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ARTICLE INFO ABSTRACT
Keywords: Lacticaseibacillus rhamnosus is a group of probiotic strains that have gained popularity for their
Lacticaseibacillus rhamnosus potential health benefits such as promoting digestive health, boosting the immune system,

Probiotic strain

Oral health
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improving lactose digestion, preventing and treating antibiotic-associated diarrhea, reducing the
severity and duration of certain infections, and preventing the formation of dental plaque. In
particular, L. rhamnosus strains SD4 and SD11 have promising human and animal health appli-
cations due to their ability to inhibit the growth of harmful pathogens. This study presents an in
silico genomic analysis of L. rhamnosus strains SD4 and SD11. We analyzed draft genomes and
conducted comparative genome analyses against several other probiotic strains, aiming to gain
insights into the genomes of the two strains and to compare them to related strains isolated from
other sources. We also aimed to clarify the functional mechanisms and adaptation of these strains
to specific environments. Comprehensive insights into the genomes of L. rhamnosus SD4 and SD11
could enhance our understanding of their capacity to colonize, adapt, and exhibit probiotic
properties after administration. This study holds significance in advancing our understanding of
the potential health benefits associated with these strains and in elucidating the underlying
mechanisms responsible for their effectiveness in humans and animals.

1. Introduction

Lacticaseibacillus rhamnosus, formerly known as Lactobacillus rhamnosus [1], has gained popularity as a probiotic because of the
numerous health benefits that are attributed to it. This species is found naturally in the human gut and has been extensively studied for
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Abbreviations

CRISPR  clustered regularly interspaced short palindromic repeat
BLAST  Basic Local Alignment Search Tool

RefSeq  Reference Sequence (database)

CDS coding DNA sequence

AMR antimicrobial resistance

VFDB Virulence Factor Database

CARD  Comprehensive Antibiotic Resistance Database

GI genomic island

MGE mobile genetic element

IS insertion sequence

ANI average nucleotide identity

its ability to promote digestive health [2] and boost the immune system [3]. L. rhamnosus is known for its unique ability to survive in
the harsh acidic environment of the stomach, which allows it to reach the intestine and colonize the gut. This probiotic strain has been
studied for its potential to improve lactose digestion [4]. It has also shown effectiveness in decreasing both the duration and frequency
of diarrhea episodes [5]. Additionally, it may reduce the severity and duration of certain infections [2]. Furthermore, it has
demonstrated effectiveness in preventing the formation of dental plaque, a sticky biofilm that leads to tooth decay and gum disease [6].
Overall, L. rhamnosus is a promising probiotic with numerous potential health benefits that can help support overall health.

L. rhamnosus has shown promise for various applications in human and animal health [7-9]. In humans, it has been extensively
studied for its potential benefits to gastrointestinal health, immune support, allergy prevention, women’s health (specifically vaginal
health), and oral health. It promotes health and well-being in humans and animals. In particular, L. rhamnosus GG is a probiotic strain
that has been extensively investigated for its potential health benefits, such as ameliorating diarrhea [7], allergies [8], and respiratory
infections [9]. It has also shown a positive effect on gut health by modulating gut microbiota and enhancing intestinal barrier function.
Apart from L. rhamnosus GG, the probiotic properties of L. rhamnosus strains SD4 and SD11 have previously been characterized. For
example, L. rhamnosus SD4 and SD11 have been studied for their use as potential probiotics in swine feed [10]. These strains exhibited
a high inhibitory effect against pathogens such as Escherichia coli, Salmonella enterica, and Streptococcus suis and elicited an increased
expression of host defense peptides without any hemolytic activity. In addition, these two strains have been investigated for their
ability to boost the production of short chain fatty acids in their hosts; these acids have potential anti-cancer effects, particularly in
colorectal cancer prevention [11]. Furthermore, several properties of SD4 and SD11 have been tested including their abilities to induce
the expression of human p-defensins-2-4, interleukin-1p, interleukin-6, interleukin-8, and tumor necrosis factor-o in human gingival
epithelial cells [12] and to reduce inflammatory cytokine levels and apoptosis markers. Despite the research on the phenotypic
characteristics of L. rhamnosus SD4 and SD11, there is still a need to examine their genomic profiles and compare them with that of the
commonly used probiotic L. rhamnosus GG to gain a comprehensive understanding of the diverse phenotypes and functions of these
strains.

This study presents an in silico genomic analysis of L. rhamnosus strains SD4 and SD11. We analyzed draft genome sequences and
conducted comparative genome analyses against several other probiotic strains, aiming to gain insights into the genomes of the two
strains and to compare them to related strains isolated from other sources. We also aimed to clarify the functional mechanisms and
adaptation of these strains to specific environments. Comprehensive insights into the genomes of L. rhamnosus SD4 and SD11 could
improve our understanding of their capacity to colonize, adapt, and exhibit probiotic properties after administration.

2. Materials and methods
2.1. Ethic statement

This research has been granted exemption from the Human Research Ethics Committee (HREC) of Prince of Songkla University,
Thailand (REC.66-200-38-2, dated May 9, 2023).

2.2. Bacterial strains, genomic DNA extraction, and whole-genome sequencing

Two potential probiotic strains, L. rhamnosus SD4 and SD11, were isolated from previous study [13] at the Faculty of Dentistry,
Prince of Songkla University, Thailand. A single colony of each strain was cultivated in MRS medium (Difco BD, New Jersey, USA) at
37 °C for 24 h under anaerobic conditions. Genomic DNA was extracted using a TTANamp Bacterial DNA Kit (Tiangen, Beijing, China)
following the manufacturer’s instructions. DNA concentration and quality were determined using a NanoDrop™ 2000c spectropho-
tometer (Thermo Fisher Scientific, Massachusetts, USA). DNA integrity and purity were evaluated using agarose gel electrophoresis.
Finally, the extracted DNA was sent for library preparation, and 150 bp paired-end reads were sequenced with BGISEQ-500 (BGI,
Shenzhen, China).
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2.3. Genome assembly, annotation, and visualization

One gigabase pair of 150 bp paired-end reads per sample was generated from the sequencer in FASTQ format. We then used the
automated bioinformatics pipeline, Bacseq v1.0.0 [14], to analyze raw sequence data. This tool is capable of performing de novo
assembly and annotation of genes, tRNA, and rRNA in bacterial genomes using SPAdes v3.15.5 [15], Prokka v1.12 [16], tRNAscan-SE
[17] and RNAmmer [18], respectively. Furthermore, we screened the sequenced DNA for the presence of plasmids using an in silico
method as described previously [19]. CRISPRFinder [20] was used to identify clustered regularly interspaced short palindromic re-
peats (CRISPRs). Circular genome representations were visualized Proksee [21].

2.4. Insilico safety assessment

In the field of bacterial safety assessment, in silico methods are important tools for predicting the risks associated with bacterial
strains. This approach employs computer-based models and tools to analyze genomic content and identify potential pathogenicity,
virulence factors, and antimicrobial resistance (AMR). A range of specialized tools are available to conduct such assessments. Path-
ogenFinder [22] was used to predict the pathogenic potential, while ResFinder [23] and Comprehensive Antibiotic Resistance
Database (CARD) [24] were used to predict AMR genes in bacterial genomes. In contrast, VFanalyzer and Virulence Factor Database
(VFDB) [25], were used to identify virulence factors and potential virulence genes in bacterial genomes. By utilizing these tools in
combination, bacterial strains can be evaluated for safety before being used in food production or as probiotics. The results of in silico
safety assessment can guide further experimental work to confirm the safety of bacterial strains and identify potential risks.

2.5. Identifying genes related to probiotic features

Genes identified from literature searches to belong to the genus Lactobacillus [26-29] are involved in important biological pro-
cesses, such as adhesion mechanisms, resistance to various stress conditions, repair and protection of DNA and proteins, and vitamin
production. To identify similar genes in the genome of interest, we performed protein sequence alignments using the Basic Local
Alignment Search Tool (BLAST). A cutoff of 1E-20 and a minimum identity percentage of 70 % were used to ensure the accuracy and
reliability of the results. This approach provides insights into the potential functional roles of these genes in probiotic features.
Additionally, the process of identifying genes responsible for the production of ribosomally synthesized and post-translationally
modified peptides and bacteriocins was carried out using BLASTP to perform a sequence similarity search against the BAGEL data-
base [30]. Gene clusters that were deemed relevant underwent further analysis and visualization using the BAGEL4 web server [31].
AntiSMASH [32] was employed to detect and examine the gene clusters responsible for secondary metabolite biosynthesis in the
bacterial genomes.

2.6. Genomic plasticity analysis

Phigaro v2.4.0 [33] was used to detect and annotate the prophage regions present in the genome. Additionally, MobileElement-
Finder v1.0.3 [34] was used to identify mobile genetic elements (MGEs). IslandViewer4 [35] was used to predict clusters of genes in
the bacterial genome that were possibly obtained via horizontal gene transfer.

2.7. Comparative genomic analysis

We compared L. rhamnosus strains SD4 and SD11 with three other probiotic strains: L. rhamnosus GG [36], L. rhamnosus Pen [27],
and L. rhamnosus Gr-1n [37]. We used the BLAST function on the Proksee server to visualize the identity of the coding sequences across
all strains. In addition, we selected L. rhamnosus SD4 as the central ring for our analysis.

2.8. Pan-genome analysis

In this study, 243 L. rhamnosus genomes were obtained from the NCBI Reference Sequence Database (RefSeq). To eliminate po-
tential bias resulting from different annotation protocols, all 243 genomes were re-annotated using Prokka 1.14.6 [16]. The resulting
general feature format files were then utilized in pan-genome analysis, which involved identifying core, accessory, and unique protein
families using Roary [38], with a 95 % BLASTP threshold and standard parameters. The bacterial strains used in the pan-genome
analysis are shown in Table S1. A total of 1160 core genes from 245 bacterial strains (including SD4 and SD11) were used for mul-
tiple alignments using MUSCLE [39], followed by the construction of phylogenetic trees using MEGA software [40] and the
neighbor-joining method. Bootstrap testing with 1000 repetitions was used to assess tree reliability.

3. Results and discussion
3.1. Characteristics of the L. rhamnosus SD4 and SD11 genomes

The SD4 and SD11 genomes had a combined size of 3.07 and 2.82 Mbp and a GC content of 46.6 % and 46.7 %, respectively, as
shown in Fig. 1A and B. SD4 and SD11 contained 2898 and 2609 protein coding DNA sequences (CDSs), with average lengths of 883
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and 901 bp, respectively. These protein CDSs constituted 83.2 % of the genome. Further information regarding the genomic statistics of
the two strains is presented in Table 1.

Among the CDSs identified in strains SD4 and SD11, 1163 (36.9 %) and 959 (34.1 %) genes, respectively, were hypothetical. The
classifications of ORFs based on the SEED subsystem categorization from the RAST server and Clusters of Orthologous Groups database
are presented in Fig. 2A and B, respectively. The SEED subsystem classifications of SD4 and SD11 were grouped into 25 subsystems,
excluding only “Motility and Chemotaxis” and “Photosynthesis.” The most abundant subsystems in both strains were carbohydrates,
protein metabolism, and amino acids and their derivatives, indicating the presence of genes associated with these metabolic pathways.
The identification of carbohydrate metabolism genes in SD4 and SD11 is important, because they are involved in fermenting sugars
and producing lactic acid during the fermentation of dairy products and other foods. This study contributes to a better understanding of
the probiotic properties of these strains. In addition to the SEED subsystem classifications, a higher number of subsystems related to
phages, prophages, transposable elements, and plasmids were identified in SD4 (67) than in SD11 (7), which could be attributed to the
larger size of the SD4 genome. This finding suggests that the larger genome of SD4 may provide more opportunities for the acquisition
and integration of MGEs, such as phages and plasmids, compared to SD11. MGEs can play a significant role in bacterial evolution, as
they can transfer genes between different strains and species, including those involved in virulence and AMR. The larger number of
subsystems identified in SD4 is consistent with previous studies on bacterial genomes [41,42], which have shown that larger genomes
tend to have a higher abundance and diversity of MGEs. However, it is important to note that the size difference between SD4 and SD11
may not be the only factor contributing to the observed differences in the number of identified subsystems.

3.2. Insilico safety assessment

Both strains, SD4 and SD11, exhibited no AMR genes in ResFinder 4.1 and CARD. Furthermore, the probability of these strains
being human pathogens was calculated using the PathogenFinder tool, and the results were 0.186 for SD4 and 0.184 for SD11. These
values suggested that neither SD4, nor SD11 are human pathogens [43]. No virulence genes were detected in either genome using a
BLASTn search of the VFDB. This suggests that SD4 and SD11 are safe and do not pose a risk as human pathogens. The absence of AMR
genes in ResFinder and CARD is also a positive indication, because AMR is a significant public health concern. The absence of virulence
genes in the VFDB further supports the notion that these strains are non-pathogenic. CRISPR regions have been identified in the SD4
and SD11 genomes and play a crucial role in providing immunity to bacteria against invading genetic elements [44,45]. CRISPR
systems are an essential defense mechanism in bacteria against MGEs, such as bacteriophages, transposons, and plasmids, which can
carry AMR and virulence genes. The presence of CRISPR regions in the SD4 and SD11 genomes indicates that these bacteria could
defend against such a potential threat. Overall, the absence of AMR genes, virulence genes, and the low probability of being a human
pathogen indicate that SD4 and SD11 are safe for use as probiotics. These findings are relevant in the context of increasing concerns
regarding AMR and the need to identify safe and effective probiotics for human use.
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Fig. 1. The circular genome map of L. rhamnosus strains SD4 (A) and SD11 (B) displays the genomic features in an organized manner. The outermost
ring represents the prophage region (in orange), followed by the bacteriocin-encoding gene (in lime), the clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas cluster (in violet and teal), coding DNA sequences (CDSs) on the forward and reverse strands (in orange peel), and
the positive (in green) and negative (in dark violet) GC skew, with the GC content shown in black. Additionally, non-coding RNA and transfer-
messenger RNA (tmRNA) are also included in the CDS ring. tRNA, transfer RNA; rRNA, ribosomal RNA. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

Genome statistics of L. rhamnosus strains SD4 and SD11.
Genomic features SD4 SD11
Genome size (bp) 3,074,301 2,824,505
GC content (%) 46.5 46.7
Number of contigs 71 26
Longest contig size 503,140 973,035
N50 197,258 489,555
Number of CDSs 2898 2609
tRNA 57 58
rRNA 8 5
tmRNA 1 -
ncRNA 2 2
Repeat region 1 1
Regulatory gene 11 11
Number of subsystems 231 226

Abbreviations: CDS, coding DNA sequence; tRNA, transfer RNA; rRNA, ribosomal RNA; tmRNA,
transfer-messenger RNA; ncRNA, non-coding RNA.

3.3. Probiotic properties

L. rhamnosus strains contain a large number of genes that encode proteins involved in stress responses, which help them adapt to the
gastrointestinal tract and oral cavity. These stress responses are related to factors such as temperature, pH, bile, osmotic pressure, and
oxidative stress. To determine the probiotic functions of the SD4 and SD11 strains at the genomic level, we searched for various
probiotic property-related genes, including those involved in stress resistance, bile salt hydrolase activity, adhesion ability, and
immunomodulatory activities, based on previously published literature. Our analysis revealed several genes encoding stress-related
proteins in the genomes of both strains, which are listed in Table 2.

L. rhamnosus is well known for its ability to adhere to and colonize both the gastrointestinal and oral mucosa [46], which is
attributed to a variety of adhesion mechanisms that involve numerous genes. Adhesion-related genes identified in strains SD4 and
SD11 include strA, malP, fbp, IspA, tuf, and gpr [36,47]. These genes contribute to the complex adhesion mechanisms of L. rhamnosus by
mediating the interactions between host cells and extracellular matrix components, promoting Exopolysaccharide production, and
regulating adhesion-related gene expression and cell surface properties. These mechanisms enable L. rhamnosus to colonize the
gastrointestinal tract and potentially provide health benefits. In a previous study [10], we found that L. rhamnosus SD4 and SD11
exhibit strong adhesion to Caco-2 cells, a human intestinal epithelial cell line, which may be mediated by various adhesion-related
genes (Table 2).

L. rhamnosus is resistant to various stressors, including high temperature, low pH, bile salts, and oxidative stress, which is essential
for its survival and adaptation to the host gastrointestinal tract. Heat stress can result in damage to proteins and cellular components;
however, L. rhamnosus has various mechanisms that counteract this stress. One crucial mechanism involves the regulation and acti-
vation of the chaperone and protease genes responsible for the refolding and degradation of misfolded or damaged proteins. In our
study, we discovered the clp operon (Table 2), which includes the Clp family of proteins, including ClpB, ClpC, CIpE, ClpL, ClpX, and
ClpP. These proteins are involved in folding, refolding, and degradation [48,49]. They play an essential role in preserving cellular
homeostasis during heat stress by regulating protein quality and removing damaged proteins. Other heat shock proteins involved in
SD4 and SD11 responses to heat stress include HslV, HrcA, HslO, HSP20, DnaK, DnalJ, CtsR, GrpE, GroEL, GroES, RuvA, RecA, and
LexA. In addition, these proteins are involved in the repair and protection of damaged proteins, DNA damage repair, and regulation of
gene expression.

L. rhamnosus can synthesize certain B-group vitamins, including vitamins B12 (cobalamin) and B9 (folate) [50]. Vitamin B12
biosynthesis in SD4 and SD11 strains involves a set of genes, including the cob operon, which is responsible for the conversion of
cobinamide to cobalamin, and the corrinoid salvage pathway, which allows bacteria to use exogenous cobalamin as a vitamin source.
Folate production in L. rhamnosus is also mediated by a set of genes, including folA, which is responsible for dihydrofolate synthesis,
and folE, which is involved in the production of tetrahydrofolate, the active form of vitamin B9. The ability of L. rhamnosus to syn-
thesize these vitamins can have potential health benefits for the host, as they are important for various metabolic processes [51,52].

Additionally, L. rhamnosus produces various bacteriocins and secondary metabolites with potential probiotic and health-promoting
properties. Bacteriocins are antimicrobial peptides that inhibit the growth of other bacteria, including pathogenic ones. L. rhamnosus
can produce several bacteriocins, including rhamnosin A [53], which exhibit antimicrobial activity against pathogenic bacteria, such
as Staphylococcus aureus and Listeria monocytogenes. In this study, we identified three bacteriocin-encoding genes in SD4 (Fig. 3A) and
SD11 (Fig. 3B) strains using the BAGELS5 server, as shown in Table 2. Although there is limited evidence to suggest that L. rhamnosus
can generate enterocin X, a previous study aimed to identify and describe a possible bacteriocin produced by L. rhamnosus L156.4 [54].
Class II bacteriocins were identified in the genome using the BAGEL3 server. We reanalyzed the results using the same software version
and obtained the same list of bacteriocins as those discovered in the SD4 and SD11 genomes. Oliveira et al. (2017) showed that L156.4
has a broad antibacterial spectrum against various pathogenic and spoilage bacteria, including E. coli, Bacillus cereus, S. aureus,
L. monocytogenes, and S. enterica. These results corroborate those of our previous work [10], which showed that SD4 and SD11 can
inhibit several pathogens, including E. coli, S. enterica, and S. suis. The three bacteriocin-encoding genes identified in this study may be
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Fig. 2. Functional classifications of open reading frames based on SEED subsystem categorization (A) and Clusters of Orthologous Groups (COG)

identification (B) for the SD4 and SD11 genomes.



M. Wonglapsuwan et al.

Heliyon 10 (2024) e29499

Table 2

Probiotic genes identified in the SD4 and SD11 genomes.
Adhesion
Gene Function SD4 SD11
fbp Fructose-1,6-bisphosphatase class 3 + +
IspA Lipoprotein signal peptidase + +
tuf Elongation factor Tu + +
gr L-glyceraldehyde 3-phosphate reductase + +
uxS S-ribosylhomocysteine lyase + +
YWpE Putative sortase YWpE + +
tpiA Triosephosphate isomerase + +
gapA Glyceraldehyde-3-phosphate dehydrogenase + +
eno Enolase + +
pgi Glucose-6-phosphate isomerase + +
epsH Putative glycosyltransferase EpsH + +
malP Maltose phosphorylase + +
StrA Sortase A + +
cpsY Exopolysaccharide phosphotransferase CpsY + -
arnC Undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose transferase + -
pglC Undecaprenyl phosphate N,N'-diacetylbacillosamine 1-phosphate transferase + -
wbbl Beta-1,6-galactofuranosyltransferase WbbI - +
glyD Glycosyltransferase GlyD - +
cpsY Exopolysaccharide phosphotransferase CpsY - +
epsF Putative glycosyltransferase EpsF - +
Stress resistance
Gene Function SD4 SD11
Heat stress
clpB ATP-dependent Clp protease ATP-binding subunit ClpB + +
clpC ATP-dependent Clp protease ATP-binding subunit ClpC + +
clpE ATP-dependent Clp protease ATP-binding subunit CIpE + +
clpL ATP-dependent Clp protease ATP-binding subunit ClpL - -
clpX ATP-dependent Clp protease ATP-binding subunit ClpX + +
clpP ATP-dependent Clp protease ATP-binding subunit ClpP + +
hslv ATP-dependent protease subunit HslV + +
hrcA Heat-inducible transcription repressor HrcA + +
hslv ATP-dependent protease subunit HslV + +
hslO Molecular chaperone Hsp33 + +
HSP20 HSP20 family protein + +
dnakK HSPA9; molecular chaperone DnaK 1 + +
dnaJ Molecular chaperone DnaJ + +
ctsR Transcriptional regulator CtsR + +
8SpE Protein GrpE + +
groEL Chaperonin GroEL + +
8roES Chaperonin GroES + +
ruvA Holliday junction ATP-dependent DNA helicase RuvA + +
recA Protein RecA + +
lexA LexA repressor + +
Cold stress
Csp Cold shock protein 1 + +
cspLA Cold shock-like protein CspLA + +
cspB Cold shock protein CspB + +
Nox NADH oxidase + +
Npr NADH peroxidase + +
trxA Thioredoxin + +
trxB Thioredoxin reductase + +
Acid stress
atpA ATP synthase subunit alpha + +
atpB ATP synthase subunit A + +
atpC ATP synthase epsilon chain + +
atpD ATP synthase subunit beta + +
atpE ATP synthase subunit C + +
atpF ATP synthase subunit B + +
atpG ATP synthase gamma chain + +
ditB D-alanyl-lipoteichoic acid biosynthesis protein DItB + +
Bile salt tolerance
cfa Cyclopropane-fatty-acyl-phospholipid synthase + +
ppaC Putative manganese-dependent inorganic pyrophosphatase + +
brpA Biofilm regulatory protein A + +
ltaS1 Lipoteichoic acid synthase 1 + +
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DNA and protein protection and repair

Gene Function SD4 SD11
msrA Peptide methionine sulfoxide reductase MsrA + +
msrC Free methionine-R-sulfoxide reductase + +
msrB Peptide methionine sulfoxide reductase MsrB + +
wrA UvrABC system protein A + +
clpC Negative regulator of genetic competence ClpC/MecB + +
msrB Peptide methionine sulfoxide reductase MsrB + +
luxS S-ribosylhomocysteine lyase + +
mutT MutT/nudix family protein + +
uvrA Excinuclease ABC subunit UvrA + +

Vitamin biosynthesis

Gene Function SD4 SD11
ribU Riboflavin transporter RibU + +
ribZ Riboflavin transporter RibZ + +
ribF Bifunctional riboflavin kinase/FMN adenylyltransferase + +
cobC Adenosylcobalamin/alpha-ribazole phosphatase + +
cobB NAD-dependent protein deacetylase + +
folA Dihydrofolate reductase + +
folT Folate transporter FolT + +
btuD Vitamin B12 import ATP-binding protein BtuD + +
ytrB Vitamin B12 import ATP-binding protein BtuD + +
InrL Vitamin B12 import ATP-binding protein BtuD + +
Immunomodulation

Gene Function SD4 SD11
dltA p-alanine—poly(phosphoribitol) ligase subunit + +
ditB Membrane protein involved in p-alanine export + +
dic p-alanine—poly(phosphoribitol) ligase subunit + +
ditD p-alanine transfer protein + +

- Isopeptide-forming pilin-related protein SpaA + +

- Cell surface protein SpaB + +

- Aliphatic sulfonate ABC transporter substrate-binding protein SpaC + +
Bacteriocin

Class Description SD4 SD11
Bacteriocin_Ila Carnocin CP52 + +
Bacteriocin_IIc Enterocin X chain beta + +
Bacteriocin_IIc Bacteriocin class II with double-glycine leader peptide + +
Secondary metabolite biosynthesis

Class Description SD4 SD11
T3PKS Type III polyketide synthase + +
RiPP-like Other unspecified ribosomally synthesized and post-translationally modified peptide product (RiPP) + +

crucial for L. rhamnosus strains SD4 and SD11 to exert antimicrobial activity against pathogenic bacteria. Furthermore, we identified
T3PKS genes and post-translationally modified peptide products in the genomes of L. rhamnosus strains SD4 and SD11 using
anti-SMASH analysis. T3PKS genes have been found in several Lactobacillus spp., indicating their ability to synthesize various sec-
ondary metabolites. Lactiplantibacillus plantarum [55] and L. rhamnosus [56] are examples of bacteria carrying T3PKS genes. These
secondary metabolites have different functions, including antimicrobial activity and signaling. The discovery of these secondary
metabolites and their corresponding biosynthetic pathways could provide valuable information on the potential biological activities
and applications of the SD4 and SD11 strains.

3.4. Genome plasticity

Genome plasticity refers to the ability of a genome to change in response to environmental pressure over time through various
mechanisms, such as mutation, recombination, and horizontal gene transfer [57,58]. This allows bacteria to adapt and evolve in
response to changing environmental conditions, such as the presence of antibiotics or other stressors. We used IslandViewer4 to predict
the presence of genomic islands (GIs) in the genomes of L. rhamnosus SD4 (Fig. 4A) and SD11 (Fig. 4B). Fourteen and six GIs were
identified in SD4 and SD11, respectively, ranging in size from 4524 to 56,250 bp and 5703 to 60,563 bp. However, virulence factors or
pathogen-associated genes were not detected in either genome. In SD4, most annotated CDSs were hypothetical proteins, followed by
phage proteins, transposases, and endonucleases. Similarly, in SD11, hypothetical proteins were the most common CDSs, followed by
PTS sugar and fructose transporters.

Overall, the presence of GIs in the genomes of L. rhamnosus SD4 and SD11 suggests that horizontal gene transfer events may have
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Fig. 3. The arrangement of genetic clusters responsible for the production of bacteriocins in the genomes of L. rhamnosus strains SD4 (A) and SD11
(B), as predicted via the BAGEL4 webserver.
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contributed to their genomic plasticity and adaptation to different environments [59,60]. However, the absence of virulence factors
and pathogen-associated genes in these islands suggests that they may not play a significant role in the pathogenicity of these strains.
The abundance of hypothetical proteins and transporters in the CDSs of both strains implies that they may play important roles in
cellular functions such as metabolism and transport. Further studies are required to explore the functions and potential applications of
these GIs in L. rhamnosus.

Phigaro analysis was conducted to detect the prophage sequences in the genomes of L. rhamnosus SD4 (Fig. 5A) and SD11 (Fig. 5B).
These findings revealed the presence of seven prophage regions in the SD4 genome and one prophage region in the SD11 genome. Six
of the prophage regions in the SD4 genome belonged to the Siphoviridae family, whereas the taxonomy of the remaining region remains
unknown. Similarly, the prophage region in the SD11 genome belonged to the Siphoviridae family. Previous studies have also reported
the presence of Siphoviridae prophages in L. rhamnosus [61,62]

The identification of Siphoviridae prophages through Phigaro analysis provided valuable insights into the potential presence of
phage-related genetic elements in L. rhamnosus strains SD4 and SD11. Prophages play a significant role in the genetic diversity,
evolution, and functional characteristics of bacterial populations [63]. Understanding the distribution and classification of prophage
sequences will contribute to our knowledge of their involvement in horizontal gene transfer and adaptation to changing environments.
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Further investigation and characterization of these prophage regions could provide additional information regarding the genetic
landscape and dynamics of L. rhamnosus SD4 and SD11.

Furthermore, MobileElementFinder analysis was used to examine the presence of MGEs and insertion sequences (ISs) in the ge-
nomes of L. rhamnosus SD4 and SD11. The results identified one MGE in the SD4 genome, specifically the IS5 element, which exhibited
100 % alignment coverage and 99.62 % sequence identity. In contrast, MGEs were not detected in the SD11 genome. Overall, the
identification of IS5 in the SD4 genome highlights the potential for genetic plasticity and rearrangement in this L. rhamnosus strain,
whereas the absence of MGEs in the SD11 genome suggests a relatively more stable genetic profile. Further investigation of the
functional implications of these MGEs and IS elements in L. rhamnosus strains can provide valuable insights into their genetic dy-
namics, adaptive capabilities, and potential roles in microbial ecology.

3.5. Comparative genomic analysis

We conducted a comparative analysis of the genomes of five L. rhamnosus strains using L. rhamnosus SD4. The BLAST analysis was
visualized using the Proksee server as shown in Fig. 6A. The overall genome composition of most strains was similar. The Venn diagram
in Fig. 6B illustrates the presence of both specific and homologous core genes in the five L. rhamnosus strains. Specifically, 2106 genes
were shared among all strains. L. rhamnosus GG had the highest number of unique genes (389), whereas L. rhamnosus SD4 had the
lowest (44). Furthermore, the average nucleotide identity (ANI) among these five strains was over 97 %. Notably, samples SD4 and
SD11 exhibited the highest ANI values (99.75 %). These findings suggest that although the overall genome composition of the five
L. rhamnosus strains was largely similar, there were specific genes unique to each strain. L. rhamnosus GG had a larger number of unique
genes than the other strains. High ANI values indicated a close relationship between the analyzed strains, particularly between SD4 and
SD11.

Interestingly, all five compared strains had the same genes responsible for encoding bacteriocins, namely carnocin CP52, enterocin
X chain beta, and class II bacteriocin with a double-glycine leader peptide. However, L. rhamnosus GG had an additional gene encoding
the bacteriocin LSEI_2386, which is commonly found in Lacticaseibacillus casei [64] and Lacticaseibacillus paracasei [65,66]. Although
L. rhamnosus GG had more bacteriocins than SD4 and SD11, the antimicrobial susceptibility results from our previous study [10]
indicated that SD11 and SD4 exhibited higher susceptibility to antimicrobials against enterotoxigenic E. coli, non-enterotoxigenic
E. coli, S. enterica, and S. suis strains. This suggests that the presence of more bacteriocins in L. rhamnosus GG may not necessarily
be correlated with higher antimicrobial susceptibility in these strains. These observations highlight the complexity of bacteriocin
activity, the interplay between different strains, and their susceptibility to antimicrobials. Further research is required to understand
the specific mechanisms and interactions involved in harnessing the potential benefits of these bacteriocins for antimicrobial
applications.

Comparative analysis of the genomes provided valuable insights into the genetic diversity and relatedness among the different
strains of L. rhamnosus. These findings contribute to our understanding of the functional and phenotypic variations between these
strains and have implications for further research and applications in the fields of probiotics and microbial ecology.

3.6. Pan-genome analysis

We conducted pan-genome analysis to assess the diversity of L. rhamnosus strains by comparing SD4 and SD11 with all available
L. rhamnosus genomes from the RefSeq database. A total of 245 genomes, including those of the two proposed strains, were analyzed.
The results revealed a pan-genome consisting of 12,754 gene clusters, which encompassed a core gene set (9.09 %; 1160 genes), an
accessory gene set (56.38 %; 7191 genes), and a strain-specific gene set (34.52 %; 4403 genes).

The core gene set represented the genes shared by all analyzed L. rhamnosus strains, exhibiting a gene sequence similarity higher
than 95 %. These core genes likely contribute to fundamental biological functions and conserved characteristics of L. rhamnosus. The
accessory gene set comprised genes that were present in some, but not all of the examined strains. These genes contribute to the
genomic diversity and potential functional variations observed between the different L. rhamnosus strains. Additionally, the strain-
specific gene set comprised genes unique to specific strains, suggesting distinct genetic features and potential strain-specific
functionalities.

In addition to assessing the diversity of L. rhamnosus strains, we explored the openness of the genome through pan-genome analysis.
Interestingly, our findings revealed that the pan-genome of L. rhamnosus continued to grow significantly, even after sequencing over
245 genomes. This suggests that L. rhamnosus possesses an open genome, indicating that new genes are being discovered with each
additional sequenced genome. L. rhamnosus is naturally found in various sources, and its ability to adapt to different environments may
be attributed to mechanisms such as horizontal gene transfer and genetic mutations. These processes play crucial roles in the
acquisition of new genetic material and contribute to the genomic plasticity observed in this species.

These results highlight the need for continued sequencing of the L. rhamnosus genome to further explore its genomic diversity and
identify new genes. Until the pan-genome of this species reaches a closed state, where most genes are shared among all strains, there is
still much to learn about the genetic makeup and potential functionalities of L. rhamnosus. This information emphasizes the dynamic
nature of the L. rhamnosus genome and the ongoing evolution and adaptation processes within this species. Further research and
sequencing will contribute to a deeper understanding of its genomic diversity and provide valuable insights for various applications,
including the development of probiotics and the study of microbial ecology.
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4. Conclusions

Our study sheds light on the potential health benefits of L. rhamnosus SD4 and SD11, particularly in human and animal health. By
conducting in-depth genomic analyses, we gained valuable insights into the genetic composition and probiotic properties of these
strains. Our findings demonstrate that both SD4 and SD11 possess promising characteristics, including the ability to inhibit the growth
of harmful bacteria associated with dental plaque and periodontal disease. Moreover, our in-silico safety assessment revealed that these
strains do not harbor antimicrobial resistance genes or virulence factors, indicating them being safe for human use. Furthermore, our
study highlights the probiotic potential of SD4 and SD11, as evidenced by their stress resistance, adhesion ability, and immuno-
modulatory properties. Through comparative genomic analysis, we observed genetic variations among different L. rhamnosus strains,
which may influence their probiotic functionalities and applications. Additionally, pan-genome analysis revealed the dynamic nature
of the L. rhamnosus genome, indicating ongoing evolution and adaptation processes within this species. Overall, our findings contribute
to a better understanding of the probiotic properties of L. rhamnosus strains SD4 and SD11 and their potential implications for human
and animal health. In the future, it is important for research efforts to be concentrated on leveraging the therapeutic capabilities of
these strains to create specific interventions aimed at enhancing gastrointestinal, oral well-being and treatment in diabetes.
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