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ABSTRACT

Background and Aim: Antimicrobial resistance (AMR) resulting from antibiotic misuse in livestock poses a growing threat to
animal and human health. The development of sustainable probiotic alternatives supports the United Nations Sustainable
Development Goals (SDGs) for zero hunger (SDG 2), good health and well-being (SDG 3), and responsible consumption
and production (SDG 12). This study aimed to isolate, characterize, and perform genomic analysis of lactic acid bacteria
(LAB) from swine feces exhibiting antibacterial activity against pathogenic Escherichia coli, to explore their potential as eco-
friendly probiotic feed additives.

Materials and Methods: Thirty fecal samples were collected from slaughtered crossbred pigs in Thailand. LAB isolates
were screened for antibacterial activity against five E. coli pathotypes (Enteroaggregative E. coli, enterohemorrhagic
E. coli, enteroinvasive E. coli, enterotoxigenic E. coli, and enteropathogenic E. coli) and assessed for acid and bile tolerance,
adhesion capacity, and gastrointestinal survival. Two promising isolates (ATP111 and ATP210) were subjected to whole-
genome sequencing and bioinformatics analyses for genes related to antimicrobial production, stress tolerance, virulence,
and AMR.

Results: Among 93 initial isolates, Lactiplantibacillus argentoratensis ATP111 and Weissella cibaria ATP210 exhibited broad-
spectrum inhibition against all E. coli pathotypes. Both strains survived under pH 2.5 and 1% bile conditions, showing
74.39% and 66.90% survival, respectively, in simulated gastrointestinal conditions. Genomic analyses revealed the presence
of genes encoding bacteriocins, polyketide synthases, terpenes, and multiple stress-response proteins, supporting their
resilience and antimicrobial functionality. Importantly, both genomes lacked virulence and AMR genes, confirming biosafety
for probiotic use.
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Conclusion: The integrated phenotypic and genomic evidence positions L. argentoratensis ATP111 and W. cibaria ATP210
as safe, effective, and sustainable probiotic candidates for swine health management. Their application as antibiotic
alternatives aligns with SDG 3 (good health and well-being), SDG 12 (responsible consumption and production), and SDG 15
(life on land), contributing to reduced antibiotic dependence and improved livestock sustainability. Future in vivo validation
is recommended to confirm efficacy and support global AMR mitigation efforts.

Keywords: antimicrobial resistance, Escherichia coli, Lactiplantibacillus argentoratensis, Probiotics, SDG 12 (responsible
consumption and production), SDG 15 (life on land), SDG 2 (zero hunger), SDG 3 (good health and well-being), sustainability,
swine health, Weissella cibaria.

INTRODUCTION

Swine production s a critical component of both Thailand’s and the global agricultural economy, contributing
substantially to food security and the livelihoods of millions of people [1]. In 2022, Thailand produced nearly 10
million fattening pigs [2], reflecting its strong role in the livestock sector. However, the industry faces persistent
challenges from infectious diseases, particularly those caused by Escherichia coli, which threaten animal welfare,
production efficiency, and economic sustainability [3]. E. coli, a facultative anaerobic, Gram-negative bacterium
of the family Enterobacteriaceae, is a common inhabitant of the intestinal tract in animals, including pigs.
Nevertheless, pathogenic strains, especially enteropathogenic E. coli (EPEC) and enterotoxigenic E. coli (ETEC),
can cause severe enteric colibacillosis, characterized by diarrhea, dehydration, and high mortality in neonatal
and post-weaning piglets [4, 5].

Conventional control measures for swine colibacillosis rely heavily on antibiotics, vaccines, and feed
additives [6]. Antimicrobial agents such as (-lactams, fluoroquinolones, sulfonamides, and polymyxins have
been widely used both for therapeutic and growth-promoting purposes [6—8]. However, the extensive and
often indiscriminate use of antibiotics has accelerated the emergence of antimicrobial resistance (AMR), posing
a significant threat to animal and public health [9-11]. In Thailand, a high prevalence of multidrug-resistant
E. coli, including strains carrying colistin-resistance genes (mcr-1 and mcr-3), has been documented in swine
populations [12], underscoring the urgent need for sustainable alternatives to antibiotics. The global AMR crisis
aligns with the Sustainable Development Goals (SDGs), particularly SDG 3 (good health and well-being) and SDG
12 (responsible consumption and production), which emphasize reducing antibiotic dependency and promoting
sustainable livestock systems [13].

In this context, probiotics have emerged as promising biotherapeutic agents for improving gut health and
mitigating pathogen colonization without contributing to AMR. Probiotics are defined as live microorganisms
that confer health benefits to the host when administered in adequate amounts. Among them, lactic acid
bacteria (LAB) represent the most widely studied group, known for their safety, metabolic versatility, and
capacity to produce organic acids and bacteriocins that inhibit pathogens [14—-17]. In swine production, LAB
supplementation enhances growth performance, immune modulation, and intestinal health, offering a viable
alternative to antibiotic growth promoters [18,19].

Autochthonous LAB strains isolated from healthy swine feces are particularly valuable for probiotic
development due to their natural adaptation to the swine gastrointestinal environment, competitiveness against
intestinal pathogens, and ecological safety [15, 20].

Despite growing recognition of LAB as potential alternatives to antibiotics, comprehensive studies
integrating both phenotypic and genomic evidence of probiotic potential from swine-derived LAB remain
limited. Most previous investigations have focused on traditional Lactobacillus species from food or human
sources, while reports on host-specific probiotic strains from healthy swine are scarce. Furthermore, although
Weissella and Lactiplantibacillus species have shown promising antimicrobial and stress tolerance properties,
their detailed genomic attributes, such as genes encoding bacteriocins, stress-response systems, and safety
determinants, have not been adequately characterized. In particular, the probiotic and anti-E. coli activities of
Lactiplantibacillus argentoratensis and Weissella cibaria isolated from swine feces have not been documented in
the scientific literature. This lack of integrated genomic and functional validation restricts the rational selection of
host-adapted probiotic candidates for livestock application. Addressing this gap is critical for developing effective
and safe alternatives to antibiotics in the swine industry, contributing to AMR mitigation and sustainable animal
production in line with the SDGs (2, 3, 12, and 15).
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This study aimed to isolate, characterize, and perform genomic analysis of LAB strains with antibacterial activity

against pathogenic E. coli from swine feces in Thailand. The specific objectives were to:

1. Isolate and screen LAB strains for in vitro antibacterial activity against major E. coli pathotypes causing
enteric colibacillosis in pigs.

2. Evaluate probiotic attributes, including acid and bile tolerance, adhesion capacity, hemolytic activity, and
survival under simulated gastrointestinal conditions.

3. Conduct whole-genome sequencing and bioinformatics analysis of promising isolates to identify genes
associated with antimicrobial production, stress adaptation, virulence, and antibiotic resistance.

4. Correlate genomic features with phenotypic probiotic traits to validate their safety and functional potential.

Through this integrated approach, the study sought to identify safe, host-adapted LAB strains with broad-
spectrum anti-E. coli activity, specifically L. argentoratensis ATP111 and W. cibaria ATP210, as potential probiotic
feed additives for improving swine gut health and reducing antibiotic dependence in animal production systems.

MATERIALS AND METHODS

Ethical approval

The protocol for this study, utilizing fecal samples collected as detailed in the Sample collection section from
pigs already processed for commercial food production, was evaluated by the Institutional Animal Care and Use
Committee of the Faculty of Veterinary Science, Mahidol University. The committee reviewed the study protocol
and confirmed that no direct experimentation was performed on live animals. Because the study exclusively
used postmortem fecal samples from animals designated for slaughter for commercial purposes, the IACUC
concluded that no formal animal ethics approval was necessary. This aligns with ethical standards for research
that does not involve direct experimentation or impact on the welfare of live animals.

Study period and location

The study was conducted from June 2022 to December 2023. The screening and other procedures were
conducted at the Department of Microbiology and Parasitology, Faculty of Medical Science, Naresuan University.
The whole genome analysis was carried out at the Omics Sciences and Bioinformatics Center, Faculty of Science,
Chulalongkorn University.

Sample collection and storage

A total of 30 fecal samples were collected from the large intestines of individual crossbred pigs (Sus scrofa;
landrace x large white x Duroc). These samples, serving as the 30 biological replicates for this study, were obtained
from two commercial swine slaughterhouses in the provinces of Nakhon Pathom and Pathum Thani, Thailand.
These slaughterhouses were certified for good manufacturing practices. All fecal samples were immediately
transported to the laboratory in chilled ice packs. The samples were stored at -80°C in tryptone soya broth (TSB)
(Cat. No. M011, HiMedia, Thane, India) supplemented with 30% (v/v) glycerol as a cryoprotective agent for long-
term preservation.

Isolation of LAB

LAB was isolated based on the method described by Siangpro et al. [21]. Briefly, 5 g of each fecal sample
was homogenized with 45 mL of 0.85% (w/v) NaCl solution using a stomacher (HG400vW, WIGGENS, Germany)
for 1 min to achieve a 107! dilution. Subsequently, a 10-fold serial dilution was performed, yielding dilutions up to
1078, Aliquots from the 107, 1077, and 1072 dilutions were spread-plated onto de Man, Rogosa and Sharpe (MRS)
agar (Cat. No. GM641, HiMedia) supplemented with 0.004% (w/v) bromocresol purple. The inoculated plates
were anaerobically incubated at 37°C for 48 h. Anaerobic conditions were maintained using an anaerobic jar
with a gas generation system (Anaerobentopf 2.5 L, Millipore, Merck, USA). After incubation, individual colonies
exhibiting yellow zones, indicative of acid production, were selected and purified by repeated subculturing
on MRS agar. Purified isolates were subsequently subjected to a catalase test to confirm their presumptive
identification as LAB. The cellular morphology of the bacterial isolates was examined using Gram staining.

Pathogenic strains of E. coli and culture conditions

The pathogenic bacteria used in this study included enteroaggregative E. coli DMST 68995 (EAEC),
enterohemorrhagic E. coli DMST 30544 (EHEC), enteroinvasive E. coli DMST 26451 (EIEC), ETEC E. coli DMST
30537 (ETEC), and EPEC E. coli DMST 30546 (EPEC). All strains were purchased from the National Institutes of
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Health of Thailand (Department of Medical Sciences, DMST, Thailand). Each strain was cultured in 5 mL TSB at
37°Cfor 24 h and then diluted to a turbidity of 0.5 McFarland standard. The bacterial suspensions were swabbed
onto the surface of Mueller—Hinton agar (MHA) (Cat. No. M173, HiMedia) plates after the incubation.

Antimicrobial activity screening against pathogenic E. coli strains

The antibacterial activity of LAB isolates was evaluated using the agar slab method, as described by
Yamashita et al. [22]. LAB cells were suspended in a sterile solution to achieve a cell density equivalent to that of
the 0.5 McFarland standard. The LAB suspension was then uniformly spread onto the surface of MRS agar plates
and incubated anaerobically at 37°C for 24 h. After incubation, 6-mL slabs were aseptically cut from the LAB
culture plates (Cat. No. K1004, Hycon, Bangkok, Thailand). These slabs were transferred onto the surface of MHA
plates that had been previously inoculated with the pathogenic bacterial strain. The plates were anaerobically
incubated at 37°C for 24 h. Following incubation, the diameter of the resulting inhibition zone was measured
using a Vernier caliper (Series 230, Mitutoyo, Japan); an inhibition zone diameter <7 mm was considered as no
activity, 27 mm was considered as activity [23]. Only isolates with activity were considered for further analysis.
For negative controls, sterile MRS agar plates without microbial growth were used, while a 15-ug clarithromycin
antibiotic disk served as the positive control.

Functional LAB characterization
Acid tolerance test

The resistance of the LAB isolates exhibiting antibacterial activity to low pH was evaluated using a previously
described protocol by Siangpro et al. [21]. Briefly, 12-h LAB cultures grown under anaerobic conditions were
adjusted to a turbidity of 0.5 McFarland standard. Bacterial cells were harvested by centrifugation at 4,000 x g
for 10 min and resuspended in sterile 0.85% (w/v) NaCl solution. An aliquot of 100 uL of the cell suspension was
subsequently inoculated into 5 mL of MRS broth acidified to pH 2.5 using 1 M HCI. The inoculated broth was
anaerobically incubated at 37°C for 6 h. The LAB growth was quantified by measuring the optical density (OD) at
640 nm after 6 h using a spectrophotometer (SP-880, Metertech, Taiwan). The OD_, values were compared with
those of the negative control group, in which LAB isolates were inoculated into MRS broth at a normal pH. An
increase in OD,, in the acidified broth was considered indicative of bacterial growth under low pH conditions.

Bile salt tolerance test

Overnight cultures of LAB isolates were adjusted to a turbidity of 0.5 McFarland standard. Bacterial cells
were harvested by centrifugation at 4,000 x g for 10 min. The resulting cell pellets were resuspended in 0.85%
(w/v) sterile NaCl solution. Following resuspension, an aliquot of 100 uL of the bacterial suspension was added
to 5 mL of MRS broth supplemented with 1% (w/v) bile salt (Cat. No. RM008, HiMedia). Cultures were inoculated
under anaerobic conditions at 37°C for 4 h. Bacterial growth was quantified by measuring the OD at 640 nm using
a spectrophotometer. The OD_, values of the LAB isolates cultured in the presence of bile salt were compared
with those of the negative control cultures grown in MRS broth without the addition of bile salt.

Adhesion property test

The ability of LAB to adhere to abiotic surfaces was assessed following the protocol as described by
Siangpro et al. [21]. Briefly, LAB cultures were grown anaerobically in MRS broth at 37°C for 24 h. Subsequently,
all cultures were diluted 100-fold with fresh sterile MRS broth and inoculated into 16 x 100 mm glass test tubes
containing the respective broth medium. The negative control test tubes contained only sterile MRS broth. All
cultures were incubated under the same anaerobic conditions for 24 h at 37°C. The culture medium was carefully
aspirated after incubation. The test tubes were washed twice with phosphate-buffered saline (PBS; pH 7.4) (Cat.
No. 18912-014, Gibco, New York, USA) by gentle rinsing to remove non-adherent bacterial cells. The test tubes
were then inverted and allowed to air-dry for approximately 1 h. Subsequently, 5 mL of 1% (w/v) crystal violet
solution (Cat. No. 94448, Sigma-Aldrich, USA) was added to each tube for 5 min at room temperature to stain
the adherent cells. The crystal violet solution was carefully removed, and the test tubes were rinsed thoroughly
3 times with sterile distilled water. The crystal violet bound to the attached bacterial cells on the inner surfaces
of the test tubes was solubilized by adding 5 mL of 95% (v/v) ethanol. The extent of bacterial adhesion was

determined by measuring the absorbance at 570 nm (Abs__ ) using a spectrophotometer.
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Hemolytic activity test

To evaluate the safety of the LAB isolates, the hemolytic activity was screened. Overnight cultures of each LAB
isolate were streaked onto the surface of TSA containing 5% (v/v) sheep blood. Following anaerobic incubation at
37°C for 24 h, hemolysis surrounding the bacterial colonies was examined on the plates. Staphylococcus aureus
(ATCC 25923) and E. coli (ATCC 25922) were used as positive and negative controls, respectively. The sheep
blood agar plates were visually inspected for evidence of B-hemolysis (characterized by clear zones around the
colonies), a-hemolysis (characterized by green-hued zones surrounding the colonies), or y-hemolysis (defined by
the absence of any hemolytic zones around the colonies). This experiment was conducted in triplicate on three
independent occasions.

Resistance to simulated gastrointestinal conditions

The resistance of the LAB isolates to simulated gastrointestinal tract conditions was determined using a
previously described protocol by Dawangpa et al. [13]. Freshly cultured LAB cells were harvested by centrifugation
at 7,000 x g for 5 min at 4 °C. The cell pellet was washed twice with sterile 0.85% (w/v) NaCl. The cells were
resuspended in sterile simulated gastric juice (PBS, pH 2.0, containing 3 mg/mL pepsin [Cat. No. 417071000,
Thermo Fisher Scientific, USA]). The resulting suspensions were incubated for 3 h at 37°C. After incubation, the cells
were collected by centrifugation, and the number of surviving cells was determined. LAB cells were harvested and
washed as described above and resuspended in sterile simulated intestinal juice (PBS, pH 8.0, containing 3 mg/mL
pancreatin (Cat. No. P0636, TCl, Japan) and 1% (w/v) bile salt) to assess resistance to simulated intestinal juice.
The suspensions were incubated at 37°C for 4 h. As a negative control, a parallel suspension of cells was incubated
under the same conditions (37°C for a total of 7 h) but in neutral PBS (pH 7.0) without the addition of digestive
enzymes or bile salts. At the end of the respective incubation periods (3 h for gastric juice and 4 h for intestinal
juice), a 0.1-mL aliquot of each isolate suspension was removed, and the number of viable cells was counted by
spread plating on MRS agar. The survival rate was calculated using the following equation:

CFU
Iog(LNl)
— 2 k100

Iog[CFUNOJ
mL

Where N, represents the total viable count of LAB isolates (CFU/mL) following exposure to either simulated
gastrointestinal tract fluid or PBS at normal pH (control) for 7 h, and N, represents the initial total viable count of
LAB isolates (CFU/mL) before treatment.

Survival rate (%) =

Molecular identification
16S ribosomal RNA sequencing

Genomic DNA was extracted and purified from the overnight cultures of the selected LAB isolates. The 16S
rRNA gene was amplified using PCR with the universal primers 27F (5-AGA GTT TGATCC TGG CTC A-3’) and 1492R
(5'-GGT TAC CTT GTT ACG ACT T-3') [14]. PCR amplification was performed using a Biometra TAdvanced Thermal
Cycler (Analytik Jena, Germany). Successful amplification of the 16S rRNA gene was confirmed by electrophoretic
separation of PCR products on a 1.0% (w/v) agarose gel (Cat. No. D0012, Biobasic, Ontario, Canada) stained with
ethidium bromide. The separated DNA fragments were visualized under ultraviolet transillumination (Cleaver
Scientific, UK), and their size was estimated by comparison with a DNA ladder. For DNA sequencing, PCR amplicons
exhibiting the expected size of approximately 1.5 kb were submitted to Macrogen (Seoul, South Korea).

Phylogenetic analysis

The resulting 16S rRNA gene sequences were aligned and assembled into complete sequences using the
BioEdit software (version 7.2.5; https://bioedit.software.informer.com). The closest relatives were identified by
conducting a Basic Local Alignment Search tool (BLAST) [https://blast.ncbi.nlm.nih.gov/Blast.cgi] search against
the EzBioCloud database [https://www.ezbiocloud.net] [24]. A phylogenetic tree was constructed based on
the neighbor-joining method using the MEGA software (version 7.0) [https://www.megasoftware.net]. Before
the analysis, gaps and missing data were removed. The reliability of the phylogenetic tree was assessed using
bootstrap analysis with 1,000 replicates [25].
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Whole-genome sequencing and bioinformatics analysis (WGS)
DNA extraction and quality control

Genomic DNA was extracted from the two selected isolates using the Wizard Genomic DNA Purification Kit
(Promega Corporation, USA) according to the manufacturer’s instructions. The extracted DNA was quantified
and its quality assessed using an Agilent 2100 Bioanalyzer system (Agilent Technologies, USA).

Library preparation and sequencing platform development

The DNA libraries for each genomic DNA sample were prepared following the Nextera XT DNA Library Prep
Kit Reference Guide (lllumina Inc., USA). The resulting two libraries were subjected to paired-end sequencing
on a MiSeq platform following the manufacturer’s protocols (lllumina Inc., USA). The raw sequencing reads
from each isolate were initially processed using TrimGalore (version 0.6.7) to remove their barcode and adapter
sequences [https://github.com/FelixKrueger/TrimGalore].

Assembly and polishing software

De novo genome assembly was performed using Unicycler (version 0.4.8; https://github.com/rrwick/
Unicycler) [26] using default parameters, and the assembled contigs were subsequently polished using Pilon
(version 1.23; https://github.com/broadinstitute/pilon) [27].

Functional annotation and databases

Gene prediction and functional annotation of the polished genomes were conducted using the Rapid
Annotation using Subsystem Technology server (https://rast.nmpdr.org). Species identification was achieved by
calculating the percentage of identical sequences and the number of single-nucleotide polymorphisms (SNPs)
between the genomes of the studied isolates and those of established strains. The pairwise average nucleotide
identity values were calculated using the BLAST algorithm (ANIb) and the MUMmer algorithm (ANIm) as
implementedin JSpeciesWS [28]. Whole-genome SNP (wgSNP) analysis was performed to determine pairwise SNP
distances between genome sequences using snp-dists (version 0.8.0; https://github.com/tseemann/snp-dists).
AMR and virulence genes were predicted using ABRicate (v0.8) [https://github.com/tseemann/abricate], which
was employed to screen the genome assemblies against four publicly available databases: The NCBI Bacterial AMR
Reference Gene Database [https://www.ncbi.nlm.nih.gov/pathogens/refgene], the Comprehensive Antibiotic
Resistance Database (CARD) [https://card.mcmaster.ca], the ResFinder database, and the Antibiotic Resistance
Gene-ANNOTation database (ARG-ANNOT) [https://ardb.cbcb.umd.edu]. Virulence factors were identified using
the VFanalyzer tool by searching against the Virulence Factor Database (VFDB) [http://www.mgc.ac.cn/VFs].
The presence of secondary metabolite gene clusters was predicted using antiSMASH (version 5.1.0; https://
antismash.secondarymetabolites.org) [29].

Statistical analysis

All experimental procedures were performed in triplicate (n = 3), and the results are presented as the
mean * standard deviation. Statistical analysis was performed to determine significant differences among the
experimental groups. Before statistical analysis, all bacterial enumeration data (Colony forming units/mL) were
logqo transformed to ensure normal distribution and homogeneity of variance. The transformed data were then
evaluated to ensure that they met the parametric testing assumptions. Normality of data distribution was assessed
using the Shapiro—Wilk test, and Levene’s test was used to confirm the homogeneity of variance between groups.
Parametric tests were employed because the data met these assumptions (p > 0.05). For comparisons involving
two groups, independent samples t-tests were used. For comparisons involving more than two groups, one-way
analysis of variance was used. Where analysis of variance indicated significant differences, post hoc pairwise
comparisons were conducted using Tukey’s honestly significant difference test to identify specific differences in
the mean OD_, values between the low pH and bile salt tolerance treatment groups and the respective control
groups. The significance level for all statistical tests was set at p < 0.05. All statistical analyses were performed
using the Statistical Package for the Social Sciences software (version 25.0, IBM Corp., Armonk, NY, USA).

RESULTS

Isolation and preliminary identification of LAB from swine feces
A total of 93 bacterial isolates were recovered from swine feces and characterized by the formation of a
yellow halo around colonies on MRS agar supplemented with bromocresol purple. Of these, 64 isolates were
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presumptively identified as LAB based on the following phenotypic characteristics: Gram-positive staining,
negative catalase reaction, and absence of spore formation. The 64 presumptive LAB isolates exhibited coccoid,
bacillary, and diplobacillary morphologies.

In vitro antibacterial activity of LAB isolates against pathogenic E. coli

Among the 64 presumptive LAB isolates, nine demonstrated inhibitory activity against at least one of
the tested pathogenic E. coli strains. Strains ATP111 and ATP210 exhibited broad-spectrum inhibitory effects,
suppressing the growth of all five pathogenic E. coli strains tested (EAEC, EHEC, EIEC, ETEC, and EPEC), as
evidenced by the formation of distinct inhibition zones as detailed in Table 1. Isolate ATPM192 demonstrated
inhibitory activity against E. coli strains EIEC and ETEC. The remaining six isolates (ATP10, ATP65, ATPM2, ATPM18,
ATPM22, and ATPM282) inhibited the growth of one E. coli strain. Table 1 shows the diameters of the inhibition
zones produced by these nine isolates against the pathogenic E. coli strains.

In vitro evaluation of the probiotic properties of selected LAB isolates
Acid and bile salt tolerance

Based on their broad-spectrum inhibitory activity, two LAB isolates, ATP111 and ATP210, were selected
for further in vitro evaluation of their potential probiotic properties. The survival of the selected isolates was
assessed under simulated low pH conditions and in the presence of bile salts (Table 2). In the acid tolerance
assay, ATP111 exhibited a significant difference in OD,,, from 2.400 + 0.156 in the control group (normal pH) to
0.040 £ 0.014 in the treatment group (pH 2.5). Similarly, ATP210 showed a significant divergence in OD_, from
1.805 £ 0.039 in the control group to 0.066 + 0.002 in the treatment group.

For the bile salt tolerance test, ATP111 significantly decreased OD_, from 2.400 + 0.156 in the control group
t0 0.392 £ 0.088 in the treatment group (1% bile salt). ATP210 also significantly reduced OD_, from 1.805 + 0.039
in the control group to 0.336 + 0.059 in the treatment group. Despite this significant reduction in viable cell
count, both isolates exhibited tolerance to low pH and bile salt concentrations (Table 2). Measuring OD is a rapid

Table 1: Antibacterial properties of lactic acid bacteria isolates against pathogenic Escherichia coli using agar slab assay
inhibition zone diameters (mm) are shown as the mean + standard deviation from three independent replicates (n = 3).

Isolates Inhibition zone (mm)
EAEC EHEC EIEC EPEC ETEC

Positive control 18.00 £ 0.50 12.83 £0.76 23.67 +1.53 13.00 £ 0.50 19.50 £ 0.50
Negative control - - - - -
ATP10 7.17 £0.29 - - - -
ATP65 - - 7.50 £ 0.00 - -
ATP111 9.33+0.76 9.17+£0.29 10.33+0.29 10.00 £ 0.50 10.17 £ 1.04
ATP210 9.83+0.29 10.33£0.29 9.67 £0.29 10.50 £ 0.00 11.33+0.29
ATPM2 - - 7.33+£0.29 - -
ATPM18 7.50 £ 0.00 - - - -
ATPM22 - - - 7.67 £0.29 -
ATPM192 - - 7.67 £0.58 - 8.00 £ 1.00
ATPM282 - - - 8.33+0.58 -

— = No inhibition zone, EAEC = Enteroaggregative Escherichia coli, EHEC = Enterohemorrhagic Escherichia coli, EIEC = Enteroinvasive Escherichia coli,
ETEC = Enterotoxigenic Escherichia coli, and EPEC = Enteropathogenic Escherichia coli.

Table 2: Effect of low pH and bile salt on the growth of selected lactic acid bacteria isolates. The conditions tested were pH
2.5for6 hand 1% (w/v) bile salt for 4 h. The control groups were grown in standard de Man, Rogosa and Sharpe (MRS) broth
without the added stressor. Data represent the final optical density (OD,, ) after incubation. Values are the mean + standard
deviation of three independent replicates (n = 3).

640

Isolates oD, of the acid tolerance test oD, of the bile salt tolerance test
Control group Treatment group Control group Treatment group

ATP111 2.400 + 0.156* 0.040 + 0.014° 2.400 + 0.156° 0.392 +0.088°

ATP210 1.805 + 0.039* 0.066 + 0.002° 1.805 +0.039° 0.336 £ 0.059°

Means within the same row with different uppercase letters (A, B) represent statistically significant differences (p < 0.05) for the acid tolerance test. Means
within the same row with different lowercase letters (a, b) represent statistically significant differences (p < 0.05) for the bile salt tolerance test.

3482



doi: 10.14202/vetworld.2025.3476-3495

and commonly used method to assess cell growth or survival after exposure to acid or bile salt stress. Many
studies have measured the OD after the incubation period to calculate the cell increase or reduction [21, 30, 31].

Adhesion and hemolytic activity

The adhesion capabilities of ATP111 and ATP210 to abiotic surfaces were quantified by measuring the
absorbance at 570 nm. The absorbance values were 0.198 + 0.039 for ATP111 and 0.715 % 0.105 for ATP210.
The hemolytic activity of the selected LAB isolates was evaluated for safety. Both ATP111 and ATP210 exhibited
a-hemolytic activity when cultured on blood agar, characterized by a greenish halo surrounding the colonies.

Survival under simulated gastrointestinal conditions

The survival kinetics of isolates ATP111 and ATP210 under simulated gastric and intestinal fluids over 7 h
were investigated (Figure 1). Both isolates were initially exposed to simulated gastric juice (pH 2.0) for 3 h,
followed by incubation in simulated intestinal juice (pH 8.0) for 4 h. Both isolates exhibited a decline in viable
cell counts over time, indicating that the environment was stressful. However, a substantial population of both
isolates remained viable at the end of the experiment. The calculated survival rates were 74.39% and 66.90% for
ATP111 and ATP210, respectively. ATP111 showed a slightly higher overall survival rate than ATP210 throughout
the 7-h exposure.

Molecular identification of selected LAB isolates

Based on their demonstrated broad-spectrum antibacterial activity and promising in vitro probiotic
properties, ATP111 and ATP210 isolates were selected for species identification through 16S rRNA gene
sequencing. The resulting sequences were compared against the EzBioCloud database.

Initial comparison revealed that isolate ATP111 (GenBank accession no. LC764705) showed the highest
16S rRNA gene sequence similarity (99.93%) to Lactiplantibacillus pentosus DSM 20314 (GenBank accession
no. AZCU01000047), while isolate ATP210 (GenBank accession no. LC764706) showed the greatest homology
(99.86%) to W. cibaria KACC11862T (GenBank accession no. AEKT01000037).

A neighbor-joining phylogenetic tree was constructed based on the 16S rRNA gene sequences of isolates
ATP111, ATP210, and closely related type strains for more definitive species identification and to clarify
phylogenetic relationships (Figure 2). In this tree, isolate ATP111 formed a distinct cluster with L. argentoratensis
DSM 16365, supported by a bootstrap value of 77%. This strong phylogenetic affiliation distinguishes it from
other closely related species, such as L. plantarum and L. pentosus, which formed separate branches within the
Lactiplantibacillus clade, indicating that isolate ATP111 is L. argentoratensis.

In the same phylogenetic analysis, isolate ATP210 clustered robustly within the Weissella genus, exhibiting
a close phylogenetic relationship with W. cibaria KACC 11862". This specific clustering was supported by a high
bootstrap value (e.g., >95%; please insert the actual value from Figure 2), confirming the identification of ATP210
as W. cibaria. Other Weissella species, such as Weissella ceti, Weissella viridescens, and Weissella halotolerans,
formed distinct separate branches within the tree, further clarifying these classifications. A high percentage of
sequence identity in the 16S rRNA gene indicated a close phylogenetic relationship at the species level.

ATP111 ATP210
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Figure 1: Survival of selected lactic acid bacteria isolates under gastrointestinal tract conditions. The isolates were exposed
to simulated gastric juice (pH 2.0) for 3 h and then to simulated intestinal juice (pH 8.0) for 4 h. Viable cell counts were
determined by serial dilution and spread plating on de Man, Rogosa and Sharpe agar. Data points are presented as the
mean + standard deviation from three independent replicates (n = 3). Means with different lowercase letters represent
statistically significant differences (p < 0.05).
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General genomic features of isolates ATP111 and ATP210

The results of the de novo genome assembly for ATP111 and ATP210 isolates are summarized in Table 3. The
genome of ATP111 was approximately 3.0 Mbp in size, consisting of 32 contigs, with a gas chromatography (GC)
content of 45.2%. In contrast, the ATP210 genome was approximately 2.4 Mbp in size, comprising 23 contigs, and
displayed a GC content of 44.9%. Genome annotations of the assembled sequences revealed that ATP111 contained
52 RNA genes and 2,980 coding sequences (CDSs), whereas ATP210 contained 72 RNA genes and 2,299 CDSs.

The raw sequencing reads and assembled genomes for L. argentoratensis ATP111 and W. cibaria ATP210
have been deposited in the National Center for Biotechnology Information under BioProject PRINA957133.
The raw lllumina sequencing reads for this project have been deposited in the Sequence Read Archive under
accession nos. SRX20019082 (strain ATP111) and SRX20019083 (strain ATP210). The final assembled and
annotated genomes are available in GenBank under accession numbers GCA_030247085.1 (strain ATP111) and
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Figure 2: Neighbor-joining phylogenetic tree based on the 16S ribosomal RNA gene sequences. Bootstrap values (expressed
as percentages) from 1,000 replicates are indicated at the nodes.

Table 3: Basic features and statistics of assembled ATP111 (GenBank accession no. GCA_030247085.1) and ATP210 (GenBank
accession no. GCA_030247095.1) genomes.

Characteristics ATP111 ATP210
Total genome size (bp) 3,061,517 2,439,530
Genome coverage 564x 545x
GC-content (%) 45.2 44.9
Number of assembled contigs 32 23
N50 234,863 285,819
Largest contig size (bps) 302,136 660,262
Average contig length (bps) 62,618 20,962
Shortest contig size (bps) 451 320
No. RNAs 52 72
No. coding sequences 2,980 2,299
Genome completeness (%) 99.35 98.77
Contamination (%) 1.39 0.65
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GCA_030247095.1 (strain ATP210). The whole-genome shotgun sequencing projects have been deposited at
GenBank under accession numbers JARXZI000000000 (strain ATP111) and JARXZHO00000000 (strain ATP210).

Whole-genome sequencing-based species identification

The species identification of isolates ATP111 and ATP210 was further substantiated using two genomic
approaches: ANI values (ANIb and ANIm) and wgSNP distances. The cutoff for ANI was established at 95%;
isolates exhibiting at least this percentage were classified as belonging to the same species (Figure 3) [28].

Based on this genomic evidence, isolates ATP111 and ATP210 were identified as L. argentoratensis and
W. cibaria, respectively. Comparative genomic analysis within the genus Lactiplantibacillus revealed that the
genome of L. argentoratensis ATP111 was closely related to L. argentoratensis DSM16365, with ANIb and ANIm
exceeding 99% and exhibiting the lowest number of wgSNP distances (203 bp). W. cibaria ATP210 showed high
genomic relatedness to the type strain W. cibaria JCM 12495, with ANIb and ANIm values exceeding 98% and a
minimal pairwise wgSNP distance of 43 bp (Figure 3).

Absence of AMR and virulence genes

Screening of the genomes of the two selected strains, ATP111 and ATP210, against four AMR gene
databases (NCBI Bacterial AMR Reference Gene Database, CARD, ResFinder, and ARG-ANNOT) did not reveal any
genes associated with AMR. Similarly, no virulence genes were identified in the genomes of isolates ATP111 and
ATP210 through analysis using the VFDB.

Secondary metabolite biosynthetic gene clusters

AntiSMASH analysis revealed secondary metabolite biosynthetic gene clusters in the genomes of
L. argentoratensis ATP111 and W. cibaria ATP210. Three gene clusters were identified in L. argentoratensis
ATP111, corresponding to type Ill polyketide synthases (T3PKS), bacteriocin, and terpene biosynthesis (Figure 4a).
Cluster sizes ranged from 8.3 to 33.0 Kbp. The T3PKS gene cluster contained a core biosynthetic gene likely
encoding hydroxymethylglutaryl coenzyme A synthase (HMG-CoA synthase). The core biosynthetic genes for
the bacteriocin and terpene clusters were identified as a putative lactococcin-G-processing and transport ATP-
binding protein and a putative 4,4'-diapophytoene synthase, respectively.

A single gene cluster associated with T3PKS biosynthesis was detected in the W. cibaria ATP210 genome,
spanning 41.1 Kbp (Figure 4b). This cluster also contained a core biosynthetic gene encoding HMG-CoA synthase.
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Figure 3: Whole-genome-based identification of isolates ATP111 and ATP210. (a) Demonstration of whole-genome average
nucleotide identity (ANI) and whole-genome single-nucleotide polymorphism (wgSNP) distance between Lactiplantibacillus
argentoratensis ATP111 and the type strain genomes of eight species within the genus Lactiplantibacillus. (b) Binary
comparison matrix depicting ANl and wgSNP distance between Weissella cibaria ATP210 and representative type strains of
eight species within the genus Weissella.
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Genomic basis for stress response in isolates ATP111 and ATP210

The gastrointestinal tract presents a challenging environment for microbial survival; however, the ability
to adapt and survive under various stressors, including acidic pH, temperature fluctuations, bile salts, osmotic
pressure, and oxidative stresses, is crucial for survival and subsequent LAB colonization [32].

Genomic analysis of isolates ATP111 and ATP210 revealed the presence of several genes encoding proteins
involved in stress response mechanisms, including genes associated with resistance to the aforementioned
stress conditions encountered within the gastrointestinal tract (Figure 5 and Supplementary Table S1). Both
isolates harbored core stress defense mechanisms, including general stress proteins, proteases, chaperones,
and HSR elements. Notably, L. argentoratensis ATP111 exhibited a higher number of genes related to cold-
shock response than W. cibaria ATP210, suggesting a potentially enhanced ability to withstand temperature
fluctuations.

Both isolates possessed genes associated with bile salt resistance, which is crucial for survival in the small
intestine, and genesinvolvedin acid stress response, particularly F-type H*-transporting adenosine triphosphatase
or ATP synthase, supporting their observed tolerance to low pH. L. argentoratensis ATP111 exhibited a greater
number of genes related to osmotic stress response than W. cibaria ATP210, potentially indicating a higher
adaptability to changes in osmolarity within the gastrointestinal environment. Both isolates contained multiple
genes involved in combating oxidative stress, including those encoding NADH oxidase, thioredoxin, thioredoxin
reductase, and glutathione reductase, highlighting their potential to neutralize reactive oxygen species. Genes
associated with nitrite stress were also present in both strains.

These findings suggest that the identified stress response genes and their corresponding proteins likely
contribute to the ability of ATP111 and ATP210 isolates to withstand the challenges of the gastrointestinal tract,
supporting their resilience during in vitro assays. Moreover, the differences in the number of genes within specific
categories may contribute to the variations in stress tolerance observed between the two isolates, which may be
linked to the larger genome size of ATP111 compared with that of ATP210 (Table 3).

DISCUSSION

Strategic isolation and identification of autochthonous LAB from swine feces

In this study, the focus on evaluating the antibacterial activity and probiotic-related functional properties
of autochthonous LAB isolated from swine feces through in vitro tests was a strategic approach to identify
microorganisms that are potentially well adapted to the host’s gut environment. The selection of MRS medium
for isolating LAB, particularly lactobacilli, was effective, yielding a significant number of presumptive isolates
(64 out of 93). This outcome aligns with the established efficacy of MRS medium in inhibiting the growth of
competing bacteria, such as Bifidobacteria, Streptococcus, Enterococcus, and fungi, as well as Gram-negative
bacteria, thereby enriching LAB [33]. The subsequent confirmation of these isolates as Gram-positive,
catalase-negative, and non-spore-forming bacteria provided a robust foundation for the in vitro assessment of
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Figure 4: Clusters of putative secondary metabolite biosynthesis genes identified in the ATP111 and ATP210 genomes.
(a) Three gene clusters associated with T3PKS, bacteriocin, and terpene biosynthesis detected in Lactiplantibacillus
argentoratensis ATP111. (b) A single gene cluster associated with T3PKS biosynthesis in Weissella cibaria ATP210.
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Function Gene name Description ATP111 ATP210
General stress protein GSP13 General stress protein 13
Protease and clpP, CLPP ATP-dependent Clp protease, protease subunit [EC:3.4.21.92]
chaperones clpB ATP-dependent Clp protease ATP-binding subunit ClpB
clpC ATP-dependent Clp protease ATP-binding subunit ClpC
clpE ATP-dependent Clp protease ATP-binding subunit ClpE
clpL ATP-dependent Clp protease ATP-binding subunit ClpL
clpx, CLPX ATP-dependent Clp protease ATP-binding subunit ClpX
hslo Molecular chaperone Hsp33
hslv ATP-dependent HsIUV protease ATP-binding subunit HslU

hslv, clpQ ATP-dependent HslUV protease, peptidase subunit HslV
- Lon-like protease

Heat-shock stress groES, HSPE1  Chaperonin GroES
groEl, HSPD1 Chaperonin GroEL [EC:5.6.1.7)
HSP20 HSP20 family protein
dnal molecular chaperone Dnal
dnak HSPAS; molecular chaperone DnakK
GRPE Molecular chaperone GrpE
hrcA Heat-inducible transcriptional repressor
htpx Heat shock protein HtpX [EC:3.4.24.-]
ctsR Transcriptional regulator of stress and heat shock response
Cold-shock CSpA Cold shock protein
Bile salt resistance bit MFS transporter, DHA1 family, multidrug resistance protein
mdtG MFS transporter, DHA1 family, multidrug resistance protein
ImrP MFS transporter, DHA1 family, multidrug resistance protein B
ber, tcaB MPFS transporter, DHA1 family, multidrug resistance protein
Acid stress ATPF1E,atpC  F-type H'-transporting ATPase subunit epsilon

ATPF1B,atpD  F-type H'/Na’-transporting ATPase subunit beta [EC:7.1.2.2
ATPF1G, atpG  F-type H'-transporting ATPase subunit gamma

ATPF1A, atpA F-type H'/Na'-transporting ATPase subunit alpha [EC:7.1.2.2
ATPFID, atpH F-type H'-transporting ATPase subunit delta

ATPFOB, atpF  F-type H'-transporting ATPase subunit b

ATPFOC, atpE  F-type H'-transporting ATPase subunit ¢

ATPFOA, atpB F-type H‘-transporting ATPase subunit a
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nhaC Na':H" antiporter, NhaC family
nhak monovalent cation/hydrogen antiporter
Osmotic stress opuBD osmoprotectant transport system permease protein 2 |
opuC osmoprotectant transport system substrate-binding protein 1
OpuA osmoprotectant transport system ATP-binding protein 2
TC.BCT Betaine/carnitine transporter, BCCT family 1
agpZ Aquaporin Z 1
Oxidative stress nox2 NADH oxidase (H20-forming) [EC:1.6.3.4] [1]
npr NADH peroxidase [EC:1.11.1.1] Iz
trxA thioredoxin 1 =
trxB, TRR thioredoxin reductase (NADPH) [EC:1.8.1.9] 1
GSR, gor glutathione reductase (NADPH) [EC:1.8.1.7]
gpx, btuk, glutathione peroxidase [EC:1.11.1.9] 1 1
tpx thioredoxin-dependent peroxiredoxin [EC:1.11.1.24] 1 0
mntA manganese transport system ATP-binding protein [EC:7.2.2.5] 1 2
mntB manganese transport system permease protein 1 2
mntC manganese transport system substrate-binding protein 1 1
mntH manganese transport protein EE
PsSaA, scaA, manganese/zinc transport system substrate-binding protein [1] 1
ABC.ZM.A zinc/manganese transport system ATP-binding protein 1 1
ABC.ZM.P zinc/manganese transport system permease protein 1 1
ABC.ZM.S zinc/manganese transport system substrate-binding protein [l 1
perR Fur family transcriptional regulator, peroxide stress response 1 0
Nitrite stress pgl 6-phosphogluconolactonase [EC:3.1.1.31] 1 1

No. genes found in each genome

Figure 5: Distribution of stress response genes identified in the genomes of ATP111 and ATP210 isolates.

their probiotic potential and antibacterial characteristics, enabling a targeted evaluation of their suitability for
application in swine [34].

Antibacterial activity and its functional relevance

Previous studies have consistently demonstrated the antimicrobial activity of LAB strains derived from
various sources, including food [35] and animals, particularly swine [15]. Our findings further underscore
the inherent capacity of LAB to inhibit the growth of various pathogens [36]. The observation that nine
of our isolates exhibited inhibitory activity, with prominent broad-spectrum inhibition by isolates ATP111
and ATP210 against all pathogenic E. coli strains, aligns with these established reports and highlights the
functional importance of antimicrobial activity as a desirable trait for probiotics. Notably, this E. coli panel
consisted of key swine-specific pathotypes (EAEC, EHEC, EIEC, ETEC, and EPEC), underscoring the direct
relevance of our findings to swine health and disease prevention. The antibacterial activities exhibited by
LAB are commonly attributed to the production of a range of metabolic compounds, including organic acids
such as lactic, acetic, and butyric acids, diacetyl, hydrogen peroxide (H,0,), carbon dioxide (CO,), fatty acids,
ethanol, and bacteriocins [37, 38]. Our genomic analysis provides molecular insights into these potential
mechanisms, revealing the presence of putative bacteriocin gene clusters in ATP111 and other secondary
metabolite clusters in both isolates.
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Genomic insights into bacteriocin and secondary metabolite synthesis

Genomic analysis of L. argentoratensis ATP111 revealed a putative gene cluster encoding lactococcin-G,
suggesting its potential to produce this bacteriocin. Lactococcin-G, a ribosomally synthesized, unmodified
two-peptide (class llb) bacteriocin known to form a membrane-penetrating helix—helix structure, has been
reported in some LAB strains [39]. Its mechanism of action involves interaction with cell membrane receptors in
susceptible bacteria, leading to cell membrane permeabilization and subsequent leakage of small monovalent
cations [40]. In contrast, W. cibaria ATP210 lacked the crucial motifs for a bacteriocin gene cluster, a finding
consistent with a previous genomic analysis of another Weissella strain that did not identify coding sequences
for functional bacteriocin activity [41]. However, despite the absence of a predicted bacteriocin gene cluster,
the observed antibacterial activity of W. cibaria ATP210 suggests the involvement of alternative inhibitory
mechanisms. Indeed, Weissella species are recognized for producing diverse antimicrobial compounds, such as
organicacids (e.g.,lacticand aceticacids) and hydrogen peroxide that can collectively contribute to the suppression
of pathogenic growth. Further investigation would be valuable to elucidate the specific compounds responsible
for the inhibitory effects of ATP210. These genomic findings, including the presence of additional gene clusters
(T3PKS and terpenes) in the ATP111 genome, are consistent with studies on other Lactiplantibacillus species,
such as L. plantarum, which have highlighted the prevalence of gene clusters associated with various secondary
metabolites, including bacteriocins, cyclic lactone autoinducers, terpenes, T3PKS, and ribosomally synthesized
and post-translationally modified peptides [42, 43]. These genomic features suggest that L. argentoratensis
ATP111 has a multifaceted potential to exert beneficial effects; however, further investigation is warranted to
fully elucidate the expression and function of these gene clusters. To confirm the secretion of antimicrobial
compounds, including putative bacteriocins, the potential inhibitory activity of cell-free supernatant (CFS)
derived from L. argentoratensis ATP111 and W. cibaria ATP210 cultures against a panel of pathogenic E. coli
strains and other relevant swine pathogens, such as Salmonella and Clostridium spp., should be investigated
further.

Acid and bile salt tolerance: Phenotypic and genomic correlation

The ability to withstand acidic conditions of the stomach (pH 2.0-2.5 in swine) and alkaline conditions
imposed by bile in the duodenum is a critical prerequisite for the use of probiotics in swine feed supplements [15].
The gastric pH of sows and adult pigs is relatively low, typically ranging from 2.5 to 4 [44, 45]. Therefore, to
simulate the swine gastric environment, an acid tolerance test was conducted at the lowest representative pH
value of 2.5. The mean bile salt concentration in the intestinal environment of pigs has been reported to be 28.33
+9.56 mM, which corresponds to approximately 1% (w/v), and is considered physiologically relevant for in vitro
tolerance testing of LAB [46]. In our study, while L. argentoratensis ATP111 and W. cibaria ATP210 exhibited a
reduction in growth at pH 2.5 and in the presence of bile salts, indicating a degree of stress; they demonstrated
survival, suggesting a level of tolerance to these conditions. These findings are consistent with observations from
other studies on gut-isolated probiotics, which have reported varying levels of acid and bile salt tolerance [21].

The capacity of LAB to tolerate acid environments is related to several mechanisms, including the
maintenance of cell membrane integrity, intracellular pH homeostasis, stabilization of vital biomolecules, and
the activity of H*-ATPase [47, 48]. Genomic analysis of ATP111 and ATP210 revealed the presence of genes
encoding a complete membrane-bounds F F -ATPase system (F-type H*-transporting ATPase) (atpC, atpD, atpG,
atpA, atpH, atpF, atpE, and atpB) which consists of F, (the membrane-integrated ion-translocating complex)
and F, (the peripheral catalytic complex) and a Na*/H* antiporter (nhaC), which contribute to intracellular pH
regulation through proton pumping [49]. Although bile salt hydrolase (BSH) activity has been associated with
bile salt tolerance and persistence in LAB strains [50], neither ATP111 nor ATP210 encodes the Bsh protein.
However, the presence of several genes encoding MDR transporters belonging to the MFS transporter family (blt
and mdtG in ATP111 and ImrP, mdtG, bcr, and tcaB in ATP210) suggests a potential alternative mechanism for
bile salt tolerance in these isolates, possibly through the efflux of bile salts [51].

The gastrointestinal tract also presents challenges related to temperature fluctuations, osmotic pressure,
and oxidative stress [32]. The genomes of ATP111 and ATP210 harbored genes encoding proteins involved in
adaptive stress responses, including general stress protein 13 (GSP13) and ATP-dependent Clp proteases (clpP,
clpE, and clpX [ATP-dependent Clp protease]). Furthermore, genes encoding heat-shock proteins (grpE, hrcA, and
HSP20), cold-shock proteins (cspA), chaperones (groES, HSPE1, groEL, HSPD1, hslO, dnal, and dnakK), an ATPase
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component (opuA), and enzymes involved in combating oxidative stress [NADH peroxidase (npr), thioredoxin
(trxA and trxB), glutathione reductase, and manganese/zinc transport proteins (mntA, mntB, mntC, and mntH)]
have been identified [49, 52, 53]. The presence of this diverse array of stress response genes likely contributes
to the overall resilience of ATP111 and ATP210 observed during in vitro assays simulating the gastrointestinal
environment. Although the genomic data are highly suggestive of probiotic potential, these claims should be
considered as preliminary evidence. Further studies, such as functional assays (e.g., CFS inhibition tests and gene
expression analysis under stress), are essential for validating these genomic findings.

Adhesion capability and surface hydrophobicity

Adhesion to the intestinal mucosa is a critical selection criterion for probiotic microorganisms, facilitating
intimate host-microbe interactions [54] and potentially supporting the competitive exclusion of pathogens [55].
This adhesion property serves as an indicator of the ability of a probiotic to attach to enterocytes [56]. The
in vitro adhesion capability of the selected isolates to the glass test tube surface (a hydrophobic surface) was
guantified by measuring the absorbance of bound crystal violet at 570 nm. A wavelength of 570 nm is commonly
used to quantify the cell adhesion of LAB stained with crystal violet because the maximum absorbance (Amax)
of crystal violet dissolved in ethanol or methanol is approximately 570 nm [57, 58]. From the results, ATP210
demonstrated higher adhesion than ATP111. This observation is consistent with previous reports indicating that
LAB strains isolated from swine exhibit CSH associated with adhesive properties [59, 60]. The CSH of probiotic
strains plays a significant role in their binding, colonization, and overall adhesion abilities [61], contributing to
their interaction with both biotic (epithelial cells) and abiotic hydrophobic surfaces such as glass, stainless steel,
and plastics [21, 62]. A higher degree of hydrophobicity typically indicates the presence of hydrophobic molecules
on the bacterial cell surface, including surface array proteins, wall-intercalated proteins, cytoplasmic membrane
proteins, and lipids [59, 60]. Although these in vitro adhesion results are promising, future investigations are
warranted to assess their adhesive capabilities to relevant host epithelial cell lines and in vivo in swine models to
elucidate their colonization potential fully.

Safety assessment of the selected LAB isolates

The absence of B-hemolytic activity on blood agar is a crucial safety criterion for selecting probiotic
candidates [63]. In this study, both L. argentoratensis ATP111 and W. cibaria ATP210 exhibited oi-hemolytic
activity. While B-hemolysis is typically associated with pathogenic potential, y and a-hemolysis are regarded
as safe [64, 65]. Some LAB strains displaying a-hemolysis have also been reported as probiotics in previous
studies [21, 66], suggesting that the safety implications of a-hemolysis may be strain-dependent. Beyond
hemolytic activity, the absence of transferable antibiotic resistance and virulence genes is an essential safety
consideration for probiotics [67]. Our genomic analysis revealed that the selected isolates, ATP111 and ATP210,
did not harbor any genes associated with AMR and virulence, indicating a favorable safety profile in these critical
aspects.

Survival in simulated gastrointestinal tract conditions

A fundamental characteristic of effective probiotics is their ability to survive transit through the
gastrointestinal tract of the host. The gastric pH in swine typically ranges from 1.0 to 4.0, presenting a significant
acid challenge [68]. The presence of bile salts in the proximal small intestine further demands microbial resilience.
Therefore, the ability of LAB to withstand acidic conditions in the stomach and the presence of bile salts in the
proximal small intestine are crucial for their functionality as swine feed supplements. In this study, the selected
isolates, ATP111 and ATP210, demonstrated survival rates exceeding 50% under simulated gastrointestinal
conditions. This level of survival is consistent with findings from a previous investigation, in which similar low
pH and bile salt tolerances observed in LAB strains within a swine-simulated gastrointestinal tract were deemed
satisfactory for probiotic application [69]. These results support the established understanding that probiotics
can endure the stresses imposed by the acidic environment of the stomach and the presence of bile salts by
employing various mechanisms, including maintenance of cell membrane integrity and functionality, regulation
of intracellular pH, activity of H*-ATPase, and mechanisms for bile salt excretion. Genomic analysis of ATP111
and ATP210 revealed the presence of genes encoding a complete F F -ATPase system and a Na*/H* antiporter,
crucial for intracellular pH regulation. Furthermore, the identification of MFS transporters suggests an efflux
mechanism for bile salt tolerance, whereas a diverse array of other stress response genes (e.g., heat-shock
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proteins, cold-shock proteins, and oxidative stress enzymes) likely contributes to their overall resilience in the
complex gastrointestinal tract environment.

Novel probiotic potential and comparative insights

The LAB is recognized as a significant component of the swine intestine microbiota, often representing a
predominant bacterial group throughout the animal’s lifespan, although shifts in composition can occur [70].
Consistent with our findings, previous studies have revealed the potential for long-term colonization of specific
LAB species in the gastrointestinal tract of pigs [70]. While some studies have explored certain probiotic attributes
of W. cibariaisolated from porcine feces, such as bacteriocin production [71], a comprehensive characterization of
its probiotic properties, particularly its antibacterial activity, has remained limited. To the best of our knowledge,
this study provides the first detailed account of W. cibaria isolated from swine feces, demonstrating both its in vitro
probiotic properties and inhibitory activity against pathogenic E. coli. Regarding L. argentoratensis, this species
has undergone taxonomic re-evaluation and was previously classified as L. plantarum subsp. argentoratensis
based on genomic analyses [72]. Although L. argentoratensis exhibiting promising probiotic properties has been
isolated from diverse sources, including ready-to-eat products [73], fermented tea leaves [74], and fermented
fish [75], and an isolate from swine manure with NH_-degrading activity has been reported by Bajagain et al.
[76], research focusing on the isolation and comprehensive characterization of the probiotic properties of L.
argentoratensis isolated from swine feces remains unexplored. Therefore, this study presents a novel contribution
by demonstrating the in vitro antibacterial activity and a range of probiotic traits for L. argentoratensis isolated
from swine feces. Further research is warranted to validate these properties in vivo, specifically to investigate
the tolerance of L. argentoratensis and W. cibaria to the gastrointestinal environment of swine and to confirm
their viability and compatibility as a mixed culture without antagonistic interactions. In addition, further studies
will investigate the protective ability of L. argentoratensis and W. cibaria against pathogenic E. coli and their
capacity to modulate the immune response in swine. The successful demonstration of these attributes in vivo
would support the potential use of L. argentoratensis and W. cibaria as a mixed-probiotic feed additive for oral
administration in swine.

Relevance to the United Nations SDGs

The findings of this study contribute directly to several United Nations SDGs by addressing key aspects
of animal health, AMR mitigation, and sustainable livestock production. The isolation of autochthonous
L. argentoratensis and W. cibaria from swine feces, coupled with their demonstrated probiotic potential
and absence of AMR or virulence determinants, supports SDG 3 (good health and well-being) by promoting
alternatives to antibiotics that safeguard both animal and human health through the One Health framework. By
enhancing gut health and productivity in pigs without relying on antibiotic growth promoters, these probiotics
also align with SDG 2 (zero hunger) by contributing to improved food security and sustainable protein production.
Furthermore, the replacement of antibiotic-based interventions with safe, host-adapted probiotic formulations
addresses SDG 12 (responsible consumption and production) by reducing antimicrobial use and environmental
contamination from resistant bacteria and residues. The use of microbiota-friendly, eco-compatible microbial
feed additives additionally supports SDG 15 (life on land) by encouraging sustainable farming practices that
preserve biodiversity and minimize ecological disruption. Overall, the development and application of host-
derived probiotic candidates such as L. argentoratensis ATP111 and W. cibaria ATP210 exemplify a practical
pathway toward achieving sustainable, responsible, and health-oriented livestock production systems in line
with the SDG agenda for 2030.

CONCLUSION

This study successfully isolated and characterized autochthonous LAB from swine feces, emphasizing their
potential as probiotic alternatives to antibiotics in livestock production. Among 64 presumptive LAB isolates,
L. argentoratensis ATP111 and W. cibaria ATP210 exhibited the most promising broad-spectrum antibacterial
activity against multiple pathogenic E. coli pathotypes (EAEC, EHEC, EIEC, ETEC, and EPEC). Both isolates
demonstrated tolerance to low pH and bile salts, moderate adhesion ability, and survival under simulated
gastrointestinal conditions, fulfilling critical criteria for probiotic selection. Genomic analysis further confirmed
the absence of AMR and virulence genes, highlighting their biosafety. The presence of genes encoding stress
response proteins, FF -ATPase, Na*/H* antiporter systems, and multidrug efflux transporters indicates a
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molecular basis for acid and bile resistance. In addition, L. argentoratensis ATP111 harbored gene clusters for
bacteriocin (lactococcin-G), terpene, and type Il polyketide synthase biosynthesis, suggesting its potential for
producing diverse antimicrobial compounds.

From a practical standpoint, these findings support the use of host-adapted LAB as eco-friendly feed
additives to improve swine gut health, enhance disease resistance, and reduce antibiotic dependency in pig
farming. The deployment of such probiotics can mitigate AMR risks and contribute to safer animal-derived food
production. Moreover, the use of autochthonous strains isolated from healthy pigs ensures better gastrointestinal
adaptability and colonization efficiency, offering a sustainable biotherapeutic approach aligned with industry
and One Health priorities.

The strengths of this study lie in its comprehensive integration of phenotypic assays with whole-genome
sequencing, enabling molecular correlation between probiotic functionality and genomic determinants. The use
of diverse E. coli pathotypes of clinical relevance strengthens the translational value of the findings. However,
limitations include the confinement of the study to in vitro assays and the absence of in vivo validation in swine
models. Gene expression analyses under stress and metabolomic profiling of secreted antimicrobial compounds
were also beyond the present scope.

Future investigations should focus on in vivo evaluation of L. argentoratensis ATP111 and W. cibaria ATP210
to assess their survivability, colonization, immunomodulatory effects, and growth-promoting efficacy in pigs.
Additional studies on synergistic potential in mixed-culture formulations and stability under industrial feed
processing conditions are also warranted. The isolation and evaluation of similar host-specific LAB strains from
different production systems may further expand probiotic diversity for species-targeted applications.

In conclusion, this study provides the first comprehensive phenotypic and genomic characterization of
L. argentoratensis and W. cibaria isolated from swine feces, identifying them as safe and functionally robust
probiotic candidates with broad-spectrum anti-E. coli activity. Their demonstrated biosafety, genomic stability,
and stress resilience underline their suitability as sustainable alternatives to antibiotic growth promoters in
swine production. These findings advance the goals of antimicrobial stewardship and sustainable livestock
development in accordance with the United Nations SDGs (2, 3, 12, and 15), paving the way for the next
generation of precision-designed probiotics in One Health-oriented animal agriculture.

DATA AVAILABILITY

Raw lllumina reads were submitted to the National Center for Biotechnology Information SRA under
BioProject accession number PRJINA957133. The assembled and annotated genomes of L. argentoratensis
ATP111 and W. cibaria ATP210 were submitted to the National Center for Biotechnology Information under
accession numbers JARXZI000000000 and JARXZHO00000000, respectively. The data supporting the findings of
this study are available from the corresponding author upon reasonable request.

AUTHORS’ CONTRIBUTIONS

RJ and WC: First authorship, conceptualization, research design, methodology, data analysis, investigation,
data curation, visualization, and writing of the original draft. RT, WP, WM, JK, and NS: Data analysis. RJ, WC,
SC, WP, RT, WM, JK, NS, and SR: Reviewed and edited the manuscript. SR: Methodology, conceptualization,
validation, supervision, and project administration. All authors have read and approved the final manuscript.

ACKNOWLEDGMENTS

This research was funded by Mahidol University (Fundamental Fund: fiscal year 2023 by National Science
Research and Innovation Fund [NSRF]). We would like to thank Mr. Phakhin Jantahiran and Miss Nattarun Chaisilp
for their assistance in collecting swine feces samples.

COMPETING INTERESTS
The authors declare that they have no competing interests.
PUBLISHER’S NOTE

Veterinary World remains neutral with regard to jurisdictional claims in the published institutional
affiliations.

3491



doi: 10.14202/vetworld.2025.3476-3495

REFERENCES

1. Thanapongtharm, W., Linard, C., Chinson, P., Kasemsuwan, S., Visser, M., Gaughan, A.E., Epprech, M., Robinson, T.P.
and Gilbert, M. (2016) Spatial analysis and characteristics of pig farming in Thailand. BMC Vet. Res., 12(1): 218.

2. Department of Livestock Development, Ministry of Agriculture and Cooperatives. (2022) Number of Livestock
Inventory in Thailand on 2022. Available from: https://ict.dld.go.th/webnew/index.php/th/service-ict/report/413-
report-thailand-livestock/reportservey2566/1721-2566-monthly. Retrieved on 02-06-2025.

3.  Barros, M.M., Castro, J., Araujo, D., Campos, A.M., Oliveira, R., Silva, S., Outor-Monteiro, D. and Almeida, C. (2023)
Swine colibacillosis: Global epidemiologic and antimicrobial scenario. Antibiotics (Basel), 12(4): 682.

4.  Wibisono, F.J., Effendi, M.H. and Wibisono, F.M. (2022) Occurrence, antimicrobial resistance, and potential zoonosis
risk of avian pathogenic Escherichia coli in Indonesia: A review. Int. J. One Health, 8(2): 76—85.

5. Kim, K., Song, M., Liu, Y. and Ji, P. (2022) Enterotoxigenic Escherichia coli infection of weaned pigs: Intestinal challenges
and nutritional intervention to enhance disease resistance. Front. Immunol., 13: 885253.

6.  Luppi, A. (2017) Swine enteric colibacillosis: Diagnosis, therapy and antimicrobial resistance. Porcine Health Manag.,
3:16.

7. Kaewchomphunuch, T., Charoenpichitnunt, T., Thongbaiyai, V., Ngamwongsatit, N. and Kaeoket, K. (2022) Cell-free
culture supernatants of Lactobacillus spp. and Pediococcus spp. inhibit growth of pathogenic Escherichia coli isolated
from pigs in Thailand. BMC Vet. Res., 18(1): 60.

8.  Barton, M.D. (2014) Impact of antibiotic use in the swine industry. Curr. Opin. Microbiol., 19: 9-15.

9. Pokhrel, N., Kasemsuwan, S., Goutard, F., Boonsoongnern, A., Chumsing, S. and Tulayakul, P. (2019) Practices and
factors influencing the use of antibiotics in swine farms in Central region of Thailand. J. Kasetsart Vet., 29(1): 33-55.

10. Liu, X,, Liu, Q., Cheng, Y, Liu, R., Zhao, R., Wang, J., Wang, Y., Yang, S. and Chen, A. (2022) Effect of bacterial resistance
of Escherichia coli from swine in large-scale pig farms in Beijing. Front. Microbiol., 13: 820833.

11. Matheou, A., Abousetta, A., Pascoe, A.P., Papakostopoulos, D., Charalambous, L., Panagi, S., Panagiotou, S.,
Yiallouris, A., Filippou, C. and Johnson, E.O. (2025) Antibiotic use in livestock farming: A driver of multidrug resistance?
Microorganisms, 13(4): 779.

12. Nguyet, LTY., Keeratikunakorn, K., Kaeoket, K. and Ngamwongsatit, N. (2022) Antibiotic resistant Escherichia coli from
diarrheic piglets from pig farms in Thailand that harbor colistin-resistant mcr genes. Sci. Rep., 12(1): 9083.

13. Dawangpa, A., Lertwatcharasarakul, P., Boonsoongnern, A., Ratanavanichrojn, N., Sanguankiat, A., Pinniam, N.,
Jala, S., Laopiem, S. and Tulayakul, P. (2022) Multidrug resistance problems targeting piglets and environmental health
by Escherichia coli in intensive swine farms. Emerg. Contam., 8: 123-133.

14. Simjee, S. and Ippolito, G. (2022) European regulations on prevention use of antimicrobials from January 2022. Bras.
J. Vet. Med., 44: e000822.

15. Kaur, K., Singh, S. and Kaur, R. (2024) Impact of antibiotic usage in food-producing animals on food safety and possible
antibiotic alternatives. Microbe, 4: 100097.

16. Abdul Hakim, B.N., Xuan, N.J. and Oslan, S.N.H. (2023) A comprehensive review of bioactive compounds from lactic
acid bacteria: Potential functions as functional food in dietetics and the food industry. Foods, 12(15): 2850.

17. Sachdeva, A., Tomar, T., Malik, T., Bains, A. and Karnwal, A. (2024) Exploring probiotics as a sustainable alternative to
antimicrobial growth promoters: Mechanisms and benefits in animal health. Front. Sustain. Food Syst., 8: 1523678.

18. Chernov, V.M., Chernova, O.A. and Trushin, M.V. (2024) Human and animal intestinal commensals and probiotics vs
modern challenges of biosafety: Problems and prospects. Arch. Razi Inst., 799(1): 28-32.

19. Téllez, G., Laukovd, A., Latorre, J.D., Hernandez-Velasco, X., Hargis, B.M. and Callaway, T. (2015) Food-producing
animals and their health in relation to human health. Microb. Ecol. Health Dis., 26: 25876.

20. Simdes, L., Fernandes, N., de Souza, A., Dos Santos, L., Magnani, M., Abrunhosa, L., Teixeira, J., Schwan, R.F. and
Dias, D.R. (2022) Probiotic and antifungal attributes of lactic acid bacteria isolates from naturally fermented Brazilian
table olives. Fermentation, 8(6): 277.

21. Siangpro, N., Chuakrut, S., Sirimanapong, W., Tanasupawat, S., Phongsopitanun, W., Meksiriporn, B., Boonnorat, J.,
Sarin, S., Kucharoenphaibul, S. and Jutakanoke, R. (2023) Lactiplantibacillus argentoratensis and Candida tropicalis
isolated from the gastrointestinal tract of fish exhibited inhibitory effects against pathogenic bacteria of Nile tilapia.
Vet. Sci., 10(2): 129.

22. Yamashita, M.M., Pereira, S.A., Cardoso, L., de Araujo, A.P., Oda, C.E., Schmidt, C., Bouzon, Z.L., Martins, M.L. and
Mourifo, J.L.P. (2017) Probiotic dietary supplementation in Nile tilapia as prophylaxis against streptococcosis. Aquac.
Nutr., 23(6): 1235-1243.

23. Yogabaanu, U., Weber, J.F.F,, Convey, P., Rizman-Idid, M. and Alias, S. A. (2017) Antimicrobial properties and the
influence of temperature on secondary metabolite production in cold environment soil fungi. Polar Sci., 14: 60-67.

24. Yoon, S.H., Ha, S.M., Kwon, S., Lim, J., Kim, Y., Seo, H. and Chun, J. (2017) Introducing EzBioCloud: A taxonomically
united database of 16S rRNA gene sequences and whole-genome assemblies. Int. J. Syst. Evol. Microbiol., 67(5):
1613-1617.

25. Jutakanoke, R., Tanasupawat, S. and Akaracharanya, A. (2014) Characterization and ethanol fermentation of Pichia and

Torulaspora strains. J. Appl. Pharm. Sci., 4(4): 52-56.

3492



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

doi: 10.14202/vetworld.2025.3476-3495

Wick, R.R., Judd, L.M., Gorrie, C.L. and Holt, K.E. (2017) Unicycler: Resolving bacterial genome assemblies from short
and long sequencing reads. PLoS Comput. Biol., 13(6): €1005595.

Walker, B.J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., Cuomo, C.A., Zeng, Q., Wortman, J.,
Young, S.K. and Earl, A.M. (2014) Pilon: An integrated tool for comprehensive microbial variant detection and genome
assembly improvement. PLoS One, 9(11): e112963.

Richter, M., Rossell6-Méra, R., Glockner, F.O. and Peplies, J. (2016) JSpeciesWS: A web server for prokaryotic species
circumscription based on pairwise genome comparison. Bioinformatics, 32(6): 929-931.

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., Lee, S.Y., Medema, M.H. and Weber, T. (2019) antiSMASH 5.0:
Updates to the secondary metabolite genome mining pipeline. Nucleic Acids Res., 47(W1): W81-W87.
Hassanzadazar, H., Ehsani, A., Mardani, K. and Hesari, J. (2012) Investigation of antibacterial, acid and bile tolerance
properties of lactobacilli isolated from Koozeh cheese. Vet. Res. Forum., 3(3): 181-185.

Chen, X., Zhang, J., Zhang, J., Zou, W. and Yan, Q. (2025) Isolation, characterization, and assessment of probiotic
Lactococcus lactis from the intestinal tract of largemouth bass (Micropterus salmoides). Fishes, 10(6): 291.

Jabbar, Z., Ikram-Ul-Hag, Mukhtar, H., Tayyeb, A. and Manzoor, A. (2020) Next-generation sequencing to elucidate
adaptive stress response and plantaricin genes among Lactobacillus plantarum strains. Future Microbiol., 15: 333-348.
Ko, H.l., Yang, H.I., Kim, S.R., Jeong, C.R., Eun, J.B. and Kim, TW. (2024) Development of a modified MRS medium for
enhanced growth of psychrotrophic lactic acid bacteria isolated from kimchi. LWT, 210: 116815.

Raman, J., Kim, J.S., Choi, K.R., Eun, H., Yang, D., Ko, Y.J. and Kim, S.J. (2022) Application of lactic acid bacteria (LAB) in
sustainable agriculture: Advantages and limitations. Int. J. Mol. Sci., 23(14): 7784.

Barzegar, H., Alizadeh Behbahani, B. and Falah, F. (2021) Safety, probiotic properties, antimicrobial activity, and
technological performance of Lactobacillus strains isolated from Iranian raw milk cheeses. Food Sci. Nutr., 9(8):
4094-4107.

Ayama, H., Sumpavapol, P. and Chanthachum, S. (2014) Effect of encapsulation of selected probiotic cell on survival in
simulated gastrointestinal tract condition. Songklanakarin J. Sci. Technol., 36(3): 291-299.

Hernandez-Gonzalez, J.C., Martinez-Tapia, A., Lazcano-Hernandez, G., Garcia-Pérez, B.E. and Castrején-Jiménez, N.S.
(2021)Bacteriocinsfromlacticacid bacteria: Apowerful alternative asantimicrobials, probiotics,andimmunomodulators
in veterinary medicine. Animals (Basel), 11(4): 979.

Sieuwerts, S., Bron, P.A. and Smid, E.J. (2018) Mutually stimulating interactions between lactic acid bacteria and
Saccharomyces cerevisiae in sourdough fermentation. LWT, 90(Suppl 4): 201-206.

Oppegard, C., Rogne, P., Emanuelsen, L., Kristiansen, P.E., Fimland, G. and Nissen-Meyer, J. (2007) The two-peptide
class Il bacteriocins: Structure, production, and mode of action. J. Mol. Microbiol. Biotechnol., 13(4): 210-219.
Proutiére, A., du Merle, L., Garcia-Lopez, M., Léger, C., Voegele, A., Chenal, A., Harrington, A., Tal-Gan, Y., Cokelaer, T,,
Trieu-Cuot, P. and Dramsi, S. (2023) Gallocin A, an atypical two-peptide bacteriocin with intramolecular disulfide bonds
required for activity. Microbiol. Spectr., 11(2): e0508522.

Stergiou, 0.S., Tegopoulos, K., Kiousi, D.E., Tsifintaris, M., Papageorgiou, A.C., Tassou, C.C., Chorianopoulos, N.,
Kolovos, P. and Galanis, A. (2021) Whole-genome sequencing, phylogenetic and genomic analysis of Lactiplantibacillus
pentosus L33, a potential probiotic strain isolated from fermented sausages. Front. Microbiol., 12: 746659.

Tenea, G.N. and Ortega, C. (2021) Genome characterization of Lactiplantibacillus plantarum strain UTNGt2 originated
from Theobroma grandiflorum (white cacao) of Ecuadorian Amazon: Antimicrobial peptides from safety to potential
applications. Antibiotics (Basel), 10(4): 383.

Aziz, T., Naveed, M., Sarwar, A., Makhdoom, S.I., Mughal, M.S., Ali, U., Yang, Z., Shahzad, M., Sameeh, M.,
Alruways, M.W., Dablool, A.S., Almalki, A.A., Alamri, A.S. and Alhomrani, M. (2022) Functional annotation of
Lactiplantibacillus plantarum 13-3 as a potential starter probiotic involved in the food safety of fermented products.
Molecules, 27(17): 5399.

Patience, J.F., Austic, R.E. and Boyd, R.D. (1986) The effect of sodium bicarbonate or potassium bicarbonate on acid-
base status and protein and energy digestibility in swine. Nutr. Res., 6(3): 263-273.

Luise, D., Correa, F., Bosi, P. and Trevisi, P. (2020) A review of the effect of formic acid and its salts on the gastrointestinal
microbiota and performance of pigs. Animals (Basel), 10(5): 887.

Henze, L.J., Koehl, N.J., Jansen, R., Holm, R., Vertzoni, M., Whitfield, P.D. and Griffin, B.T. (2020) Development and
evaluation of a biorelevant medium simulating porcine gastrointestinal fluids. Eur. J. Pharm. Biopharm., 154: 116-126.
Gao, J.,, Zhou, K., Li, H., Li, Y., Yang, K. and Wang, W. (2024) Intermittent proton bursts of single lactic acid bacteria.
Chem. Sci., 15(10): 3516—-3523.

Sionek, B., Szydtowska, A., Trzgskowska, M. and Kotozyn-Krajewska, D. (2024) The impact of physicochemical conditions
on lactic acid bacteria survival in food products. Fermentation, 10(6): 298.

Liu, Y., Yu, J., Wang, M., Zeng, Q., Fu, X. and Chang, Z. (2021) A high-throughput genetically directed protein crosslinking
analysis reveals the physiological relevance of the ATP synthase ‘inserted’ state. FEBS J., 288(9): 2989-3009.

Agolino, G., Pino, A., Vaccalluzzo, A., Cristofolini, M., Solieri, L., Caggia, C. and Randazzo, C.L. (2024) Bile salt hydrolase:
The complexity behind its mechanism in relation to lowering-cholesterol lactobacilli probiotics. J. Funct. Foods,
120: 106357.

Chen, C., Yu, L., Tian, F.,, Zhao, J. and Zhai, Q. (2022) Identification of novel bile salt-tolerant genes in Lactobacillus using

3493



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

doi: 10.14202/vetworld.2025.3476-3495

comparative genomics and its application in the rapid screening of tolerant strains. Microorganisms, 10(12): 2371.
Cheng, Y., Wu, T., Chu, X., Tang, S., Cao, W,, Liang, F., Fang, Y., Pan, S. and Xu, X. (2020) Fermented blueberry pomace
with antioxidant properties improves fecal microbiota community structure and short chain fatty acids production in
an in vitro mode. LWT, 125(4): 109260.

Liang, M.H., Jiang, J.G., Wang, L. and Zhu, J. (2020) Transcriptomic insights into the heat stress response of Dunaliella
bardawil. Enzyme Microb. Technol., 132: 109436.

Aleman, R.S. and Yadav, A. (2023) Systematic review of probiotics and their potential for developing functional
nondairy foods. Appl. Microbiol., 4(1): 47—69.

Knipe, H., Temperton, B., Lange, A., Bass, D. and Tyler, C.R. (2021) Probiotics and competitive exclusion of pathogens
in shrimp aquaculture. Rev. Aquacult., 13(1): 324-352.

Wang, R, Liu, Y., Wen, Y., Chen, S., Zhang, X., Zhang, C. and Liu, X. (2025) Unraveling the secrets of probiotic adhesion:
An overview of adhesion-associated cell surface components, adhesion mechanisms, and the effects of food
composition. Trends Food Sci. Technol., 159(6510): 104945.

Alsharuee, I.F. (2012) Theoretical model to study the effect of concentration on the absorption spectrum of crystal
violet in methanol using asymmetric double sigmoid. Atti Della Fondazione Giorgio Ronchi, 68(1): 5-14.

Hindieh, P, Yaghi, J., Assaf, J.C., Chokr, A., Atoui, A., Louka, N. and Khoury, A.E. (2024). Unlocking the potential of lactic
acid bacteria mature biofilm extracts as antibiofilm agents. AMB Express, 14(1): 112.

Tuyarum, C., Songsang, A. and Lertworapreecha, M. (2021) In vitro evaluation of the probiotic potential of Lactobacillus
isolated from native swine manure. Vet. World, 14(5): 1133-1142.

Wang, W., Ma, H., Zhu, Y., Ni, K., Qin, G., Tan, Z., Wang, Y., Wang, L. and Pang, H. (2021) Screening of lactic acid bacteria
with inhibitory activity against ETEC K88 as feed additive and the effects on sows and piglets. Animals (Basel), 11(6):
1719.

Du, Y., Li, H., Shao, J., Wu, T., Xu, W.L., Hu, X. and Chen, J. (2022) Adhesion and colonization of the probiotic Lactobacillus
plantarum HC-2 in the intestine of Litopenaeus vannamei are associated with bacterial surface proteins. Front.
Microbiol., 13: 878874.

Grygiel, 1., Bajrak, O., Wojcicki, M., Krusiec, K., Jonczyk-Matysiak, E., Gorski, A., Majewska, J. and Letkiewicz, S. (2024)
Comprehensive approaches to combatting Acinetobacter baumannii biofilms: From biofilm structure to phage-based
therapies. Antibiotics, 13(11): 1064.

Ahmed, A.S.l., El Moghazy, G.M., Elsayed, T.R., Goda, H.A.L. and Khalafalla, G.M. (2021) Molecular identification and
in vitro evaluation of probiotic functional properties of some Egyptian lactic acid bacteria and yeasts. J. Genet. Eng.
Biotechnol., 19(1): 114.

Amoabh, K., Dong, X.H., Tan, B.P., Zhang, S., Kuebutornye, F.K., Chi, S.., Yang, Q.H., Liu, HY., Zang, H.T. and Yang, Y.Z.
(2021) In vitro assessment of the safety and potential probiotic characteristics of three Bacillus strains isolated from
the intestine of hybrid grouper (Epinephelus fuscoguttatusQ x Epinephelus lanceolatusd). Front. Vet. Sci., 8: 675962.
Shin, H.J., Choi, H.J., Kim, D.W., Ahn, C.S., Lee, Y.G., Jeong, Y.K. and Joo, W.H. (2012) Probiotic potential of Pediococcus
pentosaceus BCNU 9070. J. Life Sci., 22(9): 1194-1200.

Caggia, C., De Angelis, M., Pitino, I., Pino, A. and Randazzo, C.L. (2015) Probiotic features of Lactobacillus strains
isolated from Ragusano and Pecorino Siciliano cheeses. Food Microbiol., 50: 109-117.

Pell, L.G., Horne, R.G., Huntley, S., Rahman, H., Kar, S., Islam, M.S., Evans, K.C., Saha, S.K., Campigotto, A., Morris, S.K.,
Roth, D.E. and Sherman, P.M. (2021) Antimicrobial susceptibilities and comparative whole genome analysis of two
isolates of the probiotic bacterium Lactiplantibacillus plantarum, strain ATCC 202195. Sci. Rep., 11(1): 15893.

Henze, L.J., Koehl, N.J., Bennett-Lenane, H., Holm, R., Grimm, M., Schneider, F., Weitschies, W., Koziolek, M. and
Griffin, B.T. (2021) Characterization of gastrointestinal transit and luminal conditions in pigs using a telemetric motility
capsule. Eur. J. Pharm. Sci., 156: 105627.

Marchwinska, K. and Gwiazdowska, D. (2021) Isolation and probiotic potential of lactic acid bacteria from swine feces
for feed additive composition. Arch. Microbiol., 204(1): 61.

De Angelis, M., Siragusa, S., Berloco, M., Caputo, L., Settanni, L., Alfonsi, G., Amerio, M., Grandi, A., Ragni, A. and
Gobbetti, M. (2006) Selection of potential probiotic lactobacilli from pig feces to be used as additives in pelleted
feeding. Res. Microbiol., 157(8): 792—-801.

Li, SW.,, Chen, Y.S,, Lee, Y.S., Yang, C.H., Srionnual, S., Wu, H.C. and Chang, C.H. (2017) Comparative genomic analysis
of bacteriocin-producing Weissella cibaria 110. Appl. Microbiol. Biotechnol., 101(3): 1227-1237.

Liu, D.D. and Gu, C.T. (2020) Proposal to reclassify Lactobacillus zhaodongensis, Lactobacillus zeae, Lactobacillus
argentoratensis and Lactobacillus buchneri subsp. silagei as Lacticaseibacillus zhaodongensis comb. nov.,
Lacticaseibacillus zeae comb. nov., Lactiplantibacillus argentoratensis comb. nov. and Lentilactobacillus buchneri
subsp. silagei comb. nov., respectively and Apilactobacillus kosoi as a later heterotypic synonym of Apilactobacillus
micheneri. Int. J. Syst. Evol. Microbiol., 70(12): 6414—6417.

Ali, K.M., Gebreel, H. and Youssef, H.A.l. (2022) The potential role of probiotics to adhere with Caco-2 cells and control
the antibiotic-resistant foodborne pathogens adhesion in vitro. Egypt. J. Exp. Biol. (Botany), 18(1): 33-50.

Oo, T.P, Ali, H. and Djamaan, A. (2023). Isolation and characterization of probiotic bacteria from laphet (Myanmar’s

3494



75.

76.

doi: 10.14202/vetworld.2025.3476-3495

traditional fermented tea leaves). IOSR J. Biotechnol. Biochem., 9(1): 1-7.

Kingkaew, E., Konno, H., Hosaka, Y., Phongsopitanun, W. and Tanasupawat, S. (2023) Characterization of lactic acid

bacteria from fermented fish (Pla-Paeng-Daeng) and their cholesterol-lowering and immunomodulatory effects.
Microbes Environ., 38(1): ME22044.

Bajagain, R., Gautam, P,, Le, TT.N., Dahal, R.H., Kim, J. and Jeong, S.W. (2022) Isolation and screening of odor-reducing
microbes from swine manure and its role in reducing ammonia release in combination with surfactant foam. Appl. Sci.,
12(4): 1806.

%k %k %k %k %k %k k ok

3495



