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Abstract

Due to their numerous well-established applications in the food industry, there have been many studies regarding the adapta-
tion and evolution of lactic acid bacteria (LAB) in a wide variety of hosts and environments. Progress in sequencing tech-
nology and continual decreases in its costs have led to the availability of LAB genome sequence data. Bioinformatics has
been central to the extraction of valuable information from these raw genome sequence data. This paper presents the roles
of bioinformatics tools and databases in understanding the adaptation and evolution of LAB, as well as the bioinformatics
methods used in the initial screening of LAB for probiotic potential. Moreover, the advantages, challenges, and limitations
of employing bioinformatics for these purposes are discussed.
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Introduction

Lactic acid bacteria (LAB) are a group of beneficial bacteria
that are found in diverse environments, including the gastro-
intestinal tracts (GITs) of humans (Wang et al., 2020; Zhou
et al., 2020) and other animals (Lee et al., 2017; Son et al.,
2020), the urogenital tract (Pan et al., 2020; van der Veer
et al., 2019), and in dairy (Koryszewska-Bagiriska et al.,
2019; Quilodran-Vega et al., 2020; Schmid et al., 2018) and
fermented foods (Eisenbach et al., 2018; Eisenbach et al.,
2019). LAB are generally gram-positive, catalase-negative,
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non-sporulating bacteria that can be homofermentative, fac-
ultative heterofermentative, or obligate heterofermentative
(O’Sullivan et al., 2009). The known genera of LAB include
Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, and
a few species of Streptococcus (Goel et al., 2020). LAB have
“generally regarded as safe” (GRAS) status and have been
defined as probiotics by the World Health Organization, as
“live microorganisms that when administered in adequate
amounts give health benefits to the host” (Tarrah et al.,
2020). With the numerous applications of LAB, this has
resulted in a great deal of interest in the research community.
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Genome sequencing has revolutionized the ways in which
the biology, physiology, ecology, evolution, and applications
of organisms are studied. The first prokaryotic genome was
sequenced in 1995, with the 1000th prokaryotic genome
completed 15 years later in 2009 (Lagesen, 2010). The first
complete genome of a Lactobacillus species was reported
in 2003 when Kleerebezem et al. published the complete
genome sequence of Lactobacillus plantarum (present name,
Lactiplantibacillus plantarum subsp. plantarum) WCFS1
(Kleerebezem et al., 2003). At the time of writing, about
95,511 genomes of organisms belonging to order Lactobacil-
lales alone are present in the National Center for Biotechnol-
ogy Information (NCBI) database, of which 12,259 (1639
complete) genomes belong to the Lactobacillaceae (https:/
www.ncbi.nlm.nih.gov/labs/data-hub/taxonomy/186826/).
The continued innovation in sequencing technologies, with
increased computational speed and storage, and continued
improvement of software, as well as the decreasing costs of
sequencing, have contributed to this rapid growth of genome
sequence data (Bansal, 2005; Gauthier et al., 2018; Lagesen,
2010). However, the expansion of these massive amounts of
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genomic data is accompanied by the challenge of interpreta-
tion to derive meaningful biological information.
Bioinformatics has been the major driving force behind
deriving such information from genome sequence data.
Initially used in the field of biochemistry to determine the
structures of proteins following Edman degradation peptide
sequencing, bioinformatics has become a key player in DNA
analysis (Gauthier et al., 2018). From the basic processing
of raw sequencing reads to more complex analyses, such
as comparative genomics, metagenomics, evolution stud-
ies, and structural and metabolic modeling, bioinformat-
ics tools have been widely used and developed in this era
of “omics”, “big data”, and modern biology (Siezen et al.,
2004). Figure 1 shows the general methodology from DNA
extraction to downstream bioinformatics analyses that is
commonly undertaken for comparative genomics studies of
LAB. Depending on the goals of a study, many different
sequencing technologies and bioinformatics programs may
be applied (Carrigo et al., 2018; Dominguez et al., 2018).
This mini-review presents some of the bioinformatics tools
and databases commonly used in genomic studies of LAB.
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Fig. 1 The general workflow for the comparative genomics of LAB
from DNA isolation from pure culture to the downstream analyses of
the genome after assembly and annotation. Filled arrows designate
the common order of process while the unfilled arrows designate the
analyses that can be done after genome assembly or annotation with-
out specific order. Genome assembly and annotation in the dashed
box as central processes as most of the downstream analyses require
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either genome assembly, annotation outputs (e.g. protein fasta file,
genbank files), or both as input data to be processed depending on
the tool and the purpose of analysis. For detailed guidance on genome
assembly, annotation, and microbial bioinformatics readers are
referred to the papers of Carrigo et al. (2018) and Dominguez et al.
(2018)


https://www.ncbi.nlm.nih.gov/labs/data-hub/taxonomy/186826/
https://www.ncbi.nlm.nih.gov/labs/data-hub/taxonomy/186826/

Bioinformatics and its role in the study of the evolution and probiotic potential of lactic acid... 391

Moreover, the recent information gathered on LAB, particu-
larly the former genus Lactobacillus—which is presently
divided into 25 genera (Zheng et al., 2020)—where bioin-
formatics analyses have been mainly applied, are presented.
We also present an overview of the roles of bioinformatics
in evolutionary studies and in the screening of the probiotic
potential of LAB.

Bioinformatics in the study of the adaptation
and evolution of LAB

There have been a great many studies regarding the ubiq-
uity of LAB due to their ability to invade and inhabit highly
diverse and complex environments. With their phylogenetic
closeness, the ability of LAB to occupy a diverse set of
ecological niches suggests considerable genetic adaptation
during their evolution (O’Sullivan et al., 2009). Compara-
tive genomics and phylogenomics have been the central
approaches used in the study of the adaptation and evolu-
tion of LAB. The bioinformatics tools and databases that
have been commonly used for comparative genomics and
phylogenomics studies of LAB are presented in Table 1.

Pan-core genome analysis

Common themes in the comparative genomics of LAB
involve the identification of the pangenome, core genome,
accessory genes, and unique genes of LAB species (Eisen-
bach et al., 2019; Schmid et al., 2018; Wang et al., 2020).
The pangenome is the whole set of genes of a species (Zhang
et al., 2019a); the core genome is the set of genes present
in all strains and is usually composed of the housekeeping
genes or those that are needed for basic survival (Zhang
et al., 2019a; Zhou et al., 2020); accessory genes are those
shared by two or more species in the sample (Zhang et al.,
2020); and the unique or specific genes, sometimes called
the variable genome (Zhou et al., 2020) or the dispensable
genome (Tettelin et al., 2008), are those genes present only
in specific strains (Zhang et al., 2020; Zhou et al., 2020).
The accessory genes and the dispensable genome contrib-
ute to species diversity and provide functional features that
confer selective advantages for survival in a specific niche,
such as antibiotic resistance genes and genes that may con-
tribute to adaptation and colonization (Tettelin et al., 2008;
Zheng et al., 2020). Comparative genomics has been used
to gain insights into the genomic characteristics of single- or
multi-niche LAB (Evanovich et al., 2019; Feyereisen et al.,
2019; Jia et al., 2020; Koryszewska-Bagiriska et al., 2019;
Lee et al., 2017; Mao et al., 2021; Martino et al., 2016;
O’Sullivan et al., 2009; Petrova et al., 2018; Senan et al.,

2014; Son et al., 2020; Verce et al., 2020; Xing et al., 2017,
Zheng et al., 2015).

ERGO™ is one of the earliest tools used for compara-
tive genomics analysis of LAB (Siezen et al., 2004). ERGO,
designed by Integrated Genomics Inc. and only accessible
through subscription, is a genome analysis and discovery
suite that is aimed at providing the tools necessary for com-
parative analysis of genomes and the integration of sophis-
ticated metabolic and cellular reconstructions (Overbeek
et al., 2003). More recent tools for comparative genomics,
however, have been accessible for free and were designed
for more rapid and high-throughput processing of larger
datasets. These tools include the Efficient Database frame-
work for comparative Genome Analyses using BLAST score
Ratios (EDGAR) (Blom et al., 2009), Pan-genome analysis
pipeline, (PGAP) (Zhao et al., 2012), and Roary (Page et al.,
2015), which have been used extensively in recent pange-
nome studies of LAB. Among the pangenome analysis tools
mentioned, EDGAR is available online as a web server and
access can be requested from the developer team if work-
ing with unpublished genomes. Visualizations such as Venn
diagrams, synteny plots, and phylogenetic trees can also be
generated from EDGAR (3.0) (Dieckmann et al., 2021).
Meanwhile, PGAP (and PGAP-X (Zhao et al., 2018)) and
Roary are standalone tools that can be run on a local com-
puter with the Linux environment (PGAP and Roary), and
in windows and MacOS platforms (PGAP-X). PGAP-X
can provide a pangenome profile curve, while Roary can
also provide pangenome profile curve when run with R (i.e.
specified during parameter inputs) and its outputs can be
viewed in Phandango (Hadfield et al., 2017).

Annotation

As early as 1997, comparisons of complete genomes were
becoming indispensable to the understanding of different
biological phenomena and, with the expected exponential
increase in the number of sequenced genomes that would
become available, Tatusov et al. developed the Clusters of
orthologous groups (COG) system (Tatusov et al., 1997).
This system, which originally consisted of 720 COGs,
allows the automatic functional and phylogenetic annota-
tion of genes and gene sets. As orthologs are defined as
genes in different species that evolved from a common
ancestral gene and retain the same function (Fitch, 1970),
this allows the transfer of functional information from one
member to an entire COG. The COG system, therefore,
encompasses a framework for both functional and evolu-
tionary genome analyses (Tatusov et al., 1997). A number
of tools for functional annotations of the COGs of proteins
have since been developed and used in genomics studies.
Among these tools, the NCBI COG database (Galperin
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Table 1 Bioinformatics tools and databases commonly used for comparative genomics and phylogenomics of LAB

Tools/database

Website/documentation

Authors

Genome alignment
BLAST
Artemis Comparison Tool (ACT)

Mauve

Muscle

MAFFT
Pangenome analysis

ERGO

EDGAR

PGAP

Roary
Annotation

RAST

Prokka

NCBI PGAP
COG-database
Ortho-MCL database

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://github.com/sanger-pathogens/Artemis

http://darlinglab.org/mauve/user-guide/progressiv
emauve.html

http://www.drive5.com/muscle/
https://mafft.cbrc.jp/alignment/software/

http://ergo.integratedgenomics.com/ERGO/
http://edgar.computational.bio/
https://sourceforge.net/projects/pgap/
https://sanger-pathogens.github.io/Roary/

https://rast.nmpdr.org/

https://github.com/tseemann/prokka
https://github.com/ncbi/pgap
http://www.ncbi.nlm.nih.gov/COG/
https://orthomcl.org/orthomcl/app

Altschul et al. (1990)
Rutherford et al. (2000)
Darling et al. (2004)

Edgar (2004)
Katoh and Standley (2013)

Overbeek et al. (2003)
Blom et al. (2009)
Zhao et al. (2012)
Page et al. (2015)

Aziz et al. (2008); Overbeek et al., (2013); Brettin
et al. (2015)

Seemann (2014)

Tatusova et al. (2016)

Tatusov et al. (1997); Galperin et al. (2015)
Li et al. (2003); Chen et al. (2006)

EggNog-Mapper http://eggnog-mapper.embl.de/

Proteins/Carbohydrate metabolism/Metabolic pathways

KEGG https://www.kegg.jp/

TIGRFAMs https://www.jcvi.org/research/tigrfams

SignalP https://services.healthtech.dtu.dk/service.php?Signa
1P-5.0

TMHMM https://services.healthtech.dtu.dk/service.php?
TMHMM-2.0

LipoP https://services.healthtech.dtu.dk/service.php?LipoP-
1.0

Pfam http://pfam.xfam.org/

Uniprot/SwissProt https://www.uniprot.org/

CAZy http://www.cazy.org/

Phylogenetic analysis
MEGA https://www.megasoftware.net/
RAXML https://github.com/stamatak/standard-RAxML

Huerta-Cepas et al. (2019); Cantalapiedra et al.
(2021)

Ogata et al. (1999)
Haft et al. (2003)
Almagro Armenteros et al.(2019)

Krogh et al. (2001)
Juncker et al. (2003)

Mistry et al. (2021)
Bateman et al. (2021)
Cantarel et al. (2009)

Hall (2013)
Stamatakis (2014)

et al., 2015), Ortho-MCL (i.e. applying Markov Cluster
algorithm) (Li et al., 2003) and Ortho-MCL database
(Chen et al., 2006), and eggNOG-mapper (Cantalapiedra
et al., 2021; Huerta-Cepas et al., 2019) have been used in
studies of LAB. For more information about the different
orthology resources, readers are directed to the paper of
de Boissier and Habermann (2016) presenting a practical
guide on the different orthology resources. Meanwhile, the
rapid annotation of microbial genomes using subsystems
technology (RAST) (Aziz et al., 2008; Brettin et al., 2015;
Overbeek et al., 2013), Prokka (Seemann, 2014), and
the NCBI PGAP (Tatusova et al., 2016), have also been
widely used in genome annotation of LAB. RAST which
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functionally annotates genomes based on subsystems—
sets of functional roles that together implement a specific
biological complex or structural complex, is implemented
and freely accessible on a web server (Table 1). Genomes
assemblies are uploaded one at a time and annotated, and
the identified subsystems are displayed in a pie chart.
Prokka, on the other hand, is a standalone tool and can
be run on a local computer. Genomes can be annotated in
batches, and outputs of Prokka can be used as inputs for
Roary for pangenome analysis, and Artemis (Rutherford
et al., 2000) for genome visualization. However familiarity
with the Linux environment and script (e.g. shell script)
writing (for batch annotation) is needed. NCBI PGAP
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can be accessed both online and standalone and has been
instrumental in the identification of pseudogenes.

Metabolism

The determination of metabolic capabilities of LAB that
allow them to inhabit a wide variety of habitats is of cen-
tral importance in understanding their adaptation and evo-
lution. There have been many studies using these tools and
databases to identify genes and proteins associated with
metabolic activities as well as metabolic pathway con-
struction in LAB. Uniprot is a database housing a huge
collection protein sequence (Bateman et al., 2021) while
Pfam (Mistry et al., 2021) is a tool that annotates protein
families and domains and uses the pfamseq as well as Uni-
prot databases. TIGRFAMs (Haft et al., 2013) is another
tool that annotates proteins families and was designed to
complement Pfam. TIGRFAMs usually avoid construct-
ing model that duplicates what was previously covered by
Pfam but constructs model for domains and repeats of a
novel region. SignalP is specific for identification of signal
peptides which in prokaryotes target proteins for transloca-
tion across inner plasma membrane (Almagro Armenteros
et al., 2019). These tools have been used extensively for
protein identification and functional annotation of LAB
strains.

The Carbohydrate-Active EnZymes (CAZy) database
(CAZyDB) (Cantarel et al., 2009) is a database specialized
for enzymes that build and breakdown complex carbohy-
drates and glycoconjugates. Genomes can be annotated
by CAZyDB however an automated system is lacking and
researchers need to contact the CAZy development team to
have their genomes of interest be annotated by the CAZy
team (Yin et al., 2012). This limitation, among others, was
addressed by dbCAN (Yin et al., 2012), a web server based
on the classification scheme of CAZyDB which provided an
automated annotation of genomes for CAZy. CAZyDB and
dbCAN are frequently used for the identification of enzymes
involved in carbohydrate metabolism of LAB. Meanwhile,
the Kyoto encyclopedia of genes and genomes (KEGG)
(Ogata et al., 1999) which has been used for metabolic path-
way construction, from its inception in 1999 has upgraded
and became a comprehensive and integrated database con-
sisting of different databases serving four main purposes:
for system information, genomic information, chemical
information, and health information (Kanehisa et al., 2017).
Each category consists of different databases that collect
and provide the necessary data and information according
to the purpose. A detailed description of each category and
the different databases of KEGG are in the published paper
by Kanehisa et al. (2017).

Adaptation and evolution of LAB

Among the major genera of LAB, the genome characteristics
of members of the genus Lactobacillus vary considerably.
The genomes of Lactobacillus species range in size from
1.23 Mb (Lactobacillus sanfranciscensis; present name,
Fructilactobacillus sanfranciscensis) to 4.91 Mb (Lacto-
bacillus parakefiri; present name, Lentilactobacillus par-
akefiri), with guanine-cytosine (GC) contents ranging from
31.93% to 52.07% (Sun et al., 2015b). It was reported that
although Lactobacillus is traditionally defined as a genus, its
genetic diversity is larger than that of a typical family (Sun
et al., 2015b). Very recently, this matter was addressed when
the reclassification of the genus Lactobacillus into 25 genera
of which 23 are novel, was proposed (Zheng et al., 2020).
Comparative genomics and phylogenomics allowed Lac-
tobacillus to be sorted into three lifestyle categories: free-
living, those encompassing plant and environmental isolates;
host-adapted, those associated with vertebrate or inverte-
brate hosts (Duar et al., 2017); and nomadic, those that
effectively migrate to different habitats and are characterized
by having dynamic and flexible lifestyles (Martino et al.,
2016). As Lactobacillus occupied various ecological niches,
the hosts and environments exerted pressures that gradu-
ally modify the genome to the point that some eventually
became specialized to such habitats (Martino et al., 2016).
Niche specialization has been observed and documented
in several host-adapted Lactobacillus species (Frese et al.,
2011; Macklaim et al., 2011; Oh et al., 2010; van de Guchte
et al., 2006). Specialization to a particular environment has
driven the loss and gain of functional genes, as indicated by
the presence of pseudogenes and genes acquired via hori-
zontal gene transfer (HGT), respectively, and genome reduc-
tion (Douillard and de Vos, 2014; Duar et al., 2017; van de
Guchte et al., 2006). Meanwhile, species with a nomadic
lifestyle seemed to evolve to become generalists allowing
them to migrate and occupy different niches (Martino et al.,
2016). Such nomadic lifestyles are also evident in the char-
acteristics of their genomes in that they have larger genomes
than host-adapted and free-living lactobacilli, allowing
a larger complement of functional genes, thus providing
adaptive advantages in various habitats (Duar et al., 2017;
Martino et al., 2016). Bioinformatics tools, especially those
used in comparative genomics that allow the identification of
niche-specific or specialized genes, as well as tools for phy-
logenomics, have been instrumental to our understanding of
the lifestyle adaptation of Lactobacillus species (Duar et al.,
2017; Martino et al., 2016; Siezen et al., 2004). Here, the
information from comparative genomics and phylogenomics
of LAB, mainly that of Lactobacillus species, is presented
and the role of bioinformatics in understanding the adaption
and evolution of LAB is discussed.
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Niche-specific adaptation and specialization

Food

Lactobacillus delbrueckii subsp. bulgaricus (L. bulgari-
cus) is one of the best examples of a Lactobacillus species
that has undergone niche specialization. van de Guchte
et al. reported the complete genome of L. bulgaricus
strain ATCC11842, isolated from Bulgarian yogurt, and
revealed evidence that this species has undergone exten-
sive reductive evolution driven by specialization (van de
Guchte et al., 2006). The L. bulgaricus genome was shown
to have a significantly higher GC content (~49.7%) than
those of related species, such as Lactobacillus acidophi-
lus and Lactobacillus johnsonii, both of which have GC
content of ~34%. This deviation was mainly associated
to the difference in GC in codon position 3 (GC3): 65.0%
GC in L. bulgaricus while 25.0% and 24.4% in L. acido-
philus and L. johnsonii, respectively (van de Guchte et al.,
2006). Correlation analysis showed that the GC3 values of
L. acidophilus and L. johnsonii strongly fit the correlation
between GC3 and overall GC content in bacteria while the
GC3 value of L. bulgaricus (65%) strongly deviates from
the expected (54%). As the evolution in the third codon is
generally faster than in the first and second codons, it is
hypothesized that the genome of L. bulgaricus may be in
active phase of evolution toward a higher GC content or it
may be that the correlation between GC3 and overall GC
content has been altered or damaged in L. bulgaricus (van
de Guchte et al., 2006). Next, a 47.5-kb inverted repeat
conserved in L. bulgaricus strains was hypothesized to
represent a transient stage in the genome evolution of this
species. Furthermore, the large number of pseudogenes
suggests that the genome is in an active state of gene elim-
ination and reduction, supported by the large numbers of
rRNA and tRNA genes, which are 20-30% higher than
the highest values observed to date for its genome size
of ~ 1.8 Mb, indicating a recent phase of size reduction.
The smaller number of genes encoding transcriptional
regulators and the complete absence of a large number of
enzymes for the biosynthesis of amino acids in L. bulga-
ricus reflect adaptation to the stable and nutritionally rich
milk environment.

O’Sullivan et al. (2009) hypothesized that a group of
genes could be determined and define the niche of an
organism. They initially studied Lactobacillus helveti-
cus DPC4571, a dairy LAB isolate, and L. acidophilus
NCFM, a gut LAB isolate. While L. helveticus and L. aci-
dophilus occupy two markedly different niches, genome
analysis showed that they have high sequence similar-
ity, even greater than the degrees of sequence similarity
between L. acidophilus and other gut and multi-niche
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LAB. Expanding the analysis to 11 dairy, gut, and multi-
niche LAB samples, the authors identified nine niche-spe-
cific genes forming a “barcode”: six dairy-specific genes
with functions related to the proteolytic system (i.e. two
carboxypeptidases) and restriction/modification system
(i.e. three type I and one type III restriction modification
enzymes); and three gut-specific genes related to bile salt
hydrolysis (two bile salt hydrolases) and sugar metabo-
lism (i.e. maltose-6-phosphate glucosidase). As L. helve-
ticus DPC4571 diverged from L. acidophilus NCFM, it
lost some sugar metabolism capacity as well the bile salt
hydrolase function, as evidenced by the presence of the
bile salt hydrolase (bsh) gene in L. helveticus DPC4571
but with a frameshift mutation that likely renders it
dysfunctional.

Lactobacillus sakei (present name, Latilactobacillus sakei
subsp. sakei), a LAB that is found naturally in fresh meat
and fish, has been widely used as a starter culture for sausage
fermentation (Chaillou et al., 2005; Eisenbach et al., 2019;
Nyquist et al., 2011). The complete genome of L. sakei 23K,
which was originally isolated from a French sausage, was
sequenced in 2005. Genome analysis of this strain identified
genetic features that allow it to compete successfully on raw
meat products (Chaillou et al., 2005). Chaillou et al. (2005)
identified pertinent genes in the genome of L. sakei predicted
to have roles in addressing the challenges faced by micro-
organisms in the meat environment, such as high protein
and low carbohydrate supply (i.e. genes for purine salvage
pathway, methylglyoxal synthase, and arginine deaminase
pathway), and changing redox and oxygen levels (i.e. NADH
oxidase and manganese-dependent superoxide dismutase),
high salt concentration (i.e. Na*/H" antiporters and ATP-
dependent Na* efflux pump), and low temperatures during
processing (i.e. putative cold shock proteins), in addition
to competition among microorganisms for colonization and
dominance (i.e. genes for biofilm formation, co-aggregation,
and putative bacteriocin resistance). These genes for adapta-
tion in the meat environment were found to be conserved in
L. sakei strains isolated from meat, as shown in the study of
Nyquist et al. where 18 strains of L. sakei mainly isolated
from processed meat were compared with meat-borne L.
sakei 23K using microarray comparative genome hybridiza-
tion (CGH) (Nyquist et al., 2011).

Lactobacillus brevis (present name, Levilactobacillus
brevis) has been identified as one of the common causes
of beer spoilage (Feyereisen et al., 2019). Genome analy-
ses showed that the genomes of beer-associated strains of
L. brevis are larger than those of non-beer strains and pos-
sess larger numbers of coding sequences (CDSs) in their
genomes. The unique genes in the L. brevis beer strains stud-
ied by Feyereisen et al. (2019) have been shown to encode
proteins related to oxido-reduction reactions, transcription,
membrane, and cell surface and membrane transport. These
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genes were predicted to aid the organism in adapting to the
beer environment with relatively low pH and iso-a-acids
from hop compounds. Some of the genes identified in this
study, such as genes predicted to encode an oligogalacturo-
nide transporter, a short-chain dehydrogenase, and an RNA
polymerase sigma factor ECF subfamily (Feyereisen et al.,
2019), were also identified previously as beer spoilage diag-
nostic marker genes (Bergsveinson and Ziola, 2017).

Gastrointestinal tract (GIT)

The presence of the bsh gene has been linked with adap-
tation to the gut environment (O’Sullivan et al., 2009). In
addition to the bsh gene, other genes that may contribute to
the survival of Lactobacillus kefiranofaciens ZW3 in the
gut environment include genes involved in acid tolerance,
such as H*-ATPase, ornithine decarboxylase, and amino
acid permease (Xing et al., 2017). In L. helveticus MTCC
5463, Senan et al. (2014) identified a higher copy number
of genes contributing to heat, cold, osmotic, and oxidative
stress tolerance, which may support survival in the gut.
Feces-derived Lactobacillus crispatus was also shown to
harbor genes encoding the clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas system, glycoside
hydrolase (GH) family members, and tetracycline/lincomy-
cin resistance, which may be significant in adaptation to the
complex intestinal environment (Zhang et al., 2020).
Lactobacillus reuteri (present name, Limosilactobacillus
reuteri) is a known natural inhabitant (autochthonous) of
the GITs of humans (Duar et al., 2017) and selected ani-
mals, such as pigs, rodents, and chickens, where it has been
identified as one of the dominant species in the GIT (Frese
etal., 2011; Ohet al., 2010). L. reuteri is also known to have
undergone host specialization and has been commonly used
as a model organism in studies of the evolutionary strat-
egy of a vertebrate gut symbiont (Frese et al., 2011; Oh
et al., 2010). Phylogenetic analysis using amplified-fragment
length polymorphism (AFLP) and multi-locus sequence
analysis (MLSA) data from L. reuteri isolated from six dif-
ferent host species (human, mouse, rat, pig, chicken, and
turkey) revealed distinct monophyletic clades reflecting host
origin (Oh et al., 2010). Comparative genomics of L. reuteri
100-23 (rodent strain) and L. reuteri F25 (human strain)
revealed host-specific genes in their genomes (Frese et al.,
2011). An auxiliary protein secretion system (SecA2 clus-
ter), which is thought to have been acquired by L. reuteri via
HGT and is hypothesized to play a significant role in coloni-
zation, and a urease gene cluster that is believed to contrib-
ute to the survival of L. reuteri in the forestomach of rodents
were unique to the 100-23 strain, while strain F275 harbored
the pdu-cbi-cob-hem cluster, which is absent in 100-23. The
pdu-cbi-cob-hem cluster, which provides cobalamin (vita-
min B,) biosynthesis, glycerol utilization, propanediol

fermentation, and reuterin production, is believed to con-
tribute to colonization, survival, and fitness in the human
gut (Frese et al., 2011). Comparative genomics is widely
employed in studies to understand L. reuteri strains isolated
from different hosts (Greppi et al., 2020; Son et al., 2020;
Xu et al., 2020).

Vaginal tract

The known colonizers of the vaginal tract include Lactoba-
cillus crispatus, Lactobacillus gasseri, Lactobacillus jense-
nii, and Lactobacillus iners (Petrova et al., 2015). These
Lactobacillus species have been proposed as biomarkers
for vaginal health (Petrova et al., 2015), such that the pres-
ence and concentration and dominance of these Lactoba-
cillus species, particularly L. crispatus, in the vaginal tract
are associated with vaginal health or dysbiosis (Petrova
et al., 2015; van der Veer et al., 2019). L. crispatus and
L. gasseri have been shown to be associated with healthy
vaginal microbiota, while L. iners has been isolated from
both healthy and dysbiotic vaginal microbiota (Pan et al.,
2020; Petrova et al., 2015). van der Veer et al. recently com-
pared L. crispatus isolated from healthy vaginal microbiota
(Lactobacillus-dominated) with L. crispatus isolated from
dysbiotic vaginal microbiota (non-Lactobacillus-dominated)
(van der Veer et al., 2019). Their analysis revealed the pres-
ence of a 3-fragmented glycosyltransferase (GT) gene that
was shown to be more abundant in the genomes of L. crispa-
tus isolated from dysbiotic vaginal microbiota, suggesting a
fitness advantage under dysbiotic conditions where there is
an increased immune response. The first and longest frag-
ment is hypothesized to harbor the active site for GT, while
the other two fragments are hypothesized to play roles in a
process known as phase variation, which allows bacteria to
adapt rapidly and diversify their surface glycans, rendering
an evolutionary advantage. L. crispatus is hypothesized to
exploit this genetic variation to persist at low levels in the
dysbiotic vaginal microbiota and escape the immune system
(van der Veer et al., 2019).

L. crispatus and L. gasseri are also generally isolated and
identified from the GIT (Pan et al., 2020). The gut and vagi-
nal environments are very different in terms of epithelial cell
types, nutrient availability, pH, and microbiome composi-
tion (Pan et al., 2020). Zhang et al. showed that the niche
has exerted important impacts in the evolution of L. crispa-
tus. They noted that L. crispatus samples isolated from the
vagina and gut clustered separately in a phylogenetic tree
constructed using the core genome of the L. crispatus sam-
ples. Genes related to acid tolerance, redox reactions, pul-
lulanase, and carbohydrate-binding modules were identified
from L. crispatus isolated from the vagina and were hypoth-
esized to play roles in adaptation to the acidic environment
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of the vagina, nutrient acquisition, and dominance over com-
peting vaginal colonizers (Zhang et al., 2020).

L. iners and L. jensenii are two Lactobacillus species that
have specialized to inhabit the vaginal tract and are found
only in this niche (Duar et al., 2017). Both L. iners and L.
Jjensenii are found in the healthy and dysbiotic vaginal tract
(Petrova et al., 2015; Putonti et al., 2020). L. iners AB-1
has one of the smallest genomes among the LAB with a
genome size of 1.3 Mb (Macklaim et al., 2011). As noted
by Macklaim et al., the genome of L. iners AB-1 seems to
have undergone rapid evolution events that led to large-scale
gene loss and acquisition of genes for survival in the vaginal
environment through HGT. The genome of L. iners AB-1
was shown to contain 95 possible pseudogenes and 65 pre-
dicted genes likely to have been acquired from organisms
outside its genus (Macklaim et al., 2011). Gene clusters for
an iron-sulfur cluster assembly system that may serve as
an environmental sensor and regulate a response, several
unique sigma factors that may regulate gene transcription,
and cholesterol-binding lysin that may contribute to host cell
adhesion or play a role in defense against other microbes in
the genome of L. iners AB-1 were suggested to be important
to its adaptation and survival in the vaginal tract. L. iners
shows the highest degree of specialization among Lacto-
bacillus species and has been suggested to have evolved to
almost an obligate symbiotic lifestyle (Duar et al., 2017).

Nomadic lifestyle

The adaptation of most Lactobacillus species to a particular
niche has been linked to large changes in the genome content
reflecting the constraints imposed by the habitat (Martino
et al., 2016). Such adaptation eventually leads to specializa-
tion where genes that are vital for survival or offer a com-
petitive advantage in a specific habitat are retained, while
other genes are lost. Apparent genome reduction has been
observed such that some strains of Lactobacillus that are
evolving toward specialization to a specific environment or
host, such as in the case of L. bulgaricus in dairy, L. reuteri
in the GIT, and L. iners in the vagina, have reduced genome
sizes compared to other members of the genus. Adaptation
and eventual specialization of Lactobacillus species are
trends observed in LAB, supported by the results of com-
parative genomics and phylogenomics studies (Duar et al.,
2017; Frese et al., 2011; Martino et al., 2016; Oh et al.,
2010). However, particular Lactobacillus species seem to
deviate from this norm, such as those exhibiting the nomadic
lifestyle (Martino et al., 2016). Comparative genomics and
phylogenomics studies of specialized Lactobacillus species,
such as L. reuteri, have shown clustering of strains reflect-
ing their host or origin of isolation (Oh et al., 2010). The
same clustering according to the isolation source, however,
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was not observed in Lactobacillus plantarum (present name,
Lactiplantibacillus plantarum subsp. plantarum), which has
been used as a model organism for studying the nomadic
lifestyle (Duar et al., 2017; Martino et al., 2016).

Martino et al. performed comparative genomics analysis
of 54 strains of L. plantarum isolated from different habitats
and examined different metrics, such as gene content, phy-
logeny, and the variome (variable regions), to explore poten-
tial links between intraspecies genetic variability and the
potential origin of L. plantarum (Martino et al., 2016). The
different analyses that Martino et al. performed, however,
did not identify genomic signatures reflecting environmental
adaptation. They concluded that the genomic adaptation of
L. plantarum may have been driven by alternative selective
pressures other than specific environmental adaptation. Their
study also suggested that L. plantarum has potential capabil-
ity to migrate frequently across different environments. Duar
et al. (2017) also performed phylogenetic analysis based on
the same 54 strains of L. plantarum, which also showed no
obvious clustering by origin.

Specific evolutionary signatures related to adaptation, as
well as distinct clustering reflecting their origin, were also
not observed in Lactobacillus rhamnosus (present name,
Lacticaseibacillus rhamnosus), Lactobacillus casei (present
name, Lacticaseibacillus casei), and Lactobacillus paraca-
sei (present name, Lacticaseibacillus paracasei subsp. para-
casei). It was noted, however, that although L. plantarum,
L. rhamnosus, L. casei, and L. paracasei do not form stable
populations in hosts, they possess genomic features that
allow them to persist and survive in host-associated niches
(Duar et al., 2017; Martino et al., 2016).

Bioinformatics in initial screening
of potential probiotic LAB

The great deal of attention given to LAB is undeniably due
to their application in the food industry, as starter cultures,
and as probiotics. Many producers that market LAB as pro-
biotics have used genomic analysis to characterize the strains
as, in addition to rapid strain characterization with the avail-
able genome-mining tools and databases, genomics is also
instrumental in strain mining and prompt selection of spe-
cific properties (Douillard and de Vos, 2014). As probiotic
features and associated health properties are strain-specific
and cannot be generalized for the entire genus (Douillard
et al., 2013), genome characterization using bioinformat-
ics has played a vital role in initial screening for potential
probiotic LAB strains. This screening for probiotic potential
encompasses the identification of genes that may contribute
to the fitness and survival of a strain in the highly chal-
lenging and dynamic GIT, actual benefit that the strain may
provide to the host, and quality and safety of the LAB strain.
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The common bioinformatics tools and databases that have
been instrumental in the initial screening of the probiotic
potential of LAB strains are presented in Table 2. A sum-
mary of the genetic features that have been shown to contrib-
ute to the probiotic properties of the LAB strains presented
below is presented in Table 3.

Screening for genes involved in survival
in the gastrointestinal environment

Most studies on probiotic LAB initially evaluated the pro-
biotic potential of a LAB strain with the following criteria
on survival and colonization in the GIT (Bagon et al., 2021;
Douillard et al., 2013; Quilodran-Vega et al., 2020; Valeri-
ano et al., 2019; Xing et al., 2017): ability to resist low pH
and high bile salt concentration; have antimicrobial activity
or the ability to inhibit the growth of pathogens; and ability
to adhere to epithelial cells and colonize the gut.

Genes for bile and low pH resistance

The ability of a potential probiotic LAB strain to overcome
and survive the harsh conditions during transit in the GIT,
in addition to the very low pH in the stomach and the high
concentration of bile salts released in the intestine (Lebeer
et al., 2008), is a prime consideration in the selection of a
probiotic LAB (Arnold et al., 2018; Bagon et al., 2021; Vale-
riano et al., 2019). Bioinformatics tools for annotation, such
as RAST (Aziz et al., 2008; Brettin et al., 2015; Overbeek
et al., 2013), Prokka (Seemann, 2014), and NCBI-PGAP
(Tatusova et al., 2016), have been very useful in initial
screening for genes that may be involved in stress resistance.

O’Sullivan et al. identified the bsh gene (also designated as
choloylglycine hydrolase) as one of the gut-specific genes
included in the nine barcode genes that may be used for
identification of the niches of certain LAB (O’Sullivan
et al., 2009). Whole-genome analysis was instrumental in
the initial identification of bsh genes in several studies char-
acterizing LAB strains with probiotic potential (Quilodran-
Vega et al., 2020; Xu et al., 2020; Yoo et al., 2017; Zhang
et al., 2019a). Meanwhile, several genes for adaptation to
acid stress, such as F F,-ATP synthase, Na*/H* antiporter
(Senan et al., 2014; Xu et al., 2020), S-adenosylmethionine
synthetase, and GTP pyrophosphokinase (Sun et al. 2015a),
have also been mapped in the genome using various annota-
tion and alignment (BLAST) tools.

Antimicrobial properties of LAB

LAB are known to inhibit the growth of pathogens through
the production of antimicrobials, including organic acids
(mainly lactic acid and acetic acid), hydrogen peroxide, and
bacteriocin (Abdelhamid et al., 2019; Evanovich et al., 2019;
van der Veer et al., 2019). Bacteriocins are ribosomally syn-
thesized antimicrobial peptides produced by bacteria that
are effective against closely related (narrow-spectrum) or
more distant species (broad-spectrum), to which the pro-
ducing organism has a specific immune mechanism (Cotter
et al., 2013; Walsh et al., 2015). These antimicrobial pep-
tides have attracted a great deal of attention in recent years
due to its potential use as an alternative to antibiotics (Cotter
et al., 2013) and as a food preservative (Jin Ng et al., 2020;
Johnson et al., 2018). Bacteriocins are considered potential
alternatives to antibiotics due to their potency, low toxicity,
availability of both narrow- and broad-spectrum agents, the

Table 2 Bioinformatics tools
and databases frequently used in

Gene/feature

Tools/database Authors

the screening of genes/features
in assessing the probiotic
potential of LAB

Bacteriocin

CRISPR-Cas system
Restriction modification system

AMR genes

Virulence factors

Mobile genetic elements
Genomic island
Plasmid

Phage

Insertion sequence

BAGEL/BAGEL4 de Jong et al. (2006); Van
Heel et al. (2018)
CRISPRFinder Grissa et al. (2007a)
CRISPRdb Grissa et al. (2007b)
REBASE Roberts et al. (2009)
ARDB Liu and Pop (2008)
ResFinder Zankari et al. (2012)
CARD McArthur et al. (2013)
VFDB Chen et al. (2005)
IslandViewer Langille and Brinkman (2009)
Plasmidspades Antipov et al. (2016)
PLSBD Galata et al. (2018)
PHAST Zhou et al. (2011)
PHASTER Arndt et al. (2016)
ISFinder Siguier et al. (2006)
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possibility of in situ production by probiotics, and the ability
to be bioengineered (Cotter et al., 2013). Cotter et al. pro-
vided a comprehensive review on these properties of bacte-
riocins suggesting their potential as alternatives to antibiot-
ics (Cotter et al., 2013). Meanwhile, the use of bacteriocin
from LAB has also attracted attention in studies involving
biopreservation of food, as LAB are recognized as safe
(Johnson et al., 2018). Bacteriocin improves the safety and
shelf-life of products by inhibiting the growth of organisms
associated with spoilage (Ng et al., 2020; Johnson et al.,
2018).

Bacteriocins are usually encoded by small genes that are
commonly omitted during the annotation process, a limita-
tion to identification that BAGEL (de Jong et al., 2006),
a web server created to identify putative bacteriocin open
reading frames (ORFs) in DNA sequences, has come to
alleviate (de Jong et al., 2006). Since its inception in 2006,
BAGEL, presently updated to BAGEL4 (Van Heel et al.,
2018), has been pivotal in bacteriocin identification in LAB
(Eisenbach et al., 2018; Eisenbach et al., 2019; Goel et al.,
2020; Quilodran-Vega et al., 2020; Walsh et al., 2015; Wang
et al., 2020; Yoo et al., 2017; Zhou et al., 2020). In fact,
in 2015, Walsh et al. identified bacteriocin genes in silico
from the genomes of the GIT subset of the Human Micro-
biome Project’s reference genome database, which included
members of Firmicutes, mainly using BAGEL (specifically
BAGELD3) (Van Heel et al., 2013; Walsh et al., 2015). Mean-
while, other researchers have established a bacteriocin data-
base for use in their research (Drissi et al., 2014).

Singh et al. (2018)

Reference

L. amylovorus JBD401

Representative LAB strain

bio-synthesize putrescine., entry to
polyamine metabolic pathway

hyperammonemia
L- ornithine

Conversion of L- glutamate to various
amino acids,

Assimilation of ammonia, prevents
For biosynthesis of L-glutamate from

Decarboxylation of L-ornithine to

Genes for adhesion and colonization

To exert its probiotic or beneficial effects on the host, the

I = — .k
—~ g S '8
= =
2 B g ESEN
=] =1 2 .. .
2 LE 5= = § = probiotic LAB must be able to adhere and persist in the gut
Q |Z B O o T ) .
g g 8 §_ & £ g g o g (Valeriano et al., 2014; Zhang et al., 2015). Good adherence
b < = « 2 = . . . . . .
= s 3 é 2 Z 5 g % 2 capacity of a probiotic strain promotes gut residence time,
Q =S8 Q . . . .
2 % 5 S £258°% § £ 2 pathogen exclusion, and interaction with the host for the
s 2 Ea, €2 g 5% 8 ':]O_, protection of epithelial cells or immunomodulation (Lebeer
SR @ L = . . . .
= E T s 2 2 Rk ; s et al., 2008). The adhesion-associated genes identified to
£ 3 = T > g B 2 . . . .
j§ £ % ? Zz E % B *§ £ = £ date in LAB include LPxTG protein-encoding genes, mucus-
= < = = . . aye . . .
g g ‘Z“ ‘Z" 5 Z 2“2“ ; g g 5 binding pilin (e.g. spaC gene), mucus-binding proteins, sur-
N 5 face layer (S-layer) proteins, cell-surface collagen-binding
é =S proteins, and mannose-specific adhesin (Douillard and de
g =) Vos, 2014; Zhang et al., 2015). Comparative genomics tools
% % for annotation and alignment, such as RAST and BLAST,
éb § respectively, as well as tools for protein prediction, such
5| = é as SignalP (Almagro Armenteros et al., 2019), TMHMM
= _ § a (Krogh et al., 2001), LipoP (Juncker et al., 2003), and Pfam
Q @ . . .. .
2|5 g 2 (Mistry et al., 2021), are just a few of the bioinformatics
g g £ ) tools that have played vital roles in the identification of
b5 Q . . . . .
=g § 3 genes associated with adhesion and colonization of LAB
m |3 =% . . 2
2 E o g (Abdelhamid et al., 2019; Kant et al., 2014; Quilodran-Vega
] =] . .
S & |2 B et al., 2020; Valeriano et al., 2014; Valeriano et al., 2019). In
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2009, Kankainen et al. identified a cluster of pilus-encoding
genes (spaCBA) in L. rhamnosus GG, which was found to
be responsible for the higher adhesion ability of GG than
L. rhamnosus LC705, an industrial stain routinely used as
a starter culture, which lacks the spaCBA gene (Kankainen
et al., 2009). L. paracasei subsp. paracasei IBB3423, iso-
lated recently from raw cow’s milk, was found to possess as
many as 59 genes with putative adhesion domains, includ-
ing the chromosome- and plasmid-encoded spaCBA gene
clusters that are hypothesized to be responsible for the even
stronger adhesion of strain IBB3423 compared to L. rham-
nosus GG (Koryszewska-Baginiska et al., 2019). Meanwhile,
42 adhesion-associated proteins, including the novel cwaA
gene encoding a protein containing multiple domains (i.e.
five cell wall surface anchor repeat domains and an LPxTG-
like cell wall anchor motif) were identified in L. plantarum
NL42 (Zhang et al., 2015). The cwaA gene is believed to
improve the adhesion ability of other probiotic strains as in
Lactococcus lactis (Zhang et al., 2015).

Screening for genes that may provide direct
health benefits to the host

The FAO/WHO defines probiotics as “live microorganisms
that when administered confer health benefits to the host”
(Tarrah et al., 2020). Probiotic LAB have been shown to
provide a number of documented health benefits to the host,
including the production of vitamins (particularly B vita-
mins), immunomodulation, antagonistic activity against
pathogens, antitumor and anticancer potentials, alleviation
of irritable bowel syndrome (IBS), combating obesity, serum
cholesterol reduction, antihyperammonemia, etc. Genome
analysis has also been used in the identification of genes
related to these functions.

Production of vitamins

LAB are known to be fastidious microorganisms, and are
auxotrophic for several vitamins and rely on food sources for
vitamins, amino acids, nucleic acid derivatives, and sugar
(Lebeer et al., 2008; Leblanc et al., 2011; Vogel et al., 2011;
Walter et al., 2011; Zafar and Saier, 2020). However, some
strains of LAB have been shown to synthesize vitamins,
particularly the B-group vitamins, which include folates,
riboflavin, and cobalamin, among others (Cérdenas et al.,
2015; Leblanc et al., 2011; Morita et al., 2008; Zago et al.,
2017). In 2008, genome analysis of L. reuteri JCM11127
identified a unique cluster of 58 genes that includes genes
involved in the biosynthesis of reuterin and cobalamin (pdu-
cbi-cob-hem gene cluster) (Morita et al., 2008). This gene
cluster was mapped within a genomic island that seemed to
have been inserted into the genome of IMC1112" via HGT.

Meanwhile, homology search using blastn identified genes
for the biosynthesis of folate and riboflavin in the genome
of Lactobacillus fermentum (present name, Limosilactoba-
cillus fermentum) CECT 571 (Cardenas et al., 2015) and
three strains of L. plantarum (Lp790, Lp813, and Lp998)
(Zago et al., 2017). It has been shown that vitamins pro-
duced by gut commensals are absorbed in the large intes-
tine and incorporated into the liver and kidneys (Asrar and
O’Connor, 2005). As humans are incapable of synthesizing
most vitamins and rely on exogenous sources, production of
vitamins by probiotic LAB and starter cultures has been an
area of active research in the food industry and for mitigation
of clinical and subclinical vitamin deficiencies. Vitamin-
producing LAB could be a cost-effective source of vitamins
that are less likely to produce undesirable side effects in
comparison to chemically synthesized pseudovitamins (Leb-
lanc et al., 2011; LeBlanc et al., 2013).

Immunomodulation

Probiotic factors are those that directly contribute to the
health-promoting effects of probiotics, and involve mecha-
nisms such as maintaining microbial balance, epithelial
protection, and immunomodulation (Lebeer et al., 2008).
Lebeer et al. presented a comprehensive review of genes
and molecules of lactobacilli supporting probiotic action that
include the immunomodulatory interactions of lactobacilli
involving different cell types, receptors, and cell structures
(Lebeer et al., 2008). In 2008, Yasuda et al. surveyed the
genome of L. casei Shirota, one of the pioneer probiotic
strains, for candidate genes involved in the biosynthesis of
polysaccharide moieties of the cell wall (extracellular poly-
saccharide (EPS) or capsular polysaccharide (CPS)) that are
believed to have functions in immunomodulation (Yasuda
et al., 2008). Genome analysis identified a cluster of 10
genes (cps1A to cpsl]). The genes were mutated (knock-
out) and eight of which (cps1A to c¢ps1G, and cps1]) were
revealed to have roles in immunomodulation after immu-
nological assays. Yasuda et al. employed genome analysis
together with wet lab experiments and identified and verified
genes involved in immunomodulation of L. casei Shirota that
may function to reduce excessive immune reaction during
activation of macrophages (Yasuda et al., 2008).

Some strains of L. plantarum are also known to exhibit
immunomodulatory properties, and teichoic acids (TA) are
recognized as key immunomodulatory molecules involved
in regulation of the host immune response (Zhang et al.,
2019b). Liu et al. (2015) conducted genome sequencing and
comparative genomics of L. plantarum PS128, a probiotic
strain with potential immunomodulatory activity, against
seven other L. plantarum strains and found that PS128 con-
tains a greater number of lipoteichoic acid exporter genes.
However, further studies of these TA-related genes are
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needed to determine their contributions to the antiinflamma-
tory activity of PS128. Genome analysis of L. plantarum J26
also revealed TA-related genes that may be associated with
its immunomodulatory effects (Zhang et al., 2019b). Mean-
while, genes for bacterial metabolites (i.e. related to the syn-
thesis of bacteriocin and membrane proteins) or postbiotics
in L. plantarum strains were also shown to be associated
with positive immunomodulatory effects on dendritic cells
(Zago et al., 2017). In a very recent study, Salvador et al.
also used bioinformatics to mine for genes with functions
related to bacteriocin, CPS, EPS, among others, for poten-
tial immunomodulatory properties of four probiotic strains
isolated from plant and animal hosts (Salvador et al., 2021).
Several LAB strains are also known to be useful in treat-
ment of IBS (Lebeer et al., 2008; Liu et al., 2015), a chronic
intestinal disorder accompanied by low-grade inflamma-
tion, visceral hypersensitivity, and gut microbiota dysbiosis
(Liu et al., 2021b). In a recent study, Liu et al. (2021b)
investigated the abilities of strains of L. casei and L. plan-
tarum to alleviate the symptoms of low-grade inflammation,
visceral hypersensitivity, and gut microbiota dysbiosis in
mice, together with comparative genomics, and identified L.
plantarum CCFM8610 as a strain with significant ability to
mediate the symptoms of IBS. Genome analysis and correla-
tion analysis identified the ability to synthesize conjugated
linoleic acid and COG1028-related genes as associated with
the IBS-alleviating effects of L. plantarum CCFM8610.

Pathogen inhibition (antifungal and antiviral
properties)

Pathogens are inhibited by LAB through the action of their
metabolites such as organic acids, hydrogen peroxide, and
bacteriocins, as well as by competitive exclusion brought
about by the effective adherence of probiotics to the cells of
the host (Lebeer et al., 2008; Quilodran-Vega et al., 2020).
Strains of L. plantarum and L. crispatus have been shown
to inhibit fungal pathogens, such as Candida albicans and
Gardnerella vaginalis (Beck et al., 2019; Ojala et al., 2014).
Comparative genomics of 10 L. crispatus strains showed
that Lactobacillus epithelial adhesin (LEA), among other
proteins encoded in the core genome of L. crispatus, could
mediate the competitive exclusion of G. vaginalis from epi-
thelial cells, which is commonly associated with bacterial
vaginosis (BV) (Ojala et al., 2014). Zafar and Saier (2020)
identified a hemolysin that is a member of the pore-forming
amphipathic helical peptide (HP2-20) family in 10 Lacto-
bacillus spp. Members of the HP2-20 family are known to
exhibit broad antifungal and antibacterial activities by creat-
ing pores in the cell membrane of target fungi or bacteria,
with little or no lysis of mammalian cells (Zafar and Saier,
2020). Meanwhile, whole-genome characterization of L. del-
brueckii TUA4408L identified a typical EPS gene cluster
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(Kanmani et al., 2018). Kanmani et al. demonstrated that
L. delbrueckii TUA4408L and its EPS improved the resist-
ance of porcine intestinal cells against rotavirus infection by
reducing viral replication and regulation of inflammatory
response (Kanmani et al., 2018). Viral titers of Newcastle
disease (ND) and infectious bursal disease (IBD) were also
reduced by probiotic Lactobacillus and Bifidobacterium
strains to which the antiviral metabolites produced by the
strains, such as lactic acid and bacteriocins, as well as the
EPS have been attributed (Abdelhamid et al., 2019).

Antitumor and anticancer potentials of LAB

Several strains of LAB have been shown to have poten-
tial activities against tumors and cancer. As cancer-related
mobility and morbidity are increasing worldwide, there
have been a number of searches for alternative cancer pre-
vention strategies, including the use of probiotics (Zhang
et al., 2013). Some food and food components have been
recognized as important adjuvants for cancer therapy like the
fermented milk, a product of biological activities of LAB,
that has been confirmed to be protective against colorectal
cancer (Wu et al., 2021). Several species and strains of LAB
have also been reported to have antitumor and anticancer
potentials such as L. brevis KU15176 (Hwang et al., 2022),
L. plantarum NCU116 (Zhou et al., 2017), and L. salivarius
Ren (Zhang et al., 2013). Large numbers of studies involv-
ing in vitro (employing immune and cancer cell lines) and
in vivo (cancer induced in mice and rats) evaluation of these
potential anticancer and antitumor activities of LAB have
been reported (Azam et al., 2014; Chondrou et al., 2018; El
Ghany et al., 2015; Hwang et al., 2022; Nami et al., 2014;
Saxami et al., 2016; Tukenmez et al., 2019; Tuo et al., 2015;
Zhou et al., 2017). Very recently, Liu et al. (2021a) pro-
vided a mini-review of the anticancer substances from LAB,
including the EPS, peptidoglycan, nucleic acid, bacteriocin,
and S-layer proteins; while Wu et al. (2021) focused on the
anticancer effects and mechanism of EPS from LAB. As
anticancer and antitumor activities and potentials of LAB
are commonly evaluated by wet lab experiments, genome
analysis is usually complementary to these studies by assess-
ing the quality and safety of the strains (Tegopoulos et al.,
2021). Sun et al. (2015a) however, identified genes in Lac-
tobacillus salivarius (present name, Ligilactobacillus sali-
varius) Ren that may be associated with its antitumor activ-
ity. L. salivarius Ren was previously shown to inhibit oral
cancer induced by 4-nitroquioline 1-oxide (4NQO) in rats
(Zhang et al., 2013). In vivo evidence indicated that protec-
tion of DNA against oxidative damage is one of the mecha-
nisms by which L. salivarius Ren or its secretions inhibited
the 4NQO-induced oral cancer (Zhang et al., 2013). Genes
related to hydrogen peroxide production, including pyruvate
oxidase, NADH oxidase, and a-glycerophosphate oxidase,
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were identified in the genome of L. salivarius Ren (Sun et al.
2015a).

Others

Bioinformatics was also used to compare and understand
strains of Lactobacillus that may have potential in promot-
ing weight loss or weight gain and may have applications
in combating obesity or malnutrition. Drissi et al. (2014)
compared the gene sets of two groups of Lactobacillus spe-
cies associated with weight gain and weight protection,
respectively and found out that based on the genes present
and absent in each group, defense mechanisms for enhanced
glycolysis and defense against oxidative stress are devel-
oped in weight protection-associated Lactobacillus species,
while a limited ability to breakdown fructose or glucose is
associated with the weight gain associated Lactobacillus. In
the study, genes encoding proteins involved in transcription
and carbohydrate transport and metabolism were primar-
ily identified in weight protection-associated Lactobacil-
lus, whereas genes encoding proteins involved in replica-
tion, recombination, and repair were primarily identified
in weight gain-associated Lactobacillus spp. Furthermore,
weight protection-associated Lactobacillus spp. encodes sig-
nificant copies of glucose permease, while thiolase, a lipid
metabolism-associated enzyme was found only in weight-
gain associated Lactobacillus spp.

Meanwhile, LAB were also shown to remove cholesterol.
Growing, resting, and even dead cells of L. plantarum EM
isolated from kimchi were demonstrated to have the ability
to remove cholesterol and may have the potential to reduce
serum cholesterol level (Choi and Chang, 2015). Recent
complete genome analysis of L. plantarum EM identified
five bsh genes related to the serum cholesterol-lowering
effect of this strain (Kim et al., 2020). Bioinformatics anal-
ysis also contributed to the screening and identification of
strains that can ameliorate hyperammonemia (Singh et al.,
2018). Hyperammonemia occurs when there is increased
production of ammonia and when detoxification is inhibited,
or generally because of a disturbance in ammonia metabo-
lism (Hidberle, 2013; Singh et al., 2018). As ammonia is
a known neurotoxin, elevated ammonia in the blood may
result in encephalopathy, which is characterized by vomit-
ing, hypotonia, lethargy, seizures, and coma, and may result
in irreversible brain damage if not treated early and thor-
oughly (Hiberle, 2013; Singh et al., 2018). Several thousand
strains of probiotic bacteria were screened for the ability
to reduce blood ammonia levels in mice with hyperam-
monemia, among which Lactobacillus amylovorus JBD401
showed the greatest ammonia-reducing activity (Singh
et al., 2018). Genomic analysis of JBD401 identified genes
involved in the assimilation of ammonia to synthesize amino
acids and precursors for the polyamine metabolic pathway

(Singh et al., 2018). The use of probiotics in the reduction
of blood ammonia level is of potential clinical importance
as high blood ammonia levels have been suggested to be
associated with Alzheimer’s disease.

Screening for quality and safety

Safety is another important characteristic of a potential pro-
biotic LAB strain in addition to its ability to persist and
colonize the GIT and provide benefits to the host. Therefore,
the potential probiotic LAB must be assessed for its qual-
ity and safety. Many studies have used genomics to assess
the quality and safety of potential and commercial probiot-
ics (Beck et al., 2019; Evanovich et al., 2019; Tarrah et al.,
2020; Wang et al., 2021). Whole-genome analysis is a prom-
ising technique for safety evaluation of probiotics (Wang
et al., 2021). The presence or absence of the following
features: CRISPR-Cas system, restriction and modification
(RM) system — which reduce the incidence of phage invasion
and foreign DNA integration; virulence factors (VF), anti-
microbial resistance (AMR) genes, and toxic metabolites—
features that are ideally absent in potential probiotic LAB;
mobile genetic elements (MGEs), such as genomic islands,
transposons, insertion sequences, plasmids, and phages—
which could mobilize the AMR and virulence genes, as well
as toxic metabolites; have been frequently investigated in
studies characterizing potential probiotic LAB (Beck et al.,
2019; Tarrah et al., 2020; Wang et al., 2021).

CRISPR-Cas and RM systems

Bacteria have evolved several mechanisms to counter the
attack by bacteriophages and continue proliferation, such as
adsorption inhibition, prevention of phage DNA penetration,
host-controlled RM, and abortive infection (Sorek et al.,
2008; Su et al., 1999). RM systems are the most common
phage resistance mechanisms found in bacteria (Su et al.,
1999). The first RM system in LAB and gram-positive bac-
teria, LlaFI, was identified in L. lactis in 1998 (Su et al.,
1999). The function of the CRISPR-Cas system was veri-
fied in 2007 in another LAB, Streptococcus thermophilus,
in which the CRISPR-Cas system was shown to mediate
immunity against infection by phage (Barrangou et al., 2007;
Sorek et al., 2008). The CRISPR-Cas system also limits the
likelihood of transfer of AMR genes and virulence fac-
tors as it attacks foreign genetic material entering the cell
(Douillard and de Vos, 2014; Wang et al., 2021). Several
studies have scanned the genomes of potential probiotic
LAB for the presence of RM and/or CRISPR-Cas systems
(Evanovich et al., 2019; Goel et al., 2020; Jia et al., 2020;
Kanmani et al., 2018; Valeriano et al., 2019; Wang et al.,
2021; Xing et al., 2017; Xu et al., 2020; Zhang et al., 2019a)
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using bioinformatics tools and databases that have been
made available for prediction and analysis of these systems,
such as REBASE (Roberts et al., 2009) and CRISPRFinder
(Grissa et al., 2007a), and CRISPRdb (Grissa et al., 2007b).
It is noteworthy, however, that several additional bioinfor-
matics tools and databases have also been developed and
made available for prediction and analysis of the CRISPR-
Cas system (Alvarenga et al., 2018).

AMR genes

The emergence and spread of antimicrobial-resistant bacte-
ria are major public health concerns. Bacteria develop resist-
ance to antimicrobials through mutation or acquisition of
resistance genes via HGT (Liu and Pop, 2008). One of the
important characteristics of a probiotic LAB is the ability
to inhibit the growth of pathogenic microorganisms. With
the continuous spread of AMR genes and the increase in
pathogenic microorganisms that are resistant to antimicrobi-
als, probiotic LAB have been widely studied in the search
for possible alternatives to conventional antimicrobial drugs
(Abdelhamid et al., 2019). However, potential probiotic
LAB must also be screened first for any transferable resist-
ance genes in its genome that may contribute to the poten-
tial spread of AMR genes in the GIT. Ideally, a probiotic
LAB must be susceptible to at least two antibiotics and must
not show intrinsic antimicrobial resistance (Borriello et al.,
2003; Wang et al., 2021). It should be noted that Lactoba-
cillus species were found to be generally resistant to vanco-
mycin (Borriello et al., 2003; Greppi et al., 2020), but the
resistance gene appeared to be chromosomally located and
therefore not easily transferable to other bacteria (Borriello
et al., 2003). Other resistance genes against aminoglycosides
and tetracycline have also been reported in Lactobacillus
spp. (Greppi et al., 2020; O’Donnell et al., 2015). Bioinfor-
matics databases and tools, such as the antibiotic resistance
genes database (ARDB) (Liu and Pop, 2008), the compre-
hensive antibiotic resistance database (CARD) (McArthur
et al., 2013), and ResFinder (Zankari et al., 2012), have been
widely used in screening potential probiotic LAB for AMR
genes.

Virulence factors and toxic metabolites

Probiotics are expected to provide benefits to the host and
must not possess genes encoding virulence factors or for
the production of toxic metabolites that may harm the host.
Therefore, the genomes of potential probiotics are also
scanned for the presence of genes encoding virulence factors
and the production of toxic metabolites. The virulence factor
database (VFDB) (Chen et al., 2005) has been widely used
for this purpose, although RAST and Islandviewer4 (Bertelli
et al., 2017) are also available to obtain information on the
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presence of virulence factors (Tarrah et al., 2020). Some
common markers for safety evaluation of probiotic LAB
include genes for the formation of biogenic amines, nitrore-
ductase, amino acid decarboxylase, and azoreductases,
B-glucuronidase, hemolysin, fibrinogen-binding proteins,
a-chymotrypsin, and N-acetyl-p-glucosaminidase (Borriello
et al., 2003; Son et al., 2017; Wang et al., 2021). Biogenic
amines, which include tyramine, histamine, putrescine, sper-
midine, and cadaverine, are nitrogenous compounds that are
formed during the decarboxylation of amino acids by bacte-
ria (Cardenas et al., 2015; Evanovich et al., 2019). Accumu-
lations of these compounds have implications in food pro-
cessing and storage, and may cause human health problems
(Evanovich et al., 2019). The presence of -glucuronidase
is also monitored in LAB, as it is known to be carcinogenic
and may re-dissociate carcinogens bound in glucuronic acid
in the liver by detoxification in the colon, which can lead to
their re-absorption in the body (Han et al., 2020; Yang et al.,
2020). The genomes of Lactobacillus species were scanned
for genes responsible for fibrinogen binding, which has been
considered a potential pathogenicity trait, as it can lead to
platelet aggregation, serious medical complications and, in
some instances, death (Collins et al., 2012). LAB have been
implicated in several cases where they were responsible for
bacteremia, endocarditis, peritonitis, abscesses, and men-
ingitis, often in immunocompromised individuals (Cannon
et al., 2005; Zafar and Saier, 2020). Hence, the safety of
LAB must be thoroughly examined and genetic analysis
through bioinformatics plays a key role in this process, as
potential pathogenicity traits may go undetected without full
genetic analysis of strains (Collins et al., 2012).

Mobile genetic elements

The presence of mobile genetic elements (MGESs) in the
genome of potential probiotic strains is commonly explored,
as these are segments of DNA that move within and between
bacteria and can therefore disseminate genes for AMR, vir-
ulence, and even toxic metabolite production (Evanovich
et al., 2019; Wang et al., 2021). Several dedicated bioinfor-
matics tools and databases have been developed for the iden-
tification of MGEs, such as plasmids (PSLDB; Galata et al.,
2018), phages (PHAST and PHASTER; Arndt et al., 2016;
Zhou et al., 2011), genomic islands (Islandviewer; Langille
and Brinkman, 2009), and insertion sequences (ISFinder;
Siguier et al., 2006). Numerous bioinformatics tools have
been developed for prediction of MGEs (Alvarenga et al.,
2018), as HGT events involving the transfer of AMR genes
have both economic and public health consequences. Poten-
tial probiotic LAB have also been commonly analyzed for
identification of MGE:s in their genomes (Evanovich et al.,
2019; Goel et al., 2020; Tarrah et al., 2020; Wang et al.,
2021; Xu et al., 2020).
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Adaptive evolution: de novo mutation
of ingested transient probiotic LAB and its
impact to the resident microbiota

As discussed previously, potential probiotic LAB is
screened for the presence of genes that will allow it to sur-
vive the harsh conditions and pressures exerted by the host
upon transit to the GIT. Recent studies have demonstrated
that during the transit of probiotics toward the GIT, they
also undergo adaptive evolution wherein de novo muta-
tions (e.g. acquisition of SNPs) occur that modulate the
expression of relevant genes (i.e. genes for carbon utiliza-
tion, acid tolerance) and allow them to adapt to the chal-
lenging environment within the host (Huang et al., 2021).
Highly consistent single nucleotide mutations (SNPs) were
observed to be acquired by L. plantarum HNUOS2 (Lp082)
as it colonized and adapted in the gut of humans, mice,
and zebrafish, and such mutations were absent in in vitro
cultivated Lp082 in MRS agar within 28 days which sug-
gest that the mutation only occurred during the transit of
Lp082 (Huang et al., 2021). Furthermore, mutant strains of
Lp082 which harbored the SNPs in gene 1257 (annotated
as bacterial alpha-L-rhamnosidase 6 hairpin glycosidase)
and Gene 1717 (inner membrane protein response to acidic
pH) exhibited higher capability of utilizing rhamnose and
higher survival rate when grown in low pH condition
in vitro, respectively than the original Lp082 strain.

The application of probiotics has been used as one
approach to modulate the gut microbiota which has been
recognized as a critical determinant of human health
by directly contributing to pathologies, influencing the
host’s predisposition to disease, and providing cues to
maintain metabolic and immunological functions (Wal-
ter et al., 2018). When the ingested probiotics reached
the gut, however, not only does it encounter pathogenic
microorganisms but a community of highly diverse micro-
bial populations of different organisms that may consist
of bacteria, archaea, and eukaryotes, essentially an open
ecosystem, living in an intimate relationship with the host
that is housed within the GIT (Derrien and van Hylckama
Vlieg, 2015). Several studies have investigated the impact
of ingested probiotics which, in ecological perspective, are
essentially considered transient microorganisms attempt-
ing to invade an ecosystem of resident or autochthonous
GIT community (Huang et al., 2021; Maldonado-Gémez
et al., 2016; McNulty et al., 2011; Pinto et al., 2020).
Walter et al. (2018) provided an ecological framework
on the use of live microbes in the modulation of the gut
microbiome. As most studies on the impact of probiot-
ics on the resident microbiota involve the application of
metagenomics pipelines, we will only briefly discuss the
general observations in these studies with special attention

to those that employed tools and databases mentioned in
this review. For detailed review of computational tools
for metagenomic pipelines readers may refer to the recent
publication of Yang et al. (2021).

The ingestion of L. plantarum HNUO082 (Lp082) induced
minimal ecological changes (i.e. compositional and func-
tional changes) in the human gut in the study of Huang et al.,
(2021) and this was in congruence with an earlier studies of
Maldonado-Gémez et al. (2016) with B. longum AH1206,
and McNulty et al. (2011) with consortium of fermented
milk strains (FMS). However it is noteworthy that inges-
tion of Lp082 induced a dramatic change in the mutation
frequency (one to two orders of magnitude greater in com-
petitors than in related species in mouse model) of the resi-
dent gut microbes in human and mouse model (Huang et al.,
2021). Meanwhile, introduction of fermented milk products
(FMP) and FMS in the human and mouse model, respec-
tively in the study of McNulty et al. (2011) resulted in sig-
nificant changes in the expression of microbiome-encoded
enzymes specifically those related to plant polysaccharide
metabolism. Bifidobacterium animalis subsp. lactis upregu-
lated a locus in vivo that is involved in the catabolism of xyl-
ooligosaccharides (McNulty et al., 2011). In these studies,
BLAST tools, MEGA-X, the KEGG and CAZy databases
were used in identification of mobile elements, phylogenetic
analyses, and functional annotation, respectively.

Advantages, limitations, and challenges
of bioinformatics

Bioinformatics provides easy access and an overview of
the pool of information coded in the genome through avail-
able genome-mining tools and databases (Abdelhamid
et al., 2019). Genome analyses through bioinformatics give
detailed information on the potential metabolic capabilities
of an organism and provide a map that opens up the poten-
tial for manipulation or bioengineering for strain improve-
ment for biotherapeutics (Klaenhammer et al., 2005). In the
study of adaptation and evolution, bioinformatics has been
instrumental in the identification of novel genes that allow
LAB to adapt and thrive in specific or diverse environments
(Duar et al., 2017; Frese et al., 2011; Macklaim et al., 2011;
Martino et al., 2016; Oh et al., 2010; van de Guchte et al.,
2006). In the identification of potential LAB for probiotic
application, bioinformatics has played key roles in initial
screening and provides an efficient method to assess initially
the safety of a probiotic strain, as genome analyses allow the
detailed examination of genes, especially those involved in
virulence or production of toxic metabolites, which may go
unnoticed or unidentified by conventional wet lab experi-
ments (Abdelhamid et al., 2019; Beck et al., 2019; Collins
et al., 2012; Tarrah et al., 2020; Wang et al., 2021).
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However, like any other method, bioinformatics analy-
sis has its limitations and challenges. Most bioinformatics
pipelines require familiarity with the Linux environment and
programming languages, such as Python and Perl (Gauthier
et al., 2018), which may be overwhelming to some classical
researchers who are more adept with, and used to, perform-
ing conventional wet lab experiments. In addition, adequate
funding is needed to provide the computers that support
the storage and memory requirements of high-throughput
analyses (Gauthier et al., 2018). Bioinformatics analysis also
relies on good-quality assembly to provide comprehensive
and reliable information, because incomplete (draft) or
highly fragmented assemblies, which are more readily avail-
able than complete genomes, may introduce bias and yield
inconclusive results (Quilodran-Vega et al., 2020; Schmid
et al., 2018). In addition, although bioinformatics analy-
sis may be sufficient for some studies, e.g. phylogenomics
using complete genome assemblies, in studies for clinical
and industrial application of probiotic LAB, whole-genome
analysis should always be supported by in vitro and in vivo
assays to complement the initial analysis or findings, as some
genes or determinants identified in the initial genome analy-
sis are not always expressed in vitro and in vivo (Cardenas
etal., 2015; Zago et al., 2017).

In conclusion, bioinformatics has revolutionized the way
by which we study organisms. In the era of modern-day
molecular biology when genome sequencing has become rel-
atively affordable and accessible, genome analysis through
bioinformatics has become the gold standard for research.
In the case of LAB, bioinformatics tools and databases for
comparative genomics and phylogenomics have been widely
used and have been shown to be helpful in understanding
adaptation and eventual evolution of LAB in specific and/
or diverse environments through the identification of spe-
cific genes for survival in certain habitats, up to phyloge-
netic analyses leading to the understanding of their specific
lifestyles. Moreover, bioinformatics has made screening for
potential probiotic LAB strains more efficient with easier
and faster identification of specific desirable genes with
regard to survival in the GIT as well as genes that may
provide benefits to the host. Furthermore, bioinformatics
has also facilitated more exhaustive safety evaluation of
probiotic LAB, as genes encoding virulence factors, toxic
metabolites, and antibiotic resistance can be easily predicted
from the available tools and databases. These features how-
ever still need further validation through wet lab assays and
expression experiments.

This review has presented some of the bioinformatics
tools and databases that have been frequently employed
in genome analysis of LAB. It should be noted, however,
that the tools and databases presented here are only a sub-
set of the vast collection of bioinformatics tools and data-
bases available for genome analysis. This mini-review also
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discussed the role of bioinformatics in understanding the
adaptation and evolution of LAB, and how bioinformatics
has improved the efficiency and thoroughness of screening,
and the safety evaluation of probiotic strains.
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