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Abstract:

Objective: This study aimed to explore the genotypic and phenotypic of Enterococcus thailandicus MEDPSU_PRO_001,
a strain isolated from chicken feces, as a probiotic candidate through comprehensive in silico and in vitro analysis.
Material and Methods: This study examined the genetic characteristics of E. thailandicus MEDPSU_PRO_001 by using
Oxford nanopore long-read sequencing sequences to identify significant genetic details associated with probiotic potential
and pathogenicity; such as virulence factor genes and antibiotic-resistant genes, and the findings were supported by
phenotypic assays.

Results: E. thailandicus MEDPSU_PRO_001, with a genome size of 2,771,294 bp, was analyzed for its probiotic potential.
No antimicrobial resistance genes were identified, with a cutoff value of 80% identity; although vanY (33.91% identity)
and aac(6’)-li (72.63% identity) genes were detected. Phenotypic studies confirmed the strain’s lack of resistance to
vancomycin. Furthermore, genes associated with adherence; including ebpA, ebpB, ebpC, srtC, ecbA, and efaA and

EPS cluster, were identified. This highlights their role in the adherence and aggregation of probiotic strains that were
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supported by phenotypic assays against probiotic and pathogens. Additionally, the presence of bacteriocin-encoding

gene Laps was noted. No hemolysis activity supports the safety of this strain.

Conclusion: This comprehensive genomic analysis of E. thailandicus MEDPSU_PRO_001 reveals its beneficial

characteristics; such as aggregation ability, as a potential probiotic. This study provides valuable insights into the probiotic

nature of this strain, underscoring the safe utilization of E. thailandicus.
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Introduction

Probiotic organisms, as defined by the World Health
Organization (WHO), are live microorganisms that, when
administered in sufficient quantities, provide health benefits to
the host'. These benefits can include antibacterial activities
against pathogens, balancing the gut microbiota, regulating
the immune system, synthesizing vitamins and essential
amino acids, and digesting complex carbohydrates®.

In addition to these health advantages, probiotic
strains must possess fundamental abilities to be defined as
probiotics. They should be able to compete, adhere, persist,
and endure the challenging conditions of the gastrointestinal
tract (GIT), such as bile salts, stomach enzymes, and
low pH, by harboring genes related to these properties”.
Moreover, effective probiotics must be safe for the host’.

The Enterococcus genus, classified within the
Firmicutes phylum, has the ability to survive under various
environmental conditions®. It constitutes a significant
portion of the gut microbiota in humans and various animal
species, playing a vital role in intestinal health. Even though
certain in vitro tests, such as evaluating their survival in
GIT, adherence, and antimicrobial efficacy, are commonly
used for probiotic analysis, relying solely on phenotypic
characterization is insufficient for a comprehensive
understanding of probiotic microorganisms, according to
the European Food Safety Authority (EFSA) guidelinee.
Exploring genomic data from high-throughput DNA
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sequencing can enhance our understanding of probiotic
strains by identifying genes linked to probiotic properties,
potential virulence, and additional chemicals and metabolic
pathways that improve strain effectiveness.

E. thailandicus was reported as a novel strain by
Tanasupawat et al. (2008) and reported in prior studies’;
however, detailed genomic insights and related safety
information remain limited. Therefore, this study aimed
to characterize the genome of E. thailandicus MEDPSU_
PRO_001 to validate its potential health benefits as a
probiotic strain. The findings from this study could facilitate
the safe utilization of E. thailandicus in probiotic formulations
and contribute to its development in various industries,

including food, pharmaceuticals, and biotechnology.

Material and Methods

Bacterial strains

We screened several strains of Enterococcus
species from different sources and found that E.
thailandicus MEDPSU_PRO_001, obtained from chicken
feces in Songkhla, Thailand, exhibited superior probiotic
capabilities, such as tolerance to acidic and bile conditions,
enhanced adhesion to intestinal cells, and strong inhibition
of pathogens. This strain was then selected for phenotypic
and genomic analysis to understand its beneficial traits
and probiotic potential. Staphylococcus aureus ATCC

29213 was purchased from the American Type Culture
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Collection (ATCC) and was grown at 37 °C for 16—18 hours
in Trypticase soy agar (TSA) (HIMEDIA, India) and sub-
cultured in TSA broth at 37 °C for 6 hours and stored at
-80 °C in 15% glycerol.

Assessment of phenotypic safety and probiotic

properties

Vancomycin susceptibility test

The antibiotic susceptibility of E. thailandicus
MEDPSU_PRO_001 was assessed using the broth
microdilution method®. The bacterial suspension was
prepared in BHI broth and adjusted to 0.5 McFarland
standard (approximately 10° CFU/mL), then further
diluted to a 1:100 dilution (10° CFU/mL) for initial seeding.
Subsequently, 100 pL of this inoculum was mixed with 100
uL of varying concentrations of vancomycin (ranging from
0.5 to 256 pg/mL) in a 96-well plate. Untreated control
contained E. thailandicus MEDPSU_PRO_001 without
vancomycin. The plates were incubated at 37 °C for 16-
18 hours. The minimum inhibitory concentration (MIC) was
determined. For quality control, S. aureus ATCC 29213 was
used. Results were interpreted according to the breakpoints
recommended by the Clinical and Laboratory Standards
Institute (CLSI, 2018) guidelines.

Hemolysis assay

E. thailandicus MEDPSU_PRO_001 was streaked
on Blood agar (HIMEDIA, India) containing 5% blood. After
incubation at 37 °C for 48 hours, hemolysis activity was
determined’. S. aureus ATCC 25213, known to exhibit

B-hemolysis, was used to validate the hemolysis assay.

Auto-aggregation and co-aggregation
The ability of the isolates to auto-aggregate was
assessed using the method outlined by". The auto-aggregation

percentage was calculated with the following formula:
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Auto—aggregation%=1—(At/AO)x1OO

At means absorbance at time t, while AO denotes
absorbance at t=0.

Cell suspensions were prepared for co-aggregation
using the same method as for the auto-aggregation
analysis'® with slight modification. Equal volumes of the
cell suspensions of E. thailandicus and the pathogen of all
strains, including E. coli and A. baumannii, were mixed in
a cuvette, and absorbance was measured at OD600 using
UV VIS Spectrophotometer (Shimadzu, Japan) (designated
as AO). The mixture was then incubated at 37 °C, and the
absorbance was measured at 2 hours, 4 hours, and 24
hours (designated as At). The percentage of co-aggregation
was calculated using the equation from'.

Co—aggregation%:(Ao—At)/on1OO

Genomic DNA extraction

Genomic DNA of E. thailandicus MEDPSU_PRO_001
was extracted with the ZymoBIOMIC™ DNA Miniprep
Kit, followed by the manufacturer’s instructions. The
concentration and purification of extracted gDNA were
evaluated using a Nanodrop (Thermo Fisher Scientific,
Waltham, MA, United States). DNA purity and quantity were

confirmed using agarose gel electrophoresis.

Whole genome sequencing

The gDNA of E. thailandicus MEDPSU_PRO_001
was subjected to long-read whole-genome sequencing
(WGS) using the Oxford Nanopore Technologies (ONT)
system with the MinlON Mkic device (Oxford Nanopore).

Genome assembly, annotation and sequence
analysis

FASTQC (version 0.11.9) was used to estimate the
read quality, while low-quality reads were removed with

FASTp” De novo assembly process executed with Unicycler
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v0.5.0". Genome annotation was performed using Prokka
v.1.12". Rapid Annotations with the Subsystems Technology
(RAST)™ were also used to predict functional annotations.
The BAGEL4 (http://bagel4.molgenrug.nl/databases.php)'®
and antiSMASH version 7.0 tools were utilized to identify
the clusters responsible for the biosynthesis of bacteriocin

and secondary metabolites, respectively'®.

Comparative genomic analysis
A pangenome study was conducted by using rotary™
against the available sequences from NCBI database and

phylogenetic tree was constructed.

Virulence factor and antibiotic resistance genes
The Virulence Factors Database (VFDB)* was used
to identify virulence factors. The Comprehensive Antibiotic
Resistance Database (CARD)?, used to identify antibiotic
resistance genes with a minimum length of 60% and
80% identity criteria, was used to identify mobile genetic

elements®.

Results
Assessment of phenotypic safety and probiotic
properties
Antibiotic susceptibility
The MIC value for vancomycin in E. thailandicus
MEDPSU_PRO_001 was 1 pg/ml, indicating its susceptibility
to the antibiotic (Table 1).

Hemolysis assay

Hemolysis activity was determined by streaking
the bacteria on blood agar containing 5% blood. Gamma-
hemolysis was shown after 48 hours of incubation
(Table 2).
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Auto-aggregation and co-aggregation

The results of the auto-aggregation assay
showed higher levels of auto-aggregation after 24 hours
compared to 2 hours of incubation (Figure 1). The auto-
aggregation after 24 hours was 36.98% for E. thailandicus
and 28.84% for E. faecalis 1003. Table 3 represented the
results of the co-aggregation of E. thailandicus with E. coli
and A. baumannii separately at 37 °C after 2, 4, and 24
hours of incubation, amounting to 34.180% and 30.986%,

respectively.

Genome features

The genetic characteristics of E. thailandicus
MEDPSU_PRO_001 were illustrated with the creation of
its genome map (Figure 1 and Table 1). With a GC level
of 36.80%, the total genome length of E. thailandicus
MEDPSU_PRO_001 was 2,771,294 base pairs. A total of
2,496 protein-coding sequences (CDS) were discovered. In
addition, there are 221 subsystems, 2593 coding sequences,
68 tRNAs, 18 rRNAs, and a total of RNAs.

Table 1 Vancomycin resistance profile of the E. thailandicus

PSU_MED_PRO_001

Antibiotic MIC (pg/ml) Interpretation

Vancomycin 1 S

Table 2 Blood agar result and interpretation of E.
thailandicus PSU_MED_PRO_001

Result Interpretation Symbol

No change in the
medium

Organism dose not
hemolyze red blood
cell

Gamma-hemolysis
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Figure 1 The percentage of auto-aggregation for E. thailandicus, E. faecalis 1003 and co-aggregation of E. thailandicus

with E. faecalis 1003 at 2, 4 and 24 hours

Table 3 Co-aggregation (%) of E. thailandicus PSU_MED_
PRO_001 with 2 pathogens during 2, 4, and 24

hours incubation at 37 °C

Bacteria Time (hour) Pathogen bacteria
E. coli A. baumannii
E. thailandicus 2 6.455 0.805
4 11.523 8.250
24 34.180 30.986

Table 4 E. thailandicus MEDPSU_PRO_001 genome

features

General features Value
Genome size (bp) 2,771,294
GC content (%) 36.80
rRNA 18

tRNA 68

CDS 2,496
Number of Subsystems 221
Number of Coding Sequences 2,593
Number of RNAs 86

CDS=Coding sequence
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Functional characterization

The RAST functional annotation study provides a
detailed overview of the genome annotation and subsystem
distribution for the bacterial species, as analyzed. The vertical
bar chart on the left highlights the subsystem coverage,
showing that 73% of the gens have been successfully
assigned to specific subsystems, indicating a high level of
functional characterization, while 27% remain unclassified,
suggesting areas for further investigation. The central pie
chart illustrates the distribution of functional categories within
the annotated genome, with each segment representing a

different subsystem category as shown in Figure 3.

Exopolysaccharide (EPS) production genes

After an extensive analysis of an EPS biosynthesis
cluster next to the epsH gene, a cluster of 32307 bps
was found in the studied strains (Figure 4)*, which
includes crucial elements related to synthesis, modification,
regulation, and export systems®. The synthesis of EPS is
crucial for several functions, including assisting in adhesion
to host intestinal cells, preventing the colonization of

pathogenic organisms, and acting as a prebiotic™™?’.
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Figure 2 E. thailandicus MEDPSU_PRO_001 circular genome map. The highlights essential genomic properties, including
GC content and GC skew, illustrated by black line graphs and colored portions. Demonstration with colored
bars, the functional genetic elements such as ribosomal RNA (rRNA), transfer RNA (tRNA), coding sequences

(CDS), and transfer-messenger RNA (tnrBNA) reveal details about the genetic makeup of E. thailandicus

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

Stress Response (25)

Secondary Metabolism (0)

Fatty Acids, Lipids, and Isoprenoids (39)
Nucleosides and Nucleotides (81)
Amino Acids and Derivatives (100)
Protein Metabolism (176)

Potassium metabolism (3)

DNA Metabolism (58)

Nitrogen Metabolism (0)

RNA Metabolism (37)

Metabolism of Aromatic Compounds (2)
Membrane Transport (25)

Cell Division and Cell Cycle (3)
Carbohydrates (165)

Phages, Prophages, Transposable elements, Plasmids (0)
Cell wall and Capsule (50)

Motility and Chemotaxis (0)

Respiration (18)

Sulfur Metabolism (3)

Phosphorus Metabolism (0)
Photosynthesis (0)

Miscellaneous (12)

Regulation and Cell signaling (10)

Iron acquisition and metabolism (21)
Virulence, Disease and Defense (34)
Cofactors, Vitamins, Prosthetic Groups, Pigments (77)
Dormancy and Sporulation (7)

Figure 3 The subsystem coverage and distribution of functional categories within the annotated genome of the bacterial

species, as analyzed using RAST

Journal of Health Science and Medical Research 6 J Health Sci Med Res



Genomic Analysis of Enterococcus thailandicus MEDPSU_PRO_001 Muangkaew T, et al,

Bacteriocin-encoding genes

Bagel4 analysis revealed several potential
bacteriocin-encoding genes in E. thailandicus MEDPSU_
PRO_001 (Figure 5). It was found that Linear Azole-
containing Peptides (LAPs), antibacterial peptides, are
a subclass of class | bacteriocins characterized by their
inclusion of various heterocyclic rings, such as thiazole and
(methyl) oxazole. These rings are formed through an ATP-
dependent cyclodehydration process followed by a flavin
mononucleotide-dependent dehydrogenation of the amino
acid cysteine, serine, and threonine®. Additionally, other
genes linked to biosynthesis were present in their operons,
including modification genes (LapBotD and cyclodehydration

enzyme) and ABC transporters®.

1,926,023

Pan-genome analysis and phylogenetic tree

Pan-genome analysis and phylogenetic tree
represent a distribution of gene clusters among 27 different
strains. On the left side of the figure, the phylogenetic tree
illustrates the evolutionary relationships among the strains
E. thailandicus MEDPSU_PRO_001 and 26 strain of E.
thailandicus from The National Center for Biotechnology
Information (NCBI), where each branch points (node). The
right side of the figure showcases a presence-absence
matrix comprising 5955 gene clusters, where each row
corresponds to one of the 27 strains and each column
represents a distinct gene cluster. In this matrix, light blue
indicates a specific gene cluster within a strain, whereas
white denotes its absence®, demonstrating the 1946 core

genes and 43 accessory genes (Figure 6).

1,958,330

S o4 o S L o b
§ I § $ 3 § § ¥ § &
$ $ $ § F S 89
Y ¥ ~ 4 N 2 o N NOoNNN
& S A 3 T q & @ 2 $ 9 & S F L L& L & S &
:b&&:mm«::ﬁ:#m@;@;
function
L) Cleavage
. Export
635bps=0.1inches  E) Modification
I:> Other
B) Regulator
»Synthesis

Figure 4 lllustration of EPS gene clusters found in E. thailandicus MEDPSU_PRO_001 (Gene functions were defined
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Figure 5 Genomic organization of bacteriocin-related genes in E. thailandicus from Begel 4
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Figure 6 Phylogenetic tree and presence-absence
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matrix of 27 strains. Phylogenetic tree illustrating the evolutionary

relationships among 27 strains (left) and a presence-absence matrix of 5955 gene clusters (right)

Virulence factor and antibiotic resistance

This study elucidates the virulence factors with their
associated functions, providing critical insights into bacterial
pathogenicity and the characteristics of probiotics. The key
functions of identified genes such as ebpA, ebpB, ebpC,
srtC, ecbA, and efaA are categorized into adherence, as

shown in Table 5.

Table 5 Lists the virulence factors and genes from the
virulence factor database analysis revealed were

present in E. thailandicus

Function Virulence factors Related genes

Adherence Ebp pili, EcbA, EfaA  ebpA, ebpB, ebpC, srtC,

ecbA, and efaA

The analysis of antimicrobial resistance genes
exhibited the gene vanY with 33.91% identity, which is
located within the vanB cluster and is part of the glycopeptide
resistance gene family. Glycopeptide antibiotics, such as
vancomycin and teicoplanin, are critical for treating severe
infections caused by Gram-positive bacteria, especially
those resistant to other antibiotic classes. In addition, vanY
gene is responsible for modifying the terminal residues
of peptidoglycan precursors in the bacterial cell wall.
The second gene we identified was aac(6’)-li, the AAC
(6°) family, which is known for its role in aminoglycoside
resistance. The aac(6’)-li gene has a matching region with
72.63% identity as shown in Table 6. There was no mobile
genetic element that could transfer to other bacteria or

pathogens in our studied strain.

Table 6 Lists of the antibiotic resistance and genes from the comprehensive antibiotic resistance database revealed

were present in E. thailandicus

Gene AMR gene family Drug class Resistance mechanism % ldentity of matching
region

vanY gene in vanB vany, glycopeptide glycopeptide antibiotic antibiotic target alteration  33.91

cluster resistance gene cluster

AAC(6')-li AAC(6") aminoglycoside antibiotic ~ antibiotic inactivation 72.63

Journal of Health Science and Medical Research
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Discussion

Throughout history, Enterococcus species that are
commensals in the Gl tract have been shown to be safe
and useful®. However, they developed sometimes as
opportunistic pathogens, causing a range of infections,
particularly in immunocompromised individuals or those with
underlying health conditions®'. Therefore, the characterization
of both phenotype and genotype is important to evaluate
the virulence of Enterococcus species™. This study provides
significant insights into the phenotype and genotype of
E. thailandicus MEDPSU_PRO_001. Antibiotic resistance
genes in Enterococcus species are frequently associated
with plasmids or transposons, increasing the potential for
horizontal gene transfer®. In the case of E. thailandicus
MEDPSU_PRO_001, a low level of antimicrobial resistance
genes was identified, and no mobile elements were
detected, indicating a low risk of gene transfer to other
pathogens. Phenotypic testing also demonstrated sensitivity
to vancomycin. Vancomycin is normally used as a first-
line defense against Enterococcus. Therefore, identifying
VRE should be addressed, implemented, and prevented
in clinical settings because treatment failures may occur
if Enterococcus is vancomycin-resistant®. The discovery
of the vanY gene in the vanB cluster of vancomycin-
sensitive E. thailandicus is intriguing and warrants further
investigation. Although vancomycin resistance genes
typically suggest potential resistance, our results showed
sensitivity, indicating a possible discordance between
genotypes and phenotypes. This may be due to an inactive
vanY gene, mutations, regulatory factors, or the genetic
context of the vanB cluster. Testing different strains and
conditions, along with genomic and transcriptomic analyses,
is essential to understand why E. thailandicus is sensitive
to vancomycin despite having resistance genes®. These
findings are consistent with a previous study demonstrating

the sensitivity of E. thailandicus TC1 to vancomycin®.
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Additionally, the absence of virulence factors, responsible
for the colonization, invasion, and the development of
pathogenic alterations in bacterial infections are crucial
to develop the probiotic bacteria. Previous investigations
revealed that cytohemolysin (cyl), aggregates (as), and
gelatinases were the main virulence characteristics of
Enterococcus species®®. E. thailandicus MEDPSU_
PRO_001 demonstrated only genes related to adherence.
that is important for adhering to the intestinal cells to thrive,
colonize, and stay inside the host. Moreover, probiotic
Enterococcus species from prior studies have been found
to include genes related to adherence®, and research on
E. faecium also revealed that the presence of efaA and
srtC genes does not necessarily indicate virulence traits***'.

Moreover, the exhibition of the EPS gene cluster
suggests great adherence and aggregation abilities,
supported by their aggregation characteristics. E.
thailandicus exhibited the ability to co-aggregate with E.
faecalis 1003, which aids the survival of beneficial bacteria
under stress and hostile conditions and enhances the
antibacterial activity of co-incubated probiotic bacteria in a
micro—environment”. The co-aggregation with pathogens
in this study was concordant with the previous studies
exploring that co-aggregation with pathogens was caused
by interactions between lectin and carbohydrates as well
as proteinaceous elements on the cell surface and this
property serves as a protective barrier to prevent the
invasion of harmful bacteria®. Additionally, no hemolysin
production gene and no hemolysis zone support the safety
of our strain in contrast to E.thailandicus TC1, a possible
opportunistic pathogen by alpha-hemolysin production®.
The identified bacteriocin-encoding genes, such as Linear
Azole-containing Peptides (LAPs), potentially exhibit
antibacterial activity against pathogens, although phenotypic
assessment of bacteriocin activity was limited in our study.

However, this research provides fundamental phenotypic

J Health Sci Med Res
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and genomic characteristics of E. thailandicus MEDPSU_
PRO_001, supporting its potential application as a probiotic
in the health industry.

Conclusion

The study revealed no harmful traits, such as
virulence factors or significant antibiotic resistance genes
and resistant profile. Additionally, E. thailandicus MEDPSU_
PRO_001 demonstrated good probiotic properties, including
the ability to co-aggregate with both beneficial and
pathogenic bacteria and bacteriocin production. Overall,
the phenotypic, genomic analysis and safety assessment
of E. thailandicus MEDPSU_PRO_001 supports its potential
as a probiotic candidate for further applications in clinical

settings.
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