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Several recent studies have reported the potential of probiotics in reducing body 
weight and fat mass and improving glucose and lipid metabolism. Therefore, probiotic 
administration is considered an alternative approach for treating obesity. The 
objective of this study was to evaluate the probiotic properties and antiadipogenic 
potential of the strain TISTR 2593. Through whole-genome sequence analysis, the 
strain TISTR 2593 was identified as Lacticaseibacillus paracasei. L. paracasei TISTR 
2593 exhibited γ-hemolytic activity (nonhemolysis) and demonstrated susceptibility 
to antibiotics, indicating that it is generally safe for consumption. Additionally, 
this strain displayed desirable probiotic properties, including tolerance to artificial 
gastric juice and bile salts, adhesion to Caco-2 cells, and the ability to inhibit 
pathogens. Furthermore, L. paracasei TISTR 2593 exhibited cholesterol-reducing 
capability and demonstrated antiadipogenic activity. In 3T3-L1 adipocytes, treatment 
with 10% (w/v) heated L. paracasei TISTR 2593 cells resulted in an approximately 
50% reduction in lipid accumulation, similar to the positive control (quercetin). 
Moreover, L. paracasei TISTR 2593 heat-killed cells dose-dependently decreased 
the expression levels of CCAAT/enhancer-binding protein-α and peroxisome 
proliferator-activated receptor-γ, two vital transcription factors involved in the 
early stage of adipocyte differentiation. These findings suggest that L. paracasei 
TISTR 2593 possesses probiotic and functional properties, including antiadipogenic 
activity, supporting its potential as a therapeutic probiotic supplement for preventing 
obesity. Overall, the results of this study indicate that L. paracasei TISTR 2593 
exhibits promising probiotic characteristics and beneficial effects on adipogenesis 
modulation, reinforcing its potential as a therapeutic option in obesity prevention.
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Introduction

Obesity is defined as the excessive accumulation of fat, which is 
a common risk factor for noncommunicable diseases (NCDs), such 
as type 2 diabetes, cardiovascular disease, hypertension, stroke, 
various forms of cancer, and mental health issues. Moreover, obesity 
has been linked to increased morbidity and mortality in patients 
with COVID-19 (Boutari and Mantzoros, 2022; Fruh, 2017). In 
March 2022, the World Health Organization (WHO) projected that 
more than 1 billion people worldwide would be obese. By 2025, an 
estimated 167 million individuals, including both adults and 
children, are expected to experience health complications associated 
with being overweight or obese. On World Obesity Day 2022, the 
WHO called on countries to strengthen their efforts in addressing 
and reversing this preventable and foreseeable health crisis 
(WHO, 2022).

In recent years, multiple studies have reported the potential of 
probiotics to suppress obesity (León Aguilera et  al., 2022). 
Probiotics possess species-specific or strain-specific beneficial 
effects and could be utilized in humans if they possess the required 
properties to confer beneficial effects, such as resistance to acids 
and bile, proliferation on and adherence to intestinal epithelial 
cells (Ouwehand et al., 2002). The antiobesity effects of probiotics 
have been attributed to their ability to alter the gut microbiota, 
remodel energy metabolism, modify the expression of genes 
associated with thermogenesis, glucose metabolism, and lipid 
metabolism, and impact parasympathetic nerve activity (León 
Aguilera et al., 2022).

Several probiotic lactic acid bacteria (LAB) have emerged as 
promising strategies for the prevention and treatment of obesity 
in the future (Shen et al., 2022; Tsai et al., 2014). Multiple studies 
have indicated that LAB exert an inhibitory effect on lipid 
accumulation during adipogenesis by downregulating the key 
activators PPAR-γ and C/EBP-α. In a recent study, Kim et  al. 
(2020) reported that treatment with cell-free extracts (CFEs) of 
Lactobacillus fermentum MG4231 and MG4244 reduced lipid 
accumulation and intracellular triglyceride production in 3T3-L1 
adipocytes by more than 50%, which was mediated by the 
downregulation of FAS and aP2 resulting from the inhibition of 
PPAR-γ and C/EBP-α gene expression. Guha et  al. (2021) 
demonstrated that Lactobacillus delbruckei subsp. bulgaricus and 
Streptococcus thermophilus could reduce cellular lipids and 
downregulate the expression of mammalian adipogenesis 
marker genes in terminally differentiated 3T3-L1 cells. 
Similarly, Han et al. (2022) reported that Lactobacillus plantarum 
KU15117 exhibited antiadipogenic activity in 3T3-L1 cells 
and suppressed the expression of adipocyte-specific genes 
and proteins.

The Biodiversity Research Centre of Thailand Institute of 
Scientific and Technological Research (TISTR), specifically the 
Innovative Center for Production of Industrially Used 
Microorganisms, operates a probiotics bank with the objective of 
isolating, collecting, researching, and conserving local probiotics 
for their industrial use in foods and functional products. The 
present study aimed to identify a potential new probiotic from our 
bank for its ability to prevent obesity. Among the candidates, the 
potential L. paracasei TISTR 2593 was selected for evaluation 
because of its potential antiadipogenic activities.

Materials and methods

Isolation and identification of strain TISTR 
2593

The strain TISTR 2593 was isolated from breast milk two days 
after childbirth and subsequently preserved during the TISTR culture 
collection. Initial identification of the strain TISTR 2593 was 
conducted through Gram-staining, catalase testing, and assessment of 
acid production on MRS agar supplemented with CaCO3. Clear zones 
were observed around colonies on MRS medium supplemented with 
1% (w/v) CaCO3, suggesting the likely classification of this strain as 
lactic acid bacteria (LAB). For ongoing research, the strain was 
maintained at −80°C in 15% (v/v) glycerol until use.

Genomic DNA extraction followed the protocol outlined in 
Wilson (2001). Whole-genome sequencing utilized hybrid 
technologies, such as the Oxford Nanopore Technologies (ONT) with 
the Rapid Sequencing Kit and MinIONTM device, alongside the 
Illumina platform with the NextSeq® 500 high-output kit v2 
(300 cycles) for improved accuracy. Trim Galore (Galaxy Version 
0.6.3) was employed to remove adaptors and low-quality reads to 
ensure data quality, followed by processing with the Unicycler genome 
assembly program (Galaxy Version 0.4.8.0).

16S rRNA gene sequences were extracted via ConEST16S (Lee 
et  al., 2017), and 16S rRNA gene sequences were extracted via 
ConEST16S (Yoon et al., 2017) to determine sequence similarity. The 
average nucleotide identity (ANI) and digital DNA–DNA 
hybridization (dDDH) values were calculated via the JSpeciesWS web 
server tool (Richter and Rosselló-Móra, 2009; Richter et al., 2016) and 
the Genome-to-Genome Distance Calculator (GGDC 2.1) with the 
BLAST+ method and formula 2 (Kim et  al., 2014). Additionally, 
average amino acid identity (AAI) was analyzed via the Kostats 
laboratory (Rodriguez-R and Konstantinidis, 2014). Finally, a circular 
genomic map was generated via Proksee (Grant et al., 2023).

Functional genome analysis of strain TISTR 
2593

The whole genome was annotated via the DFAST server (Tanizawa 
et al., 2018), Rapid Annotation Server Technology (RAST) (Aziz et al., 
2008), PATRIC (Davis et  al., 2020), and the NCBI Prokaryotic 
Genome Annotation Pipeline (PGAP) (Tatusova et  al., 2016). 
Antibiotic resistance genes were determined via the Comprehensive 
Antibiotic Resistance Database (CARD; https://card.mcmaster.ca) 
(Alcock et al., 2020) and the ResFinder web-based tool (Bortolaia 
et  al., 2020). Pathogenicity was predicted via the PathogenFinder 
web-based tool (Cosentino et al., 2013), and plasmids were detected 
via PlasmidFinder (Carattoli et al., 2014). The Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database (https://www.kegg.jp) 
(Kanehisa et al., 2016) was used to search for pathways and genes.

Hemolysis activity

Strain TISTR 2593 was streaked onto 5% (v/v) sheep blood agar 
and then incubated anaerobically at 37°C for 24 h. Following the 
incubation period, the plates were examined for the presence of a clear 
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zone (β-hemolysis), a greenish zone (α-hemolysis), or no zone 
(γ-hemolysis, nonhemolytic) around the colonies.

Antibiotic susceptibility

The antibiotic susceptibility assay was conducted against a broad 
spectrum of clinically important antibiotics via the disc diffusion 
method as outlined by the Clinical and Laboratory Standards Institute 
(Humphries et  al., 2021). Seven antibiotics, including ampicillin 
(10 μg), chloramphenicol (30 μg), vancomycin (30 μg), tetracycline 
(30 μg), erythromycin (15 μg), kanamycin (30 μg), and clindamycin 
(2 μg), were utilized. The cell concentration of each bacterial culture 
was adjusted to match McFarland No. 1 standards and then applied 
onto Mueller–Hinton (MH) agar (Merck, Darmstadt, Germany) via a 
sterile cotton swab, followed by a 10-min incubation at room 
temperature. The antibiotic discs were subsequently aseptically placed 
onto the agar. Staphylococcus aureus ATCC 6538 and Escherichia coli 
ATCC 8379 were employed as positive controls. The agar plates were 
then incubated under optimal conditions for bacterial growth, and the 
inhibition zones were measured and compared to the breakpoint 
values specified by Humphries et al. (2021).

Antimicrobial activity

Antimicrobial activity was assessed via the agar-well dffusion assay 
method outlined by Ennahar et  al. (2000). Six pathogenic 
bacteria—S. aureus ATCC 6538, Escherichia coli ATCC 8379, 
Salmonella Typhimurium TISTR 292, Salmonella enteritidis DMST 
15676, Listeria monocytogenes DMST 13820, and Helicobacter pylori 
PT14—served as indicator strains. Following cultivation for 18–24 h 
under their optimal growth conditions, each indicator strain was 
suspended in 0.85% (w/v) NaCl, and the cell density was adjusted to the 
McFarland No. 1 standard (108 CFU/mL). These suspensions were then 
overlaid onto nutrient agar (NA) via a cotton swab, and sections of NA 
were aseptically removed via Corkborer No. 3. The LAB culture mixture 
was subsequently centrifuged overnight for 10 min at 10,000 × g, and 
70 μL of the resulting cell-free supernatant was added to each well. 
After 24 h of incubation at 37°C, the diameter of the inhibition or clear 
zone was measured. Sterile MRS broth was used as negative control.

Acid and bile salt tolerance

Simulated gastrointestinal fluid (SGI) was prepared according to 
the modified method of Hyronimus et al. (2000). In brief, 0.1% (w/v) 
pepsin was dissolved in MRS broth containing 0.05% (w/v) L-cysteine, 
and the pH was adjusted to 2 with 1 M HCl and 1 M NaOH. The 
solution was then sterile-filtered through a 0.2 μm membrane (Life 
Sciences, Ann Arbor, MI, USA) and either used immediately or 
refrigerated until needed (for no longer than 24 h). Bile salt tolerance 
was assessed as per the procedure outlined by Gilliland et al. (1985). 
Bile salts at a concentration of 0.3% (w/v) were dissolved in MRS broth 
supplemented with 0.05% (w/v) L-cysteine at pH 8 and sterilized via a 
liquid cycle for 15 min. One milliliter of overnight culture 
(OD600 = 1.0) in MRS broth was subsequently inoculated into 9.0 
milliliters of SGI (pH 2) and 0.3% (w/v) bile salt solution (pH 8). The 

resulting mixtures were immediately evaluated for the viability of 
candidate probiotics via the standard pour plate method and then 
incubated at 37°C for 180 min. The viability of the remaining probiotics 
was assessed via the aforementioned methods, and the survival rate 
was calculated as the logarithmic value of colony-forming units per 
milliliter (Log10CFU/mL) according to the following formula:

 ( ) ( )10 1 10 0Percentage of surviving cells % log N / log N 100= ×

where N1 is the average base 10 logarithm of viable cells 
(Log10CFU/mL) after incubation for 180 min.

N0 is the average base 10 logarithm of the number of viable cells 
(Log10CFU/mL) at the initial incubation time (0 min).

Adhesion assay

The ability of strain TISTR 2593 to adhere to human epithelial cells 
was tested following the protocol outlined by Kingkaew et al. (2022a). 
First, human colorectal adenocarcinoma cells (Caco-2) (ATCC, HTB-37) 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) and 
seeded into a 24-well cell culture plate at a density of 2 × 105 cells/well. 
The plate was then incubated at 37°C in a 5% CO2 humidified incubator 
for 14 days. Viable cells of strain TISTR 2593 were harvested by 
centrifugation (8,000 × g, 10 min, 4°C) and washed twice with sterile 
PBS (pH 7.2). The cell density was adjusted to 1 × 109 CFU/mL with 
DMEM. Next, 1 mL of the strain TISTR 2593 cell suspension was added 
to each well and incubated at 37°C in a 5% CO2 atmosphere for 1 h. 
Following incubation, the Caco-2 cells were washed three times with 
sterile PBS to remove nonadherent TISTR 2593 cells. The Caco-2 cells 
from the monolayers were detached with 1% (v/v) Triton X-100. The 
suspension containing TISTR 2593 cells was enumerated via 10-fold 
serial dilution and spread onto MRS agar. After incubation for 48 h at 
37°C, the adhesion ability was determined via the following formula:

 ( )1 0Percentage of adhesio N / Nn (%) 100= ×

where N1 represents the average base 10 logarithm of adherent 
bacterial cells (CFU/mL) after incubation.

N0 represents the average base 10 logarithm of non-adherent 
bacterial cells (CFU/mL) added before incubation as a control.

Cholesterol assimilation assay

The strain TISTR 2593 was cultivated in MRS broth containing 
100 μg/L cholesterol-PEG 600 and incubated at 37°C for 24–48 h 
under anaerobic conditions. The strain TISTR 2593 cells were 
subsequently removed via centrifugation at 4,000 × g for 10 min at 
4°C, and the supernatants were separated for cholesterol assimilation 
determination. Cholesterol levels were determined via a modification 
of the method described by Rudel and Morris (1973). Briefly, 100 μL 
of the supernatant sample was added to 200 μL of 95% (v/v) ethanol 
and 100 μL of 33% (w/v) potassium hydroxide. This mixture was 
vortexed for 1 min and then heated in a water bath at 60°C for 10 min. 
After cooling, 500 μL of hexane and a 1 mL aliquot of distilled water 
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were added and thoroughly mixed. The mixture was then allowed to 
stand at room temperature to allow phase separation. A 100 μL aliquot 
of the hexane layer was transferred to a clean 96-well plate and 
evaporated under a flow of nitrogen gas. Next, 200 μL of freshly 
prepared O-phthalaldehyde (0.5 mg O-phthalaldehyde per ml of 
acetic acid) was added to each well of the 96-well plate containing the 
mixture. After the addition of 50 μL of concentrated sulfuric acid and 
standing for an additional 15 min, the absorbance at 550 nm was read 
against the reagent blank. The absorbance values were then compared 
with those obtained with cholesterol standards.

 (C-B/A 0C) 1 0= ×

where A is the cholesterol assimilation (as a percentage),
B is the cholesterol level in the test sample.
C is the cholesterol level in the control (uninoculated MRS broth 

containing cholesterol-PEG 600 (100 ug/L)).

Cell line and cell culture

3T3-L1 preadipocyte cells, which are mouse embryonic 
fibroblasts, were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 4.5 g/L glucose, 10% (v/v) fetal bovine 
serum, and 1% (v/v) penicillin/streptomycin at 37°C with 5% CO2 in 
a humidified incubator. The cells were subcultured every 5–6 days 
when they reached 70–80% confluence.

Cytotoxicity

Heat-inactivated cells of the strain TISTR 2593 were tested for 
cytotoxicity via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) method. Adipocyte 3T3-L1 cells were seeded in 96-well 
cell culture plates at a density of 1× 104 cells/well and incubated with 
heat-inactivated TISTR 2593 cells at concentrations up to 10% (v/v) for 
24 h at 37°C with 5% CO2 in a humidified incubator. After incubation, 
the cells in the wells were washed twice with phosphate buffer solution, 
and 20 μL of MTT staining solution (5 mg/mL in phosphate buffer 
solution) was added to each well. The well plate was then incubated at 
37°C for 3 h. Following incubation, 100 μL of dimethyl sulfoxide was 
added to each well to dissolve the formazan crystals, and the absorbance 
was read at 570 nm via an microplate reader. The percentage of cell 
viability was calculated via microplate reader the following formula:

 

Absorbance of samPercentage of c ple 100
Absorbance of con

ell viabil
tr

ity (
ol

%)
 

= ×  

Lipid accumulation

To investigate the effect of strain TISTR 2593 on lipid accumulation, 
3T3-L1 preadipocytes were differentiated via the methods outlined by 
Nasution et al. (2020) and Udomwasinakun et al. (2022). Heat-inactivated 

cells of strain TISTR 2593 at concentrations of 2.5, 5, and 10% (v/v) were 
added to the differentiation medium cocktails I and II, as described by 
Udomwasinakun et al. (2022). The control condition comprised 10% 
(w/v) peptone water, matching the highest volume used for heat-
inactivated cells of strain TISTR 2593. Quercetin at 30 μg/mL served as 
the positive control, given its well-documented antiadipogenic activity 
(Udomwasinakun et al., 2022). Mature 3T3-L1 adipocytes on day 9 were 
harvested by fixing them in 10% (v/v) formalin at room temperature for 
1 h before lipid accumulation was analyzed via the Oil-red-o solution 
0.50% (v/v) in isopropanol staining assay, following the protocol outlined 
by Nasution et al. (2020). The oil droplet size and number were observed 
under an inverted microscope (Olympus IX73, Japan). The stained cells 
were decolorized with isopropanol before the absorbance was measured 
at 490 nm with a microplate reader. The percentage of lipid accumulation 
was expressed relative to that of the control (peptone water).

Expression of the C/EBP-α and PPAR-γ 
genes

The RNA of 3T3-L1 cells was extracted via a commercial GeneJET 
RNA purification kit (Thermo Fisher Scientific, USA) and purified with 
DNase I amplification grade (Thermo Fisher Scientific, USA). First-
strand cDNA was synthesized from 200 uL of RNA via the commercial 
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, 
USA) following the manufacturer’s protocol. After reverse transcription, 
500 uL of cDNA was subjected to real-time PCR amplification with 
iTaqTM Universal SYBR® Green Supermix (Bio-Rad, USA) with the 
following primers: β-actin (F: 5’-GGCTGTATTCCCCTCCATCG-3′, 
R: 5’-CCAGTTGGTAACAATGCCATGT-3′), PPAR-γ (F: 5’-GGAA 
GACCACTCGCATTCCTT-3′, R: 5’-GTAATCAGCAACCATTGG 
GTCA-3′), and C/EBP-α (F: 5’-GCGGGAACGCAACAACATC-3′, R: 
5’-GTCACTGGTCAACTCCAGCAC-3′). Real-time PCR (Bio-Rad 
CFX96TM Real-Time System, USA) was employed for amplification. 
The extracted cDNA was amplified with a thermocycler. The cycle 
threshold (Ct) was normalized to that of β-actin as a reference gene and 
reported relative to the control (peptone water).

Statistical analysis

All the experiments were performed in triplicate, and the results 
are presented as the mean ± standard deviation. The results were 
subjected to analysis of variance (one-way ANOVA) via SPSS software 
(version 22.0). Significant differences among the means (p < 0.05) 
were evaluated via Duncan’s new multiple range test (DMRT).

Results and discussion

Isolation and characterization of strain 
TISTR 2593

The strain TISTR 2593 is a Gram-positive, rod-shaped bacterium 
that tests negative for catalase. The complete genome of strain TISTR 
2593 contains one copy of the 16S rRNA gene, and the 16S rRNA gene 
sequence of strain TISTR 2593 has been deposited in GenBank under 
accession number LC759806. The 16S rRNA gene sequences were 

https://doi.org/10.3389/fmicb.2025.1501395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Sitdhipol et al. 10.3389/fmicb.2025.1501395

Frontiers in Microbiology 05 frontiersin.org

highly similar to those of several Lacticaseibacillus species, i.e., 100% 
to L. paracasei subsp. tolerans JCM 1171T, 99.93% to L. paracasei 
subsp. paracasei ATCC 25302T, 99.35% to L. zeae ATCC 15820T and 
L. chiayiensis NCYUAST and 99.21% to L. casei ATCC 393T. This result 
indicated that analysis using only the 16S rRNA gene alone could not 
be used to identify the species of bacteria in this group, especially to 
distinguish between Lacticaseibacillus spp. and its subspecies. 
Recently, genome-based taxonomic approaches such as ANI (<95%) 
(Richter and Rosselló-Móra, 2009), AAI (<95–96%) (Konstantinidis 
et al., 2017), and dDDH (<70%) (Auch et al., 2010; Thompson et al., 
2013) have been used as the thresholds recommended for 
differentiating strains into different species; the values in parentheses 
are cut-off values. The genomic attributes of strain TISTR 2593 are 
shown in Table 1.

On the basis of genomic analysis, strain TSITR-2593 was found to 
have an average average nucleotide number based on BLAST (ANIb) 
(97.65–77.45%), an average average nucleotide number based on 
MUMmer (ANIm) (98.54–84.48%), an average amino acid identity 
(AAI) (97.12–83.82%), and digital DNA–DNA hybridization (dDDH) 
(86.50–23.00%) (the ORGI values in Table  2) values that were 
significantly higher than the above cut-off values for species 
demarcation, indicating that the strain can be  identified as 
Lacticaseibacillus paracasei. Precise taxonomic classification is of 
utmost importance when assessing potential risks associated with a 
particular taxon. By employing the protocol implemented in this 
study, the issue of misidentification or the inability to differentiate 
between closely related species, as observed in identification on the 
basis of biochemical assays and 16S rRNA gene analysis, can 
be mitigated.

The historical use of bacteria within the genus Lacticaseibacillus 
(formerly known as Lactobacillus) in fermenting foods underscores 
the high number of generally recognized as safe (GRAS) species 
within this group (Salvetti et al., 2012). In recent decades, the global 
rise in obesity, which is linked to sedentary lifestyles and poor diets, 
has become a major health concern (Lin and Li, 2021). With some 

drugs used in clinical practice, such as orlistat and sibutramine, 
which have serious side effects, probiotic therapy has emerged as a 
safer alternative for treating obesity. Various experimental and 
clinical studies have highlighted the close relationships among 
probiotics, obesity, and the intestinal microbiome (Crovesy et al., 
2020). The antiobesity effects of probiotics are attributed to their 
ability to modulate microbial communities, reduce lipid 
accumulation, and improve fat metabolism (Kobyliak et al., 2016; 
León Aguilera et al., 2022).

L. paracasei is widely acknowledged as one of the most commonly 
used probiotic bacteria in dairy and non-dairy products. Research has 
explored its health-promoting properties, including its ability to 
inhibit intestinal pathogens, modulate immune responses, improve 
lipid metabolism, and exert hypocholesterolemic and stress-reducing 
effects (Bengoa et al., 2021; Lee et al., 2023). In our study, we evaluated 
the hemolytic activity, antagonistic activity, antibiotic susceptibility, 
acid and bile salt tolerance, and adherence ability of L. paracasei 
TISTR 2593 to establish safety criteria and fundamental characteristics 
for probiotic bacteria.

Hemolytic activity

Lacticaseibacillus paracasei TISTR 2593 exhibited non-hemolytic 
activity (γ-hemolysis) when cultivated on sheep blood agar. The 
absence of hemolytic activity is a fundamental criterion for selecting 
probiotic strains, ensuring the nonvirulent nature of the strain (Food, 
Agriculture Organization of the United, N., & World Health, O, 2006). 
This study aimed to evaluate the probiotic potential and antiadipogenic 
ability of the selected LAB strain; thus, we  conducted tests on its 
probiotic properties and antiadipogenic activities.

The basic criteria for selecting probiotics include (1) being 
generally recognized as safe (GRAS); (2) demonstrating resistance to 
gastric conditions and bile salts; (3) adhering to the host’s intestinal 
epithelium; (4) exhibiting antagonistic activity against pathogenic 
bacteria; and (5) maintaining viability during processing and storage 
(Behnsen et  al., 2013; Fijan, 2014; Rolfe, 2000). The absence of 
hemolytic activity and antibiotic resistance are pivotal characteristics 
of probiotics (Georgieva et al., 2015).

Hemolysis is considered a significant virulence factor among 
pathogenic microorganisms (Lahtinen et  al., 2009). Our findings 
indicate that L. paracasei TISTR 2593 did not display hemolytic 
activity (γ-hemolysis). Several studies have documented the 
nonhemolytic nature of L. paracasei, suggesting the absence of 
hemotoxin production and the overall safety of these strains (Mangia 
et al., 2019; Tang et al., 2021; Xu et al., 2019).

Antimicrobial activity

Lacticaseibacillus paracasei TISTR 2593 exhibited potent 
antimicrobial activity against a range of pathogens, including 
S. aureus ATCC 6538, E. coli ATCC 8379, Sal. Typhimurium TISTR 
292, Li. monocytogenes DMST 13820, and H. pylori PT14 (Table 3 
and Figure 1). The majority of the inhibition zone diameters against 
these pathogenic bacteria were greater than 15 mm. The observed 
growth inhibition property of the isolate may be attributed to the 
production of inhibitory substances by L. paracasei TISTR 2593. 

TABLE 1 Genomic attributes of strain TISTR 2593.

Attributes TISTR 2593

Accession no. JBCAQN000000000

Genomic size (bp) 3,192,332B

Genome qualities

  Genome quality GoodA

  CheckM completeness (%) 100A

  Coarse consistency 99.9A

  Fine consistency 98.4A

  G + C content (%) 46.4B

  N50 3,142,915A

  L50 1A

  No. of contig 6B

  No. of subsystem 237B

  No. of coding sequences 3,207B

  No. of RNA 73B

AData obtained from BV-BRC web-based tool; BData obtained from RAST sever web-based 
tool.
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Our findings on the adhesion ability of L. paracasei TISTR 2593 
revealed a robust adherence rate to Caco-2 human epithelial cell 
lines. Furthermore, regarding antimicrobial activity, strain TISTR 
2593 exhibited antagonistic activity against all six test pathogens, 
which are known human intestinal pathogens. LAB strains are 
known to produce various antimicrobial substances, including 
lactic acid, propionic acid, acetic acid, formic acid, fatty acids, 
hydrogen peroxide, and bacteriocins (De Vuyst and Leroy, 2007; 
Kingkaew et al., 2023b). Additionally, in silico BAGEL4 analysis 
revealed the presence of several bacteriocin-producing genes, such 
as Acidocin8912 (bit score = 97.0561), AcidocinA (bit 
score = 47.3654), CarnocinCP52 (bit score = 73.1738), and 
EnterocinX (bit score = 41.5874), as shown in Figure 2. Antoshina 
et  al. (2022) reported that Acidocin could inhibit S. aureus, Li. 
monocytogenes, and E. coli. It may also have an impact on the 
digestive tract’s ability to function by directly inhibiting several 
symbiotic and pathogenic bacterial groups as well as through 
immunomodulatory actions. Furthermore, carnocin limited the 
growth of Salmonella sp. and Staphylococcus sp. (Maurya and 
Thakur, 2012). These findings suggest that L. paracasei TISTR 2593 
has promising potential as a probiotic candidate capable of 
competing with and inhibiting the growth of pathogenic microbiota.

Antibiotic susceptibility

To ensure the safety of L. paracasei TISTR 2593, which lacks 
acquired antibiotic resistance and the ability to transfer antibiotic 
resistance genes to gut pathogens, we  conducted an antibiotic 
sensitivity test via antibiotic disk agar diffusion. In this study, 
L. paracasei TISTR 2593 was susceptible to ampicillin, 
chloramphenicol, tetracycline, erythromycin, and clindamycin but 
resistant to vancomycin and kanamycin (Table  4). Resistance to 
vancomycin and kanamycin is common among Lactobacillus species. 
Vancomycin, a glycopeptide antibiotic, inhibits cell wall synthesis by 
targeting peptidoglycan synthesis. Lactobacillus species resist 
vancomycin because of the presence of D-Ala-D-Lac in the 
peptidoglycan instead of the dipeptide D-Ala-D-Ala, which prevents 
vancomycin binding. Kanamycin, an aminoglycoside antibiotic, 
inhibits protein synthesis and is intrinsically present in Lactobacillus 
owing to a lack of cytochrome-mediated electron transport, which 
mediates drug uptake. Since several Lactobacillus species are 
intrinsically resistant and nontransmissible, they are generally 

considered acceptable and do not pose major safety concerns. The 
results of hemolytic activity and antibiotic resistance in this study 
suggest that L. paracasei TISTR 2593 can be considered suitable for 
use as a probiotic.

Acid and bile salt tolerance

Lacticaseibacillus paracasei TISTR 2593 exhibited a notably high 
survival rate after incubation under both acidic conditions and in a 
bile salt solution (Table 3). The survival rate was 91.23 ± 2.64% after a 
3-h incubation in highly acidic conditions (pH 2.0) and 88.72 ± 0.91% 
after incubation in MRS broth containing 0.3% (w/v) bile salt (pH 
8.0), indicating the probiotic potential of this LAB strain. Probiotics 
must survive gastrointestinal and bile conditions to maintain and 
exert their health-promoting effects. The findings of this study suggest 
that L. paracasei TISTR 2593 can indeed survive exposure to simulated 
gastric juice (pH 2) and bile acids (pH 8). This finding aligns with 
several reports indicating that Lactobacillus strains can tolerate 
simulated gastric conditions (pH 2.0–3.0) (Kim et al., 2021; Kingkaew 
et al., 2022a; Kingkaew et al., 2023a; Poornachandra Rao et al., 2015; 
Wang et al., 2018).

In response to acid stress, Lactobacillus species employ various 
mechanisms, including intracellular pH regulation, preservation of 
cell membrane functionality, and induction of stress response 
proteins (Wu et  al., 2014). Bile salts are biological compounds 
capable of damaging DNA and membranes, leading to cell damage 
(Merritt and Donaldson, 2009). With respect to bile salt tolerance, 
several previous studies reported that many Lactobacillus species 
are resistant to bile salts (0.3–0.5% w/v), which is consistent with 
the findings of the present study (Kingkaew et al., 2022a; Kingkaew 
et  al., 2023a; Kingkaew et  al., 2022b). Lactobacillus and 
Bifidobacterium possess numerous proteins dedicated to effluxing 
bile salts or protons, modifying sugar metabolism, or preventing 
protein misfolding in response to bile salt stress (Ruiz and 
Margolles, 2013).

Adhesion assay

The Caco-2 cell serves as a widely accepted in vitro system for 
assessing the adhesion capabilities of potential probiotics. L. paracasei 
TISTR 2593 demonstrated an adhesion rate of 87.15 ± 0.84% (Table 3), 

TABLE 2 ANIb, ANIm, AAI and the digital DNA–DNA hybridization (dDDH) values between the genomes of strain TISTR 2593; Lacticaseibacillus casei 
ATCC 393T; L. paracasei subsp. paracasei ATCC 25302T; L. paracasei subsp. tolerans DSM 20258T; L. zeae DSM 20178T; and L. chiayiensis NCYUAST.

Query 
genome

Reference 
genome

ANIb ANIm AAI % dDDH 
(Formular 

2*)

Model 
C.I. (%)

Distance Prob. 
DDH > = 

70%

G + C 
difference

1 2 97.65 98.54 96.65 86.50 83.9–88.7 0.0160 94.44 0.11

1 3 97.52 98.39 97.12 85.20 82.5–87.6 0.0174 93.83 0.01

1 4 78.52 85.80 84.38 25.20 22.9–27.7 0.1724 0.01 1.47

1 5 77.84 85.29 83.92 24.20 21.0–26.7 0.1800 0.01 1.33

1 6 77.45 84.48 83.82 23.00 20.7–25.5 0.1900 0.00 0.73

Genomic data: 1, strain TISTR 2593 (JBCAQN000000000); 2, L. paracasei subsp. paracasei ATCC 25302T (ACGY00000000); and 3, L. paracasei subsp. tolerans DSM 20258T (AYYJ00000000); 
4, L. casei ATCC 393T (AP012544.1-AP012546.1); 5, L. zeae DSM 20178T (AZCT00000000); and 6, L. chiayiensis NCYUAST (MSSM00000000).
*Recommended formula (identities/HSP length), which is liberated of genome length and is thus prosperous against the use of complete/draft genome.

https://doi.org/10.3389/fmicb.2025.1501395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Sitdhipol et al. 10.3389/fmicb.2025.1501395

Frontiers in Microbiology 07 frontiersin.org

indicating its ability to adhere, establish, and colonize the 
gastrointestinal tract, thereby increasing its potential for survival. In 
addition to surviving the harsh conditions of the stomach and 
intestinal tract, effective probiotics must also attach to intestinal 
epithelial cells to colonize and defend against pathogens (Kingkaew 
et al., 2022a; Kingkaew et al., 2023a; Kingkaew et al., 2022b; Kingkaew 
et al., 2023b). On the basis of genomic research, genes that encode 
moonlighting proteins, such as elongation factor Tu and the 
chaperonin GroEL, display multifunctionality and are associated with 
adhering to epithelial cells (Kingkaew et al., 2022b). Therefore, these 
proteins can support adhesion ability.

Cholesterol assimilation assay

To further evaluate the probiotic performance, we analyzed the 
cholesterol-lowering capacity of L. paracasei TISTR 2593. 
Dyslipidemia is a modifiable risk factor for cardiovascular disease 
(CVD), a leading cause of mortality (Kingkaew et al., 2022a). Hence, 
reducing cholesterol levels is vital for prevention. In vitro cholesterol 
assimilation tests revealed that the TISTR 2593 strain demonstrated a 
potential 69.48 ± 0.94% reduction in cholesterol concentration. Strain 
TISTR 2593 has the capacity to absorb cholesterol, which lowers the 
quantities of luminal cholesterol that are available for absorption 

TABLE 3 Acid and bile salt tolerance, antibiotic susceptibility and Caco-2 cell adhesion ability of L. paracasei TISTR 2593.

% Survival ability Caco-2 
cell

adhesion 
(%)

Antimicrobial activity (mm)

Acid 
tolerance

Bile salt 
tolerance

S. 
aureus
ATCC 
6538

E. coli
ATCC 
8379

Sal.
Typhimurium 

TISTR 292

Sal. 
enteritidis

DMST 
15676

Li. 
monocytogenes

DMST 13820

H. 
pylori 
PT14

91.23 ± 2.64 88.72 ± 0.91 87.15 ± 0.84 +++ +++ +++ ++ +++ +++

a (−) no inhibition, (+) inhibition zone 0.1–7.0 mm; (++) inhibition zone 7.1–15.0 mm; (+++) inhibition zone > 15.0 mm.

FIGURE 1

Antimicrobial activity of L. paracasei TISTR 2593 against pathogenic bacteria. (A) Staphylococcus aureus ATCC 6538, (B) Escherichia coli ATCC 8379, 
(C) Salmonella Typhimurium TISTR 292, (D) Salmonella enteritidis TISTR 15676, (E) Listeria monocytogenes DMST 13820, and (F) Helicobacter pylori 
PT14. Antimicrobial activity was assessed using the agar-well diffusion method, with sterile MRS broth as the negative control. Clear inhibition zones 
indicate bacterial susceptibility to L. paracasei TISTR 2593.

FIGURE 2

Bacteriocin-related genes were analyzed using the BAGEL4 program with the whole-genome sequence of strain TISTR 2593. This confirms the 
genetic potential for bacteriocin production, which may contribute to its antimicrobial activity.
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(Kingkaew et  al., 2022a; Kingkaew et  al., 2023a; Kingkaew et  al., 
2022b; Kingkaew et al., 2023b; Tarrah et al., 2021).

Cytotoxicity

The cytotoxicity of heat-inactivated concentrations of the strain 
TISTR 2539, ranging from 0.3125 to 10% (v/v), was tested in 
pre-confluent 3T3-L1 cells. Exposure to heat-inactivated TISTR 2593 
cells for 48 h resulted in a reduction in cell viability of up to 85% 
(Figure 3). Since no significant difference was observed between the 
lowest and highest tested concentrations (0.3125 and 10% v/v), 
concentrations within this range were selected for lipid accumulation 
and adipogenic gene expression analysis.

Given the research focus on the antiadipogenic potential of 
strain TISTR 2593, further examination of its cytotoxicity and 
ability to reduce lipid accumulation was conducted using 3T3-L1 
mouse preadipocyte cells. L. paracasei TISTR 2593 significantly 
decreased lipid droplet accumulation in 3T3-L1 adipocytes without 
exhibiting cytotoxic effects. Treatment with 10% (v/v) heat-
inactivated L. paracasei TISTR 2593 cells resulted in an 
approximately 50% reduction in lipid accumulation. Numerous 
studies have reported that Lactobacillus strains can diminish lipid 
accumulation by inhibiting adipocyte differentiation (Huang et al., 
2019; Kim et al., 2021).

Lipid accumulation

The quantitative analysis of Oil-Red-O staining (Figure 4A) was 
conducted to assess lipid accumulation, which is presented as a 
percentage (Figure  4B). The results clearly demonstrated that 
L. paracasei TISTR 2593 significantly reduced lipid droplet 
accumulation in 3 T3-L1 adipocytes in a dose-dependent manner. At 
a concentration of 10% (v/v) of the strain TISTR 2593, the reduction 
in lipid accumulation mirrors that of the positive control (quercetin), 
showing a 50% reduction (Figure 4B).

Additionally, L. paracasei TISTR 2593 exhibited a 
notable 69.48 ± 0.94% assimilation of cholesterol. Lactobacillus strains 
have been reported to employ various mechanisms for cholesterol 
removal, including bile-salt hydrolase (BSH) activity, production of 
short-chain fatty acids (SCFAs), cholesterol conversion into 
coprostanol, and cholesterol adsorption onto the cell wall, leading to 
assimilation into the cell membrane (Brashears et al., 1998; Gilliland 
et al., 1985; Lye et al., 2010; Smet et al., 1994).

These findings suggest that L. paracasei TISTR 2593 possesses 
promising probiotic properties and anti-obesity effects. However, 
further investigations are necessary to validate its efficacy as an anti-
obesity probiotic through in vivo studies using a high-fat diet-induced 
obese mouse model.

Expression of the C/EBP-α and PPAR-γ 
genes

Many studies have shed light on the role of the CCAAT-enhancer-
binding protein-α (C/EBP-α) and peroxisome proliferator-activated 
receptor-γ (PPAR-γ) genes in the molecular regulation of adipocyte 
differentiation or adipogenesis (Kim et  al., 2007). Our findings 
revealed that all concentrations of heat-inactivated L. paracasei TISTR 
2593 at 2.5, 5, and 10% (v/v) were capable of reducing the expression 
of both the PPAR-γ and C/EBP-α genes, with particularly pronounced 
suppression observed at 10% (v/v), nearly reaching 100% (Figure 5). 
These results suggest a decrease in lipid droplet formation in 3T3-L1 
adipocytes following treatment with heat-inactivated L. paracasei 
TISTR 2593 cells, which is indicative of a disturbance in adipogenesis.

To validate the antiadipogenic effect of L. paracasei TISTR 2593, 
we examined the expression of adipogenesis-related genes via qRT–
PCR. Previous studies have underscored the functional importance of 
the PPAR-γ and C/EBP-α genes in the molecular regulation of the 
adipocyte differentiation process (Bergen and Burnett, 2013; Farmer, 
2006). This process involves the conversion of preadipocytes into 
mature adipocytes, in which PPAR-γ and C/EBP-α serve as crucial 
transcription factors that act as central positive regulators of 
adipogenesis (Khalilpourfarshbafi et al., 2019). A reduction in lipid 
droplet formation is correlated with decreased expression of the 
PPAR-γ and C/EBP-α genes, indicating a disruption in adipogenesis 
(Ali et al., 2013; Rosen and MacDougald, 2006), which is consistent 
with our observations.

FIGURE 3

Viability of 3T3-L1 pre-adipocytes treated with L. paracasei TISTR 
2593. Cell viability was assessed using the MTT assay after treatment 
with different concentrations (0.3125–10.00%) of heat-inactivated 
L. paracasei TISTR 2593. Data are presented as mean ± SD (n = 3). 
Statistical significance is indicated as p < 0.05; ns = no significance.

TABLE 4 Antibiotic susceptibility of the strain TISTR 2593.

Antibiotics L. paracasei TISTR2593

Ampicillin (10 μg) S

Chloramphenicol (30 μg) S

Clindamycin (2 μg) S

Erythromycin (15 μg) S

Kanamycin (30 μg) R

Tetracycline (30 μg); S

Vancomycin (30 μg) R

Result Interpretation according to the CLSI breakpoints. R, resistant; S, sensitive.
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Treatment with L. paracasei TISTR 2593 led to a dose-
dependent decrease in both PPAR-γ and C/EBP-α expression levels, 
accompanied by a reduction in lipid droplet formation. Notably, at 
a concentration of 10% (v/v) L. paracasei TISTR 2593, the 
expression levels of these adipogenic markers were significantly 
downregulated, nearly reaching 100%, whereas lipid accumulation 
decreased by approximately 50%. These findings suggest that 
L. paracasei TISTR 2593 suppresses lipid accumulation during 
adipocyte differentiation by downregulating lipogenic factors.

In silico safety assessment

The genomic analysis of strain TISTR 2593 provides compelling 
evidence supporting its potential as a safe strain, as summarized in 
Table 5. When strains are selected for probiotic applications, it is 
imperative to conduct thorough safety assessments and scrutinize 
their genetic composition for potential virulence, pathogenicity, or 
toxicity factors. The genome of strain TISTR 2593 strongly supports 

its probiotic potential. PathogenFinder predictions indicate that 
TISTR 2593 is anticipated to be a nonhuman pathogen, reinforcing 
its suitability for probiotic use. The VirulenceFinder tool was also 
employed for genome analysis, revealing the absence of recognized 
virulence determinants or genes. Notably, the hemolysis III (hlyIII) 
gene was identified in the TISTR 2593 genome. While this gene is 
not exclusive to the strain and has been found in various commercial 
probiotics, such as L. plantarum 299V and L. rhamnosus GG 
(Kingkaew et al., 2023b), both of which are recognized as safe for 
consumption, strain TISTR 2593 exhibited gamma hemolytic 
activity (nonhemolysis) on sheep blood agar (Figure 6). Without 
other pathogenesis genes in the genome, the presence of the 
hemolysis III gene does not pose a safety risk. Additionally, these 
virulence genes may confer advantages to the bacterium by 
enhancing its endurance, which can be  beneficial in conditions 
requiring viable bacteria, such as probiotics and starters (Kingkaew 
et al., 2022b).

Evaluating biogenic amine (BA) production also has significant 
implications. Following the guidelines issued by the European Food 

FIGURE 4

Lipid accumulation in 3T3-L1 pre-adipocytes treated with L. paracasei TISTR 2593. (A) Lipid droplet formation was observed in pre-adipocytes 
differentiated with and without L. paracasei TISTR 2593 at various concentrations. (B) The percentage of lipid accumulation was quantified relative to 
the control. Data are expressed as mean ± SD from three independent experiments. Different letters (a–c) indicate significant differences (p < 0.05).

FIGURE 5

Expression of PPAR-γ and C/EBP-α genes in 3T3-L1 pre-adipocytes. Gene expression of PPAR-γ and C/EBP-α was analyzed after treatment with 
different concentrations of heat-inactivated L. paracasei TISTR 2593. Data are expressed as mean ± SD from three independent experiments. Different 
letters (a–c) indicate significant differences (p < 0.05).
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Safety Authority (EFSA), the adoption of BA-nonproducing strains as 
a precautionary measure to mitigate the potential risks associated with 
BAs is recommended (Kingkaew et  al., 2023b). To ascertain the 
BA-nonproducing nature and safety of a given strain in this context, it 
is possible to investigate the associated BA genes. According to the 
KEGG annotation, strain TISTR 2593 lacks genes related to the 
production of biogenic amines (BAs), including tryptamine, tyramine, 
histamine, ornithine, spermine, spermidine, and cadaverine, within its 
genome. However, the ornithine decarboxylase gene was detected in 
the strain TISTR 2593. Importantly, the presence of ornithine 
decarboxylase genes does not pose a safety risk, but it is linked to acid 
stress mechanisms, which modulate the intracellular pH and support 

the viability of probiotics under gastrointestinal conditions, as 
proposed by Ferreira et al. (2015). Consequently, strain TISTR 2593 
can be categorized as a BA nonproducer, posing no safety concerns.

Additionally, the genome of strain stain TISTR 2593 was 
annotated with the D-lactate dehydrogenase (D-LDH) gene. The 
presence of D-lactate dehydrogenase (D-LDH) proves advantageous, 
rendering it suitable for starter and bioplastic applications. D-lactate 
production can potentially lead to D-lactate acidosis.

A comprehensive investigation revealed that strain TISTR 2593 
presents unique and distinctive features for probiotic applications. Its 
genome underscores its safety, as it lacks virulence factors and 
antimicrobial resistance genes. It is stress resistant and pH stable and 
does not produce biogenic amines. Moreover, its genetic makeup is 
well suited for probiotic and starter applications. These characteristics 
position TISTR 2593 as a promising and original probiotic candidate, 
warranting further research to fully explore its potential.

To identify ARG genes and mobile genetic elements, whole-
genome sequencing (WGS) has proven to be  a robust tool for 
addressing concerns related to antibiotic resistance genes and 
virulence factors. This study utilized genomic methodologies, 
contributing significantly to our understanding of the probiotic and 
biotechnological capabilities inherent in strain TISTR 2593.

A comprehensive analysis revealed the absence of ARG genes in the 
Resfinder 4.4.1 database. In contrast, the CARD database search, which 
employs default parameters (perfect and strict hits only), identified one 
gene, qacJ (a small multidrug resistance (SMR) antibiotic efflux pump). 
However, adjusting the parameters to include perfect, strict, and loose hits 
resulted in 212 hits (0 perfect hits, one strict hit, and 211 loose hits), with 
an identity range of 20.57–72.19% for the matching regions. The strict and 
loose hits encompassed genes associated with various antibiotic resistance 
mechanisms, including antibiotic target  alteration (52), reducing 
permeability to antibiotics (1), antibiotic target protection (11), antibiotic 
efflux (140), antibiotic inactivation (7), and antibiotic target 
replacement (4).

While the Resfinder and CARD databases focus primarily on 
antimicrobial resistance genes in pathogenic bacteria, potentially 
overlooking those in nonpathogenic bacteria, our exploration of 

TABLE 5 Pathogenicity prediction, prophage region detection and antimicrobial resistance (AMR) analysis of strain TISTR 2593.

Attribute/Strain TISTR 2593 L. plantarum 299V L. rhamnosus GG

Probability of being a humana pathogen 0.189 0.185 0.198

Input proteome coverage (%)a 16.1 0.48 40.5

Matched pathogenic familiesa 0 0 0

Matched not pathogenic familiesa 492 15 1,147

Conclusiona Non-human pathogen Non-human pathogen Non-human pathogen

No. of plasmid(s)b 0 2 (rep28, rep38) 0

No. of phage region(s)c 7 4 5

AMR genes:

CARDd:

  - No. of perfect hits 0 0 0

  - No. of strict hits 1 (qacJ) 0 0

  - No. of loose hits 211 194 207

ResFindere No resistance No resistance No resistance

aData obtained from PathogenFinder; bData obtained from PlasmidFinder; cData obtained from PHASTER; and eData obtained from ResFinder.

FIGURE 6

Hemolytic activity of L. paracasei TISTR 2593 on sheep blood agar. 
Hemolysis was assessed by streaking L. paracasei TISTR 2593 on 
sheep blood agar. No hemolytic activity was observed, indicating the 
strain’s potential safety for further applications.

https://doi.org/10.3389/fmicb.2025.1501395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Sitdhipol et al. 10.3389/fmicb.2025.1501395

Frontiers in Microbiology 11 frontiersin.org

the KEGG database revealed two AMR-related genes in the TISTR 
2593 genome (Table 6). Notably, strain TISTR 2593 contained one 
beta-lactamase gene, and the strain was sensitive to ampicillin. 
Given the diversity within the beta-lactamase enzyme family and 
variations in substrate specificity (Philippon et  al., 2016), 
resistance to other beta-lactam drugs cannot be ruled out without 
further investigation. Moreover, multidrug resistance (abcA and 
bmrA) has been detected in several probiotic strains (L. plantarum 
299V, L. plantarum WCFS1, and L. plantarum JDM1) 
(Chokesajjawatee et al., 2020).

The findings from the oriTFinder and PlasmidFinder tools 
revealed that strain TISTR 2593 lacks both plasmids and oriT, 
indicating its inability to self-transmit through conjugative 
transfer. Additionally, no antibiotic resistance genes (ARGs) were 
identified in the prophage regions. These results collectively 
establish that the absence of ARGs in TISTR 2593 eliminates the 
risk of their transfer to other bacteria. The presence of two intact, 
four questionable, and two incomplete prophage regions in the 
genome is intriguing, suggesting the potential role of these 
regions in facilitating strain adaptation and survival in harsh 
environments, as indicated by Phuengjayaem et  al. (2023). 
Moreover, the incorporation of two phage lysins within the 
prophage region of the genome is particularly noteworthy. These 
lysins, known for their ability to inhibit pathogens (Phuengjayaem 
et al., 2023), further accentuate the promise of strain TISTR 2593 
as a safe and effective probiotic. Consequently, the strain poses 
no safety concerns regarding functional and transferrable ARG 
characteristics (Kingkaew et al., 2022b). Therefore, strain TISTR 
2593 is deemed safe and is considered a nonantibiotic source.

Conclusion

In conclusion, the isolation and characterization of the strain 
TISTR 2593, Lacticaseibacillus paracasei, underscore its potential 
as a safe and effective probiotic candidate. Through genomic 
analysis and phenotypic assays, we elucidated its nonhemolytic 
nature, potent antimicrobial activity, susceptibility to antibiotics, 
and robust survivability under acidic and bile salt conditions. 
Furthermore, its ability to adhere to intestinal cells, assimilate 
cholesterol, and exert antiadipogenic effects without causing 
cytotoxicity highlights its promising probiotic properties. 
Importantly, genomic scrutiny revealed the absence of virulence 
factors and antimicrobial resistance genes, ensuring its safety for 
consumption. These findings position strain TISTR 2593 as a 
noteworthy contender for further exploration in probiotic 
applications, warranting future in  vivo studies to validate its 
health-promoting effects. This comprehensive investigation 
contributes valuable insights into the probiotic potential of 
L. paracasei TISTR 2593 and underscores its importance in 
promoting gastrointestinal health and combating obesity-
related concerns.
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TABLE 6 List of antimicrobial resistance genes and their locations in TISTR 2593 genome.

Resistance KEGG_ID Gene Name

Beta-lactam resistance K17836 penP beta-lactamase class A [EC:3.5.2.6]

Multidrug resistance K18104 abcA, bmrA ATP-binding cassette, subfamily B, bacterial AbcA/BmrA [EC:7.6.2.2]

In this study, data was obtained from KEGG database.

https://doi.org/10.3389/fmicb.2025.1501395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Sitdhipol et al. 10.3389/fmicb.2025.1501395

Frontiers in Microbiology 12 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Alcock, B. P., Raphenya, A. R., Lau, T. T. Y., Tsang, K. K., Bouchard, M., Edalatmand, A., 

et al. (2020). CARD 2020: antibiotic resistome surveillance with the comprehensive 
antibiotic resistance database. Nucleic Acids Res. 48, D517–D525. doi: 10.1093/nar/ 
gkz935

Ali, A. T., Hochfeld, W. E., Myburgh, R., and Pepper, M. S. (2013). Adipocyte and 
adipogenesis. Eur. J. Cell Biol. 92, 229–236. doi: 10.1016/j.ejcb.2013.06.001

Antoshina, D. V., Balandin, S. V., Bogdanov, I. V., Vershinina, M. A., Sheremeteva, E. V., 
Toropygin, I. Y., et al. (2022). Antimicrobial activity and immunomodulatory properties 
of acidocin a, the pediocin-like bacteriocin with the non-canonical structure. 
Membranes 12:1253. doi: 10.3390/membranes12121253

Auch, A. F., von Jan, M., Klenk, H.-P., and Göker, M. (2010). Digital DNA-DNA 
hybridization for microbial species delineation by means of genome-to-genome 
sequence comparison. Stand. Genomic Sci. 2, 117–134. doi: 10.4056/sigs.531120

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A., et al. (2008). 
The RAST server: rapid annotations using subsystems technology. BMC Genomics 9, 
1–15. doi: 10.1186/1471-2164-9-75

Behnsen, J., Deriu, E., Sassone-Corsi, M., and Raffatellu, M. (2013). Probiotics: 
properties, examples, and specific applications. Cold Spring Harb. Perspect. Med. 
3:a010074. doi: 10.1101/cshperspect.a010074

Bengoa, A. A., Dardis, C., Garrote, G. L., and Abraham, A. G. (2021). Health-
promoting properties of Lacticaseibacillus paracasei: a focus on kefir isolates 
and exopolysaccharide-producing strains. Food Secur. 10:2239. doi: 
10.3390/foods10102239

Bergen, W. G., and Burnett, D. D. (2013). Topics in transcriptional control of lipid 
metabolism: from transcription factors to gene-promoter polymorphisms. J. Genomics 
1, 13–21. doi: 10.7150/jgen.3741

Bortolaia, V., Kaas, R. S., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V., et al. 
(2020). ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. 
Chemother. 75, 3491–3500. doi: 10.1093/jac/dkaa345

Boutari, C., and Mantzoros, C. S. (2022). A 2022 update on the epidemiology of 
obesity and a call to action: as its twin COVID-19 pandemic appears to be receding, the 
obesity and dysmetabolism pandemic continues to rage on. Metabolism, 133:155217.

Brashears, M. M., Gilliland, S. E., and Buck, L. M. (1998). Bile salt deconjugation and 
cholesterol removal from media by Lactobacillus casei. J. Dairy Sci. 81, 2103–2110. doi: 
10.3168/jds.S0022-0302(98)75785-6

Carattoli, A., Zankari, E., Garcìa-Fernandez, A., Larsen, M. V., Lund, O., Villa, L., et al. 
(2014). PlasmidFinder and pMLST: in silico detection and typing of plasmids. 
Antimicrobial Agents Chemother 58, 3895–3903. doi: 10.1128/AAC.02412-14

Chokesajjawatee, N., Santiyanont, P., Chantarasakha, K., Kocharin, K., 
Thammarongtham, C., Lertampaiporn, S., et al. (2020). Safety assessment of a nham 
starter culture Lactobacillus plantarum BCC9546 via whole-genome analysis. Sci. Rep. 
10, 1–12. doi: 10.1038/s41598-020-66857-2

Cosentino, S., Voldby Larsen, M., Møller Aarestrup, F., and Lund, O. (2013). 
PathogenFinder-distinguishing friend from foe using bacterial whole genome sequence 
data. PLoS One 8:e77302. doi: 10.1371/journal.pone.0077302

Crovesy, L., Masterson, D., and Rosado, E. L. (2020). Profile of the gut microbiota of 
adults with obesity: a systematic review. Eur. J. Clin. Nutr. 74, 1251–1262. doi: 
10.1038/s41430-020-0607-6

Davis, J. J., Wattam, A. R., Aziz, R. K., Brettin, T., Butler, R., Butler, R. M., et al. (2020). 
The PATRIC bioinformatics resource center: expanding data and analysis capabilities. 
Nucleic Acids Res. 48, D606–D612. doi: 10.1093/nar/gkz943

De Vuyst, L., and Leroy, F. (2007). Bacteriocins from lactic acid bacteria: production, 
purification, and food applications. J. Mol. Microbiol. Biotechnol. 13, 194–199. doi: 
10.1159/000104752

Ennahar, S., Sashihara, T., Sonomoto, K., and Ishizaki, A. (2000). Class IIa bacteriocins: 
biosynthesis, structure and activity. FEMS Microbiol. Rev. 24, 85–106. doi: 
10.1111/j.1574-6976.2000.tb00534.x

Food, Agriculture Organization of the United, N., & World Health, O. (2006). 
Probiotics in food: Health and nutritional properties and guidelines for evaluation. Food 
and Agriculture Organization of the United Nations. Available at: https://books.google.
co.th/books?id=kNxxQgAACAAJ

Farmer, S. R. (2006). Transcriptional control of adipocyte formation. Cell Metab. 4, 
263–273. doi: 10.1016/j.cmet.2006.07.001

Ferreira, A. B., Oliveira, M. N., Freitas, F. S., Paiva, A. D., Alfenas-Zerbini, P., 
Silva, D. F., et al. (2015). Involvement of the ornithine decarboxylase gene in acid stress 

response in probiotic Lactobacillus delbrueckii UFV H2b20. Benef Microbes 6, 719–725. 
doi: 10.3920/bm2014.0122

Fijan, S. (2014). Microorganisms with claimed probiotic properties: an overview of 
recent literature. Int. J. Environ. Res. Public Health 11, 4745–4767. doi: 
10.3390/ijerph110504745

Fruh, S. M. (2017). Obesity: risk factors, complications, and strategies for sustainable 
long-term weight management. J. Am. Assoc. Nurse Pract. 29, S3–S14. doi: 
10.1002/2327-6924.12510

Georgieva, R., Yocheva, L., Tserovska, L., Zhelezova, G., Stefanova, N., Atanasova, A., 
et al. (2015). Antimicrobial activity and antibiotic susceptibility of Lactobacillus and 
Bifidobacterium spp. intended for use as starter and probiotic cultures. Biotechnology 
Biotechnological Equipment 29, 84–91. doi: 10.1080/13102818.2014.987450

Gilliland, S. E., Nelson, C. R., and Maxwell, C. (1985). Assimilation of cholesterol by 
Lactobacillus acidophilus. Appl. Environ. Microbiol. 49, 377–381. doi: 10.1128/aem.49.2. 
377-381.1985

Grant, J. R., Enns, E., Marinier, E., Mandal, A., Herman, E. K., Chen, C. Y., et al. 
(2023). Proksee: in-depth characterization and visualization of bacterial genomes. 
Nucleic Acids Res. 51, W484–W492. doi: 10.1093/nar/gkad326

Guha, D., Mukherjee, R., and Aich, P. (2021). Effects of two potential probiotic 
Lactobacillus bacteria on adipogenesis in  vitro. Life Sci. 278:119538. doi: 
10.1016/j.lfs.2021.119538

Han, K. J., Lee, N.-K., Yu, H.-S., Park, H., and Paik, H.-D. (2022). Anti-adipogenic 
effects of the probiotic Lactiplantibacillus plantarum KU15117 on 3T3-L1 adipocytes. 
Probiotics Antimicrobial Proteins 14, 501–509. doi: 10.1007/s12602-021-09818-z

Huang, C.-H., Ho, C.-Y., Chen, C.-T., Hsu, H.-F., and Lin, Y.-H. (2019). Probiotic BSH 
activity and anti-obesity potential of Lactobacillus plantarum strain TCI378 isolated from 
Korean kimchi. Preventive Nutrition Food Science 24, 434–441. doi: 10.3746/pnf.2019.24.4.434

Humphries, R., Bobenchik, A. M., Hindler, J. A., and Schuetz, A. N. (2021). Overview 
of changes to the clinical and laboratory standards institute performance standards for 
antimicrobial susceptibility testing, M100. J. Clin. Microbiol. 59, 10–1128. doi: 
10.1128/JCM.00213-21

Hyronimus, B., Le Marrec, C., Sassi, A. H., and Deschamps, A. (2000). Acid and bile 
tolerance of spore-forming lactic acid bacteria. Int. J. Food Microbiol. 61, 193–197. doi: 
10.1016/S0168-1605(00)00366-4

Kanehisa, M., Sato, Y., and Morishima, K. (2016). BlastKOALA and GhostKOALA: 
KEGG tools for functional characterization of genome and metagenome sequences. J. 
Mol. Biol. 428, 726–731. doi: 10.1016/j.jmb.2015.11.006

Khalilpourfarshbafi, M., Gholami, K., Murugan, D. D., Abdul Sattar, M. Z., and 
Abdullah, N. A. (2019). Differential effects of dietary flavonoids on adipogenesis. Eur. J. 
Nutr. 58, 5–25. doi: 10.1007/s00394-018-1663-8

Kim, S., Choi, S.-I., Jang, M., Jeong, Y., Kang, C.-H., and Kim, G.-H. (2020). Anti-
adipogenic effect of Lactobacillus fermentum MG4231 and MG4244 through AMPK 
pathway in 3T3-L1 preadipocytes. Food Sci. Biotechnol. 29, 1541–1551. doi: 
10.1007/s10068-020-00819-2

Kim, H., Jeong, Y., Kim, J.-E., Kim, Y., Paek, N.-S., and Kang, C.-H. (2021). Anti-
obesity potential of Lactobacillus spp. isolated from infant feces. Biotechnol. Bioprocess 
Eng. 26, 575–585. doi: 10.1007/s12257-020-0309-x

Kim, M., Oh, H.-S., Park, S.-C., and Chun, J. (2014). Towards a taxonomic coherence 
between average nucleotide identity and 16S rRNA gene sequence similarity for species 
demarcation of prokaryotes. Int. J. Syst. Evol. Microbiol. 64, 346–351. doi: 
10.1099/ijs.0.059774-0

Kim, J.-K., So, H., Youn, M.-J., Kim, H.-J., Kim, Y., Park, C., et al. (2007). Hibiscus 
sabdariffa L. water extract inhibits the adipocyte differentiation through the PI3-K and 
MAPK pathway. J. Ethnopharmacol. 114, 260–267. doi: 10.1016/j.jep.2007.08.028

Kingkaew, E., Konno, H., Hosaka, Y., Phongsopitanun, W., and Tanasupawat, S. (2022a). 
Distribution, cholesterol-lowering and immunomodulation effects of lactic acid bacteria 
from fermented mussel (hoi-dong). Heliyon 8:e12272. doi: 10.1016/j.heliyon.2022.e12272

Kingkaew, E., Konno, H., Hosaka, Y., Phongsopitanun, W., and Tanasupawat, S. 
(2023a). Characterization of lactic acid bacteria from fermented fish (pla-paeng-daeng) 
and their cholesterol-lowering and immunomodulatory effects. Pla-paeng-daeng. 
38:ME22044. doi: 10.1264/jsme2.ME22044

Kingkaew, E., Konno, H., Hosaka, Y., and Tanasupawat, S. (2022b). Probiogenomic 
analysis of Lactiplantibacillus sp. LM14-2 from fermented mussel (hoi-dong), and 
evaluation of its cholesterol-lowering and immunomodulation effects. Hoi-dong, 15, 
1206–1220. doi: 10.1007/s12602-022-09977-7

https://doi.org/10.3389/fmicb.2025.1501395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.1016/j.ejcb.2013.06.001
https://doi.org/10.3390/membranes12121253
https://doi.org/10.4056/sigs.531120
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1101/cshperspect.a010074
https://doi.org/10.3390/foods10102239
https://doi.org/10.7150/jgen.3741
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.3168/jds.S0022-0302(98)75785-6
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1038/s41598-020-66857-2
https://doi.org/10.1371/journal.pone.0077302
https://doi.org/10.1038/s41430-020-0607-6
https://doi.org/10.1093/nar/gkz943
https://doi.org/10.1159/000104752
https://doi.org/10.1111/j.1574-6976.2000.tb00534.x
https://books.google.co.th/books?id=kNxxQgAACAAJ
https://books.google.co.th/books?id=kNxxQgAACAAJ
https://doi.org/10.1016/j.cmet.2006.07.001
https://doi.org/10.3920/bm2014.0122
https://doi.org/10.3390/ijerph110504745
https://doi.org/10.1002/2327-6924.12510
https://doi.org/10.1080/13102818.2014.987450
https://doi.org/10.1128/aem.49.2.377-381.1985
https://doi.org/10.1128/aem.49.2.377-381.1985
https://doi.org/10.1093/nar/gkad326
https://doi.org/10.1016/j.lfs.2021.119538
https://doi.org/10.1007/s12602-021-09818-z
https://doi.org/10.3746/pnf.2019.24.4.434
https://doi.org/10.1128/JCM.00213-21
https://doi.org/10.1016/S0168-1605(00)00366-4
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1007/s00394-018-1663-8
https://doi.org/10.1007/s10068-020-00819-2
https://doi.org/10.1007/s12257-020-0309-x
https://doi.org/10.1099/ijs.0.059774-0
https://doi.org/10.1016/j.jep.2007.08.028
https://doi.org/10.1016/j.heliyon.2022.e12272
https://doi.org/10.1264/jsme2.ME22044
https://doi.org/10.1007/s12602-022-09977-7


Sitdhipol et al. 10.3389/fmicb.2025.1501395

Frontiers in Microbiology 13 frontiersin.org

Kingkaew, E., Woraprayote, W., Booncharoen, A., Niwasabutra, K., Janyaphisan, T., 
Vilaichone, R.-K., et al. (2023b). Functional genome analysis and anti-Helicobacter pylori 
activity of a novel bacteriocinogenic Lactococcus sp. NH2-7C from Thai fermented pork 
(Nham). Sci. Rep. 13:20362. doi: 10.1038/s41598-023-47687-4

Kobyliak, N., Conte, C., Cammarota, G., Haley, A. P., Styriak, I., Gaspar, L., et al. 
(2016). Probiotics in prevention and treatment of obesity: a critical view. Nutrition 
Metabolism 13, 1–13. doi: 10.1186/s12986-016-0067-0

Konstantinidis, K. T., Rosselló-Móra, R., and Amann, R. (2017). Uncultivated microbes in 
need of their own taxonomy. ISME J. 11, 2399–2406. doi: 10.1038/ismej.2017.113

Lahtinen, S. J., Boyle, R. J., Margolles, A., Frias, R., and Gueimonde, M. (2009). Safety 
assessment of probiotics. Prebiotics Probiotics Science Technology. 1193–1235. doi: 
10.1007/978-0-387-79058-9_31

Lee, I., Chalita, M., Ha, S.-M., Na, S.-I., Yoon, S.-H., and Chun, J. (2017). ContEst16S: 
an algorithm that identifies contaminated prokaryotic genomes using 16S RNA gene 
sequences. Int. J. Syst. Evol. Microbiol. 67, 2053–2057. doi: 10.1099/ijsem.0.001872

Lee, J. Y., Kang, J.-H., Jung, Y.-R., and Kang, C.-H. (2023). Lactobacillus gasseri 
MG4247 and Lacticaseibacillus paracasei MG4272 and MG4577 modulate allergic 
inflammatory response in RAW 264.7 and RBL-2H3 cells. Probiotics Antimicrobial 
Proteins 15, 1092–1101. doi: 10.1007/s12602-022-09950-4

León Aguilera, X. E., Manzano, A., Pirela, D., and Bermúdez, V. (2022). Probiotics and 
gut microbiota in obesity: myths and realities of a new health revolution. J. Personalized 
Medicine 12:1282. doi: 10.3390/jpm12081282

Lin, X., and Li, H. (2021). Obesity: epidemiology, pathophysiology, and therapeutics. 
Front. Endocrinol. 12:706978. doi: 10.3389/fendo.2021.706978

Lye, H. S., Rusul, G., and Liong, M. T. (2010). Removal of cholesterol by lactobacilli 
via incorporation and conversion to coprostanol. J. Dairy Sci. 93, 1383–1392. doi: 
10.3168/jds.2009-2574

Mangia, N. P., Saliba, L., and Deiana, P. (2019). Functional and safety characterization 
of autochthonous Lactobacillus paracasei FS103 isolated from sheep cheese and its 
survival in sheep and cow fermented milks during cold storage. Ann. Microbiol. 69, 
161–170. doi: 10.1007/s13213-018-1416-1

Maurya, A. P., and Thakur, R. L. (2012). Inhibition spectrum, purification and 
characterization of bacteriocin from Leuconostoc NT-1. Curr. Sci. 103, 1405–1407. 
Available at: http://www.jstor.org/stable/24089346

Merritt, M. E., and Donaldson, J. R. (2009). Effect of bile salts on the DNA and 
membrane integrity of enteric bacteria. J Med Microbiol. 58, 1533–1541.

Nasution, Z., Jirapakkul, W., Tongkhao, K., and Chanput, W. (2020). The effect of 
coconut water on adipocyte differentiation and lipid accumulation in 3T3-L1 cells. J. 
Nutr. Sci. Vitaminol. 66, S343–S348. doi: 10.3177/jnsv.66.S343

Ouwehand, A. C., Salminen, S., and Isolauri, E. (2002). Probiotics: An overview of 
beneficial effects. Lactic acid bacteria: Genetics, metabolism and applications. eds. R. J. 
Siezen, J. Kok, T. Abee and G. Schasfsma Dordrecht: Springer. 279–287. doi: 
10.1007/978-94-017-2029-8_18

Philippon, A., Slama, P., Dény, P., and Labia, R. (2016). A structure-based classification 
of class a β-lactamases, a broadly diverse family of enzymes. Clin. Microbiol. Rev. 29, 
29–57. doi: 10.1128/CMR.00019-15

Phuengjayaem, S., Pakdeeto, A., Kingkaew, E., Tunvongvinis, T., Somphong, A., and 
Tanasupawat, S. (2023). Genome sequences and functional analysis of Levilactobacillus 
brevis LSF9-1 and Pediococcus acidilactici LSF1-1 from fermented fish cake (Som-fak) 
with gamma-aminobutyric acid (GABA) production. Funct. Integr. Genomics 23:158. 
doi: 10.1007/s10142-023-01085-1

Poornachandra Rao, K., Chennappa, G., Suraj, U., Nagaraja, H., Charith Raj, A. P., and 
Sreenivasa, M. Y. (2015). Probiotic potential of Lactobacillus strains isolated from 
sorghum-based traditional fermented food. Probiotics Antimicrobial Proteins 7, 146–156. 
doi: 10.1007/s12602-015-9186-6

Richter, M., and Rosselló-Móra, R. (2009). Shifting the genomic gold standard for the 
prokaryotic species definition. Proc. Natl. Acad. Sci. 106, 19126–19131. doi: 
10.1073/pnas.0906412106

Richter, M., Rosselló-Móra, R., Oliver Glöckner, F., and Peplies, J. (2016). JSpeciesWS: 
a web server for prokaryotic species circumscription based on pairwise genome 
comparison. Bioinformatics 32, 929–931. doi: 10.1093/bioinformatics/btv681

Rodriguez-R, L. M., and Konstantinidis, K. T. (2014). Bypassing cultivation to identify 
bacterial species. Microbe 9, 111–118. doi: 10.1128/microbe.9.111.1

Rolfe, R. D. (2000). The role of probiotic cultures in the control of gastrointestinal 
health. J. Nutr. 130, 396S–402S. doi: 10.1093/jn/130.2.396S

Rosen, E. D., and MacDougald, O. A. (2006). Adipocyte differentiation from the inside 
out. Nat. Rev. Mol. Cell Biol. 7, 885–896. doi: 10.1038/nrm2066

Rudel, L. L., and Morris, M. D. (1973). Determination of cholesterol using 
o-phthalaldehyde. J. Lipid Res. 14, 364–366. doi: 10.1016/S0022-2275(20)36896-6

Ruiz, L., and Margolles, A. (2013). Bile resistance mechanisms in Lactobacillus and 
Bifidobacterium. Front. Microbiol. 4:51528. doi: 10.3389/fmicb.2013.00396

Salvetti, E., Torriani, S., and Felis, G. E. (2012). The genus Lactobacillus: a 
taxonomic update. Probiotics Antimicrobial Proteins 4, 217–226. doi: 10.1007/s12602- 
012-9117-8

Shen, Y. L., Zhang, L. Q., Yang, Y., Yin, B. C., Ye, B. C., and Zhou, Y. (2022). Advances 
in the role and mechanism of lactic acid bacteria in treating obesity. Food Bioengineering 
1, 101–115. doi: 10.1002/fbe2.12002

Smet, I. D., Hoorde, L. V., Saeyer, N. D., Woestyne, M. V., and Verstraete, W. 
(1994). In vitro study of bile salt hydrolase (BSH) activity of BSH isogenic 
Lactobacillus plantarum 80 strains and estimation of cholesterol lowering through 
enhanced BSH activity. Microb. Ecol. Health Dis. 7, 315–329. doi: 10.3109/08910 
609409141371

Tang, Q., Hao, Y., Wang, L., Lu, C., Li, M., Si, Z., et al. (2021). Characterization of a 
bacterial strain Lactobacillus paracasei LP10266 recovered from an endocarditis 
patient in Shandong, China. BMC Microbiol. 21:183. doi: 10.1186/s12866-021-02253-8

Tanizawa, Y., Fujisawa, T., and Nakamura, Y. (2018). DFAST: a flexible prokaryotic 
genome annotation pipeline for faster genome publication. Bioinformatics 34, 
1037–1039. doi: 10.1093/bioinformatics/btx713

Tarrah, A., dos Santos Cruz, B. C., Sousa Dias, R., da Silva Duarte, V., Pakroo, S., 
Licursi de Oliveira, L., et al. (2021). Lactobacillus paracasei DTA81, a cholesterol-
lowering strain having immunomodulatory activity, reveals gut microbiota regulation 
capability in BALB/c mice receiving high-fat diet. J. Appl. Microbiol. 131, 1942–1957. 
doi: 10.1111/jam.15058

Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Nawrocki, E. P., 
Zaslavsky, L., et al. (2016). NCBI prokaryotic genome annotation pipeline. Nucleic Acids 
Res. 44, 6614–6624. doi: 10.1093/nar/gkw569

Thompson, C. C., Chimetto, L., Edwards, R. A., Swings, J., Stackebrandt, E., and 
Thompson, F. L. (2013). Microbial genomic taxonomy. BMC Genomics 14, 913–918. doi: 
10.1186/1471-2164-14-913

Tsai, Y.-T., Cheng, P.-C., and Pan, T.-M. (2014). Anti-obesity effects of gut microbiota 
are associated with lactic acid bacteria. Appl. Microbiol. Biotechnol. 98, 1–10. doi: 
10.1007/s00253-013-5346-3

Udomwasinakun, N., Pirak, T., and Chanput, W. P. (2022). Identification of 
polyphenols in white mugwort (Artemisia lactiflora wall.) ethanolic extracts and their 
anti-inflammatory and anti-adipogenic activity potential. Food Biosci. 47:101761. doi: 
10.1016/j.fbio.2022.101761

Wang, J., Wang, J., Yang, K., Liu, M., Zhang, J., Wei, X., et al. (2018). Screening for 
potential probiotic from spontaneously fermented non-dairy foods based on in vitro 
probiotic and safety properties. Ann. Microbiol. 68, 803–813. doi: 10.1007/s13213- 
018-1386-3

Wilson, K. (2001). Preparation of genomic DNA from bacteria. Curr Protoc Mol 
Biol. 56, 2–4.

WHO (2022). World obesity day 2022—Accelerating action to stop obesity. Geneva, 
Switzerland: World Health Organization.

Wu, C., He, G., and Zhang, J. (2014). Physiological and proteomic analysis of 
Lactobacillus casei in response to acid adaptation. J. Ind. Microbiol. Biotechnol. 41, 
1533–1540. doi: 10.1007/s10295-014-1487-3

Xu, Y., Tian, Y., and Zhang, L. (2019). Probiotic properties of Lactobacillus paracasei 
subsp. paracasei L1 and its growth performance-promotion in chicken by improving the 
intestinal microflora. Front. Physiol. 10:467504. doi: 10.3389/fphys.2019.00937

Yoon, S.-H., Ha, S.-M., Kwon, S., Lim, J., Kim, Y., Seo, H., et al. (2017). Introducing 
EzBioCloud: a taxonomically united database of 16S rRNA gene sequences and whole-
genome assemblies. Int. J. Syst. Evol. Microbiol. 67, 1613–1617. doi: 10.1099/ijsem. 
0.001755

https://doi.org/10.3389/fmicb.2025.1501395
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41598-023-47687-4
https://doi.org/10.1186/s12986-016-0067-0
https://doi.org/10.1038/ismej.2017.113
https://doi.org/10.1007/978-0-387-79058-9_31
https://doi.org/10.1099/ijsem.0.001872
https://doi.org/10.1007/s12602-022-09950-4
https://doi.org/10.3390/jpm12081282
https://doi.org/10.3389/fendo.2021.706978
https://doi.org/10.3168/jds.2009-2574
https://doi.org/10.1007/s13213-018-1416-1
http://www.jstor.org/stable/24089346
https://doi.org/10.3177/jnsv.66.S343
https://doi.org/10.1007/978-94-017-2029-8_18
https://doi.org/10.1128/CMR.00019-15
https://doi.org/10.1007/s10142-023-01085-1
https://doi.org/10.1007/s12602-015-9186-6
https://doi.org/10.1073/pnas.0906412106
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1128/microbe.9.111.1
https://doi.org/10.1093/jn/130.2.396S
https://doi.org/10.1038/nrm2066
https://doi.org/10.1016/S0022-2275(20)36896-6
https://doi.org/10.3389/fmicb.2013.00396
https://doi.org/10.1007/s12602-012-9117-8
https://doi.org/10.1007/s12602-012-9117-8
https://doi.org/10.1002/fbe2.12002
https://doi.org/10.3109/08910609409141371
https://doi.org/10.3109/08910609409141371
https://doi.org/10.1186/s12866-021-02253-8
https://doi.org/10.1093/bioinformatics/btx713
https://doi.org/10.1111/jam.15058
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.1186/1471-2164-14-913
https://doi.org/10.1007/s00253-013-5346-3
https://doi.org/10.1016/j.fbio.2022.101761
https://doi.org/10.1007/s13213-018-1386-3
https://doi.org/10.1007/s13213-018-1386-3
https://doi.org/10.1007/s10295-014-1487-3
https://doi.org/10.3389/fphys.2019.00937
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1099/ijsem.0.001755

	Evaluating the safety and efficacy of Lacticaseibacillus paracasei TISTR 2593 as a therapeutic probiotic for obesity prevention
	Introduction
	Materials and methods
	Isolation and identification of strain TISTR 2593
	Functional genome analysis of strain TISTR 2593
	Hemolysis activity
	Antibiotic susceptibility
	Antimicrobial activity
	Acid and bile salt tolerance
	Adhesion assay
	Cholesterol assimilation assay
	Cell line and cell culture
	Cytotoxicity
	Lipid accumulation
	Expression of the C/EBP-α and PPAR-γ genes
	Statistical analysis

	Results and discussion
	Isolation and characterization of strain TISTR 2593
	Hemolytic activity
	Antimicrobial activity
	Antibiotic susceptibility
	Acid and bile salt tolerance
	Adhesion assay
	Cholesterol assimilation assay
	Cytotoxicity
	Lipid accumulation
	Expression of the C/EBP-α and PPAR-γ genes
	In silico safety assessment

	Conclusion

	References

