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Abstract:

Objective: This study aimed to screen and evaluate probiotic properties in bacterial strains isolated from fermented foods
and animal feces, using nanopore sequencing and bioinformatic analysis.

Material and Methods: Thirty bacterial strains were isolated from local foods and animal feces within Songkhla, Thailand.
After excluding seven pathogenic strains, the remaining 23 strains underwent Deoxyribonucleic Acid (DNA) extraction
and whole-genome sequencing using the MinlON™ platform from Oxford Nanopore Technologies (ONT). The genomes
were then assembled and annotated using bioinformatics analysis to evaluate their probiotic traits and safety profiles.
Results: Genome assembly statistics revealed considerable variability in genome sizes and contig lengths among the
strains, with the N50 values ranging from 326,094 bp to 3,226,988 bp. None of the 23 selected strains contained virulence
genes associated with significant health risks; confirming their safety. Comprehensive genetic analysis identified key
probiotic genes related to acid stress resistance, adhesion, antioxidant activity, bile resistance, and synthesis of beneficial
substances; underscoring their potential efficacy in promoting host health.

Conclusion: Whole-genome sequencing, using ONT, combined with bioinformatic analysis, is an effective approach for
identifying probiotic strains and predicting their functional properties. This method provides a comprehensive understanding

of their potential health benefits and ensures their safety for consumption.
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Introduction

Probiotic microorganisms are widely used globally
in human and livestock healthcare in the form of food,
beverages, dietary supplements, and disease treatments.
The main probiotic groups are Lactobacillus, Bifidobacterium,
Pediococcus, and Lactococcus. Previous studies have
found that probiotics have properties that prevent and
treat several intestinal diseases such as inflammatory
bowel disease (IBD), irritable bowel syndrome (IBS), and
gastrointestinal infections". Probiotics also aid in weight
loss and weight management by reducing body fat and
improving metabolism**. Additionally, they help alleviate
symptoms of depression and anxiety, and improve mood®.
Furthermore, probiotics reduce skin inflammation and acne,
assist in maintaining healthy skin, and increasing skin
hydration®” Finally, probiotics help lower cholesterol and
blood pressure levels, which is beneficial for heart health®.

Commonly, several studies or routine laboratories
have used conventional methods to identify probiotic strains,
such as using selective media for cultivation, observing the
morphology of colony characteristics or under microscopic,
performing identification, including biochemical tests, the
VITEK 2 systemg, Matrix-Assisted Laser Desorption/
lonization Time-of-Flight Mass Spectrometer (MALDI-
TOF MS)"™, and Polymerase Chain Reaction (PCR)
identification’. To screen probiotic properties, traditional
tests or phenotypic identification often assess various
characteristics, including tolerance to acids and bile salts,
antibacterial activity, resistance to phenol, ability to auto
aggregate, and safety assessments such as hemolysis
activity. Although these methods are helpful in identifying
probiotic strains and features, they are time-consuming,
laborious and carry a risk of misidentification.

Currently, nanopore sequencing technology, a high-
throughput technique from Oxford Nanopore Technologies

(ONT), has been introduced as a new method for identifying
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bacterial species. The MinION™ is one of the next-
generation sequencing platforms launched by ONT that
can generate long-reads and provide real-time results™.
This technology is suitable for whole-genome sequencing
because it generates long-read sequences, overcoming
the limitations of short-read sequencing, which may not
be able to assemble a complete genome. This approach
leads to convenient characterization of genomic content,
including probiotic genes, antimicrobial resistance genes
(ARGs), and virulence genes. Various studies have utilized
nanopore sequencing for various applications, including
16S rRNA-targeted sequencing (V3-V4) and shotgun
metagenomic sequencing, to analyze the composition
of probiotics in additional supplements in food®. Due to
numerous advantages of the technology, such as rapid and
real-time sequencing, portability, and the ability to generate
long reads, it facilitates a more accurate and comprehensive
analysis of microbial communities and microbial insight
genomic characteristics.

In this study, we employed nanopore whole-genome
sequencing to identify probiotic species and predict their
functional properties through the MinlON™ platform. This
method provided comprehensive information into probiotic
genomes, allowing us to understand and predict probiotic
properties. Bioinformatics analysis assists in manipulating
and interpreting the sequencing data. Long-read sequences
were assembled into a draft genome. Afterward, the analysis
involved identifying genes associated with significant
probiotic properties, such as acids and bile salts tolerance,
antimicrobial activities, adherence abilities, and the synthesis
of various types of beneficial substances. Safety-related
genes were also assessed to ensure the probiotic strains
were safe for consumption. This integrated approach allows
for a comprehensive understanding of probiotic strains and
their potential health benefits. This research provides safer

and more effective probiotic screening methods, advancing
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our understanding of probiotics and their impact on human
health. Additionally, it helps us to select candidate probiotics
for specific applications, ensuring targeted and effective use

in both clinical and commercial settings.

Material and Methods

Bacterial isolation, strain identification, and
probiotic selection

Thirty bacterial strains were isolated from various
local sources in Songkhla, Thailand, including fermented
sticky rice, fermented fish, pickled vegetables, and animal
feces (chicken and goat). Lactobacillus MRS broth was
used to culture probiotics in the samples. All strains
were enriched in conditions of 37 °C for 18 hours. After
enrichment, bacteria were 10-fold diluted and placed on
Man-Rogosa-Sharpe (MRS) agar at 37 °C for 24-72 hours
under anaerobic conditions to obtain single colonies. The
single colonies were collected and cultured to ensure that
there was no contamination. All the cultured isolates in MRS
broth were mixed with 20% glycerol and stored at -80 °C as
stock cultures'. The isolated bacteria, maintained at -80 °C,
were then cultured on MRS agar to obtain single colonies for
species identification using MALDI-TOF MS with a MALDI
Bio-Typer (Bruker Daltonics, Karlsruhe, Germany). The list
of probiotics and species identification is provided in Table 1.
Among the 30 strains, seven were identified as pathogens
and were excluded from the study. The remaining strains,
presumed to have probiotic properties, were selected for
Deoxyribonucleic Acid (DNA) extraction and whole-genome

sequencing using Oxford Nanopore Technologies.

Genomic DNA extraction

Genomic DNA was extracted using the
ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research, Seattle,
United States) following the manufacturer’s instructions'.
The quality and concentration of the gDNA were assessed
using agarose gel electrophoresis (1.0% agarose gel in
Tris-borate-EDTA buffer, 80V, 45 min) and a Qubit4
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fluorometer (Thermo Fisher Scientific, Inc.). According to
the nanopore manufacturer’s protocol, the concentration
of gDNA needed to be at least 200 ng per sample. The
bacterial DNA was stored at —20 °C until further use.
The genome sizes of the identified bacteria from MALDI-
TOF MS were approximately estimated, and these data
were used to calculate the amount of data expected from

nanopore sequencing (Supplementary Table 1).

Library preparation, sequencing and bioinformatic
analysis

Libraries were prepared using the Rapid Barcoding Kit
24 V14 (SQK-RBK114.24, Oxford Nanopore Technologies,
Oxford, UK) for sequencing on R.10.4.1 flow cells”. The
datasets were generated on a MinlON Mk1C (Oxford
Nanopore Technologies) device with the super-accuracy
base-calling mode selected. All other parameters were set

to the default settings.

Genome assembly and annotation

The Bactopia pipeline'®, a comprehensive
bioinformatics tool for analyzing bacterial genomes, was
used to process all probiotic genomes. All analyses and
programs in this study were performed using default
parameters. Initially, FastQC was employed for quality
control of the sequences'”. Subsequently, genomes that
passed the quality control were assembled using Flye, a tool
optimized for long-read data from nanopore sequencing.
The assembly quality was then evaluated using QUAST"®,
which provided metrics such as N50, total length, and
number of contigs. The qualified assembled genomes from

this step were used for further downstream analysis.

Safety assessment

For the safety assessment, bioinformatic analysis
was applied to evaluate safety profiles. The strains that
contain antibiotic resistance and virulence factors were

considered pathogenic and excluded from this study.
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The ABRicate pipeline (https://github.com/tseemann/
abricate) was used to search against Comprehensive
Antibiotic Resistance Database (CARD) and the Virulence
Factor Database (VFDB) to determine the potential ARGs

and virulence contained in all probiotic strains'®*.

Identification of Probiotic Properties Genes

To identify genes associated with probiotic properties,
gene profiles were gathered from the literature to construct
a database for identifying probiotic traits. Subsequently,
ABRicate was used against the custom database for
screening probiotic property genes. The output files from

ABRicate were then extracted to identify the probiotic genes.

Results

Summary of sequencing data

The genome assembly statistics and identification
results for 23 isolated probiotic strains, including
Lactiplantibacillus, Pediococcus, Limosilactobacillus,
Weissella, and Enterococcus, were provided in Supplementary
Table 2. The genome sizes of the strains ranged from
1,845,929 bp (Pediococcus pentosaceus P1) to 7,139,934
bp (Lactiplantibacillus plantarum LB1). Most genomes were
assembled to the “Contig genome” level, with two complete
genomes reported for Pediococcus acidilactici AF1 and
Enterococcus thailandicus THO2. The count of contigs per
genome displayed considerable variation, spanning from
a minimal count of one contig for complete genomes and
some contig genomes, to as many as 109 contigs observed
in L. plantarum LB1. The longest contig reached 3,167,292
bp in Lactiplantibacillus pentosus CLP10, while the shortest
among the longer contigs measured 646,627 bp in L.
plantarum S1, indicating notable variability in maximum
contig lengths. The N50 values, which indicate the length
of the shortest contig at 50% of the total genome length,
ranged from 326,094 bp in L. plantarum S1 to 3,226,988 bp
in L. plantarum UKS35. The L50 contig count, representing

the smallest number of contigs that make up 50% of the
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genome, was as low as 1 for several samples, indicating
highly contiguous assemblies (Supplementary Table 2).
The assembly quality of each strain was evaluated using

FastQC and reported in Supplementary Table 2.

Safety assessment

All strains were screened against the CARD and
VFDB database to evaluate their safety. The findings
revealed that none of the isolated strains harbored harmful
genes linked to significant health risks, confirming their
suitability for potential probiotic uses. In L. plantarum LB2,
the arsD gene, encoding the arsenite efflux transporter
metallo-chaperone ArsD, was identified with a 54.29%
identity to the reference sequence, suggesting potential
resistance to arsenic stress. In Weissella paramesenteroides
WP12, the abc-f gene, encoding the ABC-F type
ribosomal protection protein and conferring resistance
to macrolides, was detected with a 62.85% identity. For
Enterococcus thailandicus THO2, the abc-f gene was
found with identities of 35.21% and 54.21%, indicating
possible multiple occurrences of this resistance gene within
the strain. Additionally, the aac(6’)-I gene, encoding the
aminoglycoside 6’-N-acetyltransferase associated with
resistance to aminoglycosides, was identified with a 73.74%
identity (Figure 1).

This figure illustrates the presence of AMR
(Antimicrobial Resistance) and STRESS genes identified
in various probiotic organisms. The chart shows the
percentage identity of specific genes associated with
antimicrobial resistance (aac(6’)-1 and abc-f) and stress

response (arsD) in different probiotic strains.

Genetic characterization and Probiotic potential
of bacterial strains

A comprehensive genetic analysis of various bacterial
genomes reveals a large array of probiotic marker genes,
highlighting their potential to enhance host health. Key

strains such as L. plantarum S1, P. acidilactici CLF11, and
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L. pentosus CLP10 exhibit genes for acid stress resistance,
adhesion, antioxidant activity, bile resistance, carbohydrate
metabolism, folate synthesis, immunomodulation, and
vitamin synthesis.

Other notable strains including L. plantarum LB2
and LC3, P. acidilactici PA14, P. stilesii PAQ2, L. fermentum
LF9, W. paramesenteroides WP12, and E. thailandicus
THO2, feature a similar genetic profile, encompassing stress
resistance, adhesion mechanisms, antioxidant properties,
bile resistance, enzyme activity, folate synthesis, and
immunomodulatory functions.

This genetic characterization points out the diverse
probiotic functionalities of these strains, highlighting their
potential to support host health through stress management,

metabolic support, and immune modulation.

Discussion

The identification of potential probiotic strains
enables researchers the great potential for further research
and use. The screening of a large number of probiotics
simultaneously provides advantages in various fields of
study, whether gastrointestinal health, immune modulation,

and metabolic supportm"22

. All identified strains in this study
could be developed into probiotic products or supplemented

into functional foods, which offer natural, safe, and effective

solutions to promote human and animal well-being.
Moreover, the comprehensive genomic characterization
of probiotics provides solid support for further studies. It
is probably enabling accurate formulation and targeted
probiotic therapy. For example, the ability to tolerate acid
tolerance and bile in different conditions indicates that
these strains could survive and function effectively in the
gastrointestinal tract of living organisms.

In this study, we obtained varying genome sizes
across the different strains, ranging from 1,845,929 bp
to 7,139,934 bp. This indicates the diversity of probiotic
genomes and the potential differences in functional
capabilities among them. For the assembly level, most
of the strains in this study are assembled to the “Contig
genome” level, which might occur due to the limitations
of assembly software or the incompleteness of the length
of DNA obtained from the DNA extraction step. However,
two strains, including P. acidilactici AF1 and E. thailandicus
THO2, achieved complete genome assembly, which typically
provides more comprehensive and accurate genetic
information. Moreover, the complexity of the target genome
and contamination directly impact the assembly process. For
instance, we encountered a 7.1 Mbp genome comprising
two genomes of distinct probiotics: L. plantarum and

Weissella confusa A similar scenario was observed in an

AMR and Stress genes identified in probiotics

aacle’)-I
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Figure 1 antimicrobial resistance characteristics in probiotic strains
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unclassified sample, later identified as P. pentosaceus and
Weissella confusa as well. Therefore, a higher number of
contigs often suggests fragmentation in the assembly, which
can complicate downstream analyses and interpretations.
The assembly quality of each strain was evaluated using
FastQC, as illustrated in Supplementary Table 2. Quality
assessment is essential for identifying the quality and
completeness of sequencing data, for example, low-quality
reads that may impact the accuracy and reliability of the
genome assemblies.

In order to identify and characterize appropriate
probiotics to use for promoting health, several processes
are required to determine their function®. In the past,
probiotics need to be tested for phenotypes of antimicrobial
resistance, virulence factors, stability, and hydrolysis
activities. All these steps are time-consuming and require
labor and resources. Therefore, this study aimed to screen
and evaluate the probiotic properties of strains isolated
from fermented foods and animal feces using nanopore
sequencing and bioinformatic analysis. The results show
that nanopore sequencing is an efficient tool for probiotic
identification and characterization. The insights and genomic
profiles obtained from the high throughput and accurate
technigue confirmed the presence of probiotic genes as well
as ensured the safety of the candidate strains. Furthermore,
nanopore sequencing provides several advantages
to overcome traditional methods in terms of probiotic
identification and characterization. Traditional techniques,
such as culturing with selective media, biochemical tests,
and PCR, often involve many processes which might lead
to misidentification®. These methods typically focus on
phenotypic characteristics and limited genetic markers,
which can restrict the depth and accuracy of probiotic
screening. In contrast, nanopore sequencing offers a
high-throughput, real-time sequencing approach that
provides long-read sequences suitable for whole-genome
analysis™. In addition, ONT reveals comprehensive genomic

information which enables a thorough assessment of each
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strain’s potential benefits and safety. Insight in genomic
data ensures that all genetic markers are evaluated, thus
providing a more accurate view of the probiotic potential
of the strains.

The 28 probiotic strains exhibit a range of beneficial
properties that have significant clinical implications (Figure
2). These include enhancing gastrointestinal health by
promoting a balanced gut microbiota, improving digestion,
and preventing infections®. They also support immune
system modulation, which can help in reducing the severity
of infections and inflammatory responses. Additionally, the
strains contribute to metabolic health by aiding in nutrient
absorption and synthesizing essential vitamins®. Their
antioxidant activities can protect against cellular damage,
and their adhesion capabilities ensure they can effectively
colonize the gut”. Overall, these strains hold promise for
improving overall health and preventing various diseases,
making them valuable for developing functional foods and
therapeutic probiotics.

Oxford Nanopore Sequencing Technologies,
particularly the MinlON platform, offers fast and accurate
identification of probiotic strains, making it a promising tool
for future applications®. Its ability to generate long reads
provides comprehensive genomic analysis crucial for
characterizing these strains. However, considerations such
as the ongoing costs of reagents and disposable equipment,
as well as the need for specialized expertise to operate the
technology and analyze data®, must be addressed. While
ONT is cost-effective in terms of initial investment and
long-term use, ensuring financial feasibility and access to
trained personnel are essential for its broader adoption in
probiotic screening.

In conclusion, while ONT involves higher costs
and requires technical expertise, its comprehensive, rapid,
and scalable nature makes it suitable for the identification
and screening of probiotic bacteria, especially in research

settings where detailed genomic insights are essential.
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Figure 2 List of probiotic marker genes identified in the genome presents the results of probiotic gene analysis in each

sample, indicating their functional categories
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Conclusion

Utilizing nanopore sequencing for probiotic screening
not only offers a thorough assessment of probiotic
properties but also introduces a rapid, precise, and scalable
methodology. This approach overcomes the constraints
of conventional techniques and facilitates numerous
studies investigating probiotic health benefits. Integrating
nanopore sequencing into probiotic research presents a
notable advantage, bolstering capabilities for discovering
and crafting effective probiotic interventions. Moreover, this
technology serves as a cornerstone in developing next-
generation probiotics that are safer, more efficacious, and

assist in addressing specific health requirements.
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Supplementary Table 1 isolation and identification of microorganisms from fermented foods and animal feces using

MALDI-TOF MS
Date Isolation source Sample ID  Location MALDI TOF
26-Apr-23 fermented food (Khai-Khrop-Songkhla)  PK3 Songkhla, Thailand  Pichia kudriavzevii
26-Apr-23 fermented food (Hoi-Dong) LB2 Songkhla, Thailand  Lactobacillus brevis*
26-Apr-23 fermented food (Phak-Kat-Dong) PK2 Songkhla, Thailand  Pichia kudriavzevii
26-Apr-23 fermented food (Phak-Sian-Dong) LB1 Songkhla, Thailand  Lactobacillus brevis*
11-May-23 fermented food (Pu-Dong-Khem) PK1 Songkhla, Thailand  Pichia kudriavzevii
11-May-23 fermented food (Kha-nom-chin) LF5 Songkhla, Thailand Limosilactobacillus fermentum*
11-May-23 fermented food (Kha-nom-chin) UK21 Songkhla, Thailand ~ No Organism Identification Possible*
11-May-23 fermented food (Kung-Som) THO2 Songkhla, Thailand  Enterococcus faecium*
19-May-23 fermented food (Pla-Peng-Deng) CLF11 Songkhla, Thailand  Companilactobacillus farciminis*
19-May-23 fermented food(Sato-Dong) CLP10 Songkhla, Thailand  Companilactobacillus farciminis*
19-May-23 fermented food (Pla-Peng-Deng) PA14 Songkhla, Thailand  Pediococcus acidilactici*
19-May-23 fermented food (Kung-Som) DR1 Songkhla, Thailand  Diutina rugosa
19-May-23 fermented food (Namtan-Tanot) ZB1 Songkhla, Thailand  Zygosaccharomyces bailii
19-May-23 fermented food (Kung-Som) LP8 Songkhla, Thailand  Lactiplantibacillus plantarum™
19-May-23 fermented food(Nam-Bu-Du) WP12 Songkhla, Thailand  weissella paramesenteroides™
19-May-23 fermented food (Peng-Khao-Mak) UK35 Songkhla, Thailand ~ No Organism Identification Possible*
19-May-23 fermented food (Phutsa-Dong) PAO2 Songkhla, Thailand ~ No Organism Identification Possible*
19-May-23 fermented food (Plara) AFA1 Songkhla, Thailand  Pediococcus acidilactici*
19-May-23 animal feces (Goat) PDO02 Songkhla, Thailand  Pediococcus pentosaceus™
19-May-23 fermented food (Nomai-Dong) NM1 Songkhla, Thailand  Limosilactobacillus fermentum™
19-May-23 fermented food (Peng-Mak-Khanomchin)  LF9 Songkhla, Thailand  Limosilactobacillus fermentum*
6-0ct-23 animal feces (Pig) AP1 Songkhla, Thailand Escherichia coli
6-Oct-23 animal feces (Pig) BBP1 Songkhla, Thailand  Escherichia coli
6-Oct-23 fermented food (Peng-Khao-Mak) P1 Songkhla, Thailand  Pediococcus pentosaceus™
6-Oct-23 fermented food (Makham-Dong) E4 Songkhla, Thailand  Pediococcus pentosaceus™*
6-Oct-23 fermented food (TonHom-Dong) H2 Songkhla, Thailand  Pediococcus pentosaceus™
6-0Oct-23 fermented food (Peng-Khao-Mak) LC3 Songkhla, Thailand  Lactobacillus curvatus*
6-Oct-23 fermented food (Plara) PK3 Songkhla, Thailand  Pichia kudriavzevii
6-Oct-23 fermented food (Peng-Khao-Mak) M1 Songkhla, Thailand  Pediococcus pentosaceus™
6-0ct-23 fermented food (Peng-Khao-Mak) weC2 Songkhla, Thailand Weissella cibaria*
6-Oct-23 fermented food (Mamuang-Che-Im) St Songkhla, Thailand  Lactiplantibacillus plantarum*

*The 23 non-pathogenic strains with asterisk were selected for whole-genome sequencing (WGS), MALDI-TOF MS=matrix-assisted laser
desorption/ionization time-of-flight mass spectrometer
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