | Antimicrobial resistance associated elements predicted in L. fermentum CRL2085 genome.

Protein names

Protein ID

Resistance Gene
Bacitracin uppP
Beta-lactam yxel
pbp2b
ponA
pbpB
CcpoA
Cationic antimicrobial peptides (CAMPs) mprF
Fomidomycin fsr
Macrolides macB
Multidrug emrB
mepA
Tetracycline tetA
tetO

Bacitracin resistance protein

Penicillin V acylase

Penicillin-binding protein 2B
Penicillin-binding protein 1A
Penicillin-binding protein 2B
Alpha-galactosylglucosyldiacylglycerol synthase
LPG synthase
Fosmidomycin resistance protein
Macrolide export ATP-binding/permease protein MacB
Multidrug export protein EmrB

Multidrug export protein MepA

Tetracycline resistance protein

Tetracycline resistance protein TetO

UIR13_08030
UIR13_05645
UIR13_06225
UIR13_03015
UIR13_07295
UIR13_09380
UIR13_07090
UIR13_07860
UIR13_00685
UIR13_04275
UIR13_09775
UIR13_00955
UIR13_02955
UIR13_03655
UIR13_07270

DSM 201937

CRL 2085

DSM 27940T

==

FIGURE 3 | EPS production. Plates of L. fermentum CRL2085, Leuconostoc pseudomesenteroides DSM 201937, used as a positive control, and
Weissella diestrammenae DSM 279407, used as a negative control, grown in MRS supplemented with 20% sucrose at 48 h.

status, overall productive performance, and reduction of E. coli
0157:H7 shedding (Mansilla et al. 2022, 2023, 2024). Thus, as
a promising candidate for antibiotic replacement in feedlot cat-
tle, L. fermentum CRL2085 genome sequencing analysis and
in vitro experiments were performed to elucidate the genetic
basis underlying its probiotic potential.

The genome has a total length of 1.91 Mb, with an average GC
content of 52.22% and excellent assembly quality. No plasmid
sequences were identified in the genome. The GC content and
genome size of CRL2085 were similar to other strains, includ-
ing L. fermentum DSM20052 from fermented beets (GC 52.50%;
1.89Mb; Brandt et al. 2020), IMDO0130101 strain from rye
sourdough (GC 51.50%; 2.09 Mp; Verce et al. 2018), SNUV175
strain from vaginal tract (GC 51.50%; 2.18 Mb; Lee et al. 2017),
MTCC25067 strain from dahi fermented milk (GC 51.46%;
1.95Mb; Aryantini et al. 2017), among others. The GC content
of this species is generally higher than the typical low GC of the
strains belonging to genera that were formerly included in the
genus Lactobacillus (Brandt and Barrangou 2018), suggesting

that L. fermentum might have experienced less genomic changes.
Loss of ancestral genes and metabolic simplification are central
trends in the evolution of LAB. Major gene loss has occurred
in the common ancestors of Lactobacillales, indicating early ad-
aptation to nutritionally rich environments; however, genome
decay seems to be an ongoing process, as all species show the
loss of specific genes (Makarova et al. 2006).

In this study, L. fermentum core genome was reported to be rel-
atively small, representing 9.7% of the total, and the number of
pan genes increased by adding further genomes to the analysis,
without reaching a plateau (data not shown). This indicates that
this species has an open pangenome, which is characteristic of
species for which the genomic heritage is still not completely de-
fined, and whose diversity increases with constant acquisition of
genes, creating a genetic repertoire which evolves and provides
opportunities for adaptation to wider environmental niches and
hosts (Ksiezarek et al. 2022; Zhao, Yu, et al. 2022). Here, the
proximity of strains derived from different geographic and iso-
lation sources inferred by the comparative analysis is consistent
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Min. Color scale Max.

N-Acetyl-D-  N-Acetyl-D-  N-Acetyl-D-
Galactosamine Glucosamine Mannosamine

Dulcitol I-Erythritol - L-Fucose

D,L-a-Glycerol
Phosphate

Blank Adonitol Amygdalin

m-Inositol

B-Methyl-D-  a-Methyl-D-
Galactoside Glucoside

B-Methyl-D-
Glucoside

Acetic Acid Formicacid  Fumaric Acid Glyoxylic Acid

D-Malic Acid  L-Malic Acid  Propionic Acid

. . . L-Alanyl-L- L-Alanyl-L- L-Alanyl-L- .
Alaninamide L-Alanine Glutamine Histidine Threonine L-Asparagine
- L- . . . L-Valine plus L-
L-Methionine Phenylalanine L-Serine L-Threonine L-Valine Aspartic Acid

Gentiobiose

B- Hydroxy-
butyric Acid

D-Arabitol Arbutin a-Cyclodextrin B-Cyclodextrin

D-
Glucosaminic
Acid

3-Methyl-D-
Glucose

D-Mannitol D-Melibiose

Salicin Stachyose Sucrose

Itaconic Acid

Succinic Acid

D-Sac(?hal’lc Succinamic ¢ inic Acid Mono-Methy! M-Tartaric ;o - nic Acid
Acid Acid Acid
Ester
L-Glutamic . Glyeyl-L- Glycyl-L- Glycyl-L- Glycyl-L-
Acid L-Glutamine Aspartic Acid  Glutamine Methionine Proline

' Thymidine-5'-  Uridine-5'-
2'-Deoxy L
Adenosine Thymidine Mono- Mono-
phosphate phosphate

FIGURE4 | Carbon source utilisation or oxidation by L. fermentum CRL2085 using AN MicroPlate (Biolog Inc., Hayward, CA, USA). The colour
scale indicates the metabolism of each carbon source ranging from white (no utilisation or oxidation) to dark red (maximum utilisation or oxidation).

with similar investigations recently performed by Zhao, Yu,
et al. (2022) and might indicate that some L. fermentum strains
have been recently introduced in certain environments.
Moreover, the genomic plasticity of CRL2085 was demonstrated
by the presence of 15 genomic islands, several integrases/re-
combinases and 81 transposases (Tables S2 and S3) which,
especially in food-derived strains, indicate major exposure to
mobile genetic elements (Zhao, Yu, et al. 2022) and the acqui-
sition of novel genes to improve its gene pool. In addition, no
hit for virulence determinants and no complete intact prophagic
regions were predicted. Prophage remnants lack the number of
genes necessary to be classified as fully functional phage. This
agrees with the findings reported by Pei et al. (2021), who found
prophage fragments in almost all 16 Lactobacillus (sensu lato)
species, with intact prophages detected at lower frequencies.
Although an uneven distribution of prophages among the an-
alysed species was noted, multihabitat species retained more
prophages in their genomes than habitat-restricted species. Also,
seven sequences with CRISPR were identified in the genome of
L. fermentum CRL2085. CRISPR sequences are short, highly
conserved repetitive regions in the genome that are interspersed
with spacers (variable sequences) and are often located adjacent
to CRISPR-associated (Cas) genes (Hille and Charpentier 2016).
The presence of these CRISPR-Cas systems can contribute to
strain genetic stability, as they can prevent the natural transfor-
mation with foreign nucleic acid fragments, as well as infection
and bacteriophage conjugation (Samson et al. 2015). Compared
with other bacteria, LAB harbours plenty of CRISPR-Cas sys-
tems, which are present in approximately 63% of lactobacilli
(Crawley et al. 2018). This system contributes to generating safer
and more robust strains with increased resistance against bac-
teriophage and prevents the dissemination of plasmids carrying
antibiotic-resistance markers. Furthermore, the CRISPR-Cas
system from LAB could be used to exploit novel, programma-
ble genome editing tools of native host and other organisms, re-
solving the limitation of genetic operation of some LAB species,

increasing the important biological functions of probiotics, im-
proving their adaptation in complex environments, and inhibit-
ing the growth of foodborne pathogens, as was recently reported
(Cui and Qu 2024).

The phylogenomic and pangenomic analysis performed revealed
high diversity among L. fermentum strains. The obtained cluster-
ing only partially reflected the isolation source or geographical
origin of the strains. Indeed, although L. fermentum CRL2085
was isolated from feedlot rations (containing cereals such as
corn grains and corn silage and sorghum), the other members
of the clade were of human/animal, dairy, and plant origin. The
same evidence emerged from the presence/absence of clusters
in the accessory genomes, where L. fermentum strains showed
a lack of partitioning depending on their isolation source indic-
ative of niche specialisation, apart from a just outlined grouping
with a prevalence of strains from cereal-associated environ-
ments (Figure S2). The promiscuity of L. fermentum strains
isolated from different sources may suggest that some strains
moved into the human microbiome through food sources as a
transient member rather than a permanent member. As such, it
may explain the lack of specific niche adaptation of L. fermen-
tum (Duar et al. 2017). Our results agree with previous studies
(Verce et al. 2020; Phujumpa et al. 2022), by which this species
was hypothesised to undergo a reversion from its host-adapted
lifestyle as a species of L. reuteri group to a free-living nomadic
lifestyle. This is evidenced by its isolation from highly diverse
environments, such as plant material fermentations, fermented
milk, human vagina/saliva, and human/animal faeces, but also
manure and sewage (Kim et al. 2023; Lee et al. 2017; Pakroo
et al. 2022; Phujumpa et al. 2022; Zhao, Zhang, et al. 2022).

Our genomic analysis indicated the presence of the emrB gene
coding for a multidrug export protein, but no additional strep-
tomycin resistance gene was annotated (Table 3). In addition,
two genes encoding tetracycline resistance (tetA and tetO), the
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mepA gene encoding a multidrug export protein, the macB gene
encoding a noncanonical ABC transporter with transmembrane
domains (TMD) forming a pore in the inner membrane, and an
ATP-binding domain (NBD) responsible for energy generation
were predicted. The membrane protein MacB is an ABC-type
macrolide efflux transport system that confers resistance against
macrolides composed of 14- and 15-membered lactones when
overexpressed (Kobayashi et al. 2001). Despite the genetic de-
terminants potentially associated with antibiotic resistance, in a
previous study, the sensitivity of L. fermentum CRL2085 against
eight antibiotics (AMP, CLI, CHL, ERY, GEN, KAN, TET, and
STR) was evaluated using the MIC value method, and the safety
of this strain was confirmed (Aristimufio Ficoseco et al. 2018).

Carbohydrate metabolism was reported as a trait supporting
the probiotic potential of LAB (Pugh et al. 2022). It is the main
source of metabolic energy, playing a crucial role in the survival
and adaptation of lactobacilli in the ecological environment by
participating in cellular processes such as energy generation and
stress response (Gidnzle and Follador 2012). When the repertoire
of enzymes able to use the wide range of substrates from cat-
tle rations was evaluated, CAZyme annotation showed that the
genome of L. fermentum CRL2085 harbours mostly genes from
the glycosyltransferase (GT) family, followed by the glycoside
hydrolase (GH) family. The annotated proteins are involved in
the sugar utilisation of hexose, pentose and/or complex carbo-
hydrates such as fructose, mannose, ribose, xylitol, xylulose,
trehalose, amylose, starch, and maltodextrin. These elements
are essential for bacterial adaptation to the gastrointestinal (GI)
environment and interaction with the host, as they are involved
in the metabolism and assimilation of complex carbohydrates
that are not digested, as recently reported for breast milk oli-
gosaccharides and gluco-oligosaccharides (Mollova et al. 2023;
Zuiiiga et al. 2021; Zeng et al. 2024). GHs, together with GTs,
form the main catalytic machinery for the synthesis and cleav-
age of glycosidic bonds. Complex carbohydrates are the main
biomass constituent, and their metabolism is carried out by
the large GTs family of enzymes. These enzymes catalyse the
transfer of a sugar molecule from an activated donor (sugars
linked to dolichol-(pyro) phosphate or mostly nucleotide sugars)
to acceptors ranging from proteins and fatty acids to other car-
bohydrate molecules (Taujale et al. 2020). The presence of GTs
enzymes will be beneficial for the survival, competitiveness,
and persistence of L. fermentum CRL2085 within the host. In
addition, mucin-like structures facilitating adhesion to host cell
mucoproteins were reported to be produced by O-linked glyco-
sylation on serine catalysed by GTs (Han and Vaishnava 2023).
GHs also catalyse the hydrolysis of glycosidic bonds in complex
sugars. Their functions include the degradation of biomass such
as cellulose, hemicellulose and starch, and they participate in
antibacterial defence strategies, in pathogenesis mechanisms
and in normal cellular function. Since L. fermentum CRL2085
has been selected to be used as a probiotic for feedlot cattle, it
may be active at degrading starch (from corn/sorghum) and
cellulose material (from silage) involved in the feed ration. The
repertoire of L. fermentum CRL2085 CAZYmes counted 34 en-
zymes, of which GH73 (5), GT2 (7), GT4 (5), and GT51 (2) were
the majority. These values are comparable to those reported by
Zhao, Yu, et al. (2022), who analysed the presence of active en-
zyme families in 224 L. fermentum strains. Among glycoside
hydrolases, five genes from the GH73 family that specifically

cleave glycosidic bonds were predicted in the CRL2085 probi-
otic strain in accordance with that reported for L. fermentum
strains from food and human gut (Zhao, Yu, et al. 2022). Among
this GH family, three GH73 are able to degrade oligo-and poly-
saccharides, while glucosaminidases and Lysin Motif peptido-
glycan hydrolase genes related to bacterial cell division were
additionally found, as previously reported for L. fermentum and
other LAB (Hu et al. 2010; Inagaki et al. 2009). In addition, three
proteins classified within the sub-families GH13-18, GH13-29
and GH13-31 were predicted in the L. fermentum CRL2085
genome. The three predicted proteins, annotated as sucrose
phosphorylase (UIR13_07390), alpha, alpha-phosphotrehalase
(UIR13_07725), and alpha-galactosidase (UIR13_02585), har-
boured an a-amylase domain (PFAM: PF00128), which ca-
talyses the hydrolysis of a-1,4-glucosidic bonds in starch and
related a-glucans. Alfa-amylase specificity is currently present
in 42 subfamilies, including representatives of a-amylases, o-
glucosidases, a-1,4-glucan branching enzymes, pullulanases,
cyclodextrin glucanotransferases, 4-oa-glucanotransferases, and
oligo-a-1,6-glucosidases amino acid transporters, among others
(Janecek et al. 2014; Plaza-Vinuesa et al. 2019). The presence of
different a-amylases active on starch-related carbohydrates is
consistent with a potential role of L. fermentum CRL2085 as a
fermentative agent on starch, abundantly present in cattle ra-
tions. Extracellular a-amylase activity was reported for various
lactobacilli involving L. fermentum, playing an important role
in the GIT of animals (Tallapragada et al. 2018). In addition, the
presence of one gene encoding a protein from the GH70 family,
able to synthesise a-glucan polymers from starch and sucrose
(Gangoiti et al. 2018), and a-galactosidase from the GH13-31
subfamily and GH36 family, able to hydrolyse a-1,6 galactoside
linkages cleaving glucose subunits from starch-derived isomalt-
ose and maltodextrins in the L. fermentum CRL2085 genome,
was previously reported in other L. fermentum strains (Verce
et al. 2020; Zhao, Yu, et al. 2022).

Moreover, the GTs identified in the CRL2085 genome were
distributed among seven families (GT2, GT4, GT14, GT28,
GT51, GT111, GT113), GT2 and GT4 being dominant with six
and five predicted genes, respectively. As shown by Zhao, Yu,
et al. (2022), the GT2 family, which is involved in the biosyn-
thesis of disaccharides, oligosaccharides and polysaccharides,
was dominant in L. fermentum strains from food sources. These
results agree with the dominance of GT2 and GT4 found in L.
fermentum LAB-1 and Lactiplantibacillus plantarum strain
isolated from dairy products (Hossein 2022; Liang et al. 2023).
These two GT families comprise a huge number of proteins
characterised from various sources which have diverse func-
tions, being polyspecific. The GT2 and GT4 families include
many glycoside transferases which utilise diverse nucleotide-
sugar donors in glycosidic bond formation (Breton et al. 2006).
As reported by Génzle and Follador (2012), lactobacilli have the
strain- or species-specific ability to metabolise the disaccharides
cellobiose [Glu-f-(1—4)-D-Glu], trehalose [Glu-a-(1—1)-D-a-
Glu], and the a-D-glucosyl-D-fructose isomers turanose and
palatinose, this being confirmed by the carbon sources utili-
sation patterns in the AN Biolog assay reported for L. fermen-
tum CRL2085. Cellobiose, consisting of two glucose molecules
linked by a -(1—4) bond, is the degradation product of cellu-
lose or related plant g-glucans. In CRL2085 we identified the
cheB gene (UIR13_02370), coding for a cellobiose PTS system
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EIIC component, which simultaneously transports cellobiose
from the extracellular space into the cytoplasm and phosphor-
ylates it to cellobiose-6P, while the 6-phospho-beta-glucosidase,
which converts cellobiose-6P into D-glucose, was predicted as a
pseudogene by PGAP (UIR13_00595) but not by PROKKA.

Other carbon sources used by L. fermentum CRL2085 under the
consumption assay using the AN Biolog system were dextrin,
maltose, maltotriose, glucose-6-phosphate (Gluc 6-P), glucose-
1-phosphate (Glucl-P), and D-galactose. Several genes were
identified as responsible for galactose metabolism (galA, galK,
galU, galT, galE, galM, pgm, malL, lacZ, sacA, gatC, glk, and
glf). In addition, maltose phosphorilase (MalP) (UIR13_05660
from GH65 family predicted in the genome of CRL2085) is in-
volved in the reversible phosphorolysis of maltose to D-glucose
and 3-Glcl-P (Gao et al. 2019). This metabolic reaction does not
expend ATP for Gluc 6-P generation, being energetically more
favourable than hydrolysis. During maltose metabolism of het-
erofermenters such as L. fermentum, glucose is transiently accu-
mulated in the medium, showing that Gluc 6-P is preferentially
metabolised (Gidnzle and Follador 2012). MalP is highly specific
for maltose and cannot convert isomaltose, maltotriose, and
maltodextrins (Nakai et al. 2009). However, the utilisation of
maltodextrins is a common characteristic of lactobacilli, even
though extracellular amylases are not prevalent in this group.
In species adapted to starch-rich environments, such as plant-
derived lactobacilli, pullulanases and amylopullulanases, in
addition to amylases, are particularly efficient in maltose/malto-
dextrin utilisation (Zuniga et al. 2021). Because the use of dex-
trin and genes from three GH13 subfamilies were predicted in
the CRL2085 genome, the presence of oligo-1,6-glucosidase- and
a-glucosidase-encoding genes (GH13 family), which can cleave
glucose subunits from isomaltose and maltodextrins, as re-
ported for the sourdough strain L. fermentum IMDO130101, was
confirmed (UIR13_02585, Table 2). As stated by the AN Biolog
system, the utilisation of sucrose, fructose, and lactose was also
observed and agreed with the carbohydrate metabolism-related
genes annotated in the genome of L. fermentum CRL2085, as
well as in L. fermentum KUB-D18 (from chicken intestines) and
L. fermentum CECT5716 (from human breast milk) (Phujumpa
et al. 2022). The gene sacA coding for a p-fructofuranosidase
(UIR13_09125) which hydrolyses sucrose into glucose and
fructose, while lacM/lacLM genes coding for 3-galactosidase
(UIR13_03460) of the GH2 family, which catalyses the hydro-
lysis of lactose (Gidnzle 2014; Génzle and Follador 2012). The
utilisation of D-fructose reported by the Biolog assay is consis-
tent with the presence of the scrK gene coding for a fructoki-
nase (UIR13_00960) and two glucose-6-phosphate isomerases
(UIR13_00965 and UIR13_02090) converting fructose 6P into
Glucose 6P.

In the context of cattle feed applications, the ability of L. fer-
mentum CRL2085, demonstrated by phenotypic assay and by
its genomic repertoire, to degrade and utilise plant-derived
polysaccharides, such as starch, cellobiose, and maltodextrins,
which are abundant in silage and feedlot rations, highlights its
functional compatibility with the bovine gastrointestinal en-
vironment, contributing to the degradation of complex plant
materials, to a more stable and efficient ruminal fermentation,
potentially enhancing fibre digestibility and nutrient absorption
in cattle, improving the performance of ruminants.

Moreover, the utilisation of glycerol by L. fermentum CRL2085
assessed by the AN Biolog agrees with the presence of the gipK
gene, coding for a glycerol kinase (UIR13_02395) able to trans-
form the triol into glycerol-3-P, in coincidence with that reported
for L. fermentum strains by Verce et al. (2020).

In relation to the D-mannose consumption, we identified
manX, manY, and manZ coding for the mannose PTS sys-
tem EITAB (UIR13_08705), EIIC (UIR13_087010), and EIID
(UIR13_08715) components, respectively, and the manA gene,
coding for the mannose-6-phosphate isomerase (UIR13_08685),
converting mannose 6-P to fructose 6-P. Trehalose consump-
tion is realised through the action of a trehalose-6-phosphate
hydrolase (UIR13_07725) coded by the treC gene localised
downstream of treR, coding for the trehalose operon repressor
(UIR13_07730). These elements are located in a putative mobile
element, consistent with the presence of several transposases.

The variety of carbohydrate metabolism related genes in the L.
fermentum CRL2085 genome is significant in terms of its po-
tential versatile capability to gastrointestinal microhabitats and
interactions with human hosts; hence, it may improve its sur-
vivability, competitiveness, and persistence. Moreover, in vitro
carbon source utilisation by L. fermentum CRL2085 evaluated
by the Biolog AN system showed that from the utilised 42 car-
bon sources, a-ketovaleric acid, palatinose, and pyruvic acid
methyl ester were the greatest metabolised. Alpha-ketoacids are
central intermediates that are derived from amino acids by the
transaminase pathway and generate potent flavour compounds
(Smit et al. 2005). Palatinose or isomaltulose, as a sucrose de-
rivative, can be completely degraded to glucose and fructose by
disaccharidase (Boonyanit et al. 2011). In addition, a high rate of
pyruvic acid and pyruvic acid methyl ester was also consumed
by L. fermentum CRL2085, which plays a key role for cellular
biosynthesis.

The survival of orally administered probiotics is greatly com-
promised by the unique environment of the GIT, where they
are exposed to a plethora of harsh physicochemical conditions
(Bustos et al. 2024). In the L. fermentum CRL2085 genome, we
identified an abundance of genes encoding proteins associated
with its probiotic properties (Table S6). Mechanisms developed
by probiotics in response to GIT stress conditions involved the
modification of cell envelope and membrane lipids, alteration of
metabolic pathways, and over-expression of stress proteins for
macromolecule repair (Bustos et al. 2024). Therefore, protein
quality control, including refolding or degradation of damaged
proteins, plays an indispensable role under stressed conditions;
the synthesis of chaperones and proteases is quickly induced
to cope with this situation. Molecular chaperones are a special
class of heat shock proteins (Hsp), while the tasks of chaperones
are to protect functional proteins and to refold misfolded ones;
proteases provide the last line of defence by removing irrevers-
ibly damaged proteins, after which the amino acids are recy-
cled (Papadimitriou et al. 2016). Among them, 11 genes were
predicted for stress response, such as the system dnaK/dnalJ,
a well-conserved bacterial chaperone from the Hsp70 family
that can efficiently refold misfolded proteins, while another
predicted refolding system is the molecular chaperon and co-
chaperon groEL/groES coding genes (Hsp60 family; Edkins and
Boshoff 2021). In agreement, the presence of these genes was
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also found in L. fermentum LAB-1 (Hossain 2022) and other lac-
tobacilli and bifidobacteria, as described by Mills et al. (2011).
A putative thioredoxin trxA and thioredoxin-disulfide reductase
trxB genes were found in L. fermentum CRL2085, in agreement
with that reported for Lacticaseibacillus casei and Lpb. planta-
rum (Serata et al. 2012; Serrano et al. 2007). In addition, the two
genes hslO and tpx encoding proteins redox-regulated chaper-
one and thiol-specific peroxidase proteins were predicted in
CRL2085. These genes emphasise the protection from oxidative
stresses, playing a pivotal role in aerobic growth. In addition,
four genes coding for Clp family proteins were predicted in the
genome of L. fermentum CRL2085. Clp proteins are involved
in the main system for general protein turnover in LAB and
other low GC bacteria. The ATP-dependent ClpP protease is a
two-component protease consisting of a clpP-encoded serine
peptidase subunit and a Clp ATPase subunit (Frees et al. 2007).
Among them, genes coding for ATP-dependent Clp protease
ATP-binding subunits ClpX, CIpE, ClpB, and ClpA/ClpB prote-
ases were annotated in the CRL2085 strain. Some Clp ATPases
can interact with ClpP, while others function as independent
chaperones. As reported by Papadimitriou et al. (2016), the
genes for clpX, clpE, and clpB are typically present in LAB. In
coincidence, the genes encoding ClpX and CIpE proteins were
reported in the genome of L. fermentum 222 (from cocoa bean fer-
mentation) and ATC23271 (from human intestines) (dos Santos
et al. 2021; Illeghems et al. 2015). In addition, a set of genes in-
volved in acid and bile salts tolerance was predicted in the L.
fermentum CRL2085 genome. Two encoding genes for glucose-
6-phosphate isomerase, involved in acid and bile tolerance act-
ing as an acid shock protein, were annotated in the L. fermentum
CRL2085 genome, in agreement with what was detected in the
L. fermentum ATCC23271 genome (dos Santos et al. 2021). A
set of genes related to acid stress was also predicted; FOF1-ATP
synthases catalyse the most abundant physiological reaction in
the cell; membrane-bound enzymes use the energy derived from
an electrochemical proton gradient for ATP formation. FOF1-
ATP synthase subunits encoding genes atpD, atpA, atpF, atpE,
and atpB, as well as the atpH gene (ATP synthase F1 subunit
delta) were predicted in the L. fermentum CRL2085 genome.
ATP synthases are proteins mainly involved in acid tolerance,
as they are associated with pH cytoplasmic regulation by ATP
hydrolysis, which maintains pH homeostasis and protects cells
from the damage induced by an acidic environment (Neupane
et al. 2019). Concerning bile salts tolerance, L. fermentum
CRL2085 showed a high number of genes (31); the prediction
of two glucose-6-phosphate isomerase encoding genes GPI (con-
verts glucose-6-phosphate to fructose-6-phosphate) was found,
in agreement with that reported for L. fermentum ATCC23271
(dos Santos et al. 2021). In addition, seven putative genes cod-
ing for phosphotransferase system (PTS) were also identified
in the CRL2085 strain. PTS is one of the major active sugar
transport systems for bacteria. Several sugar-specific PTS com-
ponents were annotated, including mannose-specific IIA, IIC,
and IID components, sucrose-specific IIB, cellobiose-specific
IIC, and trehalose-specific ITA, as well as IIC components. The
PTS system has the advantage of being energetically more effi-
cient than other active transport systems since it is coupled with
substrate-level phosphorylation (Jeckelmann and Erni 2020).
Similar PTS systems were present in L. fermentum ATCC23271
and LAB-1 (Erni 2013; dos Santos et al. 2021; Hossain 2022).

ABC transporter and proline/glycine betaine transporter per-
meases coded by choS and gbuB genes, respectively, were also
predicted in CRL2085; they are involved in the acquisition of
osmoprotectants such as choline, proline, glycine, and betaine
to avoid osmotic stress in bacteria. The arcD gene, coding for ar-
ginine/ornithine antiporter, was also identified in L. fermentum
CRL2085, in coincidence with that reported for L. fermentum
ATCC23271, LAB-1, and IMDO130101 (dos Santos et al. 2021;
Hossain 2022; Verce et al. 2018); this amino acid membrane
transporter of the electrochemical potential-driven transport
family is part of the arginine deiminase system (ADS) that fa-
cilitates arginine supply as ADS substrate, thereby contributing
to environmental pH homeostasis and biologic fitness of bacte-
ria. As a contribution to acid tolerance, a sodium proton anti-
porter transport protein encoding gene yvgP was present in the
CRL2085 genome. Also, the genomic analysis predicted three
genes, ykgE, ykgF, and ykgG, encoding for L-lactate dehydroge-
nase (LDH) protein subunits, which are located within a gene
cluster (ykgEFG); the LDH complex of proteins is encoded by the
lactate permease operon, which may contribute to lactate catab-
olism and short chain fatty acids biosynthesis (Zhao et al. 2019).

Although a lower adhesion to Caco-2 human intestinal cells was
shown for L. fermentum CRL2085 compared to the L. rhamno-
sus GG strain, the in vivo outcomes previously reported by this
strain (Mansilla et al. 2020, 2022, 2023, 2024) strongly suggest
that it can successfully interact with the host environment.
Indeed, three genes associated with adhesion were predicted
in its genome (Table S6). The presence of inlJ and mapA genes,
coding for the internalin J (MucBP domain) and the hydrolase
collagen-binding protein, was also reported in the genome of
L. fermentum 3872 (Chatterjee et al. 2018). Since L. fermentum
CRL2085 was demonstrated to produce EPS (Figure 3), it might
directly adhere to the surfaces of intestinal surfaces promot-
ing bacterial adhesion. In addition, two peptidoglycan-binding
LysM proteins related to the aggregation process were also pre-
dicted in coincidence with that reported for the L. fermentum
ATCC23271 genome (dos Santos et al. 2021). Furthermore, we
demonstrated that L. fermentum CRL2085 is able to produce
EPS when grown in the presence of sucrose, a carbohydrate that
can be present in the bovine diet and gut. EPS production may
contribute to biofilm formation, which in turn could enhance
mucosal adhesion in vivo.

In addition, EPS are known to enhance probiotic competence of
LAB, protecting cell integrity in harsh conditions and provid-
ing resistance against antibiotics and phages, while also acting
as prebiotic compounds. We identified several genes potentially
involved in EPS biosynthesis. Detected genes included those en-
coding for sugar-activating enzymes, one 3-phosphoglucomutase
(B-pgm), an UDP-glucose-4-epimerase (galE), an UTP-glucose-
1-phosphate uridylyl-transferase (galU), involved in the activa-
tion of precursor molecules, and epsD and epsB coding for two
tyrosine-kinase proteins as previously described for L. fermen-
tum MC1 (breast milk), D2 (cow milk) and LAB-1 (yogur-like
beverage) (Butorac et al. 2021; Culjak et al. 2024; Hossain 2022).
In addition, in the L. fermentum CRL2085 genome we identified
a gene coding for a GH70 (UIR13_07035), a predicted dextran-
sucrase of 1638 aa with a KxYKxGKxW signal peptide domain
(pfam 19258), three putative cell wall binding repeats, and two
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choline binding repeats, putatively responsible for the EPS
production detected when the strain was grown on MRS sup-
plemented with sucrose. Furthermore, three putative EPS clus-
ters were mapped in the L. fermentum CRL2085 genome. The
first, located in contig_42, comprised two transposase genes
(UIR13_04960 and UIR13_05055), and genes coding for a Wzz
domain containing protein, which has chain length regulation
role, capsule biosynthetic proteins, GTs, EpsG family protein,
and polysaccharide biosynthesis C-terminal domain-containing
protein (UIR13_05070). The second cluster, although mapped
in several contigs, contained several GTs of families 2 and 4,
and one galactofuranosyltransferase. Both these two clusters
are similar to the EPS clusters described in L. fermentum 12,
an EPS producing strain isolated from Argentine cheese (Harris
et al. 2018). The third cluster is putatively involved in O-antigen
glycans biosynthesis and comprised genes coding for a sugar
transferase (UIR13_00805), a Wzz domain containing protein
(UIR13_00820), one GT2 family protein (UIR13_00830), glf
coding for UDP-galactopyranose mutase (UIR13_00840), and
one flippase (UTR13_00840).

The probiotic strain Lactobacillus johnsonii F19785, an E pro-
ducer of exopolysaccharides (EPS) studied in poultry, has been
reported to be effective as a competitive exclusion agent against
Campylobacter jejuni. The structure and biosynthesis of dex-
tran and Heptanose-containing polysaccharides (HePS) in this
strain, as well as the potential role of these polymers in biofilm
formation and host colonisation as a protective mechanism
against the hostile intestinal environment were described in
previous studies (Dertli et al. 2013, 2015; Werning et al. 2022).
The EPS-producing strains Ligilactobacillus salivarius BIS312
and BIS722 were tested combined with their purified EPS, aim-
ing at demonstrating the benefits of potential synbiotic appli-
cations in poultry feeding (Bikric et al. 2022). In addition, the
in vitro antioxidant, antibacterial, and anti-biofilm activities of
the HePS polymer produced by the probiotic strain Lactobacillus
gasseri F4, isolated from the gastrointestinal tract of free-range
chickens, have been demonstrated (Rani et al. 2017). Therefore,
the ability of L. fermentum CRL2085 to produce EPS is a key
factor in its probiotic potential. The use of EPS-producing LAB
as dietary supplements in animals intended for food production
could help prevent or reduce the spread of pathogens during the
primary production stage, thereby avoiding the use of antimi-
crobials in food production systems.

Biofilms or adherent structured microbial communities increase
resistance to gastrointestinal environment-related conditions.
Eleven genes for biofilm production have been predicted in the
genome of CRL2085; among them comGC and comGB coding for
proteins Type IV pili, which are dynamic filaments on the sur-
face of many bacteria with essential roles in attachment, coloni-
sation, and biofilm formation. The genes comEA, comEB, and
comCC encode proteins involved in DNA transport through the
cell membrane in natural transformation/horizontal gene trans-
fer, while comFA is the motor powering DNA transport during
natural transformation (Burghard-Schrod et al. 2022; Foster
et al. 2022). In addition, we detected elements of the LuxS/AI-2
quorum sensing system, which mediates interspecies and intra-
species signalling, regulates the probiotic activities of LAB, and
is associated with biofilm formation, pathogenicity, and resis-
tance to harsh conditions (Meng et al. 2022).

In L. fermentum CRL2085 genome, genes associated with nutri-
tional features, such as those for B-group vitamins such as ribofla-
vin (vitamin B2) and folate (vitamin B9) biosynthesis, as well as
feruloyl-esterase hydrolase, were predicted. Complete pathways
for riboflavin (ribA, ribB, ribD, ribE, ribF and yigB) and folate
(folA, folB, folK, folP, folC, folE and phoD) biosynthesis were re-
constructed (Figure 5). Riboflavin biosynthesis has a convergent
pathway with the initial substrates of the individual branches
being guanosine triphosphate and d-ribulose 5-phosphate, both
prevalent metabolites. In LAB, riboflavin synthase encoding
genes were clustered on a rib operon, and its products RibA,
RibB, RibD/G, and RibE/H catalyse the conversion of GTP and
5-phosphate ribose into riboflavin (Levit et al. 2020) (Figure 5A).
Additionally, ribF and yigB genes coding for bifunctional flavok-
inase able to dephosphorylate FMN (flavin-mononucleotide),
involved in oxidation-reduction reactions at all cellular levels
(Averianova et al. 2020) were also predicted. Folate biosynthesis
in lactobacilli requires eight enzymes involved in the conversion
of the guanosine triphosphate (GTP) precursor into tetrahydro-
folate (THF) polyglutamate (Mahara et al. 2023). Folate biosyn-
thesis proceeds through three main building blocks, namely the
pteridine moiety (6-hydroxymethyl-7,8-dihydropterinpyrophos
phate (DHPPP)), 4-aminobenzoic acid (p-aminobenzoic acid or
PABA), and glutamate (Figure 5B). Since most LAB are unable
to synthesise PABA and glutamate (Rossi et al. 2011), they must
be supplied in the medium. Thus, the folate biosynthetic pathway
can be split into two phases, that is, the formation of the pteridine
moiety (DHPPP) and the combination of the three constituents
of folate. Another interesting nutritional prediction in CRL2085
probiotic strain was the presence of two genes encoding feruloyl
esterase (FAE) proteins, in coincidence with those previously
described by Uezen et al. (2020). The predicted product was an-
notated as an aspartate-semialdehyde dehydrogenase, which
catalyses the NADPH-dependent formation of L-aspartate-
semialdehyde (L-ASA) through the reductive dephosphorylation
of L-aspartyl-4-phosphate. The second gene predicted encoded
esterases/lipases belonging to the c/f-fold hydrolase family, ex-
hibiting the classical serine nucleophilic motif (GxSxG) described
for some carboxyl esterases. Feruloyl esterase is a hydrolase sub-
class acting on carboxylic esters. Indeed, the FAE enzyme acts on
phenolic acids and polysaccharides involved in the cross-linking
of hemicellulose and lignin in plant cell walls, catalysing the for-
mation of ferulate ester bonds, resulting in the release of various
free hydroxycinnamic acids (HCA) or their dimers. In addition
to its ability to degrade hemicellulose (silage), ferulic acid is a
cinnamic acid derivative exhibiting strong antioxidant activity
(Zheng et al. 2024). It has been observed that silage inoculants
producing feruloyl esterase (FAE) have great potential to improve
silage digestion efficiency, breaking the bonds between lignin and
carbohydrates in the cell walls of forages, thus releasing ferulic
acid from arabinoxylans during the ensiling process; indeed, the
cell wall digestion degree in the rumen is strongly influenced by
the amount of ferulic acid (Guo et al. 2022; Uezen et al. 2020).

The integrated genomic and phenotypic approach adopted in
this study highlights the potential of L. fermentum CRL2085
as a probiotic candidate for cattle feed applications. However,
further studies are necessary to evaluate its persistence
in vivo models of the bovine gastrointestinal tract, in which
the immunomodulatory effect of this strain was already
proved (Mansilla et al. 2020). Although the strain exhibited
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FIGURES5 | (A)Riboflavin and (B) folate biosynthetic pathway reconstructed in the genome of L. fermentum CRL2085.

only moderate adhesion to Caco-2 cells, this limitation may
not fully reflect its ability to interact with bovine intestinal
cells. Furthermore, as with any probiotic strain, the optimis-
ation of administration strategies, including dosage, delivery
methods (e.g., encapsulation), and formulation, and the poten-
tial synergy with prebiotic or other probiotic components is
essential. In addition, long-term in vivo studies are required to
comprehensively assess its effects on animal health, immune
modulation, and gut microbiota composition, ultimately refin-
ing its application in livestock systems.

5 | Conclusions

This study provides a comprehensive genomic and phenotypic
characterisation of Limosilactobacillus fermentum CRL2085, a
strain previously shown to improve the nutritional status and
productivity parameters in feedlot cattle, highlighting several
traits of functional and nutritional relevance that support its
use as a probiotic in cattle feed. The presence of genes involved
in acid and bile salt tolerance, oxidative and osmotic stress re-
sponse, and adhesion supports the strain's capability to survive
and function in the gastrointestinal tract of ruminants.

The ability of L. fermentum CRL2085 to metabolise a broad
spectrum of plant-derived carbohydrates, including those abun-
dant in cattle feed (e.g., starch, cellobiose, maltodextrins), and
to synthesise B-group vitamins such as folate and riboflavin,
supports its potential for improving nutrient availability, feed
digestibility, and gut health in cattle. These features, along with

its capacity to produce EPS with sucrose, which contribute to
biofilm formation, may also enhance microbial stability and col-
onisation in the bovine gut environment.

The genomic and pangenomic analysis presented in this work
will contribute to expanding the knowledge on L. fermentum
species for its potential use in sustainable animal production
systems. In addition, when combined with phenotypic valida-
tion, this combined approach provides a robust framework for
the rational selection of probiotics for livestock applications.

The absence of horizontally acquired antimicrobial genes vali-
dated the safety assessment of the strains and positioned it as a
promising candidate for inclusion in feed formulations as a nat-
ural alternative to antibiotic growth promoters, contributing to
safer and more sustainable meat production systems. This aligns
with current regulatory trends and growing consumer demand
for antibiotic-free livestock products.

Further studies will be focused on optimising delivery systems
and synergistic formulations with prebiotics, to improve the
viability and in vivo efficacy of the strain under feedlot condi-
tions, as well as evaluating its long-term effects on animal per-
formance, immune modulation, and microbiome composition.

Author Contributions

Cecilia M. Aristimuiio Ficoseco: conceptualization, data curation,
investigation, visualization, writing - original draft. Daniele Chieffi:

14 of 19

Environmental Microbiology Reports, 2025

35UB017 SUOWILLIOD dAITER1D 3|qed!|dde au Aq pauenob afe sapiie YO ‘8N JO S9N 10} ARiqIT BUIUO AB|IA UO (SUORIPUOD-PUR-SWLBYW0D /S 1M Ale.q 1 U1 UO//SANY) SUORIPUOD pUe SWB | 8L} 39S *[5202/60/TT] U0 ARiqiTauluQ A|IM *,IPP BZUSIDS Ip 0IMS| || dNOYD ¥ND Ad 9/T0.'6222-8S.T/TTTT OT/I0P/W0D A3 1M ARRIq 1 BU1|UO'S [EUINO [-00 IO IAUS//:SANY W01} papeo|umod 'S ‘S20Z '62228S.T



formal analysis, investigation, visualization. Marco Montemurro:
formal analysis, investigation, visualization. Annarita Bavaro: inves-
tigation. Carlo G. Rizzello: resources. Maria E. F. Nader-Macias:
visualization. Silvina Fadda: methodology, funding acquisition,
resources, project administration. Francesca Fanelli: conceptual-
ization, methodology, data curation, investigation, formal analysis, su-
pervision, visualization, writing - original draft, writing - review and
editing. Vincenzina Fusco: methodology, funding acquisition, project
administration, resources. Graciela M. Vignolo: conceptualization,
writing - original draft, writing — review and editing.

Acknowledgements

This work was as well supported by the Joint Bilateral Agreement, CNR
(Italy) / National Scientific and Technical Research Council, CONICET
(Argentina): 'Lactic Acid Bacteria as bioprotective agents against zoo-
notic pathogens in the meat chain’, Biennial Programme 2023-2024, to
V.F. and SF.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

Al-Shawi, S. G, D. S. Dang, A. Y. Yousif, Z. K. Al-Younis, T. A. Najm,
and S. K. Matarneh. 2020. “The Potential Use of Probiotics to Improve
Animal Health, Efficiency, and Meat Quality: A Review.” Agriculture
10, no. 10: 452. https://doi.org/10.3390/agriculture10100452.

Aristimufio Ficoseco, M. C., F. I. Mansilla, N. C. Maldonado, M. H.
Miranda, M. E. F. Nader-Macias, and G. M. Vignolo. 2018. “Safety and
Growth Optimization of Lactic Acid Bacteria Isolated From Feedlot
Cattle for Probiotic Formula Design.” Frontiers in Microbiology 9: 2220.
https://doi.org/10.3389/fmicb.2018.02220.

Aryantini, N. P. D., J. B. Prajapati, T. Urashima, and K. Fukuda. 2017.
“Complete Genome Sequence of Lactobacillus fermentum MTCC25067
(Formerly TDS030603), a Viscous Exopolysaccharide-Producing Strain
Isolated From Indian Fermented Milk.” Genome Announcements 5:
€00091-17. https://doi.org/10.1128/genomeA.00091-17.

Averianova, L., L. A. Balabanova, O. M. Son, A. B. Podvolotskaya,
and L. A. Tekutyeva. 2020. “Production of Vitamin B2 (Riboflavin)
by Microorganisms: An Overview.” Frontiers in Bioengineering and
Biotechnology 8: 570828. https://doi.org/10.3389/fbioe.2020.570828.

Ayivi, R. D., R. Gyawali, A. Krastanov, et al. 2020. “Lactic Acid Bacteria:
Food Safety and Human Health Applications.” Dairy 1, no. 3: 202-232.
https://doi.org/10.3390/dairy1030015.

Bakowski, M., and P. Kiczorowska. 2021. “Probiotic Microorganisms
and Herbs in Ruminant Nutrition as Natural Modulators of Health and
Production Efficiency—A Review.” Annals of Animal Science 21, no. 1:
3-28. https://doi.org/10.2478/a0as-2020-0081.

Bertelli, C., M. R. Laird, and K. P. Williams. 2017. “IslandViewer 4:
Expanded Prediction of Genomic Islands for Larger-Scale Datasets.”
Nucleic Acids Research 1: gkx343. https://doi.org/10.1093/nar/gkx343.

Bhogoju, S., and S. Nahashon. 2022. “Recent Advances in Probiotic
Application in Animal Health and Nutrition: A Review.” Agriculture 12,
no. 2: 304. https://doi.org/10.3390/agriculture12020304.

Bikric, S., B. Aslim, I. Dincer, Z. Yuksekdag, S. Ulusoy, and S. Yavuz.
2022. “Characterization of Exopolysaccharides (EPSs) Obtained From
Ligilactobacillus salivarius Strains and Investigation at the Prebiotic

Potential as an Alternative to Plant Prebiotics at Poultry.” Probiotics and
Antimicrobial Proteins 14, no. 1: 49-59.

Blin, K., S. Shaw, H. E. Augustijn, et al. 2023. “antiSMASH 7.0: New and
Improved Predictions for Detection, Regulation, Chemical Structures
and Visualisation.” Nucleic Acids Research 51, no. W1: W46-W50.
https://doi.org/10.1093/nar/gkad344.

Boonyanit, T., T. Sroisiri, and T. Doan Minh. 2011. “Fermentation of
Various Sugars and Sugar Substitutes by Oral Microorganisms.” Asian
Pacific Journal of Tropical Biomedicine 1, no. 2: S258-S260. https://doi.
0rg/10.1016/52221-1691(11)60166-4.

Brandt, K., and R. Barrangou. 2018. “Using Glycolysis Enzyme
Sequences to Inform Lactobacillus Phylogeny.” Microbial Genomics 4,
no. 12: e000187. https://doi.org/10.1099/mgen.0.000187.

Brandt, K., M. A. Nethery, S. O'Flaherty, and R. Barrangou. 2020.
“Genomic Characterization of Lactobacillus fermentum DSM
20052.” BMC Genomics 21, no. 1: 328. https://doi.org/10.1186/s1286
4-020-6740-8.

Breton, C., J. Snajdrové, C. Jeanneau, J. Koca, and A. Imberty. 2006.
“Structures and Mechanisms of Glycosyltransferases.” Glycobiology 16,
no. 1: 29R-37R. https://doi.org/10.1093/glycob/cwj016.

Burghard-Schrod, M., A. Kilb, K. Krdmer, and P. L. Graumann. 2022.
“Single-Molecule Dynamics of DNA Receptor ComEA, Membrane
Permease ComEC, and Taken-Up DNA in Competent Bacillus subtilis
Cells.” Journal of Bacteriology 204, no. 3: €00572-21. https://doi.org/10.
1128/jb.00572-21.

Bustos, A. Y., M. P. Taranto, C. L. Gerez, et al. 2024. “Recent Advances
in the Understanding of Stress Resistance Mechanisms in Probiotics:
Relevance for the Design of Functional Food Systems.” Probiotics and
Antimicrobial Proteins 17: 138-158. https://doi.org/10.1007/s12602-024-
10273-9.

Butorac, K., J. Novak, B. Bellich, et al. 2021. “Lyophilized Alginate-
Based Microspheres Containing Lactobacillus fermentum D12, an
Exopolysaccharides Producer, Contribute to the Strain's Functionality
in Vitro.” Microbial Cell Factories 20: 85. https://doi.org/10.1186/s1293
4-021-01575-6.

Chatterjee, M., A. C. Pushkaran, A. K. Vasudevan, K. K. N. Menon,
R. Biswas, and C. G. Mohan. 2018. “Understanding the Adhesion
Mechanism of a Mucin Binding Domain From Lactobacillus fermen-
tum and Its Role in Enteropathogen Exclusion.” International Journal of
Biological Macromolecules 110: 598-607. https://doi.org/10.1016/].ijbio
mac.2017.10.107.

Couvin, D., A. Bernheim, C. Toffano-Nioche, et al. 2018.
“CRISPRCasFinder, an Update of CRISRFinder, Includes a Portable
Version, Enhanced Performance and Integrates Search for Cas
Proteins.” Nucleic Acids Research 46, no. W1: W246-W251. https://doi.
org/10.1093/nar/gky425.

Crawley, A. B., E. D. Henriksen, E. Stout, K. Brandt, and R. Barrangou.
2018. “Characterizing the Activity of Abundant, Diverse and Active
CRISPR-Cas Systems in Lactobacilli.” Scientific Reports 8: 11544.
https://doi.org/10.1038/s41598-018-29746-3.

Cui, Y., and X. Qu. 2024. “CRISPR-Cas Systems of Lactic Acid Bacteria
and Applications in Food Science.” Biotechnology Advances 71: 108323.
https://doi.org/10.1016/j.biotechadv.2024.108323.

Culjak, N., B. Bellich, A. Pedroni, et al. 2024. “Limosilactobacillus
fermentum Strains MC1 and DI12: Functional Properties and
Exopolysaccharides Characterization.” International Journal of
Biological Macromolecules 273: 133215. https://doi.org/10.1016/j.ijbio
mac.2024.133215.

Da Silva, T. F.,, R. Assis Gloria, M. F. Americo, et al. 2024. “Unlocking
the Potential of Probiotics: A Comprehensive Review on Research,
Production, and Regulation of Probiotics.” Probiotics and Antimicrobial
Proteins 16: 1687-1723. https://doi.org/10.1007/512602-024-10247-x.

150f 19

35UB017 SUOWILLIOD dAITER1D 3|qed!|dde au Aq pauenob afe sapiie YO ‘8N JO S9N 10} ARiqIT BUIUO AB|IA UO (SUORIPUOD-PUR-SWLBYW0D /S 1M Ale.q 1 U1 UO//SANY) SUORIPUOD pUe SWB | 8L} 39S *[5202/60/TT] U0 ARiqiTauluQ A|IM *,IPP BZUSIDS Ip 0IMS| || dNOYD ¥ND Ad 9/T0.'6222-8S.T/TTTT OT/I0P/W0D A3 1M ARRIq 1 BU1|UO'S [EUINO [-00 IO IAUS//:SANY W01} papeo|umod 'S ‘S20Z '62228S.T


https://doi.org/10.3390/agriculture10100452
https://doi.org/10.3389/fmicb.2018.02220
https://doi.org/10.1128/genomeA.00091-17
https://doi.org/10.3389/fbioe.2020.570828
https://doi.org/10.3390/dairy1030015
https://doi.org/10.2478/aoas-2020-0081
https://doi.org/10.1093/nar/gkx343
https://doi.org/10.3390/agriculture12020304
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.1016/S2221-1691(11)60166-4
https://doi.org/10.1016/S2221-1691(11)60166-4
https://doi.org/10.1099/mgen.0.000187
https://doi.org/10.1186/s12864-020-6740-8
https://doi.org/10.1186/s12864-020-6740-8
https://doi.org/10.1093/glycob/cwj016
https://doi.org/10.1128/jb.00572-21
https://doi.org/10.1128/jb.00572-21
https://doi.org/10.1007/s12602-024-10273-9
https://doi.org/10.1007/s12602-024-10273-9
https://doi.org/10.1186/s12934-021-01575-6
https://doi.org/10.1186/s12934-021-01575-6
https://doi.org/10.1016/j.ijbiomac.2017.10.107
https://doi.org/10.1016/j.ijbiomac.2017.10.107
https://doi.org/10.1093/nar/gky425
https://doi.org/10.1093/nar/gky425
https://doi.org/10.1038/s41598-018-29746-3
https://doi.org/10.1016/j.biotechadv.2024.108323
https://doi.org/10.1016/j.ijbiomac.2024.133215
https://doi.org/10.1016/j.ijbiomac.2024.133215
https://doi.org/10.1007/s12602-024-10247-x

de Luna Freire, M. O., J. P. R. Ribeiro Cruz Neto, D. E. de Albuquerque
Lemos, et al. 2024. “Limosilactobacillus fermentum Strains as Novel
Probiotic Candidates to Promote Host Health Benefits and Development
of Biotherapeutics: A Comprehensive Review.” Probiotics and
Antimicrobial Proteins 16: 1483-1498. https://doi.org/10.1007/s12602-
024-10235-1.

Dellagio, F., S. Torriani, and G. E. Felis. 2004. “Reclassification of
Lactobacillus cellobiosus Rogosa Et al. 1953 as a Later Synonym of
Lactobacillus fermentum Beijerinck 1901.” International Journal of
Systematic and Evolutionary Microbiology 54, no. 3: 809-812. https://
doi.org/10.1099/ijs.0.02947-0.

Dereeper, A., M. Summo, and D. F. Meyer. 2022. “PanExplorer: A Web-
Based Tool for Exploratory Analysis and Visualization of Bacterial Pan-
Genomes.” Bioinformatics 38: 4412-4414. https://doi.org/10.1093/bioin
formatics/btac504.

Dertli, E., I. J. Colquhoun, A. P. Gunning, et al. 2013. “Structure and
Biosynthesis of Two Exopolysaccharides Produced by Lactobacillus
Jjohnsonii F19785.” Journal of Biological Chemistry 288: 31938-31951.

Dertli, E., M. J. Mayer, and A. Narbad. 2015. “Impact of the
Exopolysaccharide Layer on Biofilms, Adhesion and Resistance to
Stress in Lactobacillus johnsonii F19785.” BMC Microbiology 15: 8.
https://doi.org/10.1186/s12866-015-0347-2.

Dong, Z., and B. H. Lee. 2018. “Bile Salt Hydrolases: Structure and
Function, Substrate.”

dos Santos, C. I, C. D. L. Campos, W. R. Nunes-Neto, et al. 2021.
“Genomic Analysis of Limosilactobacillus fermentum ATCC 23271, a
Potential Probiotic Strain With Anti-Candida Activity.” Journal of Fungi
7:794. https://doi.org/10.3390/jof7100794.

Duar, R. M, X. B. Lin, J. Zheng, et al. 2017. “Lifestyles in Transition:
Evolution and Natural History of the Genus Lactobacillus.” FEMS
Microbiology Reviews 41: S27-S48. https://doi.org/10.1093/femsre/
fux030.

Edkins, A. L., and A. Boshoff. 2021. “General Structural and Functional
Features of Molecular Chaperones.” In Heat Shock Proteins of Malaria.
Advances in Experimental Medicine and Biology, edited by A. Shonhai,
D. Picard, and G. L. Blatch, vol. 1340. Springer. https://doi.org/10.1007/
978-3-030-78397-6_2.

Erni, B. 2013. “The Bacterial Phosphoenolpyruvate, Sugar
Phosphotransferase System (PTS): An Interface Between Energy and
Signal Transduction.” Journal of the Iranian Chemical Society 10: 593-
630. https://doi.org/10.1007/s13738-012-0185-1.

European Parliament and Council of the European Union. 2003.
“Regulation (EC) No 1831/2003 of 22 September 2003 on additives
for use in animal nutrition.” Official Journal of the European Union
L268: 29-43. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
CELEX%3A32003R1831.

Fanelli, F., M. Montemurro, M. Verni, et al. 2023. “Probiotic Potential
and Safety Assessment of Type Strains of Weissella and Periweissella
Species.” Microbiology Spectrum 11, no. 2: e0304722. https://doi.org/10.
1128/spectrum.03047-22.

FAO/WHO. 2002. Joint FAO/WHO Working Group Report on Drafting
Guidelines for the Evaluation of Probiotics in Food. Food and Agricultural
Organization of the United Nations. ftp://ftp.fao.org/es/esn/food/wgrep
ort2.pdf.

Foster, H. R., X. Lin, S. Srikant, et al. 2022. “Natural Transformation
Protein ComFA Exhibits Single-Stranded DNA Translocase Activity.”
Journal of Bacteriology 204, no. 3: e00518-21. https://doi.org/10.1128/
JB.00518-21.

Frees, D., K. Savijoki, P. Varmanen, and H. Ingmer. 2007. “Clp ATPases
and ClpP Proteolytic Complexes Regulate Vital Biological Processes in
Low GC, Gram-Positive Bacteria.” Molecular Microbiology 63: 1285-
1295. https://doi.org/10.1111/j.1365-2958.2007.05598.x.

Gangoiti, J., T. Pijning, and L. Dijkhuizen. 2018. “Biotechnological
Potential of Novel Glycoside Hydrolase Family 70 Enzymes Synthesizing
a-Glucans From Starch and Sucrose.” Biotechnology Advances 36: 196—
207. https://doi.org/10.1016/j.biotechadv.2017.11.001.

Giénzle, M. 2014. “Enzymatic and Bacterial Conversions During
Sourdough Fermentation.” Food Microbiology 37: 2-10. https://doi.org/
10.1016/j.fm.2013.04.007.

Génzle, M., and R. Follador. 2012. “Metabolism of Oligosaccharides
and Starch in Lactobacilli: A Review.” Frontiers in Microbiology 3: 340.
https://doi.org/10.3389/fmicb.2012.00340.

Génzle, M., and V. Ripari. 2016. “Composition and Function of
Sourdough Microbiota: From Ecological Theory to Bread Quality.”
International Journal of Food Microbiology 239: 19-25. https://doi.org/
10.1016/j.ijfoodmicro.

Gao, Y., W. Saburi, Y. Taguchi, and H. Mori. 2019. “Biochemical
Characteristics of Maltose Phosphorylase MalE From Bacillus sp.
AHU2001 and Chemoenzymatic Synthesis of Oligosaccharides by the
Enzyme.” Bioscience, Biotechnology, and Biochemistry 83: 2097-2109.
https://doi.org/10.1080/09168451.2019.1634516.

Guhanraj, R., and D. Dhanasekaran. 2024. “Probiotic Functional
Gene Explorations in the Genome of Limosilactobacillus fermentum
GD5MG.” Microbial Pathogenesis 192: 106686. https://doi.org/10.1016/j.
micpath.2024.106686.

Guo, X., D. Xu, F. Li, J. Bai, and R. Su. 2022. “Current Approaches on the
Roles of Lactic Acid Bacteria in Crop Silage.” Microbial Biotechnology
16: 67-87. https://doi.org/10.1111/1751-7915.14184.

Han, G., and S. Vaishnava. 2023. “Mucin-Binding Adhesins: A Key to
Unlocking the Door of Mutualism.” Cell Host & Microbe 31: 1254-1256.
https://doi.org/10.1016/j.chom.2023.07.007.

Harris, H. M. B, E. C. Ale, J. A. Reinheimer, A. G. Binetti, and P. W.
O'Toole. 2018. “Draft Genome Sequence of Lactobacillus fermentum
Lf2, an Exopolysaccharide-Producing Strain Isolated From Argentine
Cheese.” Microbiology Resource Announcements 7: e01072-18. https://
doi.org/10.1128/mra.01072-18.

Heeney, D. D., M. G. Gareau, and M. L. Marco. 2018. “Intestinal
Lactobacillus in Health and Disease, a Driver or Just Along for the
Ride?” Current Opinion in Biotechnology 49: 140-147. https://doi.org/10.
1016/j.copbio.2017.08.004.

Hill, C., F. Guarner, G. Reid, et al. 2014. “The International Scientific
Association for Probiotics and Prebiotics Consensus Statement on the
Scope and Appropriate Use of the Term Probiotic.” Nature Reviews.
Gastroenterology & Hepatology 11: 506-514. https://doi.org/10.1038/
nrgastro.2014.66.

Hille, F., and E. Charpentier. 2016. “CRISPR-Cas: Biology, Mechanisms
and Relevance.” Philosophical Transactions of the Royal Society B 371:
20150496. https://doi.org/10.1098/rstb.2015.0496.

Hossain, T. J. 2022. “Functional Genomics of the Lactic Acid Bacterium
Limosilactobacillus fermentum LAB-1: Metabolic, Probiotic and
Biotechnological Perspectives.” Heliyon 8: el1412. https://doi.org/10.
1016/j.heliyon.2022.e11412.

Hu, S., J. Kong, W. Kong, T. Guo, and M. Ji. 2010. “Characterization
of a Novel LysM Domain From Lactobacillus fermentum Bacteriophage
Endolysin and Its Use as an Anchor to Display Heterologous Proteins
on the Surfaces of Lactic Acid Bacteria.” Applied and Environmental
Microbiology 76: 2410-2418. https://doi.org/10.1128/AEM.01752-09.

Illeghems, K., L. De Vuyst, and S. Weckx. 2015. “Comparative
Genome Analysis of the Candidate Functional Starter Culture Strains
Lactobacillus fermentum 222 and 80 for Controlled Cocoa Bean
Fermentation Process.” BMC Genomics 16: 766. https://doi.org/10.1186/
$12864-015-1927-0.

Inagaki, N., A. Iguchi, T. Yokoyama, et al. 2009. “Molecular Properties
of the Glucosaminidase AcmA From Lactococcus lactis MG1363:

16 of 19

Environmental Microbiology Reports, 2025

35UB017 SUOWILLIOD dAITER1D 3|qed!|dde au Aq pauenob afe sapiie YO ‘8N JO S9N 10} ARiqIT BUIUO AB|IA UO (SUORIPUOD-PUR-SWLBYW0D /S 1M Ale.q 1 U1 UO//SANY) SUORIPUOD pUe SWB | 8L} 39S *[5202/60/TT] U0 ARiqiTauluQ A|IM *,IPP BZUSIDS Ip 0IMS| || dNOYD ¥ND Ad 9/T0.'6222-8S.T/TTTT OT/I0P/W0D A3 1M ARRIq 1 BU1|UO'S [EUINO [-00 IO IAUS//:SANY W01} papeo|umod 'S ‘S20Z '62228S.T


https://doi.org/10.1007/s12602-024-10235-1
https://doi.org/10.1007/s12602-024-10235-1
https://doi.org/10.1099/ijs.0.02947-0
https://doi.org/10.1099/ijs.0.02947-0
https://doi.org/10.1093/bioinformatics/btac504
https://doi.org/10.1093/bioinformatics/btac504
https://doi.org/10.1186/s12866-015-0347-2
https://doi.org/10.3390/jof7100794
https://doi.org/10.1093/femsre/fux030
https://doi.org/10.1093/femsre/fux030
https://doi.org/10.1007/978-3-030-78397-6_2
https://doi.org/10.1007/978-3-030-78397-6_2
https://doi.org/10.1007/s13738-012-0185-1
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32003R1831
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32003R1831
https://doi.org/10.1128/spectrum.03047-22
https://doi.org/10.1128/spectrum.03047-22
ftp://ftp.fao.org/es/esn/food/wgreport2.pdf
ftp://ftp.fao.org/es/esn/food/wgreport2.pdf
https://doi.org/10.1128/JB.00518-21
https://doi.org/10.1128/JB.00518-21
https://doi.org/10.1111/j.1365-2958.2007.05598.x
https://doi.org/10.1016/j.biotechadv.2017.11.001
https://doi.org/10.1016/j.fm.2013.04.007
https://doi.org/10.1016/j.fm.2013.04.007
https://doi.org/10.3389/fmicb.2012.00340
https://doi.org/10.1016/j.ijfoodmicro
https://doi.org/10.1016/j.ijfoodmicro
https://doi.org/10.1080/09168451.2019.1634516
https://doi.org/10.1016/j.micpath.2024.106686
https://doi.org/10.1016/j.micpath.2024.106686
https://doi.org/10.1111/1751-7915.14184
https://doi.org/10.1016/j.chom.2023.07.007
https://doi.org/10.1128/mra.01072-18
https://doi.org/10.1128/mra.01072-18
https://doi.org/10.1016/j.copbio.2017.08.004
https://doi.org/10.1016/j.copbio.2017.08.004
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1098/rstb.2015.0496
https://doi.org/10.1016/j.heliyon.2022.e11412
https://doi.org/10.1016/j.heliyon.2022.e11412
https://doi.org/10.1128/AEM.01752-09
https://doi.org/10.1186/s12864-015-1927-0
https://doi.org/10.1186/s12864-015-1927-0

Mutational and Biochemical Analyses.” Gene 447: 61-71. https://doi.
org/10.1016/j.gene.2009.08.004.

ISAPP (International Scientific Association of Probiotics and
Prebiotics). 2018. “ISAPP Position Statement on Minimum Criteria For
Harmonizing Global Regulatory Approaches For Probiotics in Foods
and Supplements.” https://4caudjsalerlzglkq3wnmjel-wpengine.netdn
a-ssl.com/wp-content/uploads/2018/10/summary-document-probiotics
-criteria-ISAPP.pdf.

Janecek, S., B. Svensson, and E. A. MacGregor. 2014. “a-Amylase: An
Enzyme Specificity Found in Various Families of Glycoside Hydrolases.”
Cellular and Molecular Life Sciences 71: 1149-1170. https://doi.org/10.
1007/s00018-013-1388-z.

Jeckelmann, J.-M., and B. Erni. 2020. “The Mannose Phosphotransferase
System (Man-PTS)—Mannose Transporter and Receptor for
Bacteriocins and Bacteriophages.” Biochimica et Biophysica Acta -
Biomembranes 1862: 183412. https://doi.org/10.1016/j.bbamem.2020.
183412.

Kim, B., J. y. Heo, X. Xu, et al. 2023. “Complete Genome Sequence
of Candidate Probiotic Limosilactobacillus fermentum KUFM407.”
Journal of Animal Science and Technology 66: 859-862. https://doi.org/
10.5187/jast.2023.e122.

Kobayashi, N., K. Nishino, and A. Yamaguchi. 2001. “Novel Macrolide-
Specific ABC-Type Efflux Transporter in Escherichia coli.” Journal of
Bacteriology 183: 5639-5644. https://doi.org/10.1128/JB.183.19.5639-
5644.2001.

Koutsoumanis, K., A. Allende, A. Alvarez-Ordoéiiez, et al. 2021. “Update
of the List of QPS-Recommended Biological Agents Intentionally Added
to Food or Feed as Notified to EFSA 14: Suitability of Taxonomic Units
Notified to EFSA Until March 2021.” EFSA Journal 19: €06689. https://
doi.org/10.2903/j.efsa.2021.6689.

Ksiezarek, M., F. Grosso, T. Gongalves Ribeiro, and L. Peixe. 2022.
“Genomic Diversity of Genus Limosilactobacillus.” Microbial Genomics
8: mgen000847. https://doi.org/10.1099/mgen.0.000847.

Lee, S., H. J. You, B. Kwon, and G. Koa. 2017. “Complete Genome
Sequence of the Plasmid-Bearing Lactobacillus fermentum Strain
SNUV175, a Probiotic for Women's Health Isolated From the Vagina of a
Healthy South Korean Woman.” Genome Announcements 5: €00045-17.
https://doi.org/10.1128/genomeA.00045-17.

Letunic, I., and P. Bork. 2024. “Interactive Tree of Life (iTOL) v6: Recent
Updates to the Phylogenetic Tree Display and Annotation Tool.” Nucleic
Acids Research 52, no. W1: W78-W82. https://doi.org/10.1093/nar/
gkae268.

Levit, R., G. Savoy de Giori, A. de Moreno de LeBlanc, and J. L. LeBlanc.
2020. “Recent Update on Lactic Acid Bacteria Producing Riboflavin and
Folates: Application for Food Fortification and Treatment of Intestinal
Inflammation.” Journal of Applied Microbiology 130: 1412-1424. https://
doi.org/10.1111/jam.14854.

Liang, T., T. Jiang, Z. Liang, et al. 2023. “Carbohydrate-Active Enzyme
Profiles of Lactiplantibacillus plantarum Strain 84-3 Contribute to
Flavor Formation in Fermented Dairy and Vegetable Products.” Food
Chemistry: X 20: 101036. https://doi.org/10.1016/j.fochx.2023.101036.

Mahara, F. A., L. Nuraida, H. N. Lioe, and S. Nurjanah. 2023. “The
Occurrence of Folate Biosynthesis Genes in Lactic Acid Bacteria From
Different Sources.” Food Technology and Biotechnology 61: 226-237.
https://doi.org/10.17113/ftb.61.02.23.7929.

Makarova, K., A. Slesarev, Y. Wolf, et al. 2006. “Comparative Genomics
of the Lactic Acid Bacteria.” Proceedings of the National Academy of
Sciences of the United States of America 103: 15611-15616. https://doi.
0rg/10.1073/pnas.0607117103.

Maldonado, N. C., C. Aristimufio Ficoseco, F. I. Mansilla, et al. 2018.
“Identification, Characterization and Selection of Autochthonous
Lactic Acid Bacteria as Probiotic for Feedlot Cattle.” Livestock Science
212:99-110. https://doi.org/10.1016/j.livsci.2018.04.003.

Mansilla, F. I., M. C. Aristimufio Ficoseco, M. H. Miranda, M. D. Villar,
G. M. Vignolo, and M. E. F. Nader-Macias. 2024. “Effect of Probiotics on
the Growth, Blood Profile, and Nutritional-Metabolic Profile of Feedlot
Cattle.” Academia Biology 2. https://doi.org/10.20935/AcadBiol7287.

Mansilla, F.1.,C. A.Ficoseco, M. H.Miranda, etal. 2022. “Administration
of Probiotic Lactic Acid Bacteria to Modulate Fecal Microbiome in
Feedlot Cattle.” Scientific Reports 12, no. 1: 12957. https://doi.org/10.
1038/s41598-022-16786-z.

Mansilla, F. 1., M. H. Miranda, J. D. Uezen, et al. 2023. “Effect of
Probiotic Lactobacilli Supplementation on Growth Parameters, Blood
Profile, Productive Performance, and Fecal Microbiology in Feedlot
Cattle.” Research in Veterinary Science 155: 76-87. https://doi.org/10.
1016/j.rvsc.2023.01.003.

Mansilla, F., M. Takagi, V. Garcia-Castilli, et al. 2020. “Modulation of
Toll-Like Receptor-Mediated Innate Immunity in Bovine Intestinal
Epithelial Cells by Lactic Acid Bacteria Isolated From Feedlot Cattle.”
Beneficial Microbes 11: 269-282. https://doi.org/10.3920/BM2019.0189.

Meng, F., M. Zhao, and Z. Lu. 2022. “The LuxS/AI-2 System Regulates
the Probiotic Activities of Lactic Acid Bacteria.” Trends in Food Science
and Technology 127: 272-279. https://doi.org/10.1016/j.tifs.2022.05.014.

Mills, S., S. Stanton, G. F. Fitzgerald, and R. P. Ross. 2011. “Enhancing
the Stress Responses of Probiotics for a Lifestyle From Gut to Product
and Back Again.” Microbial Cell Factories 10, no. Suppl 1: S19. https://
doi.org/10.1186/1475-2859-10-S1-S19.

Mollova, D., T. Vasileva, V. Bivolarski, and I. Iliev. 2023. “The Enzymatic
Hydrolysis of Human Milk Oligosaccharides and Prebiotic Sugars From
LAB Isolated From Breast Milk.” Microorganisms 11: 1904. https://doi.
org/10.3390/microorganisms11081904.

Mota-Gutierrez, J., and L. Cocolin. 2021. “Current Trends and
Applications of Plant Origin Lactobacilli in the Promotion of Sustainable
Food Systems.” Trends in Food Science and Technology 14: 198-211.
https://doi.org/10.1016/j.tifs.2021.05.030.

Nakai, H., M. J. Baumann, B. O. Petersen, et al. 2009. “The Maltodextrin
Transport System and Metabolism in Lactobacillus acidophilus NCFM
and Production of Novel a-Glucosides Through Reverse Phosphorolysis
by Maltose Phosphorylase.” FEBS Journal 276: 7353-7365. https://doi.
0rg/10.1111/j.1742-4658.2009.07445.x.

Neupane, P., S. Bhuju, N. Thapa, and H. K. Bhattarai. 2019. “ATP
Synthase: Structure, Function and Inhibition.” Biomolecular Concepts
10: 1-10. https://doi.org/10.1515/bmc-2019-0001.

O'Connell, J., O. Schulz-Trieglaff, E. Carlson, M. M. Hims, N. A.
Gormley, and A. J. Cox. 2015. “NxTrim: Optimized Trimming of
Illumina Mate Pair Reads.” Bioinformatics 31, no. 12: 2035-2037.
https://doi.org/10.1093/bioinformatics/btv057.

Okoye, C. O., Y. Wang, L. Gao, et al. 2023. “The Performance of Lactic
Acid Bacteria in Silage Production: A Review of Modern Biotechnology
for Silage Improvement.” Microbiological Research 266: 127212. https://
doi.org/10.1016/j.micres.2022.127212.

Pakroo, S., A. Tarrah, R. Takur, M. Wu, V. Corich, and A. Giacomini.
2022. “Limosilactobacillus fermentum ING8, a Potential Multifunctional
Non-Starter Strain With Relevant Technological Properties and
Antimicrobial Activity.” Food 11: 703. https://doi.org/10.3390/foods
11050703.

Papadimitriou, K., A. Alegria, P. A. Bron, et al. 2016. “Stress Physiology
of Lactic Acid Bacteria.” Microbiology and Molecular Biology Reviews
80: 837-890. https://doi.org/10.1128/ MMBR.00076-15.

Pasolli, E., F. De Filippis, I. E. Mauriello, et al. 2020. “Large-Scale
Genome-Wide Analysis Links Lactic Acid Bacteria From Food With the
Gut Microbiome.” Nature Communications 11: 2610. https://doi.org/10.
1038/541467-020-16438-8.

Pei, Z., F. A. Sadiq, X. Han, et al. 2021. “Comprehensive Scanning
of Prophages in Lactobacillus: Distribution, Diversity, Antibiotic

17 of 19

35UB017 SUOWILLIOD dAITER1D 3|qed!|dde au Aq pauenob afe sapiie YO ‘8N JO S9N 10} ARiqIT BUIUO AB|IA UO (SUORIPUOD-PUR-SWLBYW0D /S 1M Ale.q 1 U1 UO//SANY) SUORIPUOD pUe SWB | 8L} 39S *[5202/60/TT] U0 ARiqiTauluQ A|IM *,IPP BZUSIDS Ip 0IMS| || dNOYD ¥ND Ad 9/T0.'6222-8S.T/TTTT OT/I0P/W0D A3 1M ARRIq 1 BU1|UO'S [EUINO [-00 IO IAUS//:SANY W01} papeo|umod 'S ‘S20Z '62228S.T


https://doi.org/10.1016/j.gene.2009.08.004
https://doi.org/10.1016/j.gene.2009.08.004
https://4cau4jsaler1zglkq3wnmje1-wpengine.netdna-ssl.com/wp-content/uploads/2018/10/summary-document-probiotics-criteria-ISAPP.pdf
https://4cau4jsaler1zglkq3wnmje1-wpengine.netdna-ssl.com/wp-content/uploads/2018/10/summary-document-probiotics-criteria-ISAPP.pdf
https://4cau4jsaler1zglkq3wnmje1-wpengine.netdna-ssl.com/wp-content/uploads/2018/10/summary-document-probiotics-criteria-ISAPP.pdf
https://doi.org/10.1007/s00018-013-1388-z
https://doi.org/10.1007/s00018-013-1388-z
https://doi.org/10.1016/j.bbamem.2020.183412
https://doi.org/10.1016/j.bbamem.2020.183412
https://doi.org/10.5187/jast.2023.e122
https://doi.org/10.5187/jast.2023.e122
https://doi.org/10.1128/JB.183.19.5639-5644.2001
https://doi.org/10.1128/JB.183.19.5639-5644.2001
https://doi.org/10.2903/j.efsa.2021.6689
https://doi.org/10.2903/j.efsa.2021.6689
https://doi.org/10.1099/mgen.0.000847
https://doi.org/10.1128/genomeA.00045-17
https://doi.org/10.1093/nar/gkae268
https://doi.org/10.1093/nar/gkae268
https://doi.org/10.1111/jam.14854
https://doi.org/10.1111/jam.14854
https://doi.org/10.1016/j.fochx.2023.101036
https://doi.org/10.17113/ftb.61.02.23.7929
https://doi.org/10.1073/pnas.0607117103
https://doi.org/10.1073/pnas.0607117103
https://doi.org/10.1016/j.livsci.2018.04.003
https://doi.org/10.20935/AcadBiol7287
https://doi.org/10.1038/s41598-022-16786-z
https://doi.org/10.1038/s41598-022-16786-z
https://doi.org/10.1016/j.rvsc.2023.01.003
https://doi.org/10.1016/j.rvsc.2023.01.003
https://doi.org/10.3920/BM2019.0189
https://doi.org/10.1016/j.tifs.2022.05.014
https://doi.org/10.1186/1475-2859-10-S1-S19
https://doi.org/10.1186/1475-2859-10-S1-S19
https://doi.org/10.3390/microorganisms11081904
https://doi.org/10.3390/microorganisms11081904
https://doi.org/10.1016/j.tifs.2021.05.030
https://doi.org/10.1111/j.1742-4658.2009.07445.x
https://doi.org/10.1111/j.1742-4658.2009.07445.x
https://doi.org/10.1515/bmc-2019-0001
https://doi.org/10.1093/bioinformatics/btv057
https://doi.org/10.1016/j.micres.2022.127212
https://doi.org/10.1016/j.micres.2022.127212
https://doi.org/10.3390/foods11050703
https://doi.org/10.3390/foods11050703
https://doi.org/10.1128/MMBR.00076-15
https://doi.org/10.1038/s41467-020-16438-8
https://doi.org/10.1038/s41467-020-16438-8

Resistance Genes, and Linkages With CRISPR-Cas Systems.” MSystems
6:e01211-20. https://doi.org/10.1128/mSystems.01211-20.

Perrin, A., and E. P. C. Rocha. 2021. “PanACoTA: A Modular Tool
for Massive Microbial Comparative Genomics.” NAR Genomics and
Bioinformatics 12: 1qaal06. https://doi.org/10.1093/nargab/lqaal06.

Phujumpa, P., S. Muangham, T. Jatuponwiphat, M. Koffas, M.
Nakphaichit, and W. Vongsangnak. 2022. “Comparative Genomics-
Based Probiotic Relevance of Limosilactobacillus Fermentum KUB-
D18.” Gene 840: 146747. https://doi.org/10.1016/j.gene.2022.146747.

Plaza-Vinuesa, L., O. Hernandez-Hernandez, F. J. Moreno, B. de las
Rivas, and R. Muifioz. 2019. “Unravelling the Diversity of Glycoside
Hydrolase Family 13 a-Amylases From Lactobacillus Plantarum
WCFS1.” Microbial Cell Factories 18: 83. https://doi.org/10.1186/s1293
4-019-1237-3.

Pospiech, A., and B. Neumann. 1995. “A Versatile Quick-Prep of
Genomic DNA From Gram-Positive Bacteria.” Trends in Genetics 11:
217-218. https://doi.org/10.1016/s0168-9525(00)89052-6.

Pugh, J. N., A. J. M. Wagenmakers, D. A. Doran, et al. 2022. “Probiotic
Supplementation Increases Carbohydrate Metabolism in Trained Male
Cyclists: A Randomized, Double-Blind, Placebo-Controlled Crossover
Trial.” American Journal of Physiology. Endocrinology and Metabolism
318: E504-E513. https://doi.org/10.1152/ajpendo.00452.2019.

Rani,R.P.,M. Anandharaj,and A. D.Ravindran. 2017. “Characterization
of Bile Salt Hydrolase from Lactobacillus gasseri FR4 and Demonstration
of Its Substrate Specificity and Inhibitory Mechanism Using Molecular
Docking Analysis.” Frontiers in Microbiology 8: 1004. https://doi.org/10.
3389/fmicb.2017.01004.

Rodriguez-R, L. M., S. Gunturu, W. T. Harvey, et al. 2018. “The
Microbial Genomes Atlas (MiGA) Webserver: Taxonomic and Gene
Diversity Analysis of Archaea and Bacteria at the Whole Genome
Level.” Nucleic Acids Research 46, no. W1: W282-W288. https://doi.org/
10.1093/nar/gky467.

Rodriguez-Sanchez, S., P. Fernandez-Pacheco, S. Sesefia, C. Pintado,
and M. L. Palop. 2021. “Selection of Probiotic Lactobacillus Strains With
Antimicrobial Activity to Be Used as Biocontrol Agents in the Food
Industry.” LWT - Food Science and Technology 143: 111142. https://doi.
0rg/10.1016/j.1wt.2021.111142.

Rodriguez-Sojo, M. J., A. J. Ruiz-Malagén, M. E. Rodriguez-Cabezas, J.
Gélvez, and A. Rodriguez-Nogales. 2021. “Limosilactobacillus fermen-
tum CECT5716: Mechanisms and Therapeutic Insights.” Nutrients 13:
1016. https://doi.org/10.3390/nu13031016.

Rossi, M., A. Amaretti, and S. Raimondi. 2011. “Folate Production
by Probiotic Bacteria.” Nutrients 3: 118-134. https://doi.org/10.3390/
nu3010118.

Samson, J. E., A. H. Magadan, and S. Moineau. 2015. “The CRISPR-
Cas Immune System and Genetic Transfers: Reaching an Equilibrium.”
Microbiology Spectrum 3: 0034-2014. https://doi.org/10.1128/microbiols
pec.PLAS-0034-2014.

Seemann, T. 2014. “Prokka: Rapid Prokaryotic Genome Annotation.”
Bioinformatics 30, no. 14: 2068-2069. https://doi.org/10.1093/bioin
formatics/btul53.

Serata, M., T. Iino, E. Yasuda, and T. Sako. 2012. “Roles of Thioredoxin
and Thioredoxin Reductase in the Resistance to Oxidative Stress in
Lactobacillus casei.” Microbiology 158: 953-962. https://doi.org/10.1099/
mic.0.053942-0.

Serrano, L. M., D. Molenaar, M. Wels, et al. 2007. “Thioredoxin Reductase
Is a Key Factor in the Oxidative Stress Response of Lctobacillus plan-
tarum WCFS1.” Microbial Cell Factories 6: 29. https://doi.org/10.1186/
1475-2859-6-29.

Smit, G., B. A. Smit, and W. J. M. Engels. 2005. “Flavuor Formation
by Lactic Acid Bacteria and Biochemical Flavour Profiling of Cheese

Products.” FEMS Microbiology Reviews 29: 591-610. https://doi.org/10.
1016/j.femsre.2005.04.002.

Souvorov, A., R. Agarwala, and D. J. Lipman. 2018. “SKESA: Strategic
k-Mer Extension for Scrupulous Assemblies.” https://doi.org/10.1186/
$13059-018-1540-z.

Stamatakis, A. 2018. “RAXML Version 8: A Tool for Phylogenetic
Analysis and Post-Analysis of Large Phylogenies.” Bioinformatics 30:
1312-1313. https://doi.org/10.1093/bioinformatics/btu033.

Tallapragada, P., B. Rayavarapu, P. P. Rao, N. N. Ranganath, and P. P.
Veerabhadrappa. 2018. “Screening of Potential Probiotic Lactic Acid
Bacteria and Production of Amylase and Its Partial Purification.”
Journal of Genetic Engineering and Biotechnology 16: 357-362. https://
doi.org/10.1016/j.jgeb.2018.03.005.

Tatusova, T., M. DiCuccio, A. Badretdin, et al. 2016. “NCBI Prokaryotic
Genome Annotation Pipeline.” Nucleic Acids Research 44: 6614-6624.
https://doi.org/10.1093/nar/gkw569.

Taujale, R., A. Venkat, L. C Huang, et al. 2020. “Deep Evolutionary
Analysis Reveals the Design Principles of Fold A Glycosyltransferases.”
eLife 9: €54532. https://doi.org/10.7554/eLife.54532.

Uezen, J. D., F. Luca, F. 1. Mansilla, et al. 2020. “Effect of Selected and
Beneficial Lactic Acid Bacteria as Inoculants for Corn and Sorghum
Silages.” Corpus Journal of Dairy and Veterinary Science 1: 1012. https://
doi.org/10.54026/cjdvs1012.

Ullah, M., M. Rizwan, J. Han, et al. 2024. “Comparative Probiogenomics
Analysis of Limosilactobacillus fermentum 3872.” Probiotics and
Antimicrobial Proteins. https://doi.org/10.1007/s12602-024-10286-4.

U.S. Food and Drug Administration. 2013. “Guidance for Industry
#213: New Animal Drugs and New Animal Drug Combination
Products Administered in or on Medicated Feed or Drinking Water
of Food-Producing Animals: Recommendations for Drug Sponsors for
Voluntarily Aligning Product Use Conditions with GFI #209.” https://
www.fda.gov/media/83588/download.

Verce, M., L. De Vuyst, and S. Weckx. 2018. “Complete and Annotated
Genome Sequence of the Sourdough Lactic Acid Bacterium Lactobacillus
fermentum IMDO 130101.” Genome Announcements 6: €00256-18.
https://doi.org/10.1128/genomeA.00256-18.

Verce, M., L. De Vuyst, and S. Weckx. 2020. “Comparative Genomics of
Lactobacillus fermentum Suggests a Free-Living Lifestyle of This Lactic
Acid Bacterial Species.” Food Microbiology 89: 103448. https://doi.org/
10.1016/§.fm.2020.103448.

Werning, M. L., A. M. Hernandez-Alcantara, M. J. Ruiz, et al. 2022.
“Biological Functions of Exopolysaccharides From Lactic Acid Bacteria
and Their Potential Benefits for Humans and Farmed Animals.” Food
11: 1284. https://doi.org/10.3390/foods11091284.

Wishart, D. S., S. Han, S. Saha, et al. 2023. “PHASTEST: Faster Than
PHASTER, Better Than PHAST.” Nucleic Acids Research 51, no. W1:
W443-W450. https://doi.org/10.1093/nar/gkad382.

Zeng, M., J. H. Oh, J.-P. van Pijkeren, and H. Pan. 2024. “Selective
Utilization of Gluco-Oligosaccharides by Lactobacilli: A Mechanism
Study Revealing the Impact of Glycosidic Linkages and Degree of
Polymerization on Their Utilization.” Journal of Food Science 89: 523-
539. https://doi.org/10.1111/1750-3841.16851.

Zhao, C., H. Dong, Y. Zhang, and Y. Li. 2019. “Discovery of Potential
Genes Contributing to the Biosynthesis of Short-Chain Fatty Acids
and Lactate in Gut Microbiota From Systematic Investigation in E.
coli.” Npj Biofilms and Microbiomes 5: 19. https://doi.org/10.1038/s4152
2-019-0092-7.

Zhao, Y., L. Yu, F. Tian, et al. 2022. “Environment-Related Genes
Analysis of Limosilactobacillus fermentum Isolated From Food and
Human Gut: Genetic Diversity and Adaption Evolution.” Food 11: 3135.
https://doi.org/10.3390/foods11193135.

18 of 19

Environmental Microbiology Reports, 2025

35UB017 SUOWILLIOD dAITER1D 3|qed!|dde au Aq pauenob afe sapiie YO ‘8N JO S9N 10} ARiqIT BUIUO AB|IA UO (SUORIPUOD-PUR-SWLBYW0D /S 1M Ale.q 1 U1 UO//SANY) SUORIPUOD pUe SWB | 8L} 39S *[5202/60/TT] U0 ARiqiTauluQ A|IM *,IPP BZUSIDS Ip 0IMS| || dNOYD ¥ND Ad 9/T0.'6222-8S.T/TTTT OT/I0P/W0D A3 1M ARRIq 1 BU1|UO'S [EUINO [-00 IO IAUS//:SANY W01} papeo|umod 'S ‘S20Z '62228S.T


https://doi.org/10.1128/mSystems.01211-20
https://doi.org/10.1093/nargab/lqaa106
https://doi.org/10.1016/j.gene.2022.146747
https://doi.org/10.1186/s12934-019-1237-3
https://doi.org/10.1186/s12934-019-1237-3
https://doi.org/10.1016/s0168-9525(00)89052-6
https://doi.org/10.1152/ajpendo.00452.2019
https://doi.org/10.3389/fmicb.2017.01004
https://doi.org/10.3389/fmicb.2017.01004
https://doi.org/10.1093/nar/gky467
https://doi.org/10.1093/nar/gky467
https://doi.org/10.1016/j.lwt.2021.111142
https://doi.org/10.1016/j.lwt.2021.111142
https://doi.org/10.3390/nu13031016
https://doi.org/10.3390/nu3010118
https://doi.org/10.3390/nu3010118
https://doi.org/10.1128/microbiolspec.PLAS-0034-2014
https://doi.org/10.1128/microbiolspec.PLAS-0034-2014
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1099/mic.0.053942-0
https://doi.org/10.1099/mic.0.053942-0
https://doi.org/10.1186/1475-2859-6-29
https://doi.org/10.1186/1475-2859-6-29
https://doi.org/10.1016/j.femsre.2005.04.002
https://doi.org/10.1016/j.femsre.2005.04.002
https://doi.org/10.1186/s13059-018-1540-z
https://doi.org/10.1186/s13059-018-1540-z
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1016/j.jgeb.2018.03.005
https://doi.org/10.1016/j.jgeb.2018.03.005
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.7554/eLife.54532
https://doi.org/10.54026/cjdvs1012
https://doi.org/10.54026/cjdvs1012
https://doi.org/10.1007/s12602-024-10286-4
https://www.fda.gov/media/83588/download
https://www.fda.gov/media/83588/download
https://doi.org/10.1128/genomeA.00256-18
https://doi.org/10.1016/j.fm.2020.103448
https://doi.org/10.1016/j.fm.2020.103448
https://doi.org/10.3390/foods11091284
https://doi.org/10.1093/nar/gkad382
https://doi.org/10.1111/1750-3841.16851
https://doi.org/10.1038/s41522-019-0092-7
https://doi.org/10.1038/s41522-019-0092-7
https://doi.org/10.3390/foods11193135

Zhao, Y., C. Zhang, L. Yu, et al. 2022. “Phylogenetic and Comparative
Genomic Analysis of Lactobacillus fermentum Strains and the Key Genes
Related to Their Intestinal Anti-Inflammatory Effects.” Engineering 17:
170-182. https://doi.org/10.1016/j.eng.2020.09.016.

Zheng,J.,Q.Ge, Y. Yan, X. Zhang, L. Huang, and Y. Yin. 2023. “dbCAN3:
Automated Carbohydrate-Active Enzyme and Substrate Annotation.”
Nucleic Acids Research 51: W115-W121. https://doi.org/10.1093/nar/
gkad328.

Zheng, J., S. Wittouck, E. Salvetti, et al. 2020. “A Taxonomic Note on
the Genus Lactobacillus: Description of 23 Novel Genera, Emended
Description of the Genus Lactobacillus Beijerinck 1901, and Union
of Lactobacillaceae and Leuconostocaceae.” International Journal of
Systematic and Evolutionary Microbiology 70, no. 4: 2782-2858. https://
doi.org/10.1099/ijsem.0.004107.

Zheng, M., Y. Liu, G. Zhang, Z. Yang, W. Xu, and Q. Chen. 2024. “The
Antioxidant Properties, Metabolism, Application and Mechanism of
Ferulic Acid in Medicine, Food, Cosmetics, Livestock and Poultry.”
Antioxidants (Basel) 13, no. 7: 853. https://doi.org/10.3390/antio
x13070853.

Zuiiga, M., M. J. Yebra, and V. Monedero. 2021. “Complex
Oligosaccharide Utilization Pathways in Lactobacillus.” Current Issues
in Molecular Biology 40: 49-80. https://doi.org/10.21775/cimb.040.049.

Supporting Information
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Supporting Information section. Figure S1: Genome-based phylogeny
of L. fermentum CRL2085. The tree was inferred by using the maximum
likelihood method RAXxML with progressive refinements. Lactobacillus
oligofermentans DSM 15707 was used as an outgroup. The tree is drawn
to scale. Support values are represented by scaled circles at each node.
Figure S2: Accessory-based tree of L. fermentum strains. Distance tree
was generated by hierarchical clustering from presence/absence binary
matrix of accessory genes. The dendrogram on the left represents hier-
archical clustering based on Euclidean distance. Isolation source and
geographical origin are indicated by a square box close to the strain
name, according to the legend. Table S1: List of strains and genomes
used in this study. Table S2: Genomic Island identified in the genome
of L. fermentum CRL2085. Table S3: Transposases identified in the
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