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Abstract
This study aims to screen for potential probiotic lactic acid bacteria from the intestines of meat-type pigeon squabs. Ligilac-
tobacillus salivarius YZU37 was identified as the best comprehensive performed strain. Being acid- and bile salt-tolerant, 
it displayed growth-inhibition activities against Staphylococcus aureus ATCC25923, Escherichia coli ATCC25922, and 
Salmonella typhimurium SL1344, exhibited sensitivity to 6 commonly used antibiotics, and endowed with good cell surface 
hydrophobicity, auto-aggregation property, and anti-oxidant activities. Results of in vitro experiments indicated that the bac-
teriostatic effects of this strain were related to the production of proteinaceous substances that depend on acidic conditions. 
Whole-genome sequencing of L. salivarius YZU37 was performed to elucidate the genetic basis underlying its probiotic 
potential. Pangenome analysis of L. salivarius YZU37 and other 212 L. salivarius strains available on NCBI database revealed 
a pigeon-unique gene coding choloylglycine hydrolase (CGH), which had higher enzyme-substrate binding affinity than that 
of the common CGH shared by L. salivarius strains of other sources. Annotation of the functional genes in the genome of L. 
salivarius YZU37 revealed genes involved in responses to acid, bile salt, heat, cold, heavy metal, and oxidative stresses. The 
whole genome analysis also revealed the absence of virulence and toxin genes and the presence of 65 genes distributed under 
4 CAZymes classes, 2 CRISPR-cas regions, and 3 enterolysin A clusters which may confer the acid-dependent antimicrobial 
potential of L. salivarius YZU37. Altogether, our results highlighted the probiotic potential of L. salivarius YZU37. Further 
in vivo investigations are required to elucidate its beneficial effects on pigeons.
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Introduction

Probiotics are defined as living microorganisms that offer 
health benefits to the host when consumed in an adequate 
quantity [1]. Among the probiotic microorganisms, lac-
tic acid bacteria (LAB) are the most widely used probi-
otic bacteria. Their beneficial effects can be summarized 

as normalization of the intestinal microflora, function as 
alternatives or supplements of antibiotics, regulation of 
the immune system, inactivation of toxic xenobiotics, and 
production of nutrients essential for hosts [2]. Due to their 
favorable effects on the health and performance of hosts, 
probiotics have been widely used in the poultry industry.

In the past two decades, the restricted prophylactic use of 
antibiotics in food-producing animals prompted extensive 
research on substitutes for antibiotics. In broiler chickens, 
probiotic supplements have demonstrated effective control 
of microbial infections caused by Salmonella enteritidis [3], 
Campylobacter jejuni [4], and Eimeria tenella [5]. Addi-
tionally, improved feed efficiency (including increased body 
weight, feed nutritional value, and feed conversion rate), 
enhanced bone characteristics, improved intestinal mor-
phology, and promoted immune responses were observed in 
broilers supplemented with probiotic LAB or spore-forming 
Bacillus bacteria [6, 7]. Probiotic supplementation was also 
demonstrated to be efficacious in alleviating the adverse 
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effects of heat in broilers exposed to heat stress [8], increas-
ing productive performance and nutrient digestibility in low-
protein-fed broilers [9], and improving carcass characteris-
tics in broilers co-administrated with cowpea seeds [10]. 
Furthermore, improved growth performance and animal 
behavioral welfare in broiler chickens could be achieved by 
the combination of probiotics supplementation and a digital 
poultry system [11].

Accumulated research results obtained in hens at different 
stages of their growth and development also evidenced vari-
ous favorable effects associated with in-feed supplementa-
tion of probiotics. For example, in ovo and in-feed probiotic 
supplementation promoted layer embryo and pullet growth 
[12]. Implementation of probiotics in laying hens improved 
laying performance (including increased egg production 
and egg quality) and slowed down the reproductive aging of 
hens [13]. Significantly increased feed efficiency, improved 
eggshell quality, and optimized lipid metabolism were docu-
mented in the late laying period [14]. In addition, adminis-
tration of probiotics to laying hens helped reduce the occur-
rence of injurious behavior, improve animal welfare [15], 
reduce the cecal load of pathogenic bacteria (Clostridium 
perfringens, Salmonella spp., and Escherichia coli) [16], 
and mitigate harmful excretion of nitrogen and phosphorus 
from the manure [17, 18]. Therefore, the use of probiotics in 
laying hens has been proved to enhance production perfor-
mance, improve animal welfare, and promote the sustainable 
and green development of the industry.

Similarly, beneficial effects of dietary probiotics sup-
plementation on ducks, geese, and quails were reported in 
terms of enhancing egg quality, increasing performance and 
reducing mortality, improving meat quality and cecal health, 
and alleviating pathogen-induced intestinal flora dysbiosis, 
besides stress amelioration, pathogen control, and immune 
responses enhancement (recent research results are summa-
rized in supplemental Table S1). Based on the numerous 
benefits of probiotics for poultry, research on supplemental 
probiotic products has become one of the fastest growing 
ventures in poultry industry.

In China, the meat-type pigeon industry is now the fourth 
largest poultry industry after chicken, duck, and goose indus-
tries. Squabs (meat-type pigeon around 4-week old), val-
ued for their high nutritional value and delicate taste of the 
meat, are the main output of the pigeon industry. As one of 
the fastest-growing segments of the poultry sector in China, 
the meat-type pigeon industry produces around 680 million 
squabs each year, accounting for about 80% of the global 
production [19]. Given the recorded safe use and recognized 
beneficial effects of probiotics on chickens, ducks and geese, 
it can be predicted that probiotics will also play important 
positive roles in the production of squabs.

However, despite the rapid development of the meat-type 
pigeon industry and the increasing consumption demand 

of squabs in the market, few studies have been conducted 
in meat-type pigeons with the aim to exploit the beneficial 
effects of probiotics on promoting squab production. As early 
as 2019, dietary administration of probiotic Enterococcus 
faecium and Lactobacillus acidophilus pellets was reported 
to induce temporary shifts in the fecal microbiome composi-
tion in adult domesticated Birmingham Roller pigeons [20]. 
In 2020, research in White King meat-type pigeons revealed 
that dietary supplementation with Bifidobacterium alone or 
in combination with mannan oligosaccharides increased body 
weights and improved immune functions [21]. In 2021, pro-
biotic supplementation of Bacillus velezensis demonstrated 
effective enhancement of immune responses in circovirus-
challenged pigeons [22]. In 2022, a synbiotic product con-
taining chitosan oligosaccharide and Clostridium butyricum 
showed positive effects of alleviating early-weaned stress and 
maintaining intestinal health in White King pigeon squabs 
[23]. Recent studies in 2024 reported that supplementation of 
drinking water with Enterococcus faecium and Bacillus subtilis 
improved immunoglobulin levels in pigeon milk [24]. While 
the lack of intestinal Lactobacillus could be associated with 
diarrhea in pigeons, the application of Lactobacillus salivarius 
SNK-6 in health sand proved effective on the treatment and 
prevention of diarrhea in White Carneau pigeons [25]. Alto-
gether, probiotics-related research in meat-type pigeons is lag-
ging far behind that performed in chickens, ducks, and geese.

Thus, the purpose of this study was to isolate and charac-
terize endogenous LAB within the intestines of meat-type 
pigeon squabs, with a view to screening promising probiotic 
strains that had the potential to be applied in the preparation 
of probiotic supplements targeted specifically for application 
in meat-type pigeon industry.

Materials and Methods

Sampling

Six healthy (28-day old) meat-type pigeon squabs (the 
White King breed) used in this study were obtained from 
Jiangsu Cuigu Pigeon Industry Co. Ltd. (Nanjing, China). 
The details of pigeon feeding management in this company 
have been described in a previous article [21]. Briefly, paired 
pigeons were housed in an aviary provided with nests and 
perches. Parent pigeons were fed with a free-choice feed-
ing system and received a basal diet mainly consisted of 
corn, pea, and wheat (the detailed composition and nutrient 
level of the basal diet was listed in supplemental Table S2). 
Water, feed, and health sand were supplied ad libitum. Each 
pair of parent pigeons reared two squabs for nearly 28 days 
from hatching. Birds were slaughtered in facilities operated 
by Yangzhou University (permit no. 202,202,169) by cervi-
cal dislocation. The intestinal contents of each bird were 
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squeezed aseptically into a 10-mL sterile tube. The attach-
ments were rinsed with 0.5 mL sterile saline and collected in 
the same tube. Samples from 6 birds were pooled together, 
homogenized, and used for subsequent isolation of LAB.

Isolation of LAB

The homogenized sample was allowed to stand at 4 °C for 
30 min. The supernatants were 10-fold sequentially (from 
10−1 to 10−6) diluted with sterile saline. From each diluted 
sample, an aliquot of 100 µL was plated onto the de Man, 
Rogosa, and Sharpe (MRS) agar plates (90 mm in diameter, 
solidified with 1.5% agar) containing 1% CaCO3 and incu-
bated at 37 °C for 24–72 h. Colonies with transparent haloes 
and different morphologies were selected, and each of them 
was re-streaked 4 times on MRS agar plates to obtain a pure 
and single colony.

The preliminarily screened bacterial strains were further 
morphologically identified via Gram staining. Gram-pos-
itive strains were then subjected to the catalase test using 
3% H2O2 [26]. The appearance of oxygen bubbles within 
half a minute indicated the production of catalase, and the 
test strain was defined as catalase-positive. In all, 28 LAB 
strains, which were gram-positive and catalase-negative, 
were selected for subsequent assays. Stock cultures were 
conserved in MRS broth containing 50% glycerol and stored 
at −80 °C.

Molecular Identification of Isolated LAB Strains

Genomic DNA was extracted from the isolated LAB strains 
using the Bacterial Genomic DNA Extraction Kit (G-Clone 
Biotechnology Co. Ltd., Beijing, China) according to the 
manufacturer’s protocol. The 16S rDNA sequence was 
amplified by using the universal primers of 27F (5’-AGA​
GTT​TGA​TCC​TGG​CTC​AG-3’) and 1492R (5’-GGT​TAC​
CTT​GTT​ACG​ACT​T-3’). PCR products were sent to Sangon 
Biotech Co., Ltd. (Shanghai, China) and sequenced from 
both directions. The obtained sequences were compared with 
known sequences in the rRNA database using the BLAST 
tool at the NCBI website (http://​www.​ncbi.​nlm.​nih.​gov/​
BLAST).

In vitro Tests of LAB Isolates as Potential Probiotics

Acid and Bile Salt Tolerance

Firstly, stocked bacterial isolates were rejuvenated by streak-
ing onto MRS agar plates and incubated at 37 °C for 24 h. 
For each LAB isolate, a single colony was transferred to a 
tube containing 1 mL MRS broth. After an overnight incuba-
tion at 37 °C, 1 mL bacterial cultures (adjusted to 109 CFU/
mL using MRS broth) were centrifuged at 8000 rpm for 

5 min. The obtained pellets were washed with phosphate-
buffer saline (PBS, 0.01 M, pH7.2) and re-suspended in 10 
mL MRS broth which had been acidified to pH 2.5 with 1 N 
hydrochloric acid or supplemented with 0.3% bile salt (w/v) 
(Oxgall, B3883, Sigma). After being thoroughly mixed, bac-
terial cultures were incubated at 37 °C. An aliquot of 100 µL 
bacterial culture was collected at 0 h, 2 h, and 4 h post-incu-
bation and spotted onto MRS agar plates (3 replicates for 
each bacterial isolate) after a 10−4 dilution was performed 
using the MRS broth. The plates were then inverted and 
incubated at 37 °C for 24 h to monitor the change in total 
viable count. The tolerance of isolated bacterial cells to acid 
and bile salt was evaluated by enumerating the viable bac-
teria colonies grown on MRS agar plates. The survival rate 
of each isolated bacteria was expressed as the percentage 
of CFU compared to the initial bacterial viable count [27].

Antagonistic Activities of Isolated LAB Against 
Pathogenic Bacteria

LAB isolates were investigated regarding their antimicrobial 
activities against three pathogenic bacteria (Gram-positive 
Staphylococcus aureus ATCC25923, Gram-negative Escheri-
chia coli ATCC25922 and Salmonella typhimurium SL1344) 
which were obtained from Jiangsu Key Laboratory of Zoono-
sis (Yangzhou, China). The LAB isolates were streaked on 
MRS agar plates (90 mm in diameter) and incubated at 37˚C 
overnight. A suspension of individual pathogenic bacterium, 
which was grown at 37 °C for 18 h in LB (Luria-Bertani) 
broth, was prepared and adjusted to 0.5 McFarland standard 
(1.5 × 108 CFU/mL). An aliquot of 100 µL suspensions of 
pathogenic bacteria were inoculated into 8 mL of molten 
MRS broth containing 0.7% agar, which was overlaid on top 
of the streaked MRS plates. After solidification, plates were 
incubated at 37˚C overnight. The diameters of the inhibition 
zones on the MRS plates were measured. The antimicrobial 
activity of the LAB strains against three pathogenic bacteria 
was classified according to the diameter of inhibition zone 
(D) as follows: D < 10 mm, none (−); 10 ≤ D < 15 mm, weak 
(+); 15 ≤ D < 20 mm, middle (++); 20 ≤ D < 25 mm, strong 
(+++); D > 25 mm, very strong (++++) inhibition [28]. The 
experiment was performed in triplicate.

In vitro Antibiotic Susceptibility Tests

Acid-bile-resistant LAB isolates that displayed growth-
inhibitory effects on tested pathogenic bacteria were 
assessed for their antibiotic susceptibility profiles against 10 
commonly used antimicrobials by Kirby-Bauer standard disc 
diffusion method. Briefly, after an overnight incubation in 
MRS broth, LAB isolates were pelleted by centrifugation at 
8000 rpm for 5 min, washed thrice with PBS, re-suspended 
in PBS, and adjusted to 0.5 McFarland standard (1.5 × 108 
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CFU/mL). The obtained bacterial cultures (a volume of 100 
µL) were then swabbed evenly as a lawn onto the surface of 
MRS agar plates (90 mm in diameter), which were allowed 
to dry at room temperature. The commercial standard anti-
biotic paper discs (6 mm in diameter, Hangzhou Microbio-
logical Reagents Co., Ltd., Hangzhou, China) were applied 
onto the solidified agar surface using a disc dispenser. After 
being left aside for 30 min at 4 °C for the diffusion of anti-
biotics, the plates were incubated at 37 °C for 24 h and the 
diameters of resulting inhibition halos were measured. The 
assay was performed in triplicates. Antibiotics used in this 
assay belonged to different categories in order to maximize 
the identification of resistance genotypes, which included 
the inhibitors of cell wall synthesis: amoxicillin (20 µg), 
penicillin G (10 U), cefoperazone (75 µg), and vancomycin 
(30 µg) and the inhibitors of protein synthesis: clindamycin 
(2 µg), erythromycin (15 µg), kanamycin (30 µg), gentamicin 
(10 µg), streptomycin (10 µg), and chloramphenicol (30 µg). 
Results were categorized as susceptibility, moderate suscep-
tibility, or resistance according to the interpretative stand-
ards provided by the manufacture which were based on the 
guidelines of the Clinical and Laboratory Standards Institute 
M100-S25 (CLSI 2017).

Tests for Cell‑Surface Hydrophobicity, 
Auto‑Aggregation, and Antioxidant Activities

LAB isolates and three pathogenic bacteria (Staphylococcus 
aureus ATCC25923, E. coli ATCC 25,922, and Salmonella 
typhimurium SL1344) grown in MRS and LB broth, respec-
tively, at 37 °C for 18–20 h were centrifuged at 8000 rpm for 
5 min. The obtained precipitate was washed thrice with PBS 
and re-suspended in PBS. The absorbance of the bacterial 
suspensions at 600 nm (OD600) was adjusted to 0.6 ± 0.02 
in order to standardize the concentration of bacteria (around 
108 CFU/mL).

The cell surface hydrophobicity of the LAB isolates was 
determined by measuring the affinity of bacterial cells for 
xylene [29]. Equal volumes (2 mL) of LAB suspensions and 
xylene were vortexed for 30 s and left undisturbed at 37 °C 
for 1 h to allow phase separation. The lower aqueous phase 
was carefully collected, and its absorbance at 600 nm was 
determined (A1). The decrease in the absorbance at 600 nm 
due to the partitioning of bacterial cells into the xylene 
phase was taken as a measure of cell surface hydrophobic-
ity. Hydrophobicity (H) was calculated from three replicates 
according to the following equation: H% = 100 × [1 - A1/
A0], where A0 and A1 denoted the OD600 of the bacterial 
suspension before and after extraction with xylene, respec-
tively. Auto-aggregation assay was performed according to 
the previously described method [30]. The LAB suspensions 
(4 mL) were allowed to stand at 37 °C for 5 h. Then, a vol-
ume of 1 mL was taken from the upper layer of the bacterial 

suspension, and its absorbance at 600 nm was determined. 
The percentage of auto-aggregation (calculated from 3 rep-
licates) was determined according to the following equation: 
Auto-aggregation (%) = 100 × [1- (At/A0)], where At repre-
sented the OD600 of bacterial suspensions after 5-h incuba-
tion and A0 was the initial absorbance at 600 nm. Intact 
cell (IC) and intracellular cell free extraction (CFE) of LAB 
isolates were prepared according to previous descriptions 
[31]. Anti-oxidative activities in respects of DPPH and 
ABTS radical scavenging activities were assayed using the 
reported method [32].

Analyses of Antibacterial Substances

Evaluation of antibacterial substances was performed in 
accordance with previous descriptions [31] with slight 
modifications. Briefly, the LAB bacterial culture broth was 
adjusted to an OD600 of 0.6, inoculated into MRS liquid 
medium (2% v/v), incubated at 37 °C for 24 h, thoroughly 
mixed, and centrifuged at 8000 × g for 10 min at 4 °C. The 
collected supernatant was sterilized using a 0.22 μm filter 
to obtain cell-free supernatant (CFS). The pH of the CFS 
was adjusted to the optimal pH for catalase (7.0), pepsin 
(2.0), and trypsin (8.0), respectively. After the addition of 
the protease into the CFS (at the final concentration of 1 mg/
mL), the mixture was incubated at 37 °C for 2 h followed 
by an adjustment of its pH to the initial value (pH 6.5). The 
Oxford cup agar diffusion method was adopted to determine 
the growth-inhibition effect of the treated CFS on S. typh-
imurium SL1344. Firstly, the S. typhimurium SL1344 bac-
terial culture was washed with PBS twice, adjusted to the 
concentration of 1 × 108 CFU/mL, added to the semi-solid 
LB agar at a ratio of 1:100 (v/v), and spread it on a Petri dish 
to make a plate, on which sterile Oxford cups were gently 
placed at equal distances. Secondly, 100 µL of the treated 
CFS was transferred into the cups which were allowed to 
stand for 2 h and then incubated at 37 °C for 12 h. The diam-
eter of the bacteriostatic zone was measured. The untreated 
CFS was taken as a control to determine the effects of vari-
ous pretreatments on the antibacterial activities of the CFS.

Whole Genome Sequencing, Assembly, 
and Annotation

Genomic DNA was isolated from the 4 L. salivarius strains 
(designated as YZU37, YZU38, YZU40, and YZU41) 
using the Bacterial Genomic DNA Extraction Kit (G-Clone 
Biotechnology Co. Ltd., Beijing, China) according to the 
manufacturer’s protocol. The obtained DNA extracts were 
quantified and sequenced using Illumina Novaseq 6000 plat-
form at Tianjin Novogene Bioinformatic Technology Co., 
Ltd. (Tianjin, China) to generate paired-end 150-bp reads. 
Clean data were generated after removing adapter sequences 
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and low-quality reads using the Trimmomatic tool v0.38.1 
(http://​www.​usade​llab.​org/​cms/?​page=​trimm​omatic). The 
quality of the sequences was assessed using the Quast v5.2.0 
tool. Clean reads generated in this study have been submitted 
to NCBI SRA database (accession number SUB13999939). 
De novo assembly was performed with SPAdes under default 
parameters by excluding contigs shorter than 100 bp. The 
draft genomic DNA sequences were annotated using the 
software tool Prokka [33]. Circular genomic maps were 
constructed from the resultant genome using the Proksee 
server (https://​proks​ee.​ca) [34].

The species of L. salivarius strains was confirmed by 
calculating the genome similarity indices, ANI, using the 
JSpecies server [35] followed by a further phylogenomic 
analysis using genome-genome comparisons in the TYGS 
server (https://​tygs.​dsmz.​de). Functional annotation of the L. 
salivarius YZU37 strain was carried out using RAST-SEED 
server (Rapid Annotation Subsystem Technology) (https://​
rast.​nmmpdr.​org). Analysis of the clusters of orthologous 
groups (COG) functional groups was performed using Egg-
NOG mapper v2.1.12 (http://​eggnog-​mapper.​embl.​de).

Pangenome Comparison and In Silico Molecular 
Docking Analyses

A comparative pangenome analysis was performed using 
Roary v3.12.0 [36]. Data used for genome assembly included 
the whole genome sequence of 212 strains downloaded from 
the NCBI database and that of the 4 L. salivarius strains 
(YZU37, YZU 38, YZU 40, and YZU 41) isolated in the 
current study.

For molecular docking analyses, three-dimensional 
(3D) conformation of choloylglycine hydrolase (CGH) 
was predicted using the homology modeling network syn-
thesis server (https://​swiss​model.​expasy.​org/) with gene 
A0A0F7Q0L6_9LACO from L. salivarius str Ren as the tem-
plate. The optimization of the CGH structure was performed 
using AutoDock Tools (v1.5.7), including adding polar 
hydrogen, calculating the distribution of atomic charges by 
computing the Gasteiger, and assigning the AD4 type to 
atoms on CGH. The 3D structures of the 6 substrates of 
CGH, including glycocholic acid (GCA), glycodeoxycholic 
acid (GDCA), glycochenodeoxycholic acid (GCDCA), tau-
rocholic acid (TCA), taurodeoxycholic acid (TDCA), and 
taurochenodeoxycholic acid (TCDCA), were downloaded 
from the website of Chemical Entities of Biological Inter-
est (ChEBI)(https://​www.​ebi.​ac.​uk/​chebi/) in the format of 
mol2, which were then converted to the .pdb format using 
OpenBabel (v2.4.1). The active site of CGH (of L. salivar-
ius origin) involved in the enzyme-substrate binding was 
documented by Rani et al. [37]. The docking simulation, 

docking flexible ligands (substrates) to rigid receptor protein 
(CGH), was performed by using AutoDock Vina. Results of 
the substrate-protein interactions with the strongest binding 
affinities were visualized using PyMOL (v2.5.5).

Identification of CRISPR‑Cas System, Antimicrobial 
Resistance, and Bacteriocin‑Encoding Genes

The CRISPR Finder tool was used to detect CRISPR direct 
repeats and spacers [38]. The Comprehensive Antibiotic 
Resistance Database (CARD) (https://​card.​mcmas​ter.​ca/​
analy​ze/​blast) online server was used to search for anti-
microbial resistance genes. The BAGEL4 program (http://​
bagel4.​molge​nrug.​nl) was used to search for genes associ-
ated with bacteriocins.

Results and Discussion

In this study, we isolated 28 gram-positive and catalase-neg-
ative LAB from the intestines of 6 meat-type pigeon squabs. 
All these LAB isolates could hydrolyze CaCO3 and formed 
transparent zones around the colonies on MRS agar plates. 
They were firstly identified at the species level using the 16 S 
rRNA gene PCR-sequencing method. Then, their probiotic 
features regarding their tolerance to low pH and bile salt, as 
well as their antagonistic abilities against three pathogenic 
bacteria, were evaluated. LAB isolates, which demonstrated 
acid- and bile salt-resistance and growth-inhibition effects 
on tested pathogenic bacteria, were investigated for their 
susceptibility profiles to 10 commonly used antibiotics. 
Based on our results, L. salivarius YZU37 strain was the 
most promising probiotic candidate. We further character-
ized its cell surface hydrophobicity, auto-aggregation prop-
erties, and antioxidant activities. Its antibacterial substances 
were also analyzed. Its whole genome was sequenced, and 
in silico investigations about its metabolic and functional 
feature were performed to explore its fundamental properties 
for potential probiotics.

Identification of LAB Isolates by 16 S rRNA Sequencing

Results of sequence comparisons by searching the GenBank 
16 S rRNA sequences database revealed that the 28 LAB 
isolates exhibited a similarity higher than 98% to 3 different 
LAB species, which included 23 strains of Enterococcus fae-
cium (NR_114742.1, Enterococcus faecium DSM 20,477), 4 
strains (designated as YZU37, YZU38, YZU40, YZU41) of 
L. salivarius (NR_112759.1, L. salivarius JCM 1231), and 
one strain (YZU39) Lactobacillus johnsonii (NR_117574.1, 
Lactobacillus johnsonii CIP 103,620).

http://www.usadellab.org/cms/?page=trimmomatic
https://proksee.ca
https://tygs.dsmz.de
https://rast.nmmpdr.org
https://rast.nmmpdr.org
http://eggnog-mapper.embl.de
https://swissmodel.expasy.org/
https://www.ebi.ac.uk/chebi/
https://card.mcmaster.ca/analyze/blast
https://card.mcmaster.ca/analyze/blast
http://bagel4.molgenrug.nl
http://bagel4.molgenrug.nl
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Tolerance to Acid and Bile Salt

Survival in the acidic and bile salt-containing environment 
is one of the essential prerequisites for potential probiotic 
bacteria to proliferate and perform beneficial functions in 
the hosts’ intestinal tracts.

In the in vitro simulation studies, the unchanged pH 
(2–3) is a widely used drastic condition to simulate the 
acidic environment of the stomach [39]. It was generally 
accepted that isolates capable of tolerating pH 3 for 3 h 
showed comparably high resistance to acidity and could 
be considered as acid-resistant strains with promising 
probiotic properties [40]. Our current results showed that 
the degrees of acid tolerance varied among the tested 
strains. After being exposed to low pH (pH 2.5) for 2 h 
and 4 h, the 28 isolated LAB strains presented an average 
survival rate of 80.1% and 72.7%, respectively. A total of 
17 and 12 strains grew well after 2-h and 4-h incubation, 

respectively, in acidified MRS broth (pH 2.5) with a sur-
vival rate over 80%.

For the bile tolerance assay, most researchers used 0.3% 
(0.1−0.5%) as a critical concentration for the selection of 
resistant strains [41]. Our results showed that the major-
ity of the isolated LAB strains exhibited high level of bile 
tolerance, which was consistent with their intestinal origin. 
After a 2-h and 4-h exposure to 0.3% bile salt, the 28 isolated 
LAB strains presented an average survival rate of 96.8% 
and 90.1%, respectively. In total, 58.6% and 41.4% LAB 
isolates retained a survival rate above 80% after being incu-
bated in MRS broth containing 0.3% bile salt for 2 h and 
4 h, respectively.

Comparing the impacts of acid and bile salt on the growth 
of LAB isolates (supplemental File S1), 11 isolated strains 
(designated as YZU12, 14, 15, 18, 19, 22, 23, 25, 26, 37, and 
38) conferred good resistance to both low pH and bile salt 
(Fig. 1). These acid- and bile-tolerant strains, when being 

Fig. 1   The survival rate of isolated lactic acid bacteria exposed to pH 2.5 and 0.3% bile salt
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ingested, could be expected to survive and proliferate in the 
hosts’ intestinal tracts.

Antimicrobial Activity

Inhibitory activity against the growth of pathogenic bacteria 
is another desirable feature of probiotic strains. This prop-
erty is closely associated with their probiotic performance 
of preventing the colonization and infection by pathogenic 
organisms. In this study, the antibacterial activities of 28 
LAB isolates against 3 tested pathogenic bacteria showed 
disparities (supplemental File S2). Strains YZU37, YZU38, 
and YZU41 displayed good antibacterial activity against 3 
tested pathogenic bacteria (Fig. 2). Strains YZU17, 21, 23, 
and 36 were more effective against gram-negative S. typh-
imurium SL 1344, whereas strains YZU13, 19, 30, 31, 33, 
and 40 exhibited antagonistic activities against gram-posi-
tive S. aureus ATCC 25,923. Strain YZU39 was least effec-
tive against 3 tested pathogens and displayed the smallest 
diameters of the inhibition zones.

Antibiotic Susceptibility Test

An important requisite for probiotic strains to be considered 
safe for animal consumption is that they are antibiotic sus-
ceptible (i.e., being able to be eliminated if necessary) or lack 

acquired antimicrobial resistance properties (i.e., being unable 
to transmit the antibiotic resistance to pathogenic or potentially 
pathogenic microorganisms). To address the biosafety con-
cerns, acid- and bile salt-tolerant L. salivarius strains YZU37 
and YZU38, which demonstrated the most effective growth-
inhibition effects against tested pathogens, together with 2 other 
L. salivarius strains (YZU40 and YZU41), 2 E. faecium strains 
(YZU19 and YZU23), and 1 Lactobacillus johnsonii strain 
YZU39, were tested for their antibiotic susceptibility patterns 
to 10 most commonly used antibiotics.

LAB isolates displayed a species-specific pattern in their 
antibiotic susceptibility profiles (Table 1). Four L. salivarius 
strains displayed similar antibiotic susceptibility profiles. 
They all were resistant to vancomycin and presented at least 
medium resistance to aminoglycosides antibiotics (i.e., kana-
mycin, streptomycin, and gentamicin), while sensitive to the 
other 6 antibiotics tested.

Here, our results corroborate previous investigations indi-
cating that the occurrence of aminoglycoside and vancomy-
cin resistance was widely observed in LAB.

Aminoglycosides, endowed with polycationic proper-
ties, can penetrate into the periplasmic space through bind-
ing to the anionic compounds on the bacterial surface. 
With the participation of a functional electron transport 
system, the aminoglycoside molecules reach the cyto-
plasm, bind to the 30 S ribosome subunit, and lead to 

Fig. 2   Diameters of the inhibi-
tion zone (mm) exhibited by 
isolated lactic acid strains 
against three pathogenic 
bacteria
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the production of mistranslated proteins [42, 43]. Most 
Lactobacillus species are intrinsically resistant to amino-
glycosides (mainly gentamicin, kanamycin, streptomycin, 
and neomycin) [44]. A high natural resistance to the anti-
biotic group of aminoglycoside was widely reported in 
LAB strains isolated from various resources [45]. This 
resistance phenotype observed in LAB has been ascribed 
to their low permeability of bacterial cell surface for ami-
noglycosides, especially at low pH, and the absence of 
cytochrome-mediated electron transport elements [46]. 
Therefore, resistance to aminoglycosides in these microbes 
is usually intrinsic, not acquired, and does not constitute a 
safety concern in itself [47].

As for vancomycin, it is a glycopeptide and the inhibitor 
of peptidoglycan synthesis. It binds with high affinity to the 
D-Ala-D-Ala terminus, the peptidoglycan precursors on the 
bacterial cell wall envelope, and interferes with the matura-
tion process of the peptidoglycan layer [48]. The replace-
ment of the regular D-Ala-D-Ala by dipeptide D-Ala-D-lac 
or D-Ala-D-Ser, to which vancomycin had low affinity, ren-
dered many Lactobacillus strains intrinsically resistant to 
vancomycin [49]. Besides Lactobacillus, the vancomycin 
resistance in Pediococcus, Leuconostoc, and Lactococcus 
species was also considered to be intrinsic and chromosom-
ally encoded [50]. This intrinsic character, gendered by the 
substitution of residues in the muramyl pentapeptide cell 
wall, is non-transferable and presents a low risk of horizon-
tal dissemination to pathogenic and opportunistic bacteria 
[51]. Therefore, the absence of intrinsic aminoglycoside and 
vancomycin resistance was not applied as criteria for the 
exclusion of isolates as probiotic LAB candidates.

Analyses of Other Probiotic Properties

In this study, 7 LAB isolates (designated as YZU37, 38, 
40, 41, 19, 23, and 39), which were tested for antibiotic 
susceptibility, were further analyzed for their characteri-
zations of other probiotic features, including cell surface 
hydrophobicity, auto-aggregation properties, anti-oxidant 
activities, and their antimicrobial substances.

Cell surface hydrophobicity, reflecting the capacity of 
bacteria to adhere to hydrocarbons non-specifically, is cor-
related to the attachment of bacteria to the epithelium along 
the digestive tract [52]. It is commonly used to evaluate 
bacterial strains’ colonization potential [53]. Auto-aggrega-
tion, determining the non-specific interactions among bac-
teria themselves, measures the ability of bacteria to adhere 
and multiply in the gastrointestinal tracts [54]. Among the 
7 strains, the hydrophobicity and auto-aggregation level 
ranged 13.56−38.65% and 14.85−48.33%, respectively. 
Strain YZU37 demonstrated a good hydrophobicity of 
38.65 ± 3.43% for xylene and an auto-aggregation rate of 
32.05 ± 0.62%, which was comparable to previous results 
obtained in lactobacilli strains [55].

The antioxidant activity of LAB is another important 
probiotic feature. Our results showed that Lactobacillus 
johnsonii strain YZU41 and the 4 L. salivarius strains dis-
played better DPPH and ABTS radical-scavenging activi-
ties than the 2 E. faecium strains (supplemental Table S3). 
Of the 4 L. salivarius strains, YZU37 and YZU38 had 
equivalent anti-oxidant activities. The DPPH scavenging 
rates of their CFE and ICS were significantly higher than 
that of the other two strains (p < 0.05). The ABTS-radical 

Table 1   Antibiotic susceptibility patterns of some isolated LAB strains*

*Susceptibility is expressed as S, susceptible; MS, moderately susceptible; R, resistant. Results were obtained from triplicates

Group Antibiotics
(disc potency)

 Ligilactobacillus salivarius  Enterococcus 
faecium 

 Lactobacillus 
johnsonii 

YZU37 YZU38 YZU41 YZU40 YZU19 YZU23 YZU39

Inhibitors of cell wall synthesis
β-lactamase inhibitors Amoxicillin (20 µg) S S S S S S S
Penicillins Penicillin G (10 U) S S S S S S S
Cephalosporins Cefoperazone (75 µg) S S S S MS MS S
Glycopeptide Vancomycin (30 µg) R R R R S S S
Inhibitors of protein synthesis
Single antibiotic Chloramphenicol (30 µg) S S S S S S S
Lincosamides Clindamycin (2 µg) S S S S R R MS
Macrolides Erythromycin (15 µg) S S S S R S S
Aminoglycosides Kanamycin (30 µg) R R R R R R R
Aminoglycosides Streptomycin (10 µg) R R R R R R MS
Aminoglycosides Gentamycin (10 µg) MS R R MS R R R
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scavenging rates of the CFE of YZU37 and YZU38 were 
also significantly higher than that of YZU40 and YZU41 
(p < 0.05).

Analyses of antibacterial substances revealed complete 
loss of antimicrobial activity in neutralized CFS of all tested 
7 LAB isolates, which indicated that the inhibitory effects 
these isolates exerted on the growth of pathogenic bacteria 
were dependent on the acidic environment. In the meantime, 
significantly reduced antimicrobial activities were observed 
after the treatments of pepsin, trypsin, and catalase to the 
CFS, which implied that the antibacterial components were 
protein-like and, at least, partly were the result of the pro-
duction of hydrogen peroxides (Supplemental Table S4).

Collectively, strain YZU37 was able to resist pH 2.5 for 
4 h without loss of viable cells, retained a survival rate of 
more than 80% after a 4-h-exposure to 0.3% bile salt, exhib-
ited strong antagonistic effects against the growth of patho-
genic Salmonella typhimurium, Staphylococcus aureus, and 
E. coli strains, was susceptible to the majority antibiotics 
tested, displayed good hydrophobic and auto-aggregation 
features, as well as radical scavenging capacities. We con-
cluded strain L. salivarius YZU37 was a putative probiotic 
candidate and further analyzed its whole genome sequence 
in order to shed more light on the mechanisms by which it 
exerted its actions.

Genome Characteristics of L. salivarius YZU37

The complete genome of YZU37 contains a single circular 
chromosome of 2,159,518 bp with a guanine-cytosine (GC) 
content of 33.4% (supplemental Fig. S1). Its size (around 
2.1 Mb) is similar to the genome size of other L. salivarius 
strains previously uploaded to the Genome database in NCBI 
by other researchers.

Species Confirmation

Average nucleotide identity (ANI), which provides a quanti-
tative measure regarding the genetic relatedness of different 
bacterial strains, was calculated between the YZU37 genome 
and genome sequences available in the JSpecies server [35]. 
The ANI values larger than 95−96% were often used as 
the criterion to confirm the bacterial species. Our results 
revealed that YZU37 strain showed the highest ANI val-
ues for L. salivarius DSM 20,555 (ANIb 97.50% and ANIm 
98.06%, respectively) and L. salivarius CECT 5713 (Tetra 
0.9884). Phylogenomic analysis using genome-genome 
comparisons in TYGS revealed that the YZU37 strain was 
most closely related to L. salivarius DSM 20,555 (Fig. 3). 
These results confirmed that the YZU37 strain belonged to 
L. salivarius.

Pangenome Analysis

A comparative pangenome analysis of 216 L. salivarius 
strains was performed. Of which, genomes of 4 pigeon-
origin L. salivarius strains (YZU37, YZU38, YZU40, and 
YZU41) were newly sequenced in this study and the other 
212 genomes were publicly available in the NCBI Genome 
database. Results from pangenome analysis revealed 14,323 
sets of genes. Among them, 7.4% genes were grouped into 
core (hard core and soft core) genome and 92.6% genes into 
accessory genome. Nearly 83% (11,889) genes were strain-
specific genes (cloud genes), indicating the high genomic 
heterogeneity among these L. salivarius strains (Fig. 4). 
Strains isolated from the same species were closely clus-
tered. Of the 4 L. salivarius strains isolated from pigeons 
in this study, YZU37, YZU38, and YZU41 were clustered 
into one cluster together with 3 other strains isolated from 
the feces of wild boar (geographic location: Spain), while 
YZU40 was in a neighboring cluster with 9 strains isolated 
from the feces of badgers (geographic location: China). 
Pigeon- and chicken-origin strains did not group into one 
cluster as expected. We speculated that the genetic charac-
teristics of intestinal bacterial strains isolated from pigeons 
(mainly consume raw grains) were more similar to that of 
strains isolated from wild animals, rather than to those iso-
lated from broilers and laying hens (primarily fed on com-
mercial complete feeds).

By analyzing the presence and absence of genes among 
the genomes of the 216 strains (Supplemental File S3), two 
protein-coding genes (dedA_1 and group_13775), annotated 
as protein DedA and choloylglycine hydrolase, respectively, 
were uniquely identified in the 4 pigeon-originated strains. 
DedA family proteins are integral membrane proteins widely 
found in bacteria and function as undecaprenyl-phosphate 
(UndP) flippases [56]. Their distinct physiological roles 
are still enigmatic. At present, it is known that bacterial 
DedA family members are involved in the maintenance of 
membrane integrity, colistin resistance, cell division, and 
pH sensitivity [57]. This dedA_1 gene, uniquely identified 
in the genomes of the 4 L. salivarius strains derived from 
pigeons, needs to be further investigated to determine its 
specific roles.

As for the other protein, choloylglycine hydrolase (CGH, 
E.C. 3.5.1.24), it is commonly termed as bile salt hydrolase 
(BSH) or conjugated bile acid hydrolase (CBAH). It hydro-
lyzes the amide bond in conjugated (glycine- or taurine-
conjugated) bile acids, converting them into deconjugated 
bile acids and releasing free amino acids [58]. Besides its 
function in bile detoxification, which improves bacterial 
survivability in the bile-acids-containing intestinal envi-
ronment, the enzymatic activity of CGH is also associated 
with bacterial colonization in the gut [59], cholesterol reduc-
tion in pigs, dogs, mice, and human [60], and alleviation 
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of Clostridioides difficile infection in human [61]. Due to 
these beneficial effects on hosts, bacterial CGH activity was 
considered by some researchers as a functional probiotic 
biomarker [37].

Pangenome analysis revealed that in the genomes of the 
4 pigeon-origin L. salivarius strains, there was a unique 
CGH-encoding gene which was different from the com-
mon one shared by the other 208 L. salivarius strains iso-
lated from human, pig, chicken, badger, and wild boar. 
Using molecular docking (MD) analysis, we further 
investigated the interactions between CGH and its 6 sub-
strates, including GCA, GDCA, GCDCA, TCA, TDCA, 
and TCDCA. MD results showed that the binding affin-
ity of pigeon-origin CGH to 6 conjugated bile acids was 
generally lower than that of the common CGH shared by 
other L. salivarius strains of other sources (Fig. 5A and B), 

indicating a more stable receptor-ligand binding. Detailed 
non-covalent interactions between CGH (the receptor) 
and GCA (the ligand), which exhibited the largest dif-
ference in the receptor-ligand binding affinity, are shown 
in Fig. 5C. Compared with the common CGH of other 
sources, pigeon-origin CGH formed more hydrogen bonds 
and hydrophobic interactions with its substrate GCA. As 
far as we know, this is the first report of a unique CGH-
encoding gene identified in the genomes of L. salivarius 
strains isolated from pigeons. Characterized by stronger 
enzyme-substrate interactions, this pigeon-origin CGH 
may stably bind to conjugated bile acids and lead to a 
higher catalytic efficiency. Further studies need to be per-
formed before the specific roles this unique CGH plays in 
the microbial metabolism of the pigeon’s intestines can 
be elucidated.

Fig. 3   Phylogenetic comparison of Ligilactobacillus salivarius 
YZU37 with representative complete genomes of other Ligilactoba-
cillus strains carried out in TYGS webserver.  (The tree was inferred 

with FASTME 2.1.6.1. from GBDP distances calculated from 16 S 
rDNA gene sequences. The bootstrap support value next to each node 
represents the confidence degree of each branch)
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Annotation and Functional Prediction

Genome annotation using Prokka predicted a total of 2110 
genes, including 2036 protein-coding sequences (CDS), 66 
tRNAs, 7 rRNAs, and 1 tmRNA. No plasmid sequences were 
found in the genome. Of the predicted CDS, 1197 genes 
(58.8%) were functional, and 839 genes (41.2%) were hypo-
thetical or unknown. The 66 tRNA sequences correspond to 
20 amino acids: Arg and Gly (6 sequences); Glu and Leu (5 
sequences); Gln, Lys, Ser, Thr, Met, and Val (4 sequences); 

Asp, Asn, and Pro (3 sequences); Cys, Ile, Phe, and Tyr (2 
sequences); Ala, Trp, and His (1 sequence).

Analysis of the YZU37 genome on RAST provided an 
overview of the coded biological features with a subsys-
tem coverage of 27%, distributed in 840 SEED subsystems 
(Fig. 6). The distribution of different functional groups 
showed a predominance of genes involved in general pro-
cesses related to carbohydrates (147), protein metabolism 
(125), amino acids and derivatives (99), nucleosides and 
nucleotides (76), and DNA metabolism (70). Fifty-two 

Fig. 4   Results of the pangenome comparison analysis. (A, the matrix 
depicts the results of the comparison of the genomes of the 216 Ligi-
lactobacillus salivarius strains. Of which, 4 strains were isolated 
from meat-type pigeons and sequenced in this study, while the whole 

genome sequence of the other 212 strains of different sources were 
obtained from the Genome database on the NCBI website; B, a pie 
chart depicting the number of core, soft core, shell, and cloud genes)
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genes involved in the metabolism of cofactors, vitamins, 
prosthetic groups, and pigments, including genes involved 
in the biosynthesis of coenzyme A (7), NAD and NADP 
(7), riboflavin, FMN, and FAD (7), folate (6), pyridoxine 
(6), biotin (3), thiamin (3), and lipoic acid (1). The ability 
of the YZU37 strain to synthesize the B group of vitamins 
would be a desirable trait for its potential probiotic effects 
on the hosts.

Analysis of COG functional groups using EggNOGmap-
per v2 assigned 66.63% genes into 18 clusters (Fig. 7). The 
highest number was sorted under the function unknown 

group (S), which contained several loci of interest, including 
phage-related proteins, enzyme involved in biosynthesis of 
extracellular polysaccharides, protein involved in the matu-
ration of the 30 S and 50 S ribosomal subunit, and biofilm 
formation stimulator. The remaining proteins were mostly 
categorized under functional groups associated with genetic 
information and processing (J, K, and L), followed by the 
transport and metabolism-related groups (E, F, G), and the 
cell wall, membrane, envelope biogenesis group (M).

The KEGG functional annotation by BLASTKOALA 
assigned approximately half of the genes (53.5%, 1089 

Fig. 5   MD results showing the interactions of choloylglycine hydro-
lase (CGH) to its substrates. (A and B, interactions between CGH and 
its 6 substrates; GCA, glycocholic acid (CHEBI: 17,687); GDCA, 
glycodeoxycholic acid (CHEBI: 27,471); GCDCA, glycochenode-

oxycholic acid (CHEBI: 36,274); TCA, taurocholic acid (CHEBI: 
28,865); TDCA, taurodeoxycholic acid (CHEBI: 9410); TCDCA, 
taurochenodeoxycholic acid (CHEBI: 16,525); C, detailed non-cova-
lent interactions between CGH and GCA)

Fig. 6   General overview of biological subsystem distribution of the genes annotated using RAST-SEED server (https://​rast.​nmmpdr.​org)

https://rast.nmmpdr.org
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genes) into 22 different functional categories (Table 2). 
Similar to the results of COG analysis, the majority of them 
were related to protein families (30.84%): genetic informa-
tion processing (16.80%), signaling and cellular processes 
(11.29%), and metabolism (2.75%), followed by carbohy-
drate metabolism (12.86%), nucleotide metabolism (4.87%), 
amino acid metabolism (4.41%), and environmental infor-
mation processing (5.51%).

Of note, we identified 8 genes closely associated with 
the acid-resistant function of YZU37, which included atpB, 
atpF, and atpE (encoding the integral membrane F0 portion 
of F0F1 ATP synthase, i.e., subunit A, B, and C, respec-
tively), atpA, atpD, atpG, atpH, and atpC (encoding the 
catalytic F1 portion of F0F1 ATP synthase, i.e., subunit 
alpha, beta, gamma, delta, and epsilon, respectively). The 
F0F1 ATP synthase is one of the main mechanisms adopted 
by gram-positive bacteria for protection against acidic condi-
tions [62]. Studies in Lactobacillus strains revealed that the 
cluster of F0F1 ATP synthase subunits served as a main reg-
ulator of cytoplasmic pH and improves bacterial tolerance to 
low pH [63, 64]. Additionally, 3 Na+/H+ antiporters genes 
(nhaC, napA4, nhaP3), which had been proved to maintain 
pH and Na+ homeostasis [65], and CadA (lysine decarboxy-
lase 1), which provided cells with protection against mild 
acidic conditions [66], were also identified in the YZU37 

genome. The presence of these proteins may enforce the 
YZU37 strain’s ability to tolerate an acidic environment.

In terms of bile salt resistance, the presence of choloyl-
glycine hydrolase family protein and inorganic pyrophos-
phatase (encoded by cbah and ppaC, respectively) endowed 
the YZU37 strain with superior bile salt tolerance due to 
the key roles these two proteins played in hydrolyzing non-
peptide C-N bonds in conjugated bile acids and maintain-
ing surface tension of the membrane to keep the membrane 
intact, respectively [67].

We also identified a series of genes involved in the oxida-
tive stress resistance (trxA, trxA1, trxA2, trxB1, and tpx), 
heavy metal stress resistance (corA, zurR, znuB, znuC, 
copA), heat stress resistance (hslO, hslV, hslU, dnaK, dnaJ, 
clpB, clpC, grpE, hrcA), and cold stress resistance (cshB 
and cspC) [68]. The dltA, dltB, dltC, and dltD genes encod-
ing for proteins with immune-modulatory activities [69] 
were also identified in YZU37. Moreover, genes encoding 
cell-surface proteins, such as mapA (maltose phosphory-
lase), lspA (lipoprotein signal peptidase), and tuf (elonga-
tion factor Tu), and other bacterial adhesion activity-related 
genes, including srtA (sortase A), epsB (protein-tyrosine 
kinase), eno (enolase), pgi (glucose-6-phosphate isomerase), 
FbpA (fibronectin-binding protein A N-terminus), and scpB 
(segregation and condensation protein B), were found in the 

Fig. 7   Distribution of Cluster of 
Orthologous group (COG) func-
tional categories to the proteins 
of Ligilactobacillus salivarius 
YZU37
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genome. These results, summarized in Table 3, suggested 
that YZU37 strain was capable to resist multiple stressful 
conditions and perform well in terms of adhesion. These 
properties helped YZU37 adapt to the intestinal environ-
ment, survive, reproduction, and exert its probiotic effects 
on the host.

Carbohydrate‑Active Enzymes (CAZymes)

CAZymes are responsible for catalyzing the breakdown, bio-
synthesis, or modification of carbohydrates and glycoconju-
gates [70]. Analysis of the YZU37 genome in the dbCAN3 
webserver using the predicted amino acid sequences as input 
revealed that the YZU37 genome comprised 65 CAZymes 
genes, including 38 glycosyltransferases (GTs) genes, 18 
glycoside hydrolases (GHs) genes, 2 carbohydrate esterases 
(CEs) genes, and 7 carbohydrate-binding modules (CBMs) 
genes. GHs and GTs are the key enzymes responsible for the 
hydrolysis/rearrangement and the formation of glycosidic 
bonds, respectively [71]. The largest family in the YZU37 
genome was GTs, which was clustered into 12 families. 
Among them, GT2 (11) and GT4 (12) were the most abun-
dant. They were mainly involved in the synthesis of extra-
cellular polysaccharide (EPS), which was considered as an 
immune-related factor associated with the beneficial anti-
inflammatory effects of Lactobacillus strains [72]. Based on 
these results, we concluded that YZU37 strain was capable 

of utilizing complex carbohydrates to extract energy and 
nutrients from the environment and enhancing host immune 
function as well.

CRISPR‑Cas System in YZU37

The presence of the CRISPR-Cas system was investigated in 
the genome of YZU37 to explore its acquired immunity. We 
identified two CRISPR arrays in the YZU37 genome using 
the CRISPR-CasFinder. Only one (start at 306,422, 36-bp 
repeat length, 11 repeats) matched a consensus sequence 
with evidence level 4 (Supplemental Table S5). Within this 
array, two accessory CRISPR-associated protein of the CAS 
system (Cas2_TypeI-II-III and Cas6_Type I-III), one Cas-
Type II system (cas1), and five Cas-Type III systems (includ-
ing csm6, csm4, csm3, csm2, and cas10) were predicted. 
The CRISPR-CAS system is an immune system acquired by 
prokaryotes to defend them against foreign genetic elements 
(plasmids, transposons, viruses, and insertion sequences) 
and maintain genome fidelity [73]. Research in Enterococci 
strains revealed an inverse relationship between CRISPR-
Cas and antibiotic resistance [74]. The presence of CRISPR-
Cas systems in the YZU37 strain implicated its ability to 
invade and digest foreign DNA, therefore, may limit the 
horizontal transfer of antibiotic resistance genes [75] and 
increase the safety of YZU37 as a potential probiotic strain.

Table 2   KEGG orthology (KO) 
categories of identified protein-
coding genes in the genome 
of Ligilactobacillus salivarius 
YZU37

KO number Functional category Gene number Proportion (%)

09101 Carbohydrate metabolism 140 12.86
09102 Energy metabolism 22 2.02
09103 Lipid metabolism 32 2.94
09104 Nucleotide metabolism 53 4.87
09105 Amino acid metabolism 48 4.41
09106 Metabolism of other amino acids 10 0.92
09107 Glycan biosynthesis and metabolism 30 2.75
09108 Metabolism of cofactors and vitamins 33 3.03
09109 Metabolism of terpenoids and polyketides 8 0.73
09111 Xenobiotics biodegradation and metabolism 3 0.28
09120 Genetic information processing 151 13.87
09130 Environmental information processing 60 5.51
09140 Cellular processes 9 0.83
09150 Organismal systems 5 0.46
09160 Human diseases 2 0.18
09181 Protein families: metabolism 30 2.75
09182 Protein families: genetic information processing 183 16.80
09183 Protein families: signaling and cellular processes 123 11.29
09191 Unclassified: metabolism 52 4.78
09192 Unclassified: genetic information processing 28 2.57
09193 Unclassified: signaling and cellular processes 22 2.02

Unclassified 45 4.13
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Table 3   Stress responsive 
genes identified in the genome 
of Ligilactobacillus salivarius 
YZU37

Gene Function Gene numbers

 pH stress resistance
atpB F0F1 ATP synthase subunit A 1
atpF F0F1 ATP synthase subunit B 1
atpE F0F1 ATP synthase subunit C 1
atpA F0F1 ATP synthase subunit alpha 1
atpD F0F1 ATP synthase subunit beta 1
atpG F0F1 ATP synthase subunit gamma 1
atpH F0F1 ATP synthase subunit delta 1
atpC F0F1 ATP synthase subunit epsilon 1
nhaC Na+/H+ antiporter 1
napA4 Na+/H+ antiporter 1
nhaP3 Na+/H+ antiporter 1
CadA lysine decarboxylase 1 1
 Bile salt stress resistance
cbah choloylglycine hydrolase family protein 2
ppaC inorganic pyrophosphatase 1
 Oxidative stress resistance
trxA thioredoxin 3
trxB1 pyridine nucleotide-disulfide oxidoreductase 1
tpx thiol peroxidase 1
msrA peptide-methionine (S)-S-oxide reductase 1
msrB peptide-methionine (R)-S-oxide reductase 1
mntH manganese transport protein 1
 Heavy metal stress resistance
corA magnesium transporter CorA family protein 1
copA COPI coat complex subunit alpha 1
zurR Fur family transcriptional regulator, zinc uptake regulator 2
znuB metal ABC transporter permease 1
znuC Zinc transport system permease protein 1
 Heat stress resistance
clpB ATP-dependent chaperone ClpB 1
clpC ATP-dependent Clp protease ATP-binding subunit 1
grpE molecular chaperone GrpE (heat shock protein) 1
hrcA transcriptional regulator of heat shock response 1
hslO heat shock protein Hsp33, C-terminal 1
hslV HslU-HslV peptidase proteolytic subunit 1
hslU Heat shock protein HslU 1
dnaK Chaperone DnaK 1
dnaJ Heat shock protein DnaJ 1
 Cold stress resistance
cshB ATP-dependent RNA helicase; cold shock protein 1
cspC cold-shock protein 1
 Immunomodulation
dltA D-alanine-poly(phosphoribitol) ligase subunit DltA 1
dltB D-alanyl-lipoteichoic acid biosynthesis protein DltB 1
dltC D-alanine-poly(phosphoribitol) ligase subunit 2 1
dltD D-alanyl-lipoteichoic acid biosynthesis protein DltD 1
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Safety‑Associated Genes

The profound analysis using IslandViewer 4 did not detect 
virulence factors or pathogen-associated genes in the 
genome of YZU37. Under default parameters (perfect and 
strict hits, only), only one vanT gene in the vanG glyco-
peptide resistance gene cluster was detected in the YZU37 
genome in the CARD database search, which was consistent 
with our previous phenotypic observation of bacterial resist-
ance to vancomycin. This intrinsic antimicrobial resistance 
that is common within a single species will not present a 
safety issue [76].

Bacteriocin‑Encoding Genes

The bacteriocin operon in the genome of YZU37 was pre-
dicted using the bacteriocin mining tool BAGEL4. Three 
putative bacteriocinogenic genetic clusters were identified 
as areas of interest (AOI) at (i) Node 11 length 66,912 cov 
217665460.23 (start at 53,441 and end 66,912); (ii) Node 
18 length 37,822 cov 291463638.17 (start at 27,222 and end 
at 37,821); (iii) Node 22 length 26,625 cov 274750904.27 
(start at13,223 and end 26,625), which encoded bacte-
riocin of enterolysin A with levels of identity of 37.11% 
(E-value = 4.24E-27), 39.74% (E-value = 1.45E-25), and 
32.93% (E-value = 1.60E-24), respectively (Fig. 8).

Enterolysin A, belonging to class III bacteriocin, is a 
heat-labile extracellular peptidoglycan hydrolase [77]. Its 
presence has been identified in other potential probiotic LAB 
strains, including Enterococcus faecalis [78], Enterococcus 

durans [79], Lactobacillus mucosae [80], Pediococcus acidi-
lactici [81], Pediococcus pentosaceus and Lactococcus lac-
tis [82], Limosilactobacillus fermentum [83], and Weissella 
cibaria [84]. In the present study, the inhibitory effects L. 
salivarius YZU37 exerted on the 3 tested pathogenic bac-
teria may be attributed to its cell wall degradation property.

Conclusion

Results obtained in this study led to the identification strain 
L. salivarius YZU37 from the intestines of meat-type pigeon 
squabs with the most promising probiotic potential, which 
met the criteria for probiotic candidates in respects of acid- 
and bile salt-resistance, anti-pathogenic capacities and anti-
biotic resistance profile besides good hydrophobicity, co-
aggregation ability, and anti-oxidant activities. The genome 
of YZU37 revealed the presence of various genes related to 
stress adaption, carbohydrates transports and metabolisms, 
CRISPR-cas regions, putative bacteriocin clusters, and the 
absence of virulence and toxin genes. It also harbored a 
pigeon-unique CGH with stronger binding affinity to conju-
gated bile salts. Altogether, our current results highlighted 
YZU37’s probiotic characteristics. Further in vitro and 
in vivo research is required regarding the safety and techno-
logical performance before this pigeon-originated strain may 
be served as a promising strain for probiotic supplements.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12602-​024-​10289-1.

Fig. 8   Prediction of bacteriocin gene clusters in the genome of Ligilactobacillus salivarius YZU37 employing the BAGEL4 webserver
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