PLO\S\*\'- One

L)

Check for
updates

E OPEN ACCESS

Citation: Mulaw G, Tesfay T, Sisay T, Muleta D,
Goulart DB, Flora Davies-Bolorunduro O, et al.
(2026) Genome analysis of Lactiplantibacillus
plantarum and Levilactobacillus brevis isolated
from traditionally fermented Ethiopian kocho
and their probiotic properties. PLoS One 21(4):
€0332682. https://doi.org/10.1371/journal.
pone.0332682

Editor: Guadalupe Virginia Nevarez-
Moorillén, Universidad Autonoma de
Chihuahua, MEXICO

Received: September 2, 2025
Accepted: March 20, 2026
Published: April 20, 2026

Copyright: © 2026 Mulaw et al. This is an open
access article distributed under the terms of
the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original author and source are credited.

Data availability statement: The sequence
data generated in this study have been deposit-
ed in the NCBI database under accession num-
ber(s) SAMN49664976-82; https://www.ncbi.

RESEARCH ARTICLE

Genome analysis of Lactiplantibacillus plantarum
and Levilactobacillus brevis isolated from
traditionally fermented Ethiopian kocho and their
probiotic properties

Guesh Mulaw', Teklemichael Tesfay', Tesfaye Sisay?, Diriba Muleta?,

Débora Brito Goulart®**, Olabisi Flora Davies-Bolorunduro@*, Chioma Ohaeri*,
Nirupama Narayanan®

1 Biology Department College of Natural and Computational Sciences, Aksum University, Axum, Ethiopia,
2 Biotechnology Research Center, Addis Ababa University, Addis Ababa, Ethiopia, 3 Department of
Veterinary Microbiology and Preventive Medicine, lowa State University, Ames, lowa, United States

of America, 4 Floret Center for Advanced Genomics and Bioinformatics Research, Lagos, Nigeria,

5 Department of Biology, Manhattanville University, Purchase, New York, United States of America

* deborabritobh@gmail.com

Abstract

Probiotics are essential for promoting health, with lactic acid bacteria (LAB) from tra-
ditional fermented foods like Ethiopian kocho offering valuable benefits. The objective
of this study was to systematically analyse the genomic characteristics, bacteriocin
production, and probiotic potential of LAB strains isolated from fermented Ethiopian
kocho. LAB were isolated from kocho and screened for probiotic properties following
standard methods. For the potent isolates, whole-genome sequencing (WGS) was
conducted to investigate genetic relatedness. Out of 150 LAB isolates, 7 (4.67%)
exhibited remarkable acid tolerance by surviving at rates between 50.52—74.05% and
33.33-62.40% after 3 and 6 hours of exposure to pH 2, respectively. These seven
acid-tolerant isolates also demonstrated exceptional resistance to 0.3% bile salt,
maintaining survival rates ranging from 88.96% to 98.10% over 24 hours. In addition,
the isolates displayed inhibitory effects against several important foodborne patho-
genic bacteria, underscoring their potential as natural antimicrobial agents. Antibiotic
susceptibility testing revealed that all the isolates were susceptible to ampicillin,
tetracycline, and erythromycin, whereas the most potent isolates exhibited significant
resistance to kanamycin. The WGS analysis revealed that the isolates belonged to
the Lactobacillus genus, including six Lactiplantibacillus plantarum strains and one
Levilactobacillus brevis strain. Genomic analysis using the Bayesian Analysis of
Gene Essentiality (BAGEL) tool predicted the presence of two class Il bacteriocins
across all the seven strains, further supporting their potential as functional probiotic
candidates. Analysis of the isolates using Abricate with the Virulence Factor Data-
base (VFDB) showed that none of the strains carried putative virulence factors. More-
over, screening for antibiotic resistance genes revealed no resistance determinants,
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suggesting a low risk of resistance gene transfer. Overall, these results confirm the
favorable safety profile of the probiotic properties of Lactobacillus strains and support
their suitability for industrial and dietary applications.

1 Introduction

Traditional fermented foods are integral to the human diet worldwide, with Africa
being home to the most diverse array of such foods [1]. These foods are geograph-
ically specific and have been developed through indigenous fermentation practices
using locally sourced raw materials, both plant-based and animal-based [2,3]. Tra-
ditional fermentation processes are applied to various raw materials throughout the
African continent [4]. The consumption of traditional fermented foods and beverages
is becoming increasingly popular worldwide for its associated health benefits, includ-
ing but not limited to better cardiovascular health [5], improved lactose digestion [6],
enhanced mental health [7], and strengthened immune system [8], among others.
Additionally, fermented foods have been shown to support gut microbiota balance
[9], reduce inflammation [10], and improve metabolic health [11], making them an
essential part of a balanced diet. As a result, significant in vivo and in vitro research
is being done worldwide to evaluate the effects of these foods on human health [12].
Traditional fermented foods, with their rich cultural and geographical diversity, play

a crucial role in promoting human health, especially in Africa where they are a key
dietary component.

Probiotic microorganisms in fermented foods may contribute to host health by
providing essential nutrients, supporting microbial growth, synthesizing enzymes,
inhibiting pathogens, and modulating immune responses [13,14]. Probiotics are live
microorganisms that confer health benefits to the host when administered in ade-
quate quantities [15]. The most common probiotic microorganisms used in foods,
dietary supplements, and clinical research mainly belong to lactic acid bacteria (LAB)
and yeasts [16]. The probiotic efficacy of these microorganisms is often host-specific,
as strains isolated from the gastrointestinal tract are more likely to be adapted to the
host environment and therefore exhibit enhanced effectiveness in probiotic applica-
tions [13]. Furthermore, recent studies also highlight that the therapeutic potential of
probiotics extends beyond gut health, influencing metabolic disorders, mental health
via the gut-brain axis, and even modulating the gut microbiota diversity regarding
beneficial bacteria [17,18]. Continued research into the mechanisms of action and
specific strain-target interactions is essential to optimize their clinical and dietary
applications.

Ethiopia is home to several fermented foods and beverages, typically produced
through acid-alcohol fermentation processes [19]. Various studies have reviewed
Ethiopian fermented foods such as enjera [20], kocho [21], tella [22], keribo [23], and
shamita [24]. However, there is still a lack of comprehensive reviews focusing on the
microbiology and safety of traditional kocho products. Kocho, a traditional Ethiopian
food, is prepared from the decorticated and pounded pulp of the Ensete plant (Ensete
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ventricosum). The pulp is then mixed, kneaded into a mash, and fermented in a pit [25]. Kocho, along with various fer-
mented legume and vegetable products, and beverages, contributes to the diverse culinary landscape. The wide array of
fermented foods and drinks consumed across different ethnic groups underscores notable cultural and dietary diversity.
These fermented products, derived from both plant and animal sources, undergo biochemical and nutritional transfor-
mation through the activity of bacteria, yeast, and mold [19]. Typically prepared at the household level, these products
support local diets and nutritional intake, reflecting a deep-rooted culinary practice.

Genome analysis of Lactiplantibacillus plantarum and Levilactobacillus brevis isolated from traditionally fermented
Ethiopian kocho has raised some controversies surrounding the accuracy of functional predictions and the genetic stability
of probiotic strains [26—28]. While genomic sequencing has allowed for the identification of promising probiotic traits, such
as acid tolerance, bile salt resistance, and antimicrobial activity [29—-31], the interpretation of these traits based solely on
genomic data remains contentious. Researchers argue that in silico predictions may overestimate the probiotic potential,
as they often fail to account for the variability in gene expression and functionality under real physiological conditions
[32]. Additionally, concerns have been raised regarding the genetic stability of Lactobacillus during prolonged storage and
fermentation [33,34], highlighting the need for more longitudinal studies to verify their long-term efficacy. Further experi-
mental validation, including in vivo trials and long-term monitoring, is essential to fully assess the probiotic potential and
stability of these strains in practical applications.

While several studies have investigated LAB with antibacterial activity from traditional Ethiopian fermented foods,
comprehensive WGS-based analyses of probiotic strains from kocho, especially those focusing on bacteriocin-encoding
genes, are still scarce. This study is crucial as it fills the gap in existing research by providing a WGS analysis of probiotic
strains isolated from kocho, offering insights into their genetic makeup, particularly bacteriocin-producing genes, which
could unlock new avenues for developing natural antimicrobial agents and functional foods with enhanced health benefits.
We hypothesized that LAB isolated from traditionally fermented Ethiopian kocho possess significant probiotic potential,
including acid and bile salt tolerance, antimicrobial activity, and bacteriocin production, making them promising candidates
for the development of functional foods. Our study aimed to investigate the probiotic potential of traditional Ethiopian fer-
mented foods and their capacity to inhibit foodborne pathogens.

2 Materials and methods
2.1 Sample collection

A total of 15 kocho samples were collected from Wolkite town and surrounding rural areas in Ethiopia, using a stratified
random sampling approach to capture diversity in production practices and geographic origin. Samples were obtained
from both household producers and local markets. Although the total sample size was limited to 15, stratified random
sampling was employed to ensure diversity across production practices and geographic origins. This allowed for a repre-
sentative cross-section of typical kocho products in the region. Approximately 200 g of each sample was aseptically col-
lected into sterile containers. To maintain microbial integrity, the samples were transported to the Biotechnology Research
Centre, Microbiology Laboratory at Addis Ababa University within 4 hours of collection, using insulated iceboxes equipped
with temperature data loggers to ensure storage at 4+ 1 °C. Upon arrival, they were stored at 4 °C and analysed within 48
hours to preserve microbial integrity.

2.2 Isolation of probiotic LAB from fermented kocho

To isolate LAB from the fermented Kocho samples, 10 g of each sample was aseptically homogenized in 90 mL of 0.1%
(w/v) sterile peptone water using a stomacher for 2 minutes. Serial ten-fold dilutions were prepared up to 10-°. Aliquots
(0.1 mL) from dilutions 10-2 to 10-® were spread in duplicate onto De Man, Rogosa, and Sharpe (MRS) agar plates.
The plates were incubated anaerobically at 37 °C for 24 hours in anaerobic jars (AnaeroPack-Anaero, Mitsubishi Gas
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Chemical Co.) with an oxygen indicator to ensure anaerobic conditions. After incubation, 3—5 colonies with distinct mor-
phological characteristics (based on size, shape, edge, and pigmentation) were selected from each plate, streaked onto
fresh MRS agar plates, and incubated under the same anaerobic conditions for an additional 24 hours to obtain pure
isolates. Sterile controls were included to monitor for contamination throughout the process.

2.3 Probiotic characteristics of the isolated LAB

2.3.1 Acid and bile salts. To assess acid tolerance, overnight LAB cultures were harvested by centrifugation at 5000
g for 10 min, washed twice with sterile phosphate-buffered saline (PBS), and resuspended in MRS broth adjusted to pH
2.0, 2.5, or 3.0 using 1N HCI. Suspensions were incubated at 37 °C for 3 and 6 hours under anaerobic conditions. For bile
salt tolerance, isolates were inoculated into MRS broth containing 0.3% (w/v) bile salt and incubated at 37 °C for 24 hours.
Survival rate (%) was calculated using the formula [35]:

Survival rate (%) = (N/ N,) x 100
where N, and N, represent the viable biomass (CFU/mL) at 0 and specified time points, respectively. All experiments were
conducted in triplicate, and data were analysed using one-way analysis of variance (ANOVA) followed by Tukey’s test
(p<0.05).

2.3.2 Antimicrobial activity. Antimicrobial activity of the LAB cell-free supernatants (CFS) was evaluated using
the agar well diffusion method [36], with slight modifications. The test pathogens included Staphylococcus aureus
ATCC 25923, Escherichia coli ATCC 25922, Listeria monocytogenes (clinical isolate), and Salmonella enterica serovar
Typhimurium (clinical isolate), all obtained from the Ethiopian Public Health Institute (EPHI). LAB isolates were cultured
in MRS broth at 37 °C for 24 hours, and cultures were centrifuged at 6000 rpm for 10 minutes at 4 °C. The supernatants
were filtered through 0.22 pm filters to obtain sterile CFS. To minimize the effect of organic acids, the pH was adjusted to
6.5 using 1N NaOH. For some tests, catalase (1 mg/mL) was added to eliminate hydrogen peroxide activity. Pathogenic
strains were grown in Brain Heart Infusion (BHI) broth for 18—24 hours and adjusted to 0.5 McFarland turbidity (~10® CFU/
mL). 100 pL of each bacterial suspension was spread evenly on sterile nutrient agar (NA) plates (90 mm diameter). Once
dried, wells (5 mm in diameter) were made using a sterile cork borer, and 100 pL of CFS was added to each well. Plates
were incubated at 37 °C for 24 hours. Zones of inhibition around the wells were measured in millimetres. All experiments
were performed in triplicate. Sterile MRS broth served as a negative control, and ampicillin (10 ug) discs were included as
positive controls.

2.3.3 Antibiotic susceptibility tests. The antibiotic susceptibility of LAB isolates (adjusted to ~10® CFU/mL) was
assessed using the disc diffusion method [36], following modified Clinical and Laboratory Standards Institute (CLSI)
[37] protocols adapted for LAB, and supported by the European Food Safety Authority (EFSA) guidance [38] and prior
studies [39,40]. LAB cultures were spread onto MRS agar plates supplemented with 0.5% glucose. The following
antibiotic discs were used: ampicillin (10 pg), erythromycin (15 pg), streptomycin (10 pg), kanamycin (25 ug), and
tetracycline (30 ug) (Oxoid, UK). Plates were incubated anaerobically at 37 °C for 24—48 hours. Inhibition zones were
measured using a digital caliper, and results were interpreted as resistant (R <15 mm), intermediate (I=16—20 mm),
or susceptible (S 2 21 mm), based on modified criteria adapted from CLSI [37]. E. coli ATCC 25922 was used as a
quality control strain. All tests were conducted in triplicate, and data were expressed as mean £ standard deviation
(SD).

2.4 Whole-genome sequencing (WGS) of probiotic LAB isolates

2.4.1 DNA extraction. Genomic DNA was extracted from fresh overnight cultures of LAB using a modified
cetyltrimethylammonium bromide (CTAB) method [41]. A 0.5 mL aliquot of each culture was mixed with 40% sterile
glycerol in a 1.5 mL microcentrifuge tube and incubated at 37 °C with shaking at 230 rpm until the culture reached an
optical density (ODgqo) Of approximately 1.0. Cells were harvested by centrifugation at 4000 rpm for 15 minutes, and the
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resulting pellet was resuspended in 10 mM Tris-HCI buffer (pH 8.5). The suspension was divided equally into three sterile
1.5 mL microcentrifuge tubes and centrifuged again at 4000 rpm for 2 minutes, after which the supernatant was discarded.

The pellets were washed with 400 uL of wash buffer (10 mM Tris-HCI, 50 mM NaCl, 1 mM ethylenediamine tetraacetic
acid (EDTA), pH 8.0, and the supernatant was removed after centrifugation. Each pellet was resuspended in 400 yL of
elution buffer (10 mM Tris-HCI, 0.1 mM EDTA, pH 8.5), followed by the addition of 20 pL lysozyme (100 mg/mL), 5 pL
mutanolysin (10 U/uL), 45 pL proteinase K (20 mg/mL), and 1 pL RNase A (10 mg/mL). The mixture was incubated at 37
°C for 15-30 minutes for enzymatic digestion of the cell wall and nucleic acids.

After enzymatic treatment, 70 pL of 10% sodium dodecyl sulfate (SDS) was added, and the tubes were gently inverted
to mix. The samples were incubated at 65 °C for 10 minutes. Following this, 100 uL of 5 M NaCl and 100 uL of pre-
warmed 10% CTAB solution in 0.7 M NaCl were added. The tubes were vortexed gently and incubated again at 65 °C for
10 minutes.

For DNA extraction, 500 uL of chloroform:isoamyl alcohol (24:1) was added to each tube, vortexed for 10 seconds, and
centrifuged at 12,000 x g for 5 minutes. The upper aqueous phase was carefully transferred to a new sterile microcentri-
fuge tube. To precipitate DNA, cold isopropanol was added at 0.6 x the volume of the aqueous phase, and samples were
incubated at —20 °C for at least 30 minutes. DNA was then pelleted by centrifugation at 12,000 % g for 10 minutes, washed
with 500 pL of cold 70% ethanol, air-dried for 5 minutes at room temperature, and resuspended in 50 L of elution buffer.

To remove residual RNA, 1 pL of RNase A (10 mg/mL) was added to each tube, and samples were incubated at 37 °C
for 30 minutes. Further purification was achieved by adding 5 pL of 3 M sodium acetate (pH 8.0) and 100 uL of cold 99%
ethanol, followed by gentle mixing and centrifugation at 12,000 x g for 2 minutes. The supernatant was discarded, and the
DNA pellet was washed with 70 uL of cold 70% ethanol, air-dried, and resuspended in 50 yL of elution buffer.

The integrity of extracted genomic DNA was verified by electrophoresis on a 1% agarose gel stained with ethidium bro-
mide. DNA concentration was measured using the Qubit dsDNA Broad Range Assay Kit (Thermo Fisher Scientific, USA)
according to the manufacturer’s protocol [42]. DNA purity was evaluated using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, USA) by calculating the absorbance ratios at 260/280 nm and 260/230 nm.

2.4.2 Whole genome sequencing. Following DNA extraction, WGS was performed at the Earlham Institute (Norwich,
UK). Low-Input Transposase-Enabled (LITE) libraries were constructed according to the facility’s standard protocol and
sequenced using the lllumina HiSeq 4000 platform, generating 2 x 150 bp paired-end reads. Raw reads underwent quality
control and preprocessing using BBDuk (part of the BBTools suite) [43]. Adapter sequences were trimmed from the 3’
ends, and bases with Phred quality scores below 3 were removed from both ends. Reads shorter than 100 bp or with
an average Phred score below 20 were discarded. Quality of the trimmed reads was assessed using FastQC [44]. The
filtered reads were normalized to a coverage depth ranging from 2x to 100x to reduce computational load and potential
assembly errors. De novo genome assembly was performed using SPAdes version 3.8.1 [45], which is optimized for
small-genome microbial assemblies. Default k-mer lengths were used, and assembly quality was evaluated based on
N50 values, contig length, and total assembly size. Assembled genome sequences were functionally annotated using the
Rapid Annotations using Subsystems Technology (RAST) server [46], available at http://rast.nmpdr.org/ and http://bioinf.
spbau.ru/en/spades. This pipeline assigns gene functions and categorizes genes into biological subsystems, providing
high-quality genome-scale metabolic and functional annotations.

2.4.3 Prediction of biosynthetic gene clusters and bacteriocin-encoding genes. Biosynthetic gene clusters
(BGCs) was predicted using antiSMASH 7.0 (Antibiotics and Secondary Metabolite Analysis Shell) (doi.org/10.1093/
nar/gkad344) was used to identify potential secondary metabolites. The annotated genome FASTA file of the isolates
was used as the input file for the analysis. Putative bacteriocin gene clusters were predicted using the Bacterial
Genome Annotation and Comparison Lab’s Genome Finder 4 (BAGEL4) pipeline [47], a web-based genome mining tool
specialized for the identification of bacteriocin operons and associated biosynthetic genes. Assembled genome contigs
were submitted to the BAGEL4 web server (http://bagel4.molgenrug.nl/databases.php), which utilizes a combination of
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Hidden Markov Models (HMMs), curated databases, and motif-based searches to identify and classify bacteriocin gene
clusters, including Classes | (e.g., lantibiotics), Il (e.g., small heat-stable peptides), and Il (e.g., large heat-labile proteins).

In addition to BAGEL4’s automated pipeline, a local BLASTx search was performed against bacteriocin protein
sequences obtained from the BAGEL4 reference database. Contigs were aligned using BLASTx with an E-value threshold
of 1e-10 and a minimum sequence identity of 80%. Only contigs meeting these criteria were classified as encoding puta-
tive bacteriocin proteins. The combination of BAGEL4 predictions and high-confidence BLASTx alignments allowed robust
identification and classification of bacteriocin-associated sequences within the genome.

2.5 Functional genes, kocho fermentation and protein domains

To assess the functional potential of the isolates, protein domains were predicted using the Protein family’s database
on the Galaxy platform. The analysis will identify domains associated with stress response (Papadimitriou et al. 2016-
doi.org/10.1128/mmbr.00076-15), protein folding, transport, adhesion, and bile salt resistance and Kocho fermentation
(Paventi et al. 2025-doi.org/10.3390/foods14091451) which are key traits contributing to probiotic functionality and fer-
mentation (Mistry et al. 2021-doi.org/10.1093/nar/gkaa913).

2.6 Antibiotic resistance genes

The genomes was screened for antibiotic resistance and virulence genes using BLAST against curated resistance data-
bases (ARG) (Gupta et al. 2014-doi.org/10.1128/AAC.01310-13) and the Virulence Factor Database (VFDB) (Chen et al.
2016-doi.org/10.1093/nar/gkv1239) all downloaded on Google colab.

2.7 Genome-based phylogenetic analysis

To investigate the evolutionary relationships among the isolates, we performed a phylogenetic analysis including the
seven study isolates (in group) and representative publicly available genomes of Lactiplantibacillus plantarum and Levilac-
tobacillus brevis. Pediococcus pentosaceus was used as the out-group.

Single-copy core genes shared across all genomes were identified using Roary on Galaxy (ref- Roary- doi.org/10.1093/
bioinformatics/btv421). A maximum-likelihood (ML) phylogeny was reconstructed with IQ-TREE v2.0.7 (Nguyen et al.
2015- doi.org/10.1093/molbev/msu300), using ModelFinder to select the best-fit nucleotide substitution model (Kalyaana-
moorthy et al. 2017-doi.org/10.1038/nmeth.4285). Node support was assessed with 1,000 ultrafast bootstrap replicates
(“UFBoot2- doi.org/10.1093/molbev/msx281). The resulting ML tree was rooted on P. pentosaceus and visualized using
Interactive Tree Of Life (iTOL) v.5 (Letunic and Bork 2021-doi.org/10.1093/nar/gkab301).

2.8 Data analysis

All experiments were conducted in triplicate, and the results reported as mean + SD. Statistical analyses were carried

out using SPSS software (version 20). Where appropriate, ANOVA was used to assess differences among groups, and
p-values less than 0.05 were considered statistically significant. Specific statistical tests (e.g., one-way ANOVA, Tukey’s
HSD post hoc test, or Student’s t-test) were selected based on data distribution and experimental design. For genomic
analyses, de novo genome assembly was performed using the SPAdes genome assembler (version 3.8.1) [45]. Annota-
tion of assembled genomes was conducted using the RAST pipeline [46], which provides functional classification of genes
based on curated subsystems.

3 Results
3.1 In vitro characterization of probiotic properties

3.1.1 Resistance to low pH. The screening of 90 potential probiotic LAB isolates revealed varying degrees of acid
tolerance. After a 3-hour exposure to different pH conditions, 7 isolates (7.78%) demonstrated viability at pH 2, while
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another 7 isolates (7.78%) survived exposure to pH 2.5. A higher number of isolates, 13 (14.44%), were found to be
tolerant to a less acidic environment of pH 3. Extending the exposure time to 6 hours resulted in a decrease in the number
of viable isolates at the higher pH levels. Specifically, all 7 isolates that were viable at pH 2 and pH 2.5 after 3 hours
remained viable, but the number of isolates surviving at pH 3 decreased to 9. The overall analysis showed that 7 (7.78%)
of the total 90 LAB isolates exhibited survival at all three pH values (2, 2.5, and 3) after both 3 and 6 hours of exposure
(Fig 1).

Quantitative analysis of the survival rates revealed significant differences among the viable LAB isolates under the vari-
ous acidic conditions (p<0.05). The survival rates ranged from 33.33+1.16% to 97.33+1.16%. After 3 hours of incubation
at pH 2, isolate K135 demonstrated the highest survival rate at 74.33 £ 1.53%. This was followed by K082 (69.83+1.44%)
and K071 (64.67 £2.08%). In contrast, KO70 exhibited the lowest tolerance, with a survival rate of 50.50+0.50%. Similarly,
at pH 2 for 6 hours, K135 remained the most resilient, maintaining a survival rate of 62.33+0.58%. Three isolates showed
survival rates below 50%, ranging from 33.33+1.16% to 45.83+1.04%.

Isolate K135 consistently showed high tolerance, with survival rates of 86.67+0.76% at pH 2.5 and 97.33+£1.16% at pH
3 after 3 hours of exposure. Conversely, isolate KO40 showed the lowest survival rates at these pH values: 70.16 £0.76%
at pH 2.5 and 83.67 £0.58% at pH 3. Although most of the isolates survived, the survival percentages decreased
with increasing acidity and prolonged exposure time. At pH 2.5 for 6 hours, survival rates ranged from 51.33+1.53%
to 79.50+ 1.50%. The survival rates at pH 3 for 6 hours ranged from 63.83+0.76% to 90.33 £ 1.53%. Among the
seven isolates tested at pH 3 for 6 hours, K135 displayed the highest survival rate (90.33+1.53%), followed by K071
(87.50+2.29%) and K070 (82.67 +0.58%).

The acid tolerance of probiotic LAB isolates was highly dependent on both the environmental pH and the duration of
exposure. As illustrated in Table 1, there was a significant decrease in the number of viable isolates at lower pH values
and with prolonged exposure times. The quantitative data presented in Table 1 further supports this observation, with
average survival rates decreasing from over 90% at pH 3.0 to as low as 33.33% at pH 2.0. Notably, isolate K135 exhibited
consistently superior acid tolerance across all conditions, achieving the highest survival rates. This high level of resilience
makes K135 a promising candidate for further investigation as a potential probiotic. The findings underscore the impor-
tance of rigorous, strain-specific tolerance testing to select the most effective probiotic candidates. Table 1 shows the
survival rates of probiotic LAB at various pH levels and 0.3% bile salt concentrations.

3.1.2 Tolerance to bile salts. The LAB isolates, previously identified as resistant to low pH, were evaluated for their
tolerance to a 0.3% bile salt concentration. The results indicated that all seven LAB isolates demonstrated survival rates

15+

104

Number of viable LAB isolates

pH2 pH2.5 pH3

M 3 hours
I 6 hours

Fig 1. Acid tolerance patterns of LAB at different pH values after 3 and 6 hours of exposure.

https://doi.org/10.1371/journal.pone.0332682.g001

PLOS One | https://doi.org/10.1371/journal.pone.0332682  April 20, 2026 7121




PLO\Sﬁ\\.- One

Table 1. Percentage survival of probiotic LAB at different pH levels and 0.3% bile salit.

Isolates pH tolerance Bile tolerance
3h 6h 24 h
pH 2 pH 2.5 pH 3 pH 2 pH 2.5 pH3 0.3%
K070 50.50+0.50 74.83+0.76 92.67+1.04 33.33+£1.16 51.33+1.53 82.67+0.58 95.67 +£1.53
K040 55.50+1.32 70.16+0.76 83.67+0.58 45.83+1.04 53.83+1.23 63.83+0.76 88.83+1.04
K135 74.33+1.53 86.67 £0.76 97.33+1.16 62.33+0.58 79.00£1.00 90.33+1.53 98.00+1.00
K122 54.33+0.58 67.00+£1.73 88.33+1.16 45.17+1.04 60.83+1.76 76.50+1.50 89.83+1.26
K071 64.67+2.08 77.83+1.61 91.50+1.80 51.33+3.06 69.00+1.00 87.50+2.30 94.67 +£0.58
K072 62.33+1.52 76.33+1.53 89.83+1.04 51.33+2.31 65.00+1.00 77.83+1.76 92.33+0.58
K082 69.83+1.44 79.50+1.50 92.67+0.76 51.50+1.32 67.00+1.00 79.33+0.58 92.67+0.58

https://doi.org/10.1371/journal.pone.0332682.t001

exceeding 88.83% under these conditions, with significant differences among the treatments. Survival rates ranged from
88.83% to 98.00%. Among these isolates, K135 exhibited the highest tolerance, with a survival rate of 98.00%, followed
by KO70 and K071 with survival rates of 95.67% and 94.67%, respectively. Conversely, isolate K040 exhibited the lowest
survival rate of 88.83% (Table 1). Therefore, given that all LAB isolates exhibited strong resistance to low pH (2.0, 2.5, and
3.0) and to 0.3% bile salt, they presented substantial potential as probiotic candidates and were subsequently evaluated
for additional probiotic properties

3.1.3 Evaluating antimicrobial activity. The antimicrobial activity of the crude extract from each LAB isolate
against common foodborne pathogens was assessed based on inhibition zone diameters (Table 2). The average
inhibition zones ranged from 15 to 20 mm, indicating significant antimicrobial potential. Notably, isolate KO70 exhibited
the most pronounced antibacterial activity against S. aureus ATCC 25923, L. monocytogenes, E. coli ATCC 25922,
and S. typhimurium, with inhibition zones ranging from 17.33 to 20 mm in diameter. In contrast, isolate KO82 exhibited
the lowest inhibition zones, ranging from 15 to 17.33 mm. Among the seven potential probiotic LAB candidates, isolate
K122 produced the smallest inhibition zone (15.33 mm) against L. monocytogenes, while KO70 demonstrated the largest
inhibition zone (20 mm) against the same pathogen. Furthermore, KO70 and UK072 exhibited minimal inhibition zones
of 16 mm and 16.33 mm, respectively, while isolate KO40 produced the largest inhibition zone (20 mm) against S.
aureus ATCC 25923. Isolate K082 presented the smallest inhibition zone (15 mm) against E. coli ATCC 25922 and S.
typhimurium, whereas K070 displayed the greatest inhibition zone (20 mm) against E. coli ATCC 25922. Likewise, isolate
K135 demonstrated the largest inhibition zone (18.67 mm) against S. typhimurium (Table 2).

3.2 Antibiotic susceptibility testing

Seven LAB isolates were evaluated for their susceptibility or resistance to various antibiotics. The selected panel of probi-
otic LAB isolates were sensitive to commonly used antibiotics, including tetracycline, ampicillin, and erythromycin. How-
ever, all seven isolates exhibited resistance to kanamycin. Further, three isolates were sensitive to streptomycin, while the
remaining four showed resistance to this antibiotic (Table 3).

3.3 Identification of probiotic LAB isolates by WGS

The seven probiotic LAB isolates were further characterized through WGS (Table 4). Analysis of the sequences
revealed that these isolates exhibited 99-100% sequence homology with known bacterial species, specifically Lacti-
plantibacillus plantarum and Levilactobacillus brevis. Notably, isolate KO72 displayed 100% similarity to L. plantarum
DKO 22T (Table 4). Among the seven strains, six were identified as L. plantarum, with guanine and cytosine (GC) con-
tent ranging from 44.4 to 45.9%. The other isolate, L. brevis, had 45.8% GC content. Among the L. plantarum strains,
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Table 2. Antimicrobial activities of LAB isolates against common foodborne pathogens.

Number Isolate Diameter of inhibition zone (mm)
L. monocytogenes S. aureus E. coli S. typhimurium

1 K070 20.00+£1.00 16.00+1.00 20.00+£1.00 17.33+0.58
2 K040 17.33+£1.53 20.00+1.00 19.67+1.53 17.67+£1.53
3 K135 17.33+1.53 18.00+1.00 17.67+0.58 18.00+£1.00
4 K122 15.33+£0.58 18.33+£0.58 17.00+£1.00 16.00£1.00
5 K071 16.33+0.58 17.67+1.53 17.67+1.53 16.67+1.53
6 K072 19.00+£1.00 16.33+1.53 17.67+0.58 16.33+0.58
7 K082 17.33+£1.53 17.00+£1.00 15.00+£1.00 15.00£1.00
https://doi.org/10.1371/journal.pone.0332682.t002
Table 3. Antibiotic susceptibility profile of potential probiotic LAB isolates.
Isolate Diameter of inhibition zone (mm)

Kanamycin Streptomycin Tetracycline Ampicillin Erythromycin
K070 R S S S S
K040 R S S S S
K135 R S S S S
K122 R R S S S
K071 R R S S S
K072 R R S S S
K082 R R S S S
R = resistant and S = susceptible.
https://doi.org/10.1371/journal.pone.0332682.t003
Table 4. Genomic features of Lactobacillus species used in genomic comparisons.
Isolates Species Strains Identities (%) Size (bp) GC (%) Contigs CDS Accession number
K070 L. plantarum ATCC 14917 99.87 2,987,637 44.7 113 3,054 SAMN49664976
K040 L. plantarum ATCC 14917 99.83 3,425,501 44 .4 56 3,428 SAMN49664977
K135 L. plantarum ATCC 14917 99.91 3,221,109 44.5 46 3,199 SAMN49664978
K122 L. plantarum ATCC 14917 99.74 3,089,460 44.5 183 3,144 SAMN49664979
K071 L. brevis ATCC 14869 99.54 2,460,308 45.8 103 2,547 SAMN49664980
K072 L. plantarum DKO 22T 100.00 3,426,101 44.4 115 3,429 SAMN49664981
K082 L. plantarum ATCC 14917 99.74 2,481,105 45.9 45 2,476 SAMN49664982

https://doi.org/10.1371/journal.pone.0332682.t004

ATCC 14917 exhibited the highest GC content (45.9%), while L. plantarum ATCC 14917 and L. plantarum DKO 22T had

the lowest GC percentage (44.4%).
Genome sequences of the six L. plantarum strains ranged from 2,481,105-3,426,101 bp, with 2,476-3,429 predicted

coding sequences (CDSs). The genome sequence of the L. brevis strain was 2,460,308 bp in length and had 2,547

candidate CDSs. Notably, the L. plantarum DKO 22T (K072) genome was the largest, spanning 3,426,101 bp with 3,429

candidate CDSs, while L. brevis ATCC 14869 (K071) had the smallest genome, containing 2,460,308 bp and 2,547 CDSs.

Overall, the genomes of the seven probiotic strains consisted of 45—-183 contigs, with L. plantarum ATCC 14917 (K082)
having the lowest number of 45 and L. plantarum ATCC 14917 (K122) displaying the highest number of 183 contigs.
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3.4 Bacteriocin gene cluster identification

Among the seven potential probiotic strains, two harboured genes encoding components necessary for bacteriocin biosyn-
thesis (Table 5). Specifically, L. plantarum ATCC 14917 strains K040 and K135 were predicted to produce putative class Il
bacteriocins. Overall, the BAGEL tool identified one class Il bacteriocin in each of these two genomes (Table 5).

Further, all blast alignments were manually inspected to confirm that the alignments were consistent with the presence
of bacteriocin proteins. Biosynthetic gene clusters (BGCs) were identified using antiSMASH, which predicted regions
responsible for the production of secondary metabolites, including cyclic-lactone autoinducers, RiPP-like peptides, type IlI
polyketide synthases (T3PKS), terpenes, and terpene precursors across the seven strains (Fig 2). Additionally, BAGEL4
analysis revealed the presence of bacteriocin-related genes, including Plantaricin E and J, Sanctipeptides, LanT, GlyS,
HlyD,and ABC transporter genes in the isolates Lactobacillus plantarum K122, Lactobacillus plantarum K072, Lactoba-
cillus plantarum K070, Lactobacillus plantarum K040, Lactobacillus plantarum K135) suggesting potential antimicrobial

activity (Figs 3-5).

3.5 Functional genes and protein domains

The functional potential of the isolates was assessed by predicting protein domains using the Pfam database on the Gal-
axy platform. Domains related to key probiotic traits, including stress tolerance, protein folding, adhesion, transport, and
bile salt resistance, were examined. All isolates harbored core stress-related domains, including GrpE, ClpB_D2-small,
PMSR, and SelR, which are involved in protein repair and protection against heat, oxidative, and acid stress. Adhesion

Table 5. Potential probiotic strains sharing different classes of bacteriocin proteins.

Isolate code Species Strains Bacteriocin

Class | Class i Class Il
K040 L. plantarum ATCC 14917 - + -
K135 L. plantarum ATCC 14917 - + -

https://doi.org/10.1371/journal.pone.0332682.t005

BGC Type
N T3PKS
EEm Terpene-precursor
I Cyclic lactone autoinducer
[ Terpene
[0 RiPP-Like
[ Lanthipeptide-class-IV

Number of BGCs

Fig 2. Stacked bar chart showing the distribution and frequency of each BGC type detected across the seven isolates.

https://doi.org/10.137 1/journal.pone.0332682.9002
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Fig 3. Identification of plantaricin-like peptides and associated transport and secretion proteins (LanT, Glys, HlyD, BmbF, and ABC transport-
ers) using BAGEL4 in Lactobacillus plantarum strains K122, K135, and K072.

https://doi.org/10.1371/journal.pone.0332682.9003

and colonization-associated domains, including Sortase and LysM, were detected in all strains, indicating the presence of
basic mechanisms for host interaction. Bile tolerance-related domains (BSH_LcnD and HB_LcnD) were identified exclu-
sively in the L. plantarum strains K072, K070, K040, and K135, suggesting a potentially greater capacity for survival in
bile-rich environments (https://doi.org/10.1016/j.lwt.2021.111208). The CLP_N domain, typically associated with proteolytic
chaperone activity, was absent in all isolates (Fig 6).

PLOS One | https://doi.org/10.1371/journal.pone.0332682  April 20, 2026 11721



https://doi.org/10.1016/j.lwt.2021.111208

PLO@?.‘. One

LactobacillusplantarumK072.fasta AOI_01 S o fonctitn deiermned
- B Hast it with Urifeti0
W Gese nyrres = ::;::;:\.
B Pedicted peomiters B mounty/ Trensgont
B Predetes termiranon O sagustos
s:-oaar-ownu*oars O Tanpoct & Leader devege

S ‘?55' B rotease
NN N!

LactobacillusplantarumK070.fasta AOl_01 B e dnumin
B slest he with Unissdso
B Cerenames = fa:;w
: ?—-.:r:—: promcren B immanity / Tanssort
Predicted termingtors O Reguliten
Show o hde vmgmrs " e ) Tracepoet A Loader cleavnge

B Protesze

AN AN

LactobacillusplantarumK070.fasta AOl_01 B O
- B 5ost hit with LeiRef20
B Coce Pepnide
.6.11- names ) B Moctfication
: : :;’:e' p'o:-.(:q( B =musity / Tansgon
redicted terminaton O regutation
Show or hide small OR5% [ Tracspoet & Lesder cenage
B otease

¢ £ F 8 F Foe FFEF I F5F.,F Fid FFieéis
_-b-qIHﬂ—bzlbz )

Fig 4. Identification of plantaricin-like peptides and associated transport and secretion proteins (LanT, Glys, HlyD, BmbF, and ABC transport-
ers) using BAGEL4 in Lactobacillus plantarum strains K072 and K070.

https://doi.org/10.1371/journal.pone.0332682.9004

Kocho fermentation relies heavily on microbial degradation of complex plant polysaccharides such as starch, cel-
lulose, mannans, xylans, and fructans (Seboka et al. 2023). To understand which isolates may contribute most to this
process, glycosyl hydrolase (GH) domains were identified from the Pfam annotations of each strain. GH families are
known to mediate carbohydrate breakdown during fermentation and are essential for the softening of fermented products
(10.1016/j.fochx.2023.101036). Across all isolates, multiple GH families were detected, including GH1, GH25, GH38,
GH65, GH78, GH92, GH125, GH2, GH3, GH31, GH36, GH43, and GH85. These families are widely recognized for their
roles in hydrolyzing 3-glucans, mannans, galactans, xylans, and other plant-derived substrates.
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Fig 5. Identification of plantaricin-like peptides and associated transport and secretion proteins (LanT, Glys, HlyD, BmbF, and ABC transport-
ers) using BAGEL4 in Lactobacillus plantarum strains K040 and K070.

https://doi.org/10.1371/journal.pone.0332682.9005

Among the isolates, Lactobacillus plantarum K072 and Lactobacillus plantarum K070 exhibited the highest number of
Kocho-related GH domains (n=60 each), followed closely by Lactobacillus plantarum K040 and Lactobacillus plantarum
K135 (n=58 each). These strains contained presence of GH65, GH38, GH92, GH125, GH36, GH31, and GH42, suggest-
ing an enhanced ability to break down diverse plant polysaccharides and oligosaccharides. This extensive domain diver-
sity strongly suggests that Lactobacillus plantarum K072 and Lactobacillus plantarum K070 are likely major contributors
to Kocho fermentation, with broad enzymatic capabilities that support starch and fiber degradation during the traditional
fermentation process. The strains Lactobacillus plantarum K122, Lactobacillus brevis K082, and Lactobacillus brevis KO71
showed fewer GH families but still maintained core enzyme sets required for polysaccharide breakdown. Glycoside hydro-
lase profiles of the isolated strains are shown on Table 6.

3.6 Phylogenetic analysis

Clustering analysis based on phylogenomics showed that the isolates clustered into clear, species-specific clades (Fig.
7). Each isolate grouped closely with strains from fermented food, predominantly from Asia and a smaller number from
Europe, indicating that, despite their African origin, they share evolutionary lineages with globally distributed LAB.
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Fig 6. Heat map illustrating the presence and absence of key probiotic-associated functional genes and protein domains across all isolates.
Domains related to stress tolerance adhesion, protein folding, and bile salt resistance are shown, highlighting strain-level variation in functional potential.

https://doi.org/10.1371/journal.pone.0332682.9006

Table 6. Glycoside hydrolase profiles of the isolated strains.

Strain Number of Kocho-Related | Key GH Families Present

GH Domains
Lactobacillus 40 GH1, GH2, GH3, GH25, GH31, GH32, GH36, GH38,
plantarum K122 GH65, GH78
Lactobacillus 43 GH1, GH2, GH3, GH8, GH25, GH28, GH30, GH31,
brevis K082 GH36, GH39, GH43, GH65, GH67, GH88, GH120
Lactobacillus 35 GH1, GH2, GH3, GH8, GH25, GH30, GH31, GH36,
brevis KO71 GH43, GH65
Lactobacillus 60 GH1, GH2, GH3, GH20, GH25, GH31, GH32, GH36,
plantarum K072 GH38, GH42, GH65, GH78, GH85, GH92, GH125
Lactobacillus 60 GH1, GH2, GH3, GH20, GH25, GH31, GH32, GH36,
plantarum K070 GH38, GH42, GH65, GH78, GH92, GH125
Lactobacillus 58 GH1, GH2, GH4, GH20, GH25, GH31, GH32, GH36,
plantarum K040 GH38, GH42, GH65, GH78, GH85, GH92, GH125
Lactobacillus 58 GH1, GH2, GH4, GH20, GH25, GH31, GH32, GH36,
plantarum K135 GH38, GH42, GH65, GH78, GH85, GH92, GH125

https://doi.org/10.1371/journal.pone.0332682.t006

3.7 Antibiotic resistance genes and virulence factors prediction

The safety assessment of the isolates further supports their suitability for probiotic or food-related applications. Screen-
ing with ABRIcate using the VFDB revealed no detectable virulence or toxicity-associated genes, and only minimal or no
antibiotic resistance determinants were identified (Table 7). The absence of these undesirable genomic features is con-
sistent with previous reports describing Lactiplantibacillus plantarum and Levilactobacillus brevis as generally safe lactic
acid bacteria commonly used in fermented foods. These findings strengthen the overall safety profile of the isolates and
highlight their potential for industrial and dietary use.
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Fig 7. Maximume-likelihood phylogenetic tree based on single-copy core genes from the seven study isolates and representative Lactiplanti-
bacillus plantarum and Levilactobacillus brevis genomes. The seven study isolates are highlighted in green. Pediococcus pentosaceus was used as
the outgroup.

https://doi.org/10.1371/journal.pone.0332682.9007

Table 7. Antibiotic resistance genes and virulence factors predictions.

No Strain Analysis Result

1. Lactiplantibacillus plantarum K122 ARG None detected
2. Lactiplantibacillus plantarum K122 VFDB None detected
3. Levilactobacillus brevis K082 ARG None detected
4. Levilactobacillus s brevis K082 VFDB None detected
5. Levilactobacillus s brevis K071 ARG None detected
6. Levilactobacillus brevis K071 VFDB None detected
7. Lactiplantibacillus plantarum K072 ARG None detected
8. Lactiplantibacillus plantarum K072 VFDB None detected
9. Lactiplantibacillus plantarum K070 ARG None detected
10. Lactiplantibacillus plantarum K070 VFDB None detected
11. Lactiplantibacillus plantarum K040 ARG None detected
12. Lactiplantibacillus plantarum K040 VFDB None detected
13. Lactiplantibacillus s plantarum K135 ARG None detected
14. Lactiplantibacillus plantarum K135 VFDB None detected

https://doi.org/10.1371/journal.pone.0332682.t007

4 Discussion

In the present study, LAB strains were isolated from Kocho samples collected from Wolkite and its surrondings. The
isolates exhibited remarkable probiotic properties that included acid and bile tolerance, antimicrobial activity, antibiotic
susceptibility, and the presence of bacteriocin biosynthesis genes. WGS was used to confirm strain identity and functional
potential. Seven potent LAB strains were identified as Lactiplantibacillus plantarum and Levilactobacillus brevis that exhib-
ited strong probiotic traits including acid and bile tolerance, as well as antimicrobial activity against human pathogens.
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Among them, isolate K135 showed exceptional resilience with the presence of a class Il bacteriocin gene cluster. This
highlights the potential of kocho as a valuable source of indigenous probiotic strains that may be suitable for future appli-
cations in functional foods or as natural biopreservatives.

In this study, only seven out of 90 LAB isolates (7.78%) demonstrated notable acid tolerance, surviving exposure to
pH 2 for up to 6 hours, with survival rates ranging from 33.33% to 97.35%. This wide range of tolerance suggests strong
strain-dependent variability in acid resilience, which is critical for probiotic survival through the gastric environment [48].
The ability of these isolates to endure such acidic conditions implies their potential to remain viable in the human stomach,
an essential criterion for effective probiotic function. These results align with a previous study on Lactobacillus species
from traditionally fermented Ethiopian foods, where strains showed survival rates ranging from 38.40% to 73.29% after 6
hours at pH 2 [49]. Similarly, another study reported survival rates between 52% and 112% among 25 Lactobacillus strains
after 4 hours of exposure to pH 2 [50]. However, our results contrast with those of Li and co-workers, who reported that
LAB strains from Chinese sourdough presented survival rates below 50% after 3 hours in simulated gastric juice at pH 2,
with some strains losing viability [51]. Conversely, another investigation found that most Lactobacillus spp. had survival
rates exceeding 90% after 3 hours at pH 2, which was higher than the average found in the current study [52]. These dis-
crepancies may stem from differences in strain origin, adaptation to specific fermentation environments, or methodological
variations in acid stress testing. The identification of acid-tolerant strains, particularly isolate K135, highlights the potential
of Ethiopian fermented foods as valuable sources of potent probiotic candidates and supports the need for region-specific
screening to uncover unique microbial resources.

The seven LAB isolates demonstrated considerable tolerance to acidic conditions, with high survival rates at pH 2.5
and at pH 3, over incubation periods of 3 and 6 hours. These results indicate a high level of acid resistance, which is a key
prerequisite for probiotic functionality, as it reflects the ability of microorganisms to survive passage through the human
stomach. Other studies also found elevated survival rates of Lactobacillus spp. after 3 hours of incubation at both pH 2.5
and 3 [53], while strains isolates from Iranian fermented dairy products survived at rates ranging from 71% to 76% at pH
2.5 [54]. Notably, our findings confirm the high acid tolerance of certain isolates even after prolonged exposure (6 hours),
which is more stringent than the 3-hour exposure commonly reported in the literature. This suggests that the LAB strains
identified in this study may possess enhanced acid-adaptive mechanisms, possibly due to their origin in the naturally
acidic environment of fermented kocho. Furthermore, the observed survival rates surpass those reported by Vinothkanna
and Sekar (2020), where only 37% of isolates survived above 70% at pH 2.5, highlighting the robustness of the Ethiopian
LAB strains [55]. Given that food typically resides in the stomach for approximately 3 hours, where pH can fluctuate based
on diet and physiological factors [56], the high survival of these isolates under such acidic conditions supports their practi-
cal application as orally administered probiotics.

The seven LAB isolates from this study exhibited also a strong resistance to bile salts, further indicating their potential
for survival in the small intestine. After 24 hours of exposure to 0.3% bile salts, all the isolates maintained high viability
with survival rates ranging from 88.96% (K040) to 98.10% (K135). These results align with an earlier study reporting high
bile salt tolerance among Lactobacillus strains, with survival rates ranging from 88% to 92% [54]. Comparable resistance
levels have been found in Lactobacillus isolated from traditional fermented foods such as Ethiopian shamita and kocho
[57] and Jordanian fermented products [58], suggesting that traditional fermentation may contribute to the development
of probiotic candidates. Therefore, bile salt tolerance is widely considered a crucial functional advantage for probiotic
selection.

Another important trait of functional probiotic strains is their antibacterial potential against common foodborne patho-
gens. In the current study, LAB isolates demonstrated varying levels of inhibition against Staphylococcus aureus ATCC
25923, Listeria monocytogenes, Escherichia coli ATCC 25922, and S. typhimurium. Among the isolates, KO70 exhibited
the strongest inhibition zones (20.00 £ 1.00 mm) against both L. monocytogenes and E. coli. Most isolates demonstrated
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moderate to strong inhibitions to all the tested pathogens, with inhibition zones ranging from 15.00 to 20.00 mm, high-
lighting their potential as antibacterial agents. These findings are in line with previous studies. Bassyouni and colleagues
reported Lactobacillus strains from Egyptian dairy products exhibiting inhibition zones ranging from 17 to 21 mm against
E. coliand S. typhimurium [59]. Similarly, Choi and colleagues found that certain Lactobacillus strain completely inhibited
several foodborne pathogens, including E. coli 0157 ATCC 35150, Salmonella enteritidis KCCM 12021, Salmonella typh-
imurium KCTC 1925, and Staphylococcus aureus [60]. Ryu and Chang demonstrated that Lactobacillus plantarum NO1,
isolated from kimchi, inhibited S. aureus and S. typhi with inhibition zones ranging from 13.15 mm to 16 mm [61]. Overall,
the LAB isolates in the current study exhibited notable antibacterial activity against major foodborne pathogens, under-
scoring their potential as effective probiotic candidates for pathogen control.

The antibiotic resistance pattern of LAB is an important factor in assessing their safety for probiotic use. In this
study, all the effective LAB isolates showed intrinsic resistance to kanamycin. Likewise, previous studies reported
that Lactobacillus spp. are naturally resistant to aminoglycosides [62], which is explained by the impermeability
of their cell membrane and the lack of electron transport chain required for drug absorption [62,63]. On the other
hand, all the LAB isolates were susceptible to tetracycline, ampicillin, and erythromycin, aligning with the typical
susceptibility profile of LAB reported in previous studies [62,64—67]. However, the study found variability related to
streptomycin susceptibility where some isolates (K070, K040, and K135) were susceptible, while K122, K071, K072,
and K082 were resistant. This heterogeneity is commonly found among Lactobacillus strains and may be related to
strain-specific differences or environmental adaptations [68,69]. Resistance to aminoglycosides and vancomycin in
LAB is generally intrinsic and does not present a risk of horizontal gene transfer (HGT) to commensal microbiota in
the human gut [70]. These findings corroborate existing literature on antibiotic susceptibility patterns for these Lacto-
bacillus species, which support their use in fermented foods without posing significant public health risks [71]. Gener-
ally, the intrinsic resistance patterns of LAB to certain antibiotics, together with their lack of risk for HGT, support their
safety for use in fermented foods.

Genome sizes of these isolates ranged from approximately 2.42 to 3.53 Mb and a GC content from 44.4% to 45.9%.
Likewise, genomes of L. paracasei strains have been reported to have a GC content of 46.3% and a genome size of 3
Mb [72]. Genomic sequence analysis of L. plantarum strains E2C2 and E2C5 done by another group revealed lengths of
3,603,563 bp and 3,615,168 bp, respectively [73]. These genomes had GC contents of 43.99% and 43.97% and con-
tained 3,289 and 3,293 candidate CDS [73]. Despite the different isolation sources, the high genomic similarity of these
isolates suggests their selective adaptation to the gut environment.

Among the seven genomic strains analysed for the prediction of putative bacteriocins, BAGEL4 identified two class
Il bacteriocins. In a related study, BAGEL4 predicted one bacteriocin for each of the three classes in Lactococcus lactis
NCDO 2118 [74]. The same study detected genes encoding components involved in bacteriocin synthesis, regulation, and
related hypothetical proteins in the genome of Lactobacillus rhamnosus L156.4. While some LAB strains are recognized
as probiotic, others may be potentially probiotic or simply fermentative cultures widely distributed in nature with potential
applications in the food industry [75]. Likewise, not all probiotic LAB strains produce bacteriocins, underscoring the need
for comprehensive screening to identify strains capable of producing the desired bacteriocins. The functional gene and
protein domain analysis reinforces our experimental findings by demonstrating that all isolates harbor key stress-response
and adhesion-related domains essential for probiotic functionality. Additionally, a phylogenomic analysis revealed that our
isolates clustered within distinct species-specific clades, closely related to reference strains predominantly from Asia, with
a few from Europe. This pattern suggests that, despite their African origin, the isolates share evolutionary lineages and
functional traits with LAB from other regions (doi.org/10.1111/jam.15199). Key genomic features, including stress toler-
ance, adhesion, and metabolic versatility, support their potential application in African fermented foods and as probiotics,
highlighting the value of indigenous LAB in food biotechnology.
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5 Conclusion

LAB strains isolated from traditionally fermented Ethiopian kocho exhibited promising probiotic properties with the pres-
ence of genes encoding class Il bacteriocins. Future studies could expand on this research by exploring the in vivo probi-
otic efficacy of the isolated Lactobacillus strains, particularly their impact on gut health and immunity in animal models or
human clinical trials. Additionally, investigating the stability of these probiotics under various storage conditions and their
potential for scaling up production in fermented foods could offer valuable insights.

Acknowledgments

The authors acknowledge the Department of Microbial, Cellular, and Molecular Biology, Addis Ababa University and
Quadram Institute Bioscience, Norwich Research Park, Norwich, United Kingdom for their provision of laboratory and
facilitation of the work.

Author contributions

Conceptualization: Chioma Ohaeri.

Formal analysis: Guesh Mulaw, Olabisi Flora Davies-Bolorunduro, Chioma Ohaeri.
Investigation: Guesh Mulaw.

Methodology: Guesh Mulaw.

Writing — original draft: Guesh Mulaw.

Writing — review & editing: Teklemichael Tesfay, Tesfaye Sisay, Diriba Muleta, Débora Brito Goulart, Olabisi Flora
Davies-Bolorunduro, Chioma Ohaeri, Nirupama Narayanan.

References

1. Tamang JP, Cotter PD, Endo A, Han NS, Kort R, Liu SQ, et al. Fermented foods in a global age: East meets West. Compr Rev Food Sci Food Saf.
2020;19(1):184-217. https://doi.org/10.1111/1541-4337.12520 PMID: 33319517

2. Masia C, Geppel A, Jensen PE, Buldo P. Effect of lactobacillus rhamnosus on physicochemical properties of fermented plant-based raw materials.
Foods. 2021;10(3):573. https://doi.org/10.3390/foods10030573 PMID: 33801804

3. Goksen G, Sugra Altaf Q, Farooq S, Bashir |, Capozzi V, Guruk M, et al. A glimpse into plant-based fermented products alternative to animal based
products: Formulation, processing, health benefits. Food Res Int. 2023;173(Pt 2):113344. https://doi.org/10.1016/j.foodres.2023.113344 PMID:
37803694

Olasupo N. Fermentation biotechnology of traditional foods of Africa. CRC Press; 2005.

5. LiKJ, Burton-Pimentel KJ, Vergéres G, Feskens EJM, Brouwer-Brolsma EM. Fermented foods and cardiometabolic health: definitions, current
evidence, and future perspectives. Front Nutr. 2022;9:976020. https://doi.org/10.3389/fnut.2022.976020 PMID: 36204374

6. Ibrahim SA, Gyawali R, Awaisheh SS, Ayivi RD, Silva RC, Subedi K, et al. Fermented foods and probiotics: an approach to lactose intolerance. J
Dairy Res. 2021;88(3):357—65. https://doi.org/10.1017/S0022029921000625 PMID: 34425920

7. Selhub EM, Logan AC, Bested AC. Fermented foods, microbiota, and mental health: ancient practice meets nutritional psychiatry. J Physiol
Anthropol. 2014;33(1):2. https://doi.org/10.1186/1880-6805-33-2 PMID: 24422720

8. Sanlier N, Gokcen BB, Sezgin AC. Health benefits of fermented foods. Crit Rev Food Sci Nutr. 2019;59(3):506—27. https://doi.org/10.1080/1040839
8.2017.1383355 PMID: 28945458

9. BellV, Ferrao J, Pimentel L, Pintado M, Fernandes T. One health, fermented foods, and gut microbiota. Foods. 2018;7(12):195. https://doi.
org/10.3390/foods7120195 PMID: 30513869

10. Shahbazi R, Sharifzad F, Bagheri R, Alsadi N, Yasavoli-Sharahi H, Matar C. Anti-inflammatory and immunomodulatory properties of fermented
plant foods. Nutrients. 2021;13(5):1516. https://doi.org/10.3390/nu13051516 PMID: 33946303

11. Zhang K, Zhang T-T, Guo R-R, Ye Q, Zhao H-L, Huang X-H. The regulation of key flavor of traditional fermented food by microbial metabolism: a
review. Food Chem X. 2023;19:100871. https://doi.org/10.1016/j.fochx.2023.100871 PMID: 37780239

12. Zulkawi N, Ng KH, Zamberi R, Yeap SK, Satharasinghe D, Jaganath IB, et al. In vitro characterization and in vivo toxicity, antioxidant and immuno-
modulatory effect of fermented foods; Xeniji™. BMC Complement Altern Med. 2017;17(1):344. https://doi.org/10.1186/s12906-017-1845-6 PMID:
28666436

PLOS One | https://doi.org/10.1371/journal.pone.0332682  April 20, 2026 18721



https://doi.org/10.1111/1541-4337.12520
http://www.ncbi.nlm.nih.gov/pubmed/33319517
https://doi.org/10.3390/foods10030573
http://www.ncbi.nlm.nih.gov/pubmed/33801804
https://doi.org/10.1016/j.foodres.2023.113344
http://www.ncbi.nlm.nih.gov/pubmed/37803694
https://doi.org/10.3389/fnut.2022.976020
http://www.ncbi.nlm.nih.gov/pubmed/36204374
https://doi.org/10.1017/S0022029921000625
http://www.ncbi.nlm.nih.gov/pubmed/34425920
https://doi.org/10.1186/1880-6805-33-2
http://www.ncbi.nlm.nih.gov/pubmed/24422720
https://doi.org/10.1080/10408398.2017.1383355
https://doi.org/10.1080/10408398.2017.1383355
http://www.ncbi.nlm.nih.gov/pubmed/28945458
https://doi.org/10.3390/foods7120195
https://doi.org/10.3390/foods7120195
http://www.ncbi.nlm.nih.gov/pubmed/30513869
https://doi.org/10.3390/nu13051516
http://www.ncbi.nlm.nih.gov/pubmed/33946303
https://doi.org/10.1016/j.fochx.2023.100871
http://www.ncbi.nlm.nih.gov/pubmed/37780239
https://doi.org/10.1186/s12906-017-1845-6
http://www.ncbi.nlm.nih.gov/pubmed/28666436

PLO\Sﬁ\\.- One

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mulaw G, Muleta D, Tesfaye A, Sisay T. Protective effect of potential probiotic strains from fermented ethiopian food against salmonella typh-
imurium DT104 in mice. Int J Microbiol. 2020;2020:7523629. https://doi.org/10.1155/2020/7523629 PMID: 32351574

Sanchez B, Delgado S, Blanco-Miguez A, Lourengo A, Gueimonde M, Margolles A. Probiotics, gut microbiota, and their influence on host health
and disease. Mol Nutr Food Res. 2017;61(1):10.1002/mnfr.201600240. https://doi.org/10.1002/mnfr.201600240 PMID: 27500859

Fuller R. History and development of probiotics. Probiotics: the scientific basis. Springer; 1992. p. 1-8.

Chassard C, Grattepanche F, Lacroix C. Probiotics and health claims: challenges for tailoring their efficacy. Probiotics and Health Claims. Wiley;
2010. p. 49-74. https://doi.org/10.1002/9781444329384.ch4

Morkl S, Butler MI, Holl A, Cryan JF, Dinan TG. Probiotics and the microbiota-gut-brain axis: focus on psychiatry. Curr Nutr Rep. 2020;9(3):171-82.
https://doi.org/10.1007/s13668-020-00313-5 PMID: 32406013

Zhu 'Y, Chen B, Zhang X, Akbar MT, Wu T, Zhang Y, et al. Exploration of the Muribaculaceae Family in the Gut Microbiota: Diversity, Metabolism,
and Function. Nutrients. 2024;16(16):2660. https://doi.org/10.3390/nu16162660 PMID: 39203797

Mulaw G, Tesfaye A. Technology and microbiology of traditionally fermented food and beverage products of Ethiopia: a review. African Journal of
Microbiology Research. 2017;11(21):825-44.

Mengesha Y, Tebeje A, Tilahun B. A review on factors influencing the fermentation process of teff (Eragrostis teff) and other cereal-based Ethiopian
injera. B J ljofs. 2022;2022(1):4419955.

Tiruha Habte Karssa THK, Kebede Abegaz KAA, Edessa Negera Gobena ENG. The microbiology of kocho: an Ethiopian traditionally fermented
food from enset (Ensete ventricosum). 2014.

Tekle B, Anuradha Jabasingh S, Fantaw D, Gebreslassie T, Ram Mohan Rao S, Baraki H, et al. An insight into the Ethiopian traditional alco-
holic beverage: Tella processing, fermentation kinetics, microbial profiling and nutrient analysis. LWT. 2019;107:9-15. https://doi.org/10.1016/j.
Iwt.2019.02.080

Dibaba WTJ. A review of sustainability of urban drainage system: traits and consequences. J JoSE. 2018;:131-7.

Kitessa BD, Ayalew SM, Gebrie GS, Teferi ST m JWP. Optimization of urban resources efficiency in the domain of water—energy—food nexus
through integrated modeling: A case study of Addis Ababa city. 2022;24(2):397—431.

Awulachew MT. KOCHO (Indigenous Food Of Ethiopia): A Review On Traditional Practice To Scientific Developments. IJFS. 2022;:569—74. https://
doi.org/10.19070/2326-3350-2200098

Food and Agriculture Organization. Guidelines for the evaluation of probiotics in food. London, Ontario, Canada: World Health Organization; 2002.

Marco ML, Sanders ME, Ganzle M, Arrieta MC, Cotter PD, De Vuyst L, et al. The International Scientific Association for Probiotics and Prebiotics
(ISAPP) consensus statement on fermented foods. Nat Rev Gastroenterol Hepatol. 2021;18(3):196—208. https://doi.org/10.1038/s41575-020-
00390-5 PMID: 33398112

Zheng J, Wittouck S, Salvetti E, Franz C, Harris HMB, Mattarelli P, et al. A taxonomic note on the genus Lactobacillus: description of 23 novel
genera, emended description of the genus Lactobacillus Beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae. Int J Syst Evol
Microbiol. 2020;70(4):2782-858. https://doi.org/10.1099/ijsem.0.004107 PMID: 32293557

Kim E, Chang HC, Kim H-Y. Complete genome sequence of Lactobacillus plantarum EM, a putative probiotic strain with the cholesterol-lowering
effect and antimicrobial activity. Curr Microbiol. 2020;77(8):1871-82. https://doi.org/10.1007/s00284-020-02000-8 PMID: 32322906

Tambekar D, Bhutada S. Acid and bile tolerance, antibacterial activity, antibiotic resistance and bacteriocins activity of probiotic Lactobacillus spe-
cies. Recent Research in Science and Technology. 2010;2(4):94-8.

Chen C, Yu L, Tian F, Zhao J, Zhai Q. Identification of novel bile salt-tolerant genes in lactobacillus using comparative genomics and its application
in the rapid screening of tolerant strains. Microorganisms. 2022;10(12):2371. https://doi.org/10.3390/microorganisms10122371 PMID: 36557624

Papadimitriou K, Zoumpopoulou G, Foligné B, Alexandraki V, Kazou M, Pot B, et al. Discovering probiotic microorganisms: in vitro, in vivo, genetic
and omics approaches. Front Microbiol. 2015;6:58. https://doi.org/10.3389/fmicb.2015.00058 PMID: 25741323

Behera SS, Ray RC, Zdolec N. Lactobacillus plantarum with functional properties: an approach to increase safety and shelf-life of fermented foods.
BioMed Research International. 2018;2018(1):9361614. https://doi.org/10.1155/2018/9361614

Lacroix C, Yildirim S. Fermentation technologies for the production of probiotics with high viability and functionality. Curr Opin Biotechnol.
2007;18(2):176-83. https://doi.org/10.1016/j.copbio.2007.02.002 PMID: 17336510

Charteris WP, Kelly PM, Morelli L, Collins JK. Development and application of an in vitro methodology to determine the transit tolerance of poten-
tially probiotic Lactobacillus and Bifidobacterium species in the upper human gastrointestinal tract. J Appl Microbiol. 1998;84(5):759-68. https://doi.
org/10.1046/j.1365-2672.1998.00407.x PMID: 9674129

Stansly PG, Schlosser ME. Studies on polymyxin: an agar diffusion method of assay. J Bacteriol. 1947;54(5):585-97. https://doi.org/10.1128/
jb.54.5.585-597.1947 PMID: 16561396

Humphries R, Bobenchik AM, Hindler JA, Schuetz AN. Overview of changes to the clinical and laboratory standards institute performance stan-
dards for antimicrobial susceptibility testing, M100, 31st Edition. J Clin Microbiol. 2021;59(12):e0021321. https://doi.org/10.1128/JCM.00213-21
PMID: 34550809

EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP). Guidance on the assessment of bacterial susceptibility to
antimicrobials of human and veterinary importance. EFS2. 2012;10(6). https://doi.org/10.2903/j.efsa.2012.2740

PLOS One | https://doi.org/10.1371/journal.pone.0332682  April 20, 2026 19/21



https://doi.org/10.1155/2020/7523629
http://www.ncbi.nlm.nih.gov/pubmed/32351574
https://doi.org/10.1002/mnfr.201600240
http://www.ncbi.nlm.nih.gov/pubmed/27500859
https://doi.org/10.1002/9781444329384.ch4
https://doi.org/10.1007/s13668-020-00313-5
http://www.ncbi.nlm.nih.gov/pubmed/32406013
https://doi.org/10.3390/nu16162660
http://www.ncbi.nlm.nih.gov/pubmed/39203797
https://doi.org/10.1016/j.lwt.2019.02.080
https://doi.org/10.1016/j.lwt.2019.02.080
https://doi.org/10.19070/2326-3350-2200098
https://doi.org/10.19070/2326-3350-2200098
https://doi.org/10.1038/s41575-020-00390-5
https://doi.org/10.1038/s41575-020-00390-5
http://www.ncbi.nlm.nih.gov/pubmed/33398112
https://doi.org/10.1099/ijsem.0.004107
http://www.ncbi.nlm.nih.gov/pubmed/32293557
https://doi.org/10.1007/s00284-020-02000-8
http://www.ncbi.nlm.nih.gov/pubmed/32322906
https://doi.org/10.3390/microorganisms10122371
http://www.ncbi.nlm.nih.gov/pubmed/36557624
https://doi.org/10.3389/fmicb.2015.00058
http://www.ncbi.nlm.nih.gov/pubmed/25741323
https://doi.org/10.1155/2018/9361614
https://doi.org/10.1016/j.copbio.2007.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17336510
https://doi.org/10.1046/j.1365-2672.1998.00407.x
https://doi.org/10.1046/j.1365-2672.1998.00407.x
http://www.ncbi.nlm.nih.gov/pubmed/9674129
https://doi.org/10.1128/jb.54.5.585-597.1947
https://doi.org/10.1128/jb.54.5.585-597.1947
http://www.ncbi.nlm.nih.gov/pubmed/16561396
https://doi.org/10.1128/JCM.00213-21
http://www.ncbi.nlm.nih.gov/pubmed/34550809
https://doi.org/10.2903/j.efsa.2012.2740

PLO\Sﬁ\\.- One

39. Ammor MS, Flérez AB, Mayo B. Antibiotic resistance in non-enterococcal lactic acid bacteria and bifidobacteria. Food Microbiol. 2007;24(6):559—
70. https://doi.org/10.1016/j.fm.2006.11.001 PMID: 17418306

40. Gueimonde M, Flérez AB, van Hoek AHAM, Stuer-Lauridsen B, Strgman P, de los Reyes-Gavilan CG, et al. Genetic basis of tetracycline resis-
tance in Bifidobacterium animalis subsp. lactis. Appl Environ Microbiol. 2010;76(10):3364-9. https://doi.org/10.1128/AEM.03096-09 PMID:
20348299

41. Wilson K. Preparation of genomic DNA from bacteria. Curr Protoc Mol Biol. 2001;Chapter 2:Unit 2.4. https://doi.org/10.1002/0471142727.
mb0204s56 PMID: 18265184

42. Qubit™ dsDNA BR Assay Kit. ThermoFisher Scientific; 2022. p. 8.
43. Bushnell B. BBMap: a fast, accurate, splice-aware aligner. Lawrence Berkeley National Laboratory; 2014.

44. FastQC. A Quality Control Tool for High Throughput Sequence Data. 2011. https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

45. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: a new genome assembly algorithm and its applications to
single-cell sequencing. J Comput Biol. 2012;19(5):455—77. https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599

46. Aziz RK, Bartels D, Best AA, Dedongh M, Disz T, Edwards RA, et al. The RAST server: rapid annotations using subsystems technology. BMC
Genomics. 2008;9:75. https://doi.org/10.1186/1471-2164-9-75 PMID: 18261238

47. van Heel AJ, de Jong A, Song C, Viel JH, Kok J, Kuipers OP. BAGEL4: a user-friendly web server to thoroughly mine RiPPs and bacteriocins.
Nucleic Acids Res. 2018;46(W1):W278-81. https://doi.org/10.1093/nar/gky383 PMID: 29788290

48. Bezkorovainy A. Probiotics: determinants of survival and growth in the gut. Am J Clin Nutr. 2001;73(2 Suppl):399S-4058S. https://doi.org/10.1093/
ajcn/73.2.399s PMID: 11157348

49. Mulaw G, Sisay Tessema T, Muleta D, Tesfaye A. In vitro evaluation of probiotic properties of lactic acid bacteria isolated from some traditionally
fermented ethiopian food products. Int J Microbiol. 2019;2019:7179514. https://doi.org/10.1155/2019/7179514 PMID: 31534458

50. Navarré A, Nazareth T, Luz C, Meca G, Escriva L. Characterization of lactic acid bacteria isolated from human breast milk and their bioactive
metabolites with potential application as a probiotic food supplement. Food Funct. 2024;15(15):8087-103. https://doi.org/10.1039/d4fo02171a
PMID: 38989729

51. LiY, LiuT, Zhao M, Zhong H, Luo W, Feng F. In vitro and in vivo investigations of probiotic properties of lactic acid bacteria isolated from Chinese
traditional sourdough. Appl Microbiol Biotechnol. 2019;103(4):1893-903. https://doi.org/10.1007/s00253-018-9554-8 PMID: 30610287

52. Huligere SS, Chandana Kumari VB, Algadi T, Kumar S, Cull CA, Amachawadi RG, et al. Isolation and characterization of lactic acid bacteria with
potential probiotic activity and further investigation of their activity by a-amylase and a-glucosidase inhibitions of fermented batters. Front Microbiol.
2023;13:1042263. https://doi.org/10.3389/fmicb.2022.1042263 PMID: 36756202

53. OhYJ, Jung DS. Evaluation of probiotic properties of Lactobacillus and Pediococcus strains isolated from Omegisool, a traditionally fermented
millet alcoholic beverage in Korea. LWT-food Science and Technology. 2015;63(1):437—44.

54. Haghshenas B, Nami Y, Almasi A, Abdullah N, Radiah D, Rosli R, et al. Isolation and characterization of probiotics from dairies. Iran J Microbiol.
2017;9(4):234-43. PMID: 29238459

55. Vinothkanna A, Sekar S. Probiotic properties of intrinsic bacteria isolated from fermented polyherbal preparations of Indian Ayurveda. LWT.
2019;103:8-18. https://doi.org/10.1016/j.lwt.2018.12.068

56. Goyal RK, Guo Y, Mashimo H. Advances in the physiology of gastric emptying. Neurogastroenterol Motil. 2019;31(4):e13546. https://doi.
org/10.1111/nmo.13546 PMID: 30740834

57. Negasi A, Fassil A, Asnake D. In vitro evaluation of lactic acid bacteria isolated from traditional fermented Shamita and Kocho for their desirable
characteristics as probiotics. Afr J Biotechnol. 2017;16(12):594—606. https://doi.org/10.5897/ajb2016.15307

58. Mahasneh AM, Hamdan S, Mahasneh SA. Probiotic properties of lactobacillus species isolated from local traditional fermented products. JJBS.
2015;8(2):81-7. https://doi.org/10.12816/0027552

59. Bassyouni RH, Abdel-all WS, Fadl MG, Abdel-all S, Kamel Z. Characterization of lactic acid bacteria isolated from dairy products in Egypt as a
probiotic. Life Science Journal. 2012;9(4):2924-33.

60. Choi A-R, Patra JK, Kim WJ, Kang S-S. Antagonistic activities and probiotic potential of lactic acid bacteria derived from a plant-based fermented
food. Front Microbiol. 2018;9:1963. https://doi.org/10.3389/fmicb.2018.01963 PMID: 30197633

61. Ryu EH, Chang HC. In vitro study of potentially probiotic lactic acid bacteria strains isolated from kimchi. Ann Microbiol. 2013;63(4):1387-95.
https://doi.org/10.1007/s13213-013-0599-8

62. Anisimova EA, Yarullina DR. Antibiotic Resistance of LACTOBACILLUS Strains. Curr Microbiol. 2019;76(12):1407-16. https://doi.org/10.1007/
s00284-019-01769-7 PMID: 31555856

63. Dec M, Wernicki A, Puchalski A, Urban-Chmiel R. Antibiotic susceptibility of Lactobacillus strains isolated from domestic geese. Br Poult Sci.
2015;56(4):416—24. https://doi.org/10.1080/00071668.2015.1058919 PMID: 26105622

64. Anisimova E, Yarullina D. Characterization of erythromycin and tetracycline resistance in lactobacillus fermentum strains. Int J Microbiol.
2018;2018:3912326. https://doi.org/10.1155/2018/3912326 PMID: 30534155

PLOS One | https://doi.org/10.1371/journal.pone.0332682  April 20, 2026 20/ 21



https://doi.org/10.1016/j.fm.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17418306
https://doi.org/10.1128/AEM.03096-09
http://www.ncbi.nlm.nih.gov/pubmed/20348299
https://doi.org/10.1002/0471142727.mb0204s56
https://doi.org/10.1002/0471142727.mb0204s56
http://www.ncbi.nlm.nih.gov/pubmed/18265184
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1186/1471-2164-9-75
http://www.ncbi.nlm.nih.gov/pubmed/18261238
https://doi.org/10.1093/nar/gky383
http://www.ncbi.nlm.nih.gov/pubmed/29788290
https://doi.org/10.1093/ajcn/73.2.399s
https://doi.org/10.1093/ajcn/73.2.399s
http://www.ncbi.nlm.nih.gov/pubmed/11157348
https://doi.org/10.1155/2019/7179514
http://www.ncbi.nlm.nih.gov/pubmed/31534458
https://doi.org/10.1039/d4fo02171a
http://www.ncbi.nlm.nih.gov/pubmed/38989729
https://doi.org/10.1007/s00253-018-9554-8
http://www.ncbi.nlm.nih.gov/pubmed/30610287
https://doi.org/10.3389/fmicb.2022.1042263
http://www.ncbi.nlm.nih.gov/pubmed/36756202
http://www.ncbi.nlm.nih.gov/pubmed/29238459
https://doi.org/10.1016/j.lwt.2018.12.068
https://doi.org/10.1111/nmo.13546
https://doi.org/10.1111/nmo.13546
http://www.ncbi.nlm.nih.gov/pubmed/30740834
https://doi.org/10.5897/ajb2016.15307
https://doi.org/10.12816/0027552
https://doi.org/10.3389/fmicb.2018.01963
http://www.ncbi.nlm.nih.gov/pubmed/30197633
https://doi.org/10.1007/s13213-013-0599-8
https://doi.org/10.1007/s00284-019-01769-7
https://doi.org/10.1007/s00284-019-01769-7
http://www.ncbi.nlm.nih.gov/pubmed/31555856
https://doi.org/10.1080/00071668.2015.1058919
http://www.ncbi.nlm.nih.gov/pubmed/26105622
https://doi.org/10.1155/2018/3912326
http://www.ncbi.nlm.nih.gov/pubmed/30534155

PLO\Sﬁ\\.- One

65.

66.

67.

68.
69.

70.

7.

72.

73.

74.

75.

Klare |, Konstabel C, Werner G, Huys G, Vankerckhoven V, Kahimeter G, et al. Antimicrobial susceptibilities of Lactobacillus, Pediococcus and Lac-
tococcus human isolates and cultures intended for probiotic or nutritional use. J Antimicrob Chemother. 2007;59(5):900-12. https://doi.org/10.1093/
jac/dkm035 PMID: 17369278

Kolech A, Alemu S, Milkessa T. Evaluation of the antimicrobial properties of potential probiotic lactic acid bacteria from raw and fermented cow
milk. TJISR. 2026.

Workie M, Kebede B, Tadesse T, Yimer D, Tibebu T, Abera S. In vitro evaluation of the probiotic potential of lactic acid bacterial strains retrieved
from raw and traditionally fermented cow milk. 2022;16(2):199-212.

Alvarez-Cisneros YM, Ponce-Alquicira E. Antibiotic resistance in lactic acid bacteria; 2018.

Zhang F, Gao J, Wang B, Huo D, Wang Z, Zhang J, et al. Whole-genome sequencing reveals the mechanisms for evolution of streptomycin resis-
tance in Lactobacillus plantarum. J Dairy Sci. 2018;101(4):2867—74. https://doi.org/10.3168/jds.2017-13323 PMID: 29397163

van Reenen CA, Dicks LMT. Horizontal gene transfer amongst probiotic lactic acid bacteria and other intestinal microbiota: what are the possibili-
ties? A review. Arch Microbiol. 2011;193(3):157—68. https://doi.org/10.1007/s00203-010-0668-3 PMID: 21193902

Duche RT, Singh A, Wandhare AG, Sangwan V, Sihag MK, Nwagu TNT, et al. Antibiotic resistance in potential probiotic lactic acid bacteria of fer-
mented foods and human origin from Nigeria. BMC Microbiol. 2023;23(1):142. https://doi.org/10.1186/s12866-023-02883-0 PMID: 37208603

Stefanovic E, McAuliffe O. Comparative genomic and metabolic analysis of three Lactobacillus paracasei cheese isolates reveals considerable
genomic differences in strains from the same niche. BMC Genomics. 2018;19(1):205. https://doi.org/10.1186/s12864-018-4586-0 PMID: 29554864

Schmid M, Muri J, Melidis D, Varadarajan AR, Somerville V, Wicki A, et al. Comparative genomics of completely sequenced lactobacillus helveticus
genomes provides insights into strain-specific genes and resolves metagenomics data down to the strain level. Front Microbiol. 2018;9:63. https://
doi.org/10.3389/fmicb.2018.00063 PMID: 29441050

Oliveira LC, Saraiva TDL, Silva WM, Pereira UP, Campos BC, Benevides LJ, et al. Analyses of the probiotic property and stress resistance-related
genes of Lactococcus lactis subsp. lactis NCDO 2118 through comparative genomics and in vitro assays. PLoS One. 2017;12(4):e0175116. https://
doi.org/10.1371/journal.pone.0175116 PMID: 28384209

Ricci A, Cirlini M, Maoloni A, Del Rio D, Calani L, Bernini V, et al. Use of dairy and plant-derived lactobacilli as starters for cherry juice fermentation.
Nutrients. 2019;11(2):213. https://doi.org/10.3390/nu11020213 PMID: 30678152

PLOS One | https://doi.org/10.1371/journal.pone.0332682  April 20, 2026 21/21



https://doi.org/10.1093/jac/dkm035
https://doi.org/10.1093/jac/dkm035
http://www.ncbi.nlm.nih.gov/pubmed/17369278
https://doi.org/10.3168/jds.2017-13323
http://www.ncbi.nlm.nih.gov/pubmed/29397163
https://doi.org/10.1007/s00203-010-0668-3
http://www.ncbi.nlm.nih.gov/pubmed/21193902
https://doi.org/10.1186/s12866-023-02883-0
http://www.ncbi.nlm.nih.gov/pubmed/37208603
https://doi.org/10.1186/s12864-018-4586-0
http://www.ncbi.nlm.nih.gov/pubmed/29554864
https://doi.org/10.3389/fmicb.2018.00063
https://doi.org/10.3389/fmicb.2018.00063
http://www.ncbi.nlm.nih.gov/pubmed/29441050
https://doi.org/10.1371/journal.pone.0175116
https://doi.org/10.1371/journal.pone.0175116
http://www.ncbi.nlm.nih.gov/pubmed/28384209
https://doi.org/10.3390/nu11020213
http://www.ncbi.nlm.nih.gov/pubmed/30678152

