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Abstract: To assess the probiotic potential of strain 68-1 with rutin conversion capabilities, isolated
from Chinese traditional Jiangshui, a complete genomic analysis and in vitro tests were conducted.
The Oxford Nanopore Technologies (ONT, Oxford, UK)-Illumina (San Diego, CA, USA) hybrid
sequencing platform was used for whole genome sequencing and the results showed that strain
68-1 had a chromosome sequence of 3,482,151 bp, with 46.53% GC content and five plasmids with a
sequence length ranging from 2009 bp to 48,711 bp. Strain 68-1 was identified as Lactiplantibacillus
pentosus based on the whole genome sequence. A total of 133 genes encoding for carbohydrate-active
enzymes (CAZymes) were identified and genes that may be involved in rutin conversion were found
in the L. pentosus 68-1 genome. L. pentosus 68-1 showed excellent tolerance to gastrointestinal juice
and adhesion properties, and corresponding genes were identified. In addition, L. pentosus 68-1
exhibited strong antibacterial and antifungal activity, where organic acids may play a crucial role in
its antagonistic ability. Moreover, the gene cluster for plantaricin_EF production was detected. No
high virulence factor was found in the L. pentosus 68-1 genome and no hemolytic effect was observed.
In addition, L. pentosus 68-1 showed resistance to ampicillin, gentamycin, and kanamycin, and the
genomic analysis indicated that horizontal ARG transfer should not be possible. The results show that
L. pentosus 68-1 could be developed as a novel probiotic candidate to improve rutin bioavailability in
the food and feed industry.

Keywords: Lactiplantibacillus pentosus; Jiangshui; rutin conversion; probiotic potential; genomic
analyses; tests in vitro

1. Introduction

Jiangshui, also known as a serofluid dish, is a traditional fermented vegetable in
Northwest China [1]. It is considered that Jiangshui can promote digestion, lower blood
pressure, and reduce cholesterol levels [2]. The most abundant bacteria in Jiangshui
products are lactic acid bacteria (LAB) [1-3], which may contribute to the health benefits of
Jiangshui. LAB are widely used as probiotics due to their “generally recognized as safe”
(GRAS) status and their great beneficial effects [4—6]. However, few studies have focused
on the probiotic properties of LAB strains isolated from Jiangshui.

Probiotics are defined as “live microorganisms which when administered in ade-
quate amounts confer a health benefit on the host” according to an FAO/WHO report [7].
Therefore, probiotics should be resistant to stress conditions and stay viable under the
gastrointestinal environment [8,9]. In addition, antagonistic abilities, cholesterol assimila-
tion, and other functional properties are also important for probiotics in exerting beneficial
effects. On the other hand, strains must be safe and should be free of virulence factors
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and toxins and have no risk of antibiotic resistance gene transfer for application as a probi-
otic [7,9,10]. It is worth noting that the evaluation of the probiotic potential of LAB strains
should be conducted before their application in the food and feed industries since the probi-
otic properties of LAB are strain-specific [6,11]. The available probiotic evaluation methods
mainly include in vitro tests, in vivo tests, and human clinical studies [6-11]. With recent
developments in genome sequencing technologies, the assessment of the genome-scale
safety and probiotic characterization of LAB has become practical and feasible. The combi-
nation of genomic analysis and characteristic experiments could promote the evaluation of
probiotics, providing more information about their probiotic potential [12-14].

Quercitin-3-O-rutinoside (rutin) is a flavonol glycoside composed of quercitin and
rutinose and represents the most consumed dietary flavonol [15]. Rutin has been reported
to have beneficial effects on human health, including antioxidant, anti-inflammatory, and
anti-cancer activity [16-18]. On the other hand, the bioavailability of the dietary flavonoid
depends on intestinal absorption, which is determined largely by the nature of glycosylation.
Generally, the aglycone forms of flavonoids are more efficiently absorbed than flavonoid
glycosides because of their ability to cross through the cell membrane [15]. Therefore,
researchers have endeavored to improve the rutin bioavailability by deglycosylation trans-
formation [15,19,20] and several LAB strains are reported to have rutin biotransformation
ability [21,22]. However, as far as we know, no LAB strains with rutin biotransformation
ability have been isolated from Chinese traditional fermented vegetables.

In this study, strain 68-1 was isolated from traditional Jiangshui, which is usually
obtained from celery, in Shaanxi, China. Celery is a commonly consumed vegetable
containing high content of flavonoid glycosides and dietary fiber [23]. Therefore, we
supposed that the LAB responsible for Jiangshui fermentation might possess rich glycoside
hydrolase, which could be used for the biotransformation of flavonoids. The objective of
this study was to assess the probiotic potential of strain 68-1 by whole genomic analysis
and in vitro tests.

2. Materials and Methods
2.1. Strains and Culture Conditions

The strain 68-1 was previously isolated from Jiangshui in Shaanxi, China and deposited
in the China General Microbiological Culture Collection Center (CGMCC24424). The
probiotic strain Lacticaseibacillus rhamnosus GG (LGG, CGMCC1.3724 (=ATCC53103)), which
was purchased from the China General Microbiological Culture Collection Center (CGMCC,
Beijing, China), was used as a reference strain. The above two strains were cultured in de
Man, Rogosa, and Sharpe (MRS) broth at 37 °C for 18 h.

Listeria monocytogenes CICC21635, Enterococcus faecalis CICC10396, Enterococcus faecium
CGMCC1.101, Escherichia coli CMCC44102, Salmonella paratyphi B CMCC50094, Shigella
flexneri CMCC51574, and Staphylococcus aureus CGMCC1.0089 were used as indicator
bacteria, which were cultured at 37 °C and 180 r/min in Luria—Bertani (LB) broth for 12 h.

The used fungal pathogens were Rhizoctonia solani CICC40529, Candida albicans GGMCC
2.2086, Aspergillus flavus CICC40375, Fusarium oxysporum CICC2532. The fungal strains
were cultured at 25 °C on PDA for 5-7 days and then spore suspensions were prepared by
adding 15 mL of sterile ultrapure water and counted by a hematocytometer.

All indicators were previously obtained from the CGMCC and China Center of Indus-
trial Culture Collection (CICC), Beijing, China.

2.2. Complete Genome Sequencing and Genome Assembly

After 18 h incubation at 37 °C in MRS broth, the bacterial genomic DNA was extracted
by using the cetyltrimethyl ammonium bromide (CTAB) method with minor modification,
and then the DNA concentration, quality, and integrity were determined by using a Qubit
Flurometer (Invitrogen, Carlsbad, CA, USA) and a NanoDrop Spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Sequencing libraries were generated using the TruSeq DNA
Sample Preparation Kit (Illumina, San Diego, CA, USA) and the SQK-LSK109 connection
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kit (Oxford Nanopore Technologies, Oxford, UK). Genome sequencing was then performed
using the Illumina NovaSeq platform and the Oxford Nanopore PromethION platform.
The genome was assembled using the software Unicycler v0.4.8 [24]. Both the genome
sequencing and assembly were carried out by a commercial service (Personalbio Technology
Co., Ltd., Shanghai, China). The complete genome sequence of strain 68-1 was deposited in
NCBI (CP104714-CP104719) (https:/ /www.ncbi.nlm.nih.gov/assembly/GCA_025398935.1,
accessed on 25 September 2022).

2.3. Genome Annotation

The genome of strain 68-1 was annotated with GenemarkS [25] after evaluations of the
assembly quality. The tRNAscan-SE (version 1.3.1) software [26] and Barrnap v0.9 software
were used to predict the tRNA and rRNA in the strain 68-1 genome, respectively. The
online software CRISPRCasFinder (https://crisprcas.i2bc.paris-saclay.fr/, accessed on
19 December 2023) was used to search clustered palindromic interspaced palindromic repeat
(CRISPR) regions and cas genes [27]. Genomic islands of strain 68-1 were identified with
the IslandViewer 4 software [28]. Prophages and insertion sequences (IS) were searched
with the PHASTER webserver [29,30] and ISfinder [31], respectively. In addition, the Non-
Redundant Protein Sequence Database (NR), Swiss-Prot, Kyoto Encyclopedia of Genes and
Genomes (KEGG), and EggNOG were used for general function annotation. Bacteriocin
gene clusters were searched using BAGEL4 [32].

2.4. Phylogenetic Analysis

The taxonomy of strain 68-1 was investigated based on the complete genome. The com-
plete genomes of Lactiplantibacillus pentosus DSM20314, BGMA48, ZFM222, ZFM94, SLC13,
MS031, KZ0310 (Table S2), and Lactiplantibacillus plantarum WCFS1 and SK151, down-
loaded from NCBI, were used as references. The ANIb, ANIm, and TETRA frequencies
were calculated using the JSpeciesWS software (http:/ /jspecies.ribohost.com/, accessed on
19 December 2023) [33]. The genome-to-genome distance (GGDC) was calculated using a
web service (https://ggdc.dsmz.de/, accessed on 19 December 2023). In addition, the Type
Strain Genome Server (TYGS, https:/ /tygs.dsmz.de, accessed on 19 December 2023) was
used to build a phylogenomic tree based on the complete genome [34].

2.5. Identification of Safety-Related Genes

Virulence factor genes were detected using the Virulence Factor Database (VFDB) [35].
The search criteria of the cut-off values of >60% identity, >70% coverage, and E-value < 0.00001
were used to identify the possible virulence genes. The bacterial pathogenicity was pre-
dicted using the web server PathogenFinder [36]. The Comprehensive Antibiotic Resis-
tance Database (CARD) was used to search for antibiotic resistance genes (ARGs) using
the Resistance Gene Identifier (RGI) tool under perfect and rigorous hits only and high
quality /coverage criteria [37]. In addition, the KEGG database was used to detect toxin
and ARG genes [38].

2.6. Rutin Biotransformation by Strain 68-1

The overnight cultures of strain 68-1 were inoculated into MRS medium (1%, v/v)
supplemented with 100 mg/L rutin. After 72 h incubation at 37 °C, the cultures were
freeze-dried using a freeze dryer (Heto PowerDry LL3000, Thermo, Waltham, MA, USA).
The dried samples were dissolved in 10 mL of DMSO and then filtered using a 0.2 pm
membrane filter (Millipore, MA, USA). The filtrates were analyzed by HPLC (Waters,
alliance separation module 2695, 2998 detector; Waters, Milford, MA, USA) using a C18
column (YMC-Pack ODS-AQ, 250 mm x 4.6 mm, 5 um, YMC, Kyoto, Japan). The mobile
phase was composed of 50% (v/v) of methanol and 50% (v/v) of phosphoric acid solution
(0.4%). The pump flow rate was set at 1.0 mL/min and the column temperature was 30 °C.
All samples were detected by absorption at 256 nm with an injection volume of 10 pL.
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2.7. In Vitro Assessment of Probiotic Properties of Strain 68-1
2.7.1. Tolerance to Simulated Gastric Juice and Simulated Intestinal Juice

In vitro tolerance to simulated gastricjuice (SGJ, 3 g/L pepsin (p7000, Sigma, Shanghai,
China), pH 2.0) and simulated intestinal juice (SIJ, 1 g/L trypsin (T105532, Aladdin, Shang-
hai, China), 0.3% bile salt, pH 8.0) was evaluated according to a previous study, with slight
modifications [6]. The cells after overnight culture were harvested and re-suspended in SGJ
(pH 3.0) at a concentration of 10° CFU/mL at 37 °C forOh,1h,2h,and 3 h, respectively.
Then, the viable cells were counted. To assess intestinal fluid tolerance, viable bacterial
cells were determined after incubation at 37 °C in SIJ (0.3% bile salt) for 0 h, 1 h, 2 h, and
4 h. The survival rate (%) was calculated according to a previous report [6].

2.7.2. Cholesterol Assimilation

Cholesterol assimilation was evaluated according to a previous study [6]. After incu-
bation in MRS broth supplemented with 0.1 g/L cholesterol at 37 °C for 24 h, bacterial cells
were removed. The cholesterol concentration of the cell-free broth was determined by the
o-phthalaldehyde method described previously [9] and the cholesterol removal percentage
was expressed as follows:

Cholesterol removal percentage (%) =

Co — C¢
C

) % 100%
0

where Cy is the concentration of cholesterol in the initial medium and C; is the concentration
of cholesterol at the end of inoculation.

2.7.3. Evaluation of Adhesion and Aggregation Properties In Vitro

The hydrophobicity, auto-aggregation, and adhesion ability to Caco-2 cells were
evaluated according to a previous study [6]. For hydrophobicity tests, the collected strain
68-1 and LGG cells were adjusted to achieve an OD600 value of approximately 0.4. The
bacterial cells were removed and the OD600 was measured after 30 min incubation with
chloroform (3:1, v/v). For the auto-aggregation assay, the cells were re-suspended in PBS
buffer (pH 7.2) to achieve a concentration of 108 CFU/mL. After incubation at 37 °C for
0-28 h, the OD600 was measured for the upper bacterial suspension. For the adhesion
assay, Caco-2 cells were seeded into 24-well cell culture plates and incubated at 37 °C,
5% CO,, for 15 days in a humidified atmosphere to obtain cell differentiation. Then, the
bacterial cell suspension (1 x 103 CFU/mL, re-suspended in DMEM after an overnight
culture at 37 °C) was added to the 24-well cell culture plate and co-incubated with Caco-2
monolayers for 1 h at 37 °C with 5% CO,. After removing the non-attached bacterial cells,
adherent bacterial cells were detached and counted. The LGG strain was used as a control.

2.7.4. Antimicrobial Activity against Pathogens

Antibacterial activity was evaluated based on a previous study [6]. An overlay assay
was used to evaluate the bacterial antifungal activity [39]. The cells were inoculated in 2-cm
lines on MRS agar plates after growth for 16 h in MRS broth at 37 °C and then incubated
at 37 °C for 48 h. Subsequently, plates were overlaid with cooled soft PDA (0.7% agar)
containing a mold spore suspension (10* spores/mL). After incubation at 25 °C for 3 days,
the presence of a clear zone of inhibition around the bacterial smears was observed visually.

2.8. In Vitro Safety Assessment of Strain 68-1
2.8.1. Hemolytic Activity

The hemolytic activity was tested according to a previous report [9]. Fresh bacterial
cultures were inoculated on Columbia agar plates containing 7% (v/v) sheep blood (PB001
land bridge, Beijing, China). After incubation at 37 °C for 48 h, the blood agar plates were
examined visually. The presence of a greenish zone around the colony was considered
as «-hemolysis, while a clear zone and no halo were considered for 3-hemolysis and
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v-hemolysis, respectively. LGG was used as a negative control and S. aureus CGMCC1.0089
was used as a positive control.

2.8.2. Antibiotic Resistance

According to the EFSA guidelines [10], antibiotics including ampicillin, kanamycin,
chloramphenicol, clindamycin, erythromycin, gentamicin, and tetracycline were used to
determine the minimum inhibitory concentration (MIC) against strain 68-1 in this study.
Various concentrations of each antibiotic, namely 1024, 512, 256, 128, 64, 32, 16, 8, 4, 2,
and 1 ug/mL, were examined for growth (OD600 nm) after 24 h incubation at 37 °C in a
microplate reader.

2.9. Statistical Analysis

All experiments were performed in triplicate. The experimental data are presented
as means + SEM. Statistical analysis of data was carried out using SPSS (Ver. 19.0 SPSS,
Chicago, IL, USA). A one-way analysis of variance (ANOVA) test was performed for
multiple comparisons by GraphPad Prism 9.0. In this study, all values of p < 0.05 were
considered statistically significant.

3. Results
3.1. General Genome Characteristics

The ONP-Illumina hybrid sequencing platform was used to sequence the complete
genome of strain 68-1 in this study. The results showed that the complete genome sequence
of the strain was composed of a circular 3,482,151 bp chromosome and five plasmids with a
sequence length ranging from 2009 bp to 48,711 bp (Table 1 and Figure S1). The GC content
of the chromosome was 46.53% and that of plasmids ranged from 36.54% to 41.93%. The
GC content and size of the strain 68-1 chromosome was similar to that of other L. pentosus
strains (Table S1). There were 3114 ORFs, 16 rRNA (6 55 rRNAs, 5 16S rRNAs, and 5
23S rRNAs), and 64 tRNAs in the chromosome. A total of 106 ORFs were found in the
five plasmids.

Table 1. Assembly statistics of L. pentosus 68-1 genome.

Feature Chromosome Plasmid 1 Plasmid 2 Plasmid 3 Plasmid 4 Plasmid 5 All
Size (bp) 8862 48,711 37,700 4319 2009 3,583,752
GC content (%) 36.54 39.71 41.93 39.85 37.98 46.32
Number of ORF 12 49 38 6 1 3220
tRNA genes 0 0 0 0 0 64
rRNA genes 0 0 0 0 0 16
Size (bp) 8862 48,711 37,700 4319 2009 3,583,752

As shown in Table S2, 2000 genes (64.2%) could be assigned to 21 functional categories
in COG families, while 483 genes were not included in COG and 631 genes were assigned
to the function unknown. The most abundant gene category (8.77%) was predicted for
carbohydrate transport and metabolism, followed by 8.38% encoding for transcription and
6.71% coded for proteins related to amino acid transport and metabolism.

3.2. Phylogenetic Analysis

Based on the 16S rRNA sequence analysis, strain 68-1 was identified as either
L. plantarum or L. pentosus. Therefore, the strain was identified by phylogenetic analy-
sis based on the complete genome. The ANIb, ANIm, TETRA, and GGDC algorithms were
used to compare the strain 68-1 genome with the reference genomes. As shown in Table
53, high similarity values, which were above the limit of each algorithm except TETRA,
were observed between strain 68-1 and almost all the selected genomes of L. pentosus. The
similarity values were also within the range of the limit (>0.989) of the TETRA algorithm.
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Relatively low similarity was observed between strain KCA1 and other selected strains.
L. pentosus KZ0310 and MS031 were identified as the closest neighbors of strain 68-1, with
similarity of 97.52% for ANIb, 98.02% for ANIm, 0.99903 for TETRA, and 81.5% for GGDC.
In addition, the phylogenetic tree was built using TYGS and the result confirmed the high
similarity of strain 68-1 compared with the selected L. pentosus strains (Figure 1).

Percent G+C
Delta statistics
Genome size (in)
Protein count
Use strain

Species cluster
B Subspecies clust
. Type species

Lactiplantibacillus plantarum WCFS1

L Lactiplantibacillus plantarum SK151 ERECOCOERDE
68 EEENNE+
——— Lactiplantibacillus pentosus SLC13 . I:| . . . |.

I__| Lactiplantibacillus pentosus MS031 FEOERCOHEDE

70 Lactiplantibacillus pentosus KZ0310 . \:| . \:l . |.
100 L Lactiplantibacillus pentosus DSM20314[ [ I [] Il & o

_i Lactiplantibacillus pentosus ZFM222 [l ] 1l CJ I B

100 3 Lactiplantibacillus pentosus ZFM9%4 BECONICEE

——— Lactiplantibacillus pentosus BGM48 EONCONEDE

Lactiplantibacillus pentosus KCA1 EEECOEDE

=
O
O
|
=

Figure 1. Phylogenomic tree of Lactiplantibacillus pentosus 68-1 based on the complete genome.

3.3. Identification of Carbohydrate-Active Enzymes

In the genome of L. pentosus 68-1, 133 genes have been identified in five classes of
carbohydrate-active enzymes (CAZymes), including glycosyltransferase (GT), glycoside
hydrolase (GH), enzymes for auxiliary activity (AA), carbohydrate-binding modules (CBM),
and carbohydrate esterase (CE). No polysaccharide lyase (PL) family was found in this
genome. The number of CAZymes ranged from 91 to 115 in the six L. pentosus strains
collected in the CAZy database (Table S4). Compared with them, the genome of L. pentosus
68-1 contained the highest number of CAZymes (133 genes). In addition, it is worth
noting that the strain possessed 26 CE family genes and 7 AA family genes, which were
considerably higher than those of the other selected L. pentosus strains. The CAZymes
analysis also showed that the most abundant class, GH, included 54 genes of 22 GH families
in the strain. GH13 enzymes (10 genes) were the most abundant family, followed by the
GH1 family (nine genes).

In addition, L. pentosus 68-1 could transform rutin (Figure 2), which may be attributed
to the B-glucosidase and «-L-rhamnosidase activity [40,41]. Interestingly, a GH3 gene
(chr_2965), which may code for (3-glucosidase, was adjacent to the only gene of o-L-
rhamnosidase (GH78, chr_2966) in the genome. The genomic organization of the region of
the gene coding for putative a-L-thamnosidase (GH78) in strain 68-1, including the gene
araC, the gene coding for AraC-like ligand-binding domain containing a protein, and three
GH genes, is shown in Figure 2b. The araC gene seems to be a transcriptional regulator of
the probable rha/nagZ/xynB operon.
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Figure 2. Rutin biotransformation by Lactiplantibacillus pentosus 68-1. (A) HPLC chromatogram;

(B) genomic organization.

3.4. Resistance to the Gastrointestinal Environment

As shown in Figure 3A, the survival rate of L. pentosus 68-1 remained at 97.9%, while
that of LGG was 85.9% after being exposed to SGJ for 3 h. Meanwhile, the survival rate of
the strain was 96.5%, which was much higher than that of LGG (80.6%), after 1 h incubation
in SIJ, and it then decreased to 67% after 4 h exposure (Figure 3B). In addition, the strain
showed a cholesterol assimilation rate of 20.51% =+ 1.65%, which was higher than that of
LGG (15.38% =+ 0.58%) (Figure 3C).
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Figure 3. In vitro assessment of probiotic characteristics of Lactiplantibacillus pentosus 68-1. (A) Resis-
tance to simulated gastric juice, (B) resistance to simulated intestinal juice, (C) cholesterol removal
rate, (D) hydrophobicity, (E) self-aggregation ability, and (F) adhesion ability to Caco-2 cells. LGG
was used as positive control (* p < 0.05; ** p < 0.01; ** p < 0.001).
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To understand the molecular basis of the excellent stress resistance of L. pentosus 68-1,
genome analysis was carried out (Table S5). Genes encoding the complete proton pump
FOF1-ATPase system (atpF1ABDEG, atpFOABC) and 10 genes that may encode Na*/H*
antiporters were detected in the genome of L. pentosus 68-1. In addition, five L-lactate
dehydrogenase genes, one D-lactate dehydrogenase gene, and one arginine decarboxylase
gene were also identified in the genome. The genome of L. pentosus 68-1 contained three
bile salt hydrolase genes (chr_55, chr_2245, and chr_2869). Four types of multidrug efflux
transporters, including the MATE, SMR, MFS, and ABC families, were identified in the
genome. In addition, the general stress response factors, including the proteins involved in
macromolecule repair (DnaK-DnaJ-GrpE-HrcA and GroES-GroEL chaperone complexes
and proteases ClpBCPXL and HslOU), cold response factors CspAC and Hsp20, and
alkaline shock response factors (AmaP, Asp23, Gls24) were identified in the genome of
L. pentosus 68-1.

3.5. Adhesion and Aggregation Properties

The self-aggregation rate of L. pentosus 68-1 increased with time and then reached a
maximum value (82.67%) after 24 h incubation (Figure 3E). The self-aggregation rates of
L. pentosus 68-1 and LGG were 80.79% and 29.58%, respectively, at 20 h of incubation. The
cell surface hydrophobicity of L. pentosus 68-1 was 34.57%, which was lower than that of
LGG (53.28%) (Figure 3D). Moreover, the strain showed higher adhesion (9.79%) to Caco-2
cells than LGG (4.19%) (Figure 3F).

The genome analysis showed that there were three genes coding for MucBP domain
proteins, one gene coding for a collagen-binding protein, two genes coding for a fibronectin-
binding protein, and two genes coding for the zinc/manganese transport system substrate-
binding protein in the genome of L. pentosus 68-1 (Table S6). In addition, poly-3-1,6-N-
acetyl-D-glucosamine synthase was identified. Genes coding for moonlighting proteins,
including glutamine synthetase (GS), glucose-6-phosphate isomerase (GPI), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), enolase, elongation factor Tu, triosephosphate
isomerase (TPI), phosphoglycerate mutase (PGM), phosphoglycerate kinase (PGK), and
molecular chaperone DnaK-Dna]-GroES-GroEL, were also detected in the genome of
L. pentosus 68-1 (Table S6).

3.6. Antimicrobial Activity

The antagonistic activity of L. pentosus 68-1 against pathogenic bacteria and fungi
is shown in Table 2. Among seven pathogenic bacteria, the strain the showed strongest
activity against E. coli CMCC44102, S. paratyphi B CMCC50094, S. flexneri CMCC51574,
and S. aureus CGMCC1.0089, while it exhibited the least antagonistic activity against
E. faecium CGMCC1.101. Moreover, the strain showed antagonistic activity against all
tested pathogenic fungi, including R. solani CICC40529, C. albicans GGMCC2.2086, A. flavus
CICC10375, and F. oxysporum CICC2532, while LGG only showed antagonistic activity
against F. oxysporum CICC2532.

Two area of interest (AOI) regions containing genes encoding for bacteriocins, includ-
ing pediocin (159.2) and plantaricin_EF (171.2), were predicted in the genome of L. pentosus
68-1 with BAGEL4 (Table S7). However, a further manual BLAST showed that the putative
pediocin gene was actually pediocin PA-1 immunity protein in UniProtKB and no pediocin
gene was found in the predicted AOL The pInE and pInF were identified at 56 aa and
52 aa, showing 100% and 92.3% amino acid sequence identity with those of L. plantaram
WCFS1 (UniRef90_A0A7H4UG25 and UniRef90_A0A097A2A0, respectively) (Figure 4).
We compared the bacteriocin gene clusters of L. pentosus 68-1 with those of the other eight
L. pentosus strains. As shown in Figure 52, two AOI regions were predicted in the five
selected strains of L. pentosus (including the strain 68-1), while only one was predicted in
the other four selected strains of L. pentosus. The pediocin gene cluster was widespread in
L. pentosus strains, while the gene cluster of plantaricin_EF was only predicted in the
genome of L. pentosus 68-1. The plantaricin_EF gene cluster of the strain, with approxi-
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mately 20 kb, showed 82.1% identity and 48% coverage with that of L. plantarum WCFSI,
indicating the low similarity between the two gene clusters (Figure 4).

Table 2. Antimicrobial activity of the cell-free supernatants of Lactiplantibacillus pentosus 68-1.

Category Indicator Strain LGG 068-1
Listeria monocytogenes e -
CICC21635
Enterococcus faecalis N o
CICC10396
Enterococcus faecium . +
_ . CGMCC1.101
Indicator bacteria Escherichia coli
CMCC44102 i I
Salmonella paratyphi B ) .
CMCC50094
Shigella flexneri iy .
CMCC51574
Staphylococcus aureus t et
CGMCC1.0089
Rhizoctonia solani ) .
CICC40529
Candida albicans ) +
Indicator fungi 2 AGGM(.:C2'2086
spergillus flavus . .
CICC10375
Fusarium oxysporum N N
CICC2532

1 Results of independent experiments (n = 3) of inhibition zone (diameter in mm): -, no inhibition; +, 0-3; ++, 3-6;
+++, >6. Diameter of well (8 mm) was deducted. 2 Results of independent experiments (n = 3): -, no inhibition;

+, strong inhibition.
O No function determined
@ Blast hit with UniRef90
B Core Peptide
A & [ Modification
,/""f B Immunity / Transport
5.5 O Regulation
g S O Transport & Leader cleavage
5 g @ Protease
L. pentosus 68-1 NS
. . N&F IS Q
(region size:20,348 bp) g 8 5 &
DN 2 &%
IS M 55
L. plantarum WCFS1 35 5‘9’ 5 §§
. . g
(region size:29,495 bp) $§5 g N S5 . o
YL Y NS S
RN & SIS

B
L. pentosus 68-1 pInF

MEKFLVLIDRELNA 1 300V FHAY SARGVAN ;
L. plantarum WCFS1 pinF MK SBR A 30
S SRR :
L. plantarum WCFS1 pInF 52
e CIREEE SN
L. plantarum WCFS1 plnE MEQF E REP AK G 30
L. pentosus 68-1 pInE IlNlIICIIISIA LIVISVV\II. 56
L. plantarum WCFS1 pInE S V GSVAGIRGIL 56

Figure 4. Comparison of (A) gene clusters, and (B) protein BLAST of antimicrobial peptides predicted
in L. pentosus 68-1 and L. plantarum WCFSI.
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3.7. Safety Assessment and Identification of Related Genes

According to the EFSA guidelines [10] and the literature [12,42], the safety of strain
68-1 was evaluated in terms of the genotype and phenotype, including the assessment of
its toxigenicity, pathogenicity, and antimicrobial susceptibility.

A total of eight virulence genes, including Clp protease ATP-binding subunit ClpP
and ClpL, and six capsules were found under the criteria of identity > 60%, coverage > 70%,
and E-value < 0.00001 (Table S8) using VFDB. Subsequently, two bacterial toxin genes (hlyIIl
(chr_2805) and tlyC (chr_2329)) were identified in the L. pentosus 68-1 genome using the
KEGG database. However, hemolysis was not induced by strain 68-1 in the in vitro test
(Figure 5). The risk score for L. pentosus 68-1 was 0.166, which indicated that the strain was
a non-human pathogen, as calculated using PathogenFinder.

Figure 5. Hemolytic activity of Lactiplantibacillus pentosus 68-1.

Antibiotic sensitivity tests indicated that L. pentosus 68-1 was resistant to kanamycin,
gentamicin, and ampicillin, while it was susceptible to tetracycline, erythromycin, clin-
damycin, and chloramphenicol (Table 3). However, only one antibiotic resistance gene
(ARG) (chr_909, vanY) was identified using the CARD databases based on strict hits. Fur-
ther research with the KEEG database showed that L. pentosus 68-1 possessed genes relating
to vancomycin, macrolide, 3-lactam, chloramphenicol, and cationic antimicrobial peptide
(CAMP) resistance, as well as genes encoding for multidrug efflux pumps and transporters
(Table S9).

Table 3. Minimum inhibitory concentration (MIC) for Lactiplantibacillus pentosus 68-1 against tested

antibiotics.
MIC (ug/mL)
Antibiotics
EFSA Breakpoints ! Test Values 2
Ampicillin 2 16 (R)
Gentamicin 16 128 (R)
Kanamycin 64 1024(R)
Erythromycin 1 <1(5)
Clindamycin 4 <2 (S)
Tetracycline 32 8 (S)
Chloramphenicol 8 4(S)

1 EFSA breakpoints for L. plantarum/L. pentosus. > S means that L. pentosus 68-1 was sensitive to the antibiotic, and
R indicates resistance to the antibiotic.

According to previous studies, the presence of mobile genetic elements including
plasmids, prophages, and genomic islands could represent vehicles for the horizontal gene
transfer of ARGs to other microorganisms [12,42]. A total of 5 plasmids, 1 intact prophage
(57 genes) (Table S10), and 24 genomic islands (208 genes) (Table S11) were predicted in
the genome of L. pentosus 68-1. None of the ARGs were found in any of the plasmids
or the prophage, while one gene (nagZ, chr_2965) was identified in the genomic islands
of L. pentosus 68-1. The gene nagZ, coding for 3-N-acetylhexosaminidase, is involved in
[3-Lactam resistance by KEGG annotation. Subsequently, chr_2965 was manually BLASTed
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using CARD and the result showed that the bit scores were under 30 and E-values were
above 0.5 for all hits, which indicated that chr_2965 posed no safety risk to the strain.
Moreover, the identified insertion sequences (ISs) in the genome belonged to the species
Lactiplantibacillus plantarum (ISP1, ISLpl3, ISP2, ISLpl2), Paucilactobacillus hokkaidonensis
(ISLho3), and Lactobacillus helveticus (SLhe65) (Table S12). No reported ARG-related ISs
were found in L. pentosus 68-1 [43]. Five CRISPR regions were predicted and three CRISPR
regions of evidence level 4 were adjacent to cas gene clusters (Table S13).

4. Discussion

Rutin has been gaining attention due to its valuable pharmacological functions, such as
antioxidant, anti-cancerous, antibacterial, and antifungal properties. To exert its beneficial
effects on human health, the deglycosylation transformation of rutin by the gut microbiota
is necessary because there are no endogenous glycosidases in the small intestine of humans
to hydrolyze the glycosidic bonds of rutin. However, there was substantial variability in the
abundance of rutin deglycosylation microbiota among different individuals [15]. Therefore,
it was supposed that probiotics with rutin conversion capabilities could be applied for
improvements in rutin bioavailability in humans [22]. According to a previous study, rutin
is converted to isoquercitrin by «-L-thamnosidase and then 3-D-glucosidase hydrolyzes
isoquercitrin to quercetin by the gut microbiota [15,21,44]. It was reported that LAB have
both «-L-rhamnosidase and 3-D-glucosidase activity and could be used as biocatalysts
for the biotransformation of flavonoids to aglycones. Park et al. [21] isolated 34 LAB
strains from kimchi and found that all LAB strains exhibited 3-D-glucosidase activity
and 12 LAB strains showed «-L-rhamnosidase activity. Among the 12 LAB strains, only
L. pentosus NGIO1 could produce quercetin from rutin after whole-cell biotransformation.
Tests in vitro showed that L. pentosus 68-1, previously isolated from Chinese traditional
Jiangshui, could also biotransform rutin to quercitin, which is quite attractive in improv-
ing rutin bioavailability and producing quercitin in the food and chemical industries.
In addition, genes that may be involved in rutin conversion were found in the L. pentosus
68-1 genome. Similar genomic organization patterns for the rha region consisting of GH
genes and araC, which may contribute to the hydrolysis of rutin, have been reported for
L. plantarum [22,41]. Interestingly, three different GH genes (rha, nagZ, and xynB) were
predicted on a probable operon in strain 68-1, which may contribute to the hydrolysis
of various complex carbohydrates present in plant-based fermentation, while only rha
genes were found in L. plantarum [22,41]. Nonetheless, the specific regulation mechanisms
involved in rutin conversion need to be further investigated.

To assess the probiotic potential of strain 68-1, whole genomic analysis and in vitro
tests were conducted in this study. It is not surprising that the LAB isolated from Jiangshui
have excellent acidic tolerance, while the resistance to bile is strain-specific due to the acidic
environment of the product. The genome analysis confirmed that acidic stress-related
genes, bile tolerance-related genes, and general stress response genes were present in
L. pentosus 68-1. Similar stress-related genes were also identified in L. plantarum [45,46],
Pediococcus pentosaceus [12], and Bacillus velezensis [47]. It is worth noting that L. pentosus
68-1 showed much stronger adhesion to Caco-2 cells and a higher self-aggregation ability
but lower surface hydrophobicity compared to LGG. Several L. pentosus strains have been
reported to have an ability to adhere to epithelial cells and adherence-related genes were
identified in their genomes [48]. Similar genes, including those coding for mucus-binding
proteins, collagen-binding proteins, fibronectin-binding protein, moonlighting proteins,
and exopolysaccharides, were also identified in L. pentosus 68-1. In addition, L. pentosus
68-1 showed better antagonistic activity against almost all pathogens than LGG, probably
due to the phenomenon whereby the pH value of the cell-free supernatant of the strain
(3.71) was lower than that of LGG (3.83). However, their antagonistic activity disappeared
when the pH of the fermentation broth supernatant was adjusted to 6.0. Effective an-
tibacterial substances of the strain existed in the supernatant and the antagonistic activity
was pH-dependent, which was also found in other strains of Lactiplantibacillus [49], where
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organic acids, including lactic acid, citric acid, isobutyric acid, and acetic acid, may play
an important role in their antagonistic ability. In addition, genomic analysis showed that
the strain encoded for plantaricin_EF, which is a class IIb bacteriocin consisting of two
peptides [12,45]. Interestingly, although all the selected L. pentosus strains contained AIO
regions, some of them were reported not to be functionally active. It was reported that
L. pentosus L33 does not code for functional bacteriocins, due to the lack of motifs crucial
for their inhibitory action [50]. Ye et al. [51] failed to identify genes related to antibacte-
rial peptide production in L. pentosus ZFM94. In this study, the predicted AOI region of
plantaricin_EF showed low similarity with those of L. plantaram WCFS1 and no bacteriocin
production was found. Nevertheless, the knowledge of the bacteriocin gene clusters in
L. pentosus is very limited and their biological function needs to be further studied.

Tests in vitro, including a hemolytic assay and antibiotic resistance test, together with
risk-related gene detection were used to evaluate the safety of L. pentosus 68-1. Several
virulence factors, including Clp protease and capsular polysaccharide biosynthesis pro-
teins, were detected using VFDB. Nevertheless, these genes are also present in the other
Lactiplantibacillus strains and could be regarded as beneficial to the bacterium since they
increase the bacterial fitness without other pathogenesis mechanisms [42,49]. In addition,
the identified hemolysin III gene is widespread in Lactiplantibacillus spp. and the phe-
nomenon whereby the hemolysin genes do not induce hemolysis was also observed by
other groups [12,42,52]. Antibiotic sensitivity tests indicated that L. pentosus 68-1 exhibited
resistance to ampicillin, gentamycin, and kanamycin, and dozens of ARGs were found
by searching with the KEEG database. However, the main concern regarding ARGs in
LAB is the possibility of their transfer to other bacteria, mainly pathogens [42]. Using the
CARD databases, in which ARGs of non-pathogenic bacteria are usually not included, only
VanY was identified. Considering the long history of the safe consumption of fermented
vegetables containing Lactiplantibacillus, the authors speculated that the ARGs in L. pentosus
68-1 have no risk of transfer to pathogens. The analysis of mobile genetic elements also
suggested that horizontal ARG transfer in the strain should not be possible. In addition,
it is worth noting that many Lactiplantibacillus strains have antibiotic resistance levels
that exceed those recommended by the EFSA [42,53] and researchers have suggested that
these cutoff values should be reexamined in light of the genetic basis for resistance [53,54].
Actually, resistance to antibiotics, if not transferable, can be considered as a beneficial
phenomenon, especially among potent bacterial pathogens during combination treatment
with antibiotics [54].

In addition, it is worth noting that strain 68-1 possessed abundant CAZymes, especially
the AA and CE families, which may be useful for biotechnological applications. However,
L. pentosus has received much less research attention compared with its closely related
species L. plantarum, which has been used widely due to its diverse probiotic properties.
Further investigation should be carried out to obtain more knowledge of L. pentosus and
to explore their potential application in the food, feed, nutraceutical, and pharmaceuti-
cal fields.

5. Conclusions

In this study, the probiotic potential of L. pentosus 68-1 with rutin conversion capabili-
ties, isolated from Chinese traditional Jiangshui, was evaluated by whole genomic analysis
and in vitro tests. The results showed that L. pentosus 68-1 exhibited great tolerance to sim-
ulated gastro and intestinal juices, excellent adhesion properties, and strong antibacterial
and antifungal activity, compared with LGG. In addition, L. pentosus 68-1 was resistant to
ampicillin, gentamycin, and kanamycin, and the genomic analysis indicated that horizontal
ARG transfer should not be possible. No hemolytic activity was observed. Altogether,
L. pentosus 68-1 could be used as a potential probiotic to improve rutin bioavailability in the
food and feed industry.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation10020087/s1, Figure S1: Genome map of Lactiplan-
tibacillus pentosus 68-1. Circles (from inside to outside): circle 1 shows scale; circle 2 (purple and green)
represents the GC skew; circle 3 (black) shows the GC plot; circles 4 and 7 are color-coded according
to the COG classification of the genes present on the forward and reverse strands, respectively;
circles 5 and 6 show CDS, tRNA, and Rrna; Figure S2: Bacteriocin clusters predicted in Lactiplan-
tibacillus pentosus strains using BAGEL 4; Table S1: Genome information of the selected strains of
Lactiplantibacillus pentosus; Table S2: EggNOG category distribution of functional annotation results
of Lactiplantibacillus pentosus 68-1 chromosome; Table S3: Relatedness of the sequenced genomes of
Lactiplantibacillus pentosus 68-1 to those of reference strains; Table S4: CAZy function classification
of the selected Lactiplantibacillus pentosus strains; Table S5: Acid and bile stress-related genes in
the genome of Lactiplantibacillus pentosus 68-1; Table S6: Adhesion-related genes in the genome of
Lactiplantibacillus pentosus 68-1; Table S7: Bacteriocin clusters predicted in Lactiplantibacillus pentosus
68-1 using BAGEL4; Table S8: The virulence factors in the genome of Lactiplantibacillus pentosus 68-1;
Table S9: Antibiotic resistance genes in the genome of Lactiplantibacillus pentosus 68-1; Table S10:
Prophages predicted in Lactiplantibacillus pentosus 68-1 using PHASTER; Table S11: Genomic islands
predicted in Lactiplantibacillus pentosus 68-1 using IslandViewer 4; Table S12: Insertion elements
(IS) predicted in Lactiplantibacillus pentosus 68-1 using ISfinder; Table S13: CPISPR/cas predicted in
Lactiplantibacillus pentosus 68-1 using CRISPRCasFinder.
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