

[image: image1]
Isolation, probiotic properties, and whole-genome analysis of P. acidilactici M22 from feline milk: a promising candidate for simulated pet milk formulations
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Breast milk constitutes a rich source of bacteria essential for the establishment and modulation of neonatal microbiota, playing a critical role in neonatal health. However, probiotic strains are rarely identified in feline milk. This study successfully isolated Pediococcus acidilactici M22 from feline milk and comprehensively evaluated its potential as a probiotic candidate for simulated pet milk formulations. Strain M22 demonstrated high tolerance to acidic conditions (survival rates of 59.93%, 94.15%, and 95.06% at pH 2.5, 3.0, and 4.0, respectively) and bile salts (survival rates of 96.01%, 96.35%, and 84.38% at 0.1%, 0.2%, and 0.3% concentrations, respectively). Furthermore, M22 exhibited strong adhesion (69.23%) to Caco-2 intestinal epithelial cells, Strong suppression of Escherichia coli O157, Staphylococcus aureus, and Salmonella Typhimurium SL1344, a negative hemolytic phenotype, and sensitivity to antibiotics (e.g., gentamicin). Conversely, tests on C57BL/6 mice, which were randomly split into four groups, showed that giving M22 orally did not harm the mice, raised serum SOD levels, and lowered MDA and BUN levels. These findings indicate that oral administration of M22 significantly enhances the in vivo antioxidant capacity of mice. Further more, genomic analysis revealed 1,960 coding sequences, two CRISPR loci, five genomic islands, and two prophage regions. Collectively, these findings indicate that P. acidilactici M22 possesses significant potential as a probiotic to improve the health and well-being of pets.
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1 Introduction

For millennia, cats and dogs have coexisted with humans as cherished companion animals (Grześkowiak et al., 2015). Concurrent with rising demand for companionship, pet owners exhibit increasing interest in health management strategies and nutritional interventions aimed at enhancing animal well-being and longevity (Deng and Swanson, 2015). The gut microbiome is essential for sustaining the health of the host through various mechanisms, including facilitation of nutrient digestion and absorption, preservation of intestinal barrier integrity, modulation of host immunity, and inhibition of pathogenic bacterial adhesion and activity (Yang and Wu, 2023). For the control of pathogenic bacteria, antibiotics are commonly utilized for disease treatment and prevention in companion animals (Dias et al., 2024). However, excessive and inappropriate antibiotic use contributes to escalating issues of intestinal microbiota dysbiosis and antibiotic resistance (Marco-Fuertes et al., 2022). Furthermore, frequent and close contact between pets and their owners raises the chances of bacterial resistance being transferred, posing significant health risks to both animals and humans (Shao et al., 2021). Therefore, developing safe and effective antibiotic alternatives represents a critical research priority (Wan et al., 2019).

In recent years, probiotics are being used more frequently as a substitute for antibiotics in preventing and treating bacterial infections in pet health care (Marco-Fuertes et al., 2022). Lactic acid bacteria (LAB), which are prevalent in nature and typically present in fermented foods, as well as in the digestive systems and milk of both humans and animals (Gopalakrishna and Hand, 2020), have garnered significant attention. Among LAB, P. acidilactici, known for its substantial industrial and biomedical application potential, has gained considerable attention in recent years (Sanders et al., 2019). Previous studies have demonstrated that P. acidilactici confers probiotic benefits through various mechanisms, including the regulation of gut microbiota composition (La Fata et al., 2018), enhancement of host immune responses (Riaz Rajoka et al., 2017), maintenance of intestinal barrier integrity, and inhibition of pathogen growth and colonization (Han et al., 2017; Kim and Kang, 2019). Current research indicates that host-derived probiotic strains generally exhibit superior adaptability and stability in terms of colonization efficiency, immunomodulation, and infection prevention compared to non-host-derived strains (Wang et al., 2025).

Breast milk is rich in diverse bacteria, an increasing amount of research indicates that microbes from milk are crucial in forming the initial gut microbiota in infants and are vital for developing neonatal immunity (Gopalakrishna and Hand, 2020). Studies based on molecular biology and microbiological techniques have demonstrated that the milk microbiota of mammals is highly diverse and complex, with dominant genera including Staphylococcus (in dogs), Streptococcus (in humans), Serratia (in cattle), and Corynebacterium (in goat) (Ge et al., 2021). These microorganisms might help prevent harmful invasions and aid in the development of the immune system when it is still immature. Unfortunately, breastfeeding is not always feasible in real-life situations, highlighting the need to develop innovative formula alternatives that closely replicate the biological functions of breast milk. The microbiota in breast milk comes from safe sources and shows a high degree of diversity. Indeed, studies conducted previously have confirmed LAB’s presence in breast milk and their beneficial roles in establishing the early gut microbiota, promoting immune development, and protecting against pathogenic colonization. However, research on LAB derived from feline milk remains limited, particularly with respect to systematic studies involving strain isolation, identification, and functional probiotic characterization (Zimmermann and Curtis, 2020).

During this study, a P. acidilactici strain, referred to as M22, was extracted from the milk of a healthy feline. Extensive in vitro and in vivo evaluations were performed to assess its probiotic characteristics. Moreover, whole-genome sequencing and functional annotation using high-throughput sequencing technology were performed to explore the potential probiotic mechanisms and safety profile of M22 at the genomic level. This work not only enriches the microbial resource bank of feline milk-derived lactic acid bacteria but also provides theoretical support for the development and functional application of probiotics for pets.



2 Materials and methods


2.1 Collection and preparation of samples

Two healthy Ragdoll cats were randomly selected as donors. All animals had not received any antibiotic or probiotic treatment within the past 90 days (Zhao et al., 2025). Before sample collection, the nipples and surrounding skin of the lactating cats were thoroughly disinfected using 75% ethanol swabs. The first 2–3 drops of milk were discarded to minimize contamination, and the subsequent milk was collected into sterile centrifuge tubes. The collected milk samples were then diluted 1:9 (v/v) with sterile PBS, and immediately transported to the laboratory under refrigerated conditions.



2.2 Isolation and characterization

Milk samples were collected under sterile conditions and serially diluted in sterile saline for subsequent analysis. A 100 μL aliquot from each dilution was spread evenly onto MRS agar plates (Haibo, China) and grown at 37 °C for 48 h. After three consecutive subcultures, candidate probiotic strains were preserved in 30% (w/v) glycerol (Sigma-Aldrich, USA) at −80 °C. Shanghai Majorbio Bio-pharm Technology sequenced the amplified products (Shanghai, China). Phylogenetic analysis and tree construction were carried out using MEGA version 7.0 (Kumar et al., 2016).

During the isolation and screening process, a total of 11 probiotic strains were obtained, including 6 strains of P. acidilactici, 3 strains of Pediococcus pentosaceus, and 2 strains of Enterococcus faecium. Based on the preliminary acid tolerance test at pH 2.5, strain M22 exhibited superior resistance and was selected for subsequent experiments. Bacterial suspensions were cultured in MRS broth at 37 °C until reaching the logarithmic growth phase. Cell density was adjusted to the desired concentration using optical density measurements at 600 nm (OD600) and a previously established OD–CFU calibration curve. The suspensions were normalized to 1 × 109 CFU/mL prior to further experiments. In this study, we employed P. acidilactici strain M22, which had been previously isolated and taxonomically identified in our laboratory and is registered at the China Center for Type Culture Collection under accession number CCTCC NO. 31001.



2.3 Antimicrobial ability

Cultivation of M22 was carried out in MRS broth (Haibo, China) at 37 °C for 24 h, The culture was then spun at 8,000 rpm for 5 min to separate the cell-free supernatant. The bacterial was washed twice with PBS (0.1 mol/L) and resuspended to a concentration of 1 × 109 CFU/mL to prepare the bacterial suspension. Escherichia coli O157, Salmonella Typhimurium SL1344, and Staphylococcus aureus, were cultured in LB broth (Haibo, China) at 37 °C for 20 h and brought to 1 × 107 CFU/mL for subsequent use. Punch wells on LB broth (Haibo, China) using Oxford cups and 200 μL of bacterial suspension, cell-free supernatant, bacterial precipitate, and each well was supplemented with PBS. Following 24 h of incubation at 37 °C, the diameter of the inhibition zone was measured.



2.4 Characterization of probiotic


2.4.1 Acid output curves and growth

Overnight cultures were inoculated into MRS broth at a 2% (v/v) ratio, with sterile MRS broth used as the blank control. During anaerobic incubation at 37 °C, samples were collected every 2 h to measure the OD600 and pH.



2.4.2 Acid and bile salt resistance

The procedure was conducted based on the method reported by Safi et al. (2023), with minor modifications. To evaluate acid tolerance, MRS broth was acidified to pH 2.5, 3.0, and 4.0 using 1 mol/L HCl, sterilized, and rechecked after sterilization. 100 ul of overnight cultures were added to 4.9 mL of MRS broth at different pH levels and cultured under anaerobic conditions at 37 °C. Samples were collected at 0 h and 3 h, serially diluted, and plated for cultivation. The plates were incubated anaerobically at 37 °C for 24 h to determine the number of viable cells. The initial cell count at 0 h was designated as N0, and the cell count at 3 h as N. Calculated using Equation 1.
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For bile salt tolerance testing, MRS broth was prepared containing bile salts at final concentrations of 0.1%, 0.2%, and 0.3% (w/v). A volume of 100 μL from overnight cultures were added to 4.9 mL of MRS broth either including bile salts or bile salt-free. Samples were collected at 0 and 3 h and processed similarly to the acid tolerance assay.




2.5 Adhesion to human colon carcinoma (Caco-2) cells

High-glucose DMEM supplemented with 20% fetal bovine serum and antibiotics was used to revive Caco-2 cells (Beijing Solarbio Science & Technology Co., Ltd., China) at 37 °C in a humidified 5% CO2 incubator. Culture medium was renewed every 48 h. Upon reaching 70%–80% confluence, Cells were harvested and subcultured after treatment with 0.25% trypsin-EDTA.


2.5.1 FITC labeling of bacteria

Bacterial labeling was performed based on the method of Kaktcham et al. (2018), with necessary modifications. To prepare a 500 μg/mL FITC solution, 0.5 g of FITC was dissolved in 1 mL of DMSO, followed by a 1000-fold dilution. Cells were pelleted by centrifugation (4 °C, 4000 rpm, 5 min), washed repeatedly three times using sterile PBS and resuspended in 1 mL FITC working solution. Following incubation in the dark at 37 °C for 2 h, the labeled bacteria were centrifuged, washed repeatedly three times using sterile PBS to remove excess FITC, and resuspended in DMEM.



2.5.2 Adhesion assay

A suspension of Caco-2 cells at 5 × 105 cells/mL was seeded into 24-well plates (1 mL per well) and cultured for 24 h to form a confluent monolayer. Following PBS washing, 600 μL of FITC-labeled bacterial suspension was added and incubated anaerobically at 37 °C for 2 h. Wells were then washed three times with PBS to remove non-adherent bacteria. Then, 300 μL of 0.25% trypsin solution was added to detach the cells and halt digestion with DMEM. Subsequently, fluorescence intensity was measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm. Adhesion rate (%) was calculated as: Adhesion rate (%) = (R/R0) × 100%

where R0 is the initial fluorescence intensity before adhesion, and R is the fluorescence intensity after adhesion.




2.6 Antioxidant activity assay

Prior to the experiment, the culture was standardized to 1 × 109 CFU/mL. The DPPH radical scavenging activity was evaluated using a commercial DPPH assay kit (Nanjing Jiancheng Bioengineering Institute, China), The ability to scavenge O2- was assessed using the Superoxide Anion Scavenging Capacity Kit (Solarbio, China), following the manufacturer’s instructions. The solution was prepared by combining 7 mM ABTS with 2.45 mM potassium persulfate and incubating it in the dark for 12 h. Mix 20 μL of the sample with 200 μL of the working solution thoroughly. Incubate the mixture for 20 min at room temperature protected from light, then measure the absorbance at 734 nm.



2.7 Evaluation of the safety profile of isolated strains


2.7.1 Hemolytic activity

Hemolytic activity was evaluated by streaking a small amount of bacterial culture onto Columbia blood agar plates, then subjected to anaerobic incubation at 37 °C for 24–36 h. Hemolysis was assessed based on the appearance of hemolytic zones: α-hemolysis (greenish discoloration), β-hemolysis (clear, complete lysis), and γ-hemolysis (no hemolysis) (Nataraj et al., 2023).



2.7.2 Antibiotic susceptibility

Prior to the experiment, the culture was standardized to 1 × 109 CFU/mL. Next, 100 μL of the bacterial suspension was inoculated onto MRS agar plates prepared in advance. Antibiotic disks (5–6 per plate) were placed evenly on the surface. After pre-diffusion at 4 °C for 12 h, the plates were grown anaerobically at 37 °C for 12 h. Antibiotic susceptibility was determined through measurement of the diameter of the inhibition zones in accordance with the disk manufacturer’s guidelines (Nataraj et al., 2023).




2.8 In vivo safety assessment of the M22 in mice


2.8.1 Animal experiments

Forty ICR mice (provided by Nanjing Huimiaoxin, China) randomly divided into four groups following a 7-days acclimation period under controlled conditions (25 °C, unlimited access to food and water). The control group (C) received 200 ul of sterile saline daily by gavage feeding for 28 days, while the low-dose (L), medium-dose (M), and high-dose (H) groups were administered 0.2 mL of P. acidilactici M22 suspensions at concentrations of 1 × 107, 1 × 108, and 1 × 109 CFU/mL, respectively. Throughout the experimental period, daily observations of clinical signs, including diarrhea, were conducted in the mice, with body weights measured weekly. At the conclusion of the trial, mice underwent a 12 h fasting period. After collection from the orbital sinus, blood samples were centrifuged at 3000 rpm for 15 min at 4 °C, serum was isolated for subsequent biochemical testing. Following euthanasia, mice were dissected, viscera examined, and organs were excised and their weights recorded. The organ coefficient was determined by calculating (organ weight/body weight) × 100% (Li et al., 2019).



2.8.2 Serum biochemical parameters in mice

Commercial assay kits were used to measure biochemical markers in serum, such as liver and kidney function markers and antioxidant indices (Jiancheng Bioengineering Institute, China). Measurements were performed with an automated biochemical analyzer (IDEXX, America) or enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturers’ protocols.




2.9 Whole-genome sequencing


2.9.1 Genomic DNA extraction

The M22 was streaked on MRS solid medium and cultured at 37 °C for 24 h. Next, a single colony on the solid medium was inoculated into 200 mL of MRS liquid medium and cultured at 37 °C for approximately 16 h at 200 rpm. The cell biomass was harvested after 5 min centrifugation at 8000 × g. Genomic DNA of M22 was extracted using Bacterial DNA extraction kit (magnetic beads) (Majorbio, shanghai, China) according to manufacture’s protocol. Purified genomic DNA was quantified and high quality DNA was used to do further research.



2.9.2 Library construction and genome sequencing

Genomic DNA sequencing was performed using a combination of the PacBio Sequel IIe and Illumina sequencing platforms. For Illumina sequencing, genomic DNA from each strain was used to construct sequencing libraries. DNA samples were sheared into 400–500 bp fragments using a Covaris M220 Focused Acoustic Shearer according to the manufacturer’s protocol. Illumina libraries were prepared from these sheared fragments using the NEXTFLEX Rapid DNA-Seq Kit. Briefly, the 5′ ends were first end-repaired and phosphorylated, followed by A-tailing of the 3′ ends and ligation of sequencing adapters. Subsequently, adapter-ligated fragments were enriched by PCR amplification. The resulting libraries were then subjected to paired-end sequencing (2 × 150 bp) on an Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA).

For PacBio sequencing, genomic DNA was fragmented to approximately 10 kb in size. The DNA fragments were purified, end-repaired, and ligated with SMRTbell sequencing adapters following the manufacturer’s instructions (Pacific Biosciences, CA). The PacBio library was then prepared and sequenced on a single SMRT cell using standard protocols.



2.9.3 Genome assembly and annotation

The data generated from PacBio Sequel IIe and Illumina platform were used for bioinformatics analysis. All of the analyses were performed using the online platform of Majorbio Cloud Platform1 from Shanghai Majorbio Bio-pharm Technology Co., Ltd. The detailed procedures are as follows. The raw Illumina sequencing reads generated from the paired-end library were subjected to quality-filtered using fastp v0.23.0. The HiFi reads generated from the PacBio platform for analysis. Then the clean short reads and HiFi reads were assembled to construct complete genomes using Unicycle v0.4.8 (Wick et al., 2017) and uses Pilon v1.22 to polish the assembly using short-read alignments, reducing the rate of small errors. The final assembled genome was submitted to the NCBI database (accession number SUB15380153). The coding sequences (CDs) of chromosome and plasmid were predicted using Glimmer or Prodigal v2.6.3 (Hyatt et al., 2010) and GeneMarkS (Besemer and Borodovsky, 2005), respectively. tRNA-scan-SE (v 2.0) (Chan and Lowe, 2019) was used for tRNA prediction and Barrnap v0.92 was used for rRNA prediction. The predicted CDs were annotated from NR, Swiss-Prot, Pfam, GO, COG, KEGG and CAZY database using sequence alignment tools such as BLAST, Diamond and HMMER. Briefly, each set of query proteins were aligned with the databases, and annotations of best-matched subjects (e-value < 10–5) were obtained for gene annotation. Biosynthetic gene clusters (BGCs) of secondary metabolites were identified by antiSMASH v5.1.2 software.




2.10 Statistical analysis

All data are expressed as mean ± standard deviation (SD). Statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad Software, San Diego, CA, USA). Comparisons between two groups were conducted using unpaired Student’s t-tests, while comparisons among multiple groups were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. A p-value of < 0.05 was considered statistically significant.




3 Results


3.1 Identification of M22

A dominant bacterial strain, designated M22, was isolated from the milk of a healthy lactating cat. On MRS agar, M22 formed round, milky-white colonies with smooth and regular edges (Figure 1A). Gram staining revealed that the cells were Gram-positive cocci, typically observed as single cells or in pairs (Figure 1B). M22’s 16S rRNA gene was sequenced and aligned with reference sequences obtained from the GenBank database. The results showed a 99.81% sequence similarity with P. acidilactici, indicating that M22 belongs to this species (Figure 1C).
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FIGURE 1
Morphology, staining, phylogenetic analysis, and growth characteristics of strain M22. (A) Colony morphology of strain M22 on MRS agar. (B) Gram staining results of strain M22. (C) Neighbor-joining phylogenetic tree of strain M22 based on 16S rRNA gene sequences. (D) Growth curve and pH changes of strain M22 in MRS broth over a 24-h incubation period.




3.2 Antimicrobial ability

Figure 2 illustrates the inhibitory activity of strain M22 against pathogenic indicator bacteria. Neither the bacterial protein nor the PBS (blank control) exhibited any inhibitory effect against the pathogenic bacteria (Figure 2a, b). No significant difference was observed between the inhibition zones produced by the bacterial suspension and its supernatant when tested against the same pathogenic strain (Figure 2c, d). The results indicate that M22 exhibits notable antagonistic effects against Escherichia coli O157, Staphylococcus aureus, and Salmonella Typhimurium SL1344.


[image: Three petri dishes labeled A, B, and C, showing bacterial cultures with clear zones around four equidistant dots labeled a, b, c, and d. The clear zones indicate areas of inhibition possibly due to antimicrobial activity. Each dish displays differing levels of bacterial growth and inhibition.]
FIGURE 2
The inhibitory effects of P. acidilactici M22 against pathogenic bacteria. (A) Escherichia coli O157; (B) Staphylococcus aureus; (C) Salmonella Typhimurium SL1344. On each LB plate, the following treatments were applied: a, PBS (blank control); b, bacterial pellet of M22; c, bacterial suspension of M22; d, cell-free supernatant of M22.




3.3 Probiotic properties


3.3.1 Growth and acid production curve

The strain exhibited a typical bacterial growth curve, characterized by a lag phase during the initial 0–3 h, which was preceded by an exponential growth phase starting around 3 h. The culture entered the stationary phase at around 16 h. In addition, the strain demonstrated a strong acid-producing capability (Figure 1D).



3.3.2 Acid and bile salt resistance

The results indicate that M22 maintained a survival rate of 59.93% at pH 2.5 and 84.38% in the presence of 0.3% bile salts. These findings suggest that M22 possesses strong tolerance to acidic and bile salt conditions, supporting its potential application as an effective probiotic strain (Figures 3A, B).
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FIGURE 3
In vitro evaluation of probiotic potential. (A) pH 2.5–4 acid resistance; (B) 0.1%–0.3% bile salt resistance; (C) autoaggregation ability and cell surface hydrophobicity; (D) Adhesion to Caco-2 cells; (E) hemolysis tests; (F) radical scavenging rate; ****p < 0.001 and *p < 0.01 indicate differences between different types of treatment of M22.





3.4 Adhesion to cells

The strain’s adhesion is also a crucial marker of its probiotic properties in vitro. Strain M22 exhibited 55.0% autoaggregation activity and exceeding 65.0% cell surface hydrophobicity (Figure 3C). M22 exhibited a high level of adhesion to Caco-2 cells, with an adhesion rate reaching 69.23% (Figure 3D).



3.5 Antioxidant activity

M22 exhibited notable antioxidant activity, with a DPPH radical scavenging rate of 46.15%, an ABTS radical scavenging rate of 63.27%, and a superoxide anion radical scavenging rate of 63.21% (Figure 3E).



3.6 Safety assessment of M22


3.6.1 Hemolytic activity

M22 showed no signs of hemolysis (referred to as γ-hemolysis) and is generally considered safe (Figure 3F).



3.6.2 Antimicrobial susceptibility

For safety assessment, M22’s phenotypic antibiotic susceptibility was tested against 12 antibiotics. As shown in the Table 1, M22 exhibited high sensitivity to gentamicin, erythromycin, ampicillin, penicillin, chloramphenicol, and cefazolin (a cephalosporin antibiotic). In contrast, the strain showed resistance to vancomycin, ciprofloxacin, sulfamethoxazole-trimethoprim, dibekacin, and norfloxacin.


TABLE 1 Antibiotic resistance of strain M22.


	Antibiotic class
	Antibiotic
	Inhibition zone diameter (mm)
	Susceptibility (S/I/R)





	Aminoglycosides
	Gentamicin
	20 ± 0.23
	S



	Dibekacin
	0
	R



	Glycopeptides
	Vancomycin
	0
	R



	Macrolides
	Erythromycin
	34 ± 0.45
	R



	β-Lactams
	Ampicillin
	32 ± 0.15
	S



	Penicillin
	50 ± 0.22
	S



	Cefazolin
	36 ± 0.20
	S



	Tetracyclines
	Tetracycline
	24 ± 0.05
	S



	Fluoroquinolones
	Norfloxacin
	0
	R



	Ciprofloxacin
	0
	R



	Sulfonamides/
 antimetabolites
	Sulfamethoxazole-trimethoprim
	0
	R



	Phenicols
	Chloramphenicol
	30 ± 0.10
	S









3.7 Safety evaluation in vivo

The safety of oral administration of M22 at various doses was evaluated in mice. Throughout the entire experimental period, all mice remained active, and no cases of diarrhea, mortality, or other clinical signs of illness were observed. Post-mortem examinations revealed no obvious pathological changes in major organs. No meaningful differences were identified in body weight, liver coefficient, spleen coefficient, or kidney coefficient (Figures 4A–D; p > 0.05) between the M22-treated groups and the control group. Moreover, serum levels of AST and ALT in mice administered different doses of M22 exhibited no meaningful differences compared to those in the control group (Figures 4E, F; p > 0.05). However, BUN and MDA levels were significantly reduced in the M22-treated groups compared to the control group (Figures 4G, H). In addition, M22 administration notably increased the activity of SOD compared to the control group (Figure 4I), GSH levels did not differ significantly between the groups (Figure 4J).
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FIGURE 4
M22 safe evaluation in vivo. (A) Body weight; (B) liver coefficient; (C) spleen coefficient; (D) kidney coefficient; (E) aspartate amino transferase; (F) alanine aminotransferase; (G) blood urea nitrogen; (H) malondialdehyde; (I) superoxide dismutase; and (J) glutathione in mice. *p < 0.05, **p < 0.01 and indicate differences between different types of treatment of P. acidilactici M22, n = 6.




3.8 Complete genome sequencing

Whole-genome sequencing showed that P. acidilactici M22 contains a single chromosome of 2,066,685 bp and one plasmid, with G + C contents of 42.29% and 41.85%, respectively (Figure 5). A total of 1,960 coding sequences (CDSs) were identified, with a cumulative length of 1,778,703 bp. In addition, we identified and annotated 195 pseudogenes, 15 rRNA genes, 59 tRNA genes, and 27 sRNA genes (Table 2).


[image: Circular genomic maps depict a chromosome and plasmid. The chromosome is 2,004,977 base pairs, and the plasmid is 61,708 base pairs. Colored features indicate CDS, tRNA, rRNA, GC content, and GC skew definitions.]
FIGURE 5
Complete genome map of P. acidilactici M22. Circles are indicated from outside to inside: circles 1 and 2 (blue) indicate for-ward and reverse strands, which represent genes for CDS, tRNA and rRNA. Circle 3 (black) indicates the GC percentage of the genome. Circle 4 (purple and green) represents GC skew.



TABLE 2 General genomic information of the strain M22.


	Indicator
	Number or content





	Chromosome (bp)
	2,066,685



	Plasmid1 (bp)
	61,708



	G + C content of chromosome (%)
	42.29



	G + C content of plasmid1 (%)
	41.85



	Coding gene numbers
	1,960



	Total length of coding genes (bp)
	1,778,703



	Pesudogene size (bp)
	195



	Pesudogene number
	102,765



	rRNAs (16S–23S-5S)
	15



	tRNA
	59



	sRNA
	27






Further analysis identified five genomic islands, two prophage regions, 53 repeat sequences with a total length of 31,605 bp, six insertion sequences, two cytochrome P450 genes, and 173 virulence factors. A total of 66 carbohydrate-active enzymes (CAZymes) were predicted, including 31 glycoside hydrolases (GHs) and 22 glycosyltransferases (GTs) (Table 3).


TABLE 3 CAZymes-encoding genes of Lactobacillus johnsonii M22.


	CAZymes class definition
	Gene counts





	Auxiliary activities
	5



	Carbohydrate esterases
	8



	Glycoside hydrolases
	31



	Glycosyl transferases
	22






Figures 6A illustrates the genomic map of annotated CDSs in M22 based on general databases. Functional classification using the Clusters of Orthologous Groups (COG) database predicted 1,598 genes (Figure 6B). Then, Gene Ontology (GO) enrichment analysis functional annotation of P. acidilactici M22 are shown in Figure 6C. Based on KEGG annotation, 1,484 genes were assigned to 40 functional categories, with major groups including overview maps (284 genes), carbohydrate metabolism (120 genes), and membrane transport (98 genes), as illustrated in Figure 6D.
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FIGURE 6
Prediction proteins function of P. acidilactici M22. (A) General database annotation percentage statistics; (B) COG of proteins functional; (C) GO analysis and (D) KEGG pathways enrichment.


We also annotated 475 pathogen-host interaction (PHI) genes (Figure 7A). Additionally, 406 membrane transport proteins were identified, with the largest group being 147 major facilitator superfamily (MFS) transporters (Figure 7B). CRISPR prediction using MinCED (version 0.4.2) revealed that the M22 genome harbors two CRISPR arrays.


[image: Bar chart with two panels. Panel A shows the number of genes with different phenotypes related to PHI gene M2. The highest bar indicates “reduced virulence” with over 300 genes. Other categories include “unaffected pathogenicity,” “increased virulence,” and more. Panel B displays TCDB function classification of genes, with “Primary Active Transporters” as the highest category at around 140 genes. Other categories include “Group Translocators,” “Incomplete Transport Systems,” and others. Each category is color-coded.]
FIGURE 7
Proprietary database annotations of P. acidilactici M22. (A) Pathogen host interactions annotations and (B) TCDB transporter protein.





4 Discussion

Breast milk provides sufficient nutrients to support infant growth and also serves as a critical source of microbial “seeds” that initiate and shape the establishment of the neonate gut microbiota, thereby enhancing the neonate’s tolerance and immune resilience. Therefore, introducing milk-derived microorganisms from a homologous host into simulated pet milk formulations is crucial (Jang et al., 2024). In this study, a strain of P. acidilactici (designated M22) was isolated from the milk of a healthy cat. Its probiotic properties and safety were comprehensively evaluated through both in vitro and in vivo experiments, and its genomic characteristics were analyzed via whole-genome sequencing. The results demonstrated that M22 possesses notable tolerance to gastric acid and bile salts, significant antimicrobial and antioxidant activities, strong adhesion ability to intestinal epithelial cells, and excellent safety, highlighting its potential as a candidate probiotic for simulated pet milk formulation.

In domestic cats, the gastric pH is highly acidic, typically ranging from approximately 1.5 to 3.3 in fasted and postprandial states (Telles et al., 2021). To exert their beneficial effects in the host, probiotics must be able to survive the challenging conditions of the gastrointestinal tract, including exposure to gastric acid and bile salts, in order to survive, adhere to, and Colonize the gut. Therefore, Ability to withstand low pH and elevated bile salt levels is a key factor in screening potential probiotic candidates. Tolerance to acid and bile salts is essential for probiotics to survive the harsh gastrointestinal environment and exert their beneficial effects in vivo (Chen et al., 2020). Given that most LAB exhibit limited acid resistance, strain screening under different pH values and bile concentrations is necessary (Kailasapathy and Chin, 2000). M22 showed survival under acidic (pH 2.5) and bile salt (0.3%) conditions, this result is in accordance with previous findings on the gastrointestinal resilience of P. acidilactici (Qiao et al., 2021). Highlighting its promise as a candidate probiotic for application in the pet food industry.

Adherence to intestinal epithelial cells is essential for probiotics to successfully colonize and perform their beneficial roles in the host. Caco-2 cells, as a well-established model of intestinal epithelial cells, they are widely used to evaluate the adhesive ability of potential probiotic strains, enabling in vitro selection of promising candidates (Schreck and Melzig, 2018). M22 exhibited an adhesion rate of over 69% in Caco-2 cell models, indicating strong colonization potential. High adhesion not only facilitates competitive exclusion of pathogens but also promotes interaction with host cells, contributing to immune modulation (Juntunen et al., 2001). The strong adhesive capacity of M22 further supports its applicability as a host-derived probiotic.

The antimicrobial activity of LAB has been extensively reported (Adetoye et al., 2018). M22 effectively inhibited several common pathogens, including Escherichia coli O157, Staphylococcus aureus, and Salmonella Typhimurium SL1344. Notably, both the culture supernatant and bacterial suspension exhibited inhibitory effects, while bacterial protein extracts did not, suggesting that the antimicrobial activity was attributable to metabolic products (Giles-Gómez et al., 2016). Extensive research has demonstrated that LAB are capable of synthesizing multiple antimicrobial compounds, including short-chain fatty acids (SCFAs), bacteriocins, and hydrogen peroxide, all of which act as potent defense agents against invading pathogens. Among these, organic acids–particularly lactic and acetic acids–can accumulate within the bacterial cytoplasm, leading to a reduction in intracellular pH. This acidification disrupts the metabolic processes of harmful microorganisms, inhibiting their growth and survival (van Zyl et al., 2020). Thus, M22 likely exerts protective effects against intestinal colonization through these natural mechanisms.

Safety is a fundamental requirement for the practical use of probiotics in animals or humans. M22 showed no hemolytic activity (γ-hemolysis) and was sensitive to a range of commonly used antibiotics, complying with international safety assessment criteria for probiotics (Halder et al., 2017). Serum ALT and AST are crucial markers for liver damage diagnosis, and any pathological or toxic injury influences their levels (Thakur et al., 2024). Organ index, a standard parameter in toxicological studies, reflects potential congestion or swelling of affected organs (Michael et al., 2007). In vivo evaluation further supported its safety: no adverse clinical signs, abnormal body weight changes, or significant alterations in liver function (ALT, AST) or organ indices were observed following oral administration in mice. BUN is commonly utilized as an important biochemical indicator for assessing kidney function (Melnikov et al., 2002). Beyond its antimicrobial properties, M22 demonstrated promising antioxidant capacity. MDA is a marker of lipid peroxidation and can indirectly reflect the severity of oxidative damage in body tissues. An increase in oxygen levels may cause an overproduction of reactive oxygen species (ROS), which induces oxidative stress, damages cellular proteins and lipids, and can eventually lead to cell death (Amaretti et al., 2013). Probiotic strains with antioxidant properties are therefore beneficial in maintaining host health (Mills et al., 2011). In vitro assays confirmed M22’s ability to scavenge free radicals. Animal experiments corroborated these findings: oral administration of M22 significantly increased serum SOD levels, a key enzyme in the first line of antioxidant defense (Zhou et al., 2023). These data suggest that M22 contributes to the host’s antioxidative defense system. M22 significantly reduced serum BUN levels, MDA levels, and elevated superoxide dismutase (SOD) activity, suggesting not only the absence of toxicity but also a positive effect on oxidative stress resistance. These results are consistent with earlier safety studies on Lactococcus lactis CIDCA strains (Fan et al., 2023).

Whole-genome sequencing revealed that P. acidilactici M22 possesses a circular chromosome of 2,066,685 bp and a plasmid, with G + C contents of 42.29% and 41.85%, respectively. The genome encodes 1,960 coding sequences (CDSs), along with 15 rRNA genes, 59 tRNAs, 27 sRNAs, and 795 pseudogenes, indicating a genetically rich and complex architecture. These genomic features are comparable to previously reported P. acidilactici strains isolated from dairy or gastrointestinal environments (Liu et al., 2021; Aziz et al., 2025).

Multiple structural elements were identified, including five genomic islands, two prophage regions, six insertion sequences, and 53 tandem repeats. The presence of two cytochrome P450-encoding genes suggests potential roles in detoxification and oxidative stress adaptation (Nelson, 2013). Genome annotation revealed a total of 66 carbohydrate-active enzymes (CAZymes), including 31 glycoside hydrolases (GHs) and 22 glycosyltransferases (GTs), which are critical for carbohydrate metabolism and survival in the gut (Lombard et al., 2014; Zúñiga et al., 2018).

Kyoto Encyclopedia of Genes and Genomes (KEGG) and COG analyses annotated 1,484 and 1,598 genes respectively, with key functional categories encompassing carbohydrate metabolism, membrane transport, and global regulatory pathways. These pathways contribute to energy acquisition and environmental adaptability, consistent with probiotic strains adapted to the gastrointestinal tract (Zheng et al., 2020).

A total of 173 potential virulence factors were annotated in the VFDB (Virulence Factor Database) for strain M22. Notably, the majority of these genes were annotated in the KEGG and COG databases as being involved in immune modulation and amino acid metabolism. Virulence factors are typically classified into two categories: defensive factors, which protect bacteria from host immunity, and offensive factors, which directly harm the host. However, this classification becomes ambiguous in the context of probiotics, as many defensive genes are indispensable for probiotic survival and function and are increasingly recognized as health-associated factors rather than true virulence determinants. Therefore, the identified virulence-related genes in M22 should not be interpreted as conventional virulence factors, but rather as adaptive elements that enhance the strain’s ability to persist and thrive in ecological niches such as the gastrointestinal tract (Senan et al., 2015). Furthermore, the presence of only two CRISPR loci, as predicted by MinCED, implies moderate phage resistance and genome stability, a desirable trait for industrial probiotic application (Grissa et al., 2007).

Genes associated with host–pathogen interactions (n = 475) and membrane transport proteins (n = 406, including 147 ABC-type transporters) were identified, Transporter proteins play a crucial role in bacterial life by facilitating nutrient uptake and providing defense against internal and external stresses (Piepenbreier et al., 2017), indicating potential involvement in adhesion, colonization, and nutrient uptake (Feng et al., 2020). Such features enhance probiotic persistence and functionality in the host gastrointestinal tract.

Strains that cause hemolysis can lead to sepsis in the host (van Hoek et al., 2024). Consequently, non-hemolytic bacteria are regarded as vital for superior probiotics. M22 exhibited no hemolytic activity on blood agar plates. Moreover, genomic analysis revealed the absence of non-hemolytic enterotoxin (Nhe) and hemolysin BL (Hbl) genes, which is consistent with the observed lack of hemolytic activity. In conclusion, M22 exhibits excellent probiotic characteristics, including acid and bile tolerance, antimicrobial and antioxidant activities, strong adhesion capacity, and high safety both in vitro and in vivo. These features support its potential application as a pet probiotic candidate. Future studies using animal models or clinical trials are warranted to further explore its specific roles in modulating gut microbiota and enhancing immunity in companion animals, thereby providing a scientific basis for the development of gut health-promoting probiotic products for pets.



5 Conclusion

P. acidilactici M22, isolated from feline milk, exhibits strong acid and bile tolerance, antimicrobial and antioxidant activities, and good adhesion to intestinal cells. Genome analysis confirmed its safety and probiotic potential, with no transferable resistance genes. In vivo studies showed that M22 enhances antioxidant capacity without toxicity. These findings support M22 as a promising probiotic candidate for improving pet gut health and overall well-being.



Data availability statement

The raw sequence data have been deposited in the NCBI database under accession number PRJNA1274692.



Ethics statement

The animal study was approved by Laboratory Animal Ethics Committee of Liaocheng University (Liaocheng, China; approval no. AP2024022959). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

XG: Data curation, Methodology, Validation, Writing – original draft, Writing – review & editing. XW: Validation, Writing – review & editing. LC: Validation, Writing – review & editing. ZW: Resources, Writing – review & editing. JH: Writing – review & editing. MW: Conceptualization, Funding acquisition, Supervision, Writing – review & editing.



Funding

The manuscript was supported by the Probiotics from Dog and Cat Milk Research Project (K24LD115).



Acknowledgments

We would like to thank all the staff at Institute of Biopharmaceutical Research who helped us with this experiment.



Conflict of interest

XG, XW, LC, ZW, JH, and MW were employed by Pet Nutrition Research and Development Center, Gambol Pet Group Co., Ltd.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes


1      http://cloud.majorbio.com

2      https://github.com/tseemann/barrnap



References

	Adetoye, A., Pinloche, E., Adeniyi, B., and Ayeni, F. (2018). Characterization and anti-salmonella activities of lactic acid bacteria isolated from cattle faeces. BMC Microbiol. 18:96. doi: 10.1186/s12866-018-1248-y

	Amaretti, A., di Nunzio, M., Pompei, A., Raimondi, S., Rossi, M., and Bordoni, A. (2013). Antioxidant properties of potentially probiotic bacteria: In vitro and in vivo activities. Appl. Microbiol. Biotechnol. 97, 809–817. doi: 10.1007/s00253-012-4241-7

	Aziz, T., Naveed, M., Shabbir, M., Naseeb, J., Sarwar, A., Zhao, L., et al. (2025). Genomic profiling of pediococcus acidilactici BCB1H and identification of its key features for Biotechnological innovation, food technology and medicine. Sci. Rep. 15:6050. doi: 10.1038/s41598-025-90633-9

	Besemer, J., and Borodovsky, M. (2005). GeneMark: Web software for gene finding in prokaryotes, eukaryotes and viruses. Nucleic Acids Res. 33, W451–W454. doi: 10.1093/nar/gki487

	Chan, P., and Lowe, T. (2019). tRNAscan-SE: Searching for tRNA Genes in Genomic Sequences. Methods Mol. Biol. 1962, 1–14. doi: 10.1007/978-1-4939-9173-0_1

	Chen, T., Wang, L., Li, Q., Long, Y., Lin, Y., Yin, J., et al. (2020). Functional probiotics of lactic acid bacteria from Hu sheep milk. BMC Microbiol. 20:228. doi: 10.1186/s12866-020-01920-6

	Deng, P., and Swanson, K. S. (2015). COMPANION ANIMALS SYMPOSIUM: Future aspects and perceptions of companion animal nutrition and sustainability. J. Anim. Sci. 93, 823–834. doi: 10.2527/jas.2014-8520

	Dias, M., Alpizar-Jara, R., Lavrador, C., Marques, C., Broens, E., and Duarte, E. (2024). Companion animal owners’ knowledge, attitudes and perceptions regarding antibiotic use in portugal. Antibiotics 13:533. doi: 10.3390/antibiotics13060533

	Fan, X., Jiang, X., Guo, Y., Zhang, T., Zeng, X., Wu, Z., et al. (2023). In vitro and in vivo evaluation of the safety of Levilactobacillus brevis CGMCC1.5954 with probiotic potential based on tri-generation whole genome sequencing and animal studies. Food Biosci. 53:102654. doi: 10.1016/j.fbio.2023.102654

	Feng, Z., Liu, D., Wang, L., Wang, Y., Zang, Z., Liu, Z., et al. (2020). A putative efflux transporter of the ABC Family, YbhFSR, in Escherichia coli functions in tetracycline efflux and Na+(Li+)/H+ Transport. Front. Microbiol. 11:556. doi: 10.3389/fmicb.2020.00556

	Ge, Y., Zhu, W., Chen, L., Li, D., Li, Q., and Jie, H. (2021). The maternal milk microbiome in mammals of different types and its potential role in the neonatal gut microbiota composition. Animals 11:3349. doi: 10.3390/ani11123349

	Giles-Gómez, M., Sandoval García, J., Matus, V., Campos Quintana, I., Bolívar, F., and Escalante, A. (2016). In vitro and in vivo probiotic assessment of Leuconostoc mesenteroides P45 isolated from pulque, a Mexican traditional alcoholic beverage. Springerplus 5:708. doi: 10.1186/s40064-016-2370-7

	Gopalakrishna, K., and Hand, T. (2020). Influence of maternal milk on the neonatal intestinal microbiome. Nutrients 12:823. doi: 10.3390/nu12030823

	Grissa, I., Vergnaud, G., and Pourcel, C. (2007). CRISPRFinder: A web tool to identify clustered regularly interspaced short palindromic repeats. Nucleic Acids Res. 35, W52–W57. doi: 10.1093/nar/gkm360

	Grześkowiak, Ł,Endo, A., Beasley, S., and Salminen, S. (2015). Microbiota and probiotics in canine and feline welfare. Anaerobe 34, 14–23. doi: 10.1016/j.anaerobe.2015.04.002

	Halder, D., Mandal, M., Chatterjee, S., Pal, N., and Mandal, S. (2017). Indigenous probiotic lactobacillus isolates presenting antibiotic like activity against human pathogenic bacteria. Biomedicines 5:31. doi: 10.3390/biomedicines5020031

	Han, G., Song, A., Kim, E., Yoon, S., Bok, J., Cho, C., et al. (2017). Improved antimicrobial activity of Pediococcus acidilactici against Salmonella Gallinarum by UV mutagenesis and genome shuffling. Appl. Microbiol. Biotechnol. 101, 5353–5363. doi: 10.1007/s00253-017-8293-6

	Hyatt, D., Chen, G., Locascio, P., Land, M., Larimer, F., and Hauser, L. (2010). Prodigal: Prokaryotic gene recognition and translation initiation site identification. BMC Bioinformatics 11:119. doi: 10.1186/1471-2105-11-119

	Jang, H., Kim, J., and Kim, Y. (2024). Characterization of feline-originated probiotics Lactobacillus rhamnosus CACC612 and Bifidobacterium animalis subsp. lactis CACC789 and and evaluation of their host response. BMC Vet. Res. 20:128. doi: 10.1186/s12917-024-03975-3

	Juntunen, M., Kirjavainen, P., Ouwehand, A., Salminen, S., and Isolauri, E. (2001). Adherence of probiotic bacteria to human intestinal mucus in healthy infants and during rotavirus infection. Clin. Diagn. Lab. Immunol. 8, 293–296. doi: 10.1128/CDLI.8.2.293-296.2001

	Kailasapathy, K., and Chin, J. (2000). Survival and therapeutic potential of probiotic organisms with reference to Lactobacillus acidophilus and Bifidobacterium spp. Immunol. Cell. Biol. 78, 80–88. doi: 10.1046/j.1440-1711.2000.00886.x

	Kaktcham, P., Temgoua, J., Zambou, F., Diaz-Ruiz, G., Wacher, C., and Pérez-Chabela, M. (2018). In vitro evaluation of the probiotic and safety properties of bacteriocinogenic and non-bacteriocinogenic lactic acid bacteria from the intestines of nile tilapia and common carp for their use as probiotics in aquaculture. Probiotics Antimicrob. Proteins 10, 98–109. doi: 10.1007/s12602-017-9312-8

	Kim, H., and Kang, S. (2019). Antifungal activities against Candida albicans, of cell-free supernatants obtained from probiotic Pediococcus acidilactici HW01. Arch. Oral Biol. 99, 113–119. doi: 10.1016/j.archoralbio.2019.01.006

	Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054

	La Fata, G., Weber, P., and Mohajeri, M. (2018). Probiotics and the gut immune system: Indirect regulation. Probiotics Antimicrob. Proteins 10, 11–21. doi: 10.1007/s12602-017-9322-6

	Li, A., Wang, Y., Li, Z., Qamar, H., Mehmood, K., Zhang, L., et al. (2019). Probiotics isolated from yaks improves the growth performance, antioxidant activity, and cytokines related to immunity and inflammation in mice. Microb. Cell. Fact. 18:112. doi: 10.1186/s12934-019-1161-6

	Liu, L., Yang, D., Zhang, Z., Liu, T., Hu, G., He, M., et al. (2021). High-efficiency genome editing based on endogenous CRISPR-Cas system enhances cell growth and lactic acid production in Pediococcus acidilactici. Appl. Environ. Microbiol. 87:e0094821. doi: 10.1128/AEM.00948-21

	Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P., and Henrissat, B. (2013). The carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 42, D490–D495. doi: 10.1093/nar/gkt1178

	Marco-Fuertes, A., Marin, C., Lorenzo-Rebenaque, L., Vega, S., and Montoro-Dasi, L. (2022). Antimicrobial resistance in companion animals: A new challenge for the one health approach in the European Union. Vet. Sci. 9:208. doi: 10.3390/vetsci9050208

	Melnikov, V., Faubel, S., Siegmund, B., Lucia, M., Ljubanovic, D., and Edelstein, C. (2002). Neutrophil-independent mechanisms of caspase-1- and IL-18-mediated ischemic acute tubular necrosis in mice. J. Clin. Invest. 110, 1083–1091. doi: 10.1172/JCI15623

	Michael, B., Yano, B., Sellers, R., Perry, R., Morton, D., Roome, N., et al. (2007). Evaluation of organ weights for rodent and non-rodent toxicity studies: A review of regulatory guidelines and a survey of current practices. Toxicol. Pathol. 35, 742–750. doi: 10.1080/01926230701595292

	Mills, S., Stanton, C., Fitzgerald, G., and Ross, R. (2011). Enhancing the stress responses of probiotics for a lifestyle from gut to product and back again. Microb. Cell. Fact. 10:S19. doi: 10.1186/1475-2859-10-S1-S19

	Nataraj, B. H., Kumari, M., Nagpal, R., Ali, S. A., and Behare, P. V. (2023). Safety evaluation of indigenous probiotic Limosilactobacillus fermentum NCDC 400 using whole genome sequences and in vitro approaches. Food Biosci. 56:103101. doi: 10.1016/j.fbio.2023.103101

	Nelson, D. R. (2013). A world of cytochrome P450s. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368:20120430. doi: 10.1098/rstb.2012.0430

	Piepenbreier, H., Fritz, G., and Gebhard, S. (2017). Transporters as information processors in bacterial signalling pathways. Mol. Microbiol. 104, 1–15. doi: 10.1111/mmi.13633

	Qiao, Y., Qiu, Z., Tian, F., Yu, L., Zhao, J., Zhang, H., et al. (2021). Pediococcus acidilactici strains improve constipation symptoms and regulate intestinal flora in mice. Front. Cell. Infect. Microbiol. 11:655258. doi: 10.3389/fcimb.2021.655258

	Riaz Rajoka, M., Shi, J., Zhu, J., Shao, D., Huang, Q., Yang, H., et al. (2017). Capacity of lactic acid bacteria in immunity enhancement and cancer prevention. Appl. Microbiol. Biotechnol. 101, 35–45. doi: 10.1007/s00253-016-8005-7

	Safi, E., Haddad, M., Hasan, M., Al-Dalain, S., Proestos, C., and Siddiqui, S. (2023). Characterization of potential probiotic activity of lactic acid bacteria isolated from camel colostrum by biochemical and molecular methods. Vet. Med. Int. 2023:8334152. doi: 10.1155/2023/8334152

	Sanders, M., Merenstein, D., Reid, G., Gibson, G., and Rastall, R. (2019). Probiotics and prebiotics in intestinal health and disease: From biology to the clinic. Nat. Rev. Gastroenterol. Hepatol. 16, 605–616. doi: 10.1038/s41575-019-0173-3

	Schreck, K., and Melzig, M. (2018). Intestinal saturated long-chain fatty acid, glucose and fructose transporters and their inhibition by natural plant extracts in Caco-2 cells. Molecules 23:2544. doi: 10.3390/molecules23102544

	Senan, S., Prajapati, J., and Joshi, C. (2015). Feasibility of genome-wide screening for biosafety assessment of probiotics: A case study of Lactobacillus helveticus MTCC 5463. Probiotics Antimicrob. Proteins 7, 249–258. doi: 10.1007/s12602-015-9199-1

	Shao, Y., Wang, Y., Yuan, Y., and Xie, Y. (2021). A systematic review on antibiotics misuse in livestock and aquaculture and regulation implications in China. Sci. Total. Environ. 798:149205. doi: 10.1016/j.scitotenv.2021.149205

	Telles, N., Simon, B., Scallan, E., Gould, E., Papich, M., He, Y., et al. (2021). Evaluation of gastrointestinal transit times and pH in healthy cats using a continuous pH monitoring system. J. Feline Med. Surg. 24, 954–961. doi: 10.1177/1098612X211062096

	Thakur, S., Kumar, V., Das, R., Sharma, V., and Mehta, D. (2024). Biomarkers of hepatic toxicity: An overview. Curr. Ther. Res. Clin. Exp. 100:100737. doi: 10.1016/j.curtheres.2024.100737

	van Hoek, M., Alsaab, F., and Carpenter, A. M. (2024). GATR-3, a peptide that eradicates preformed biofilms of multidrug-resistant Acinetobacter baumannii. Antibiotics 13:39. doi: 10.3390/antibiotics13010039

	van Zyl, W., Deane, S., and Dicks, L. (2020). Molecular insights into probiotic mechanisms of action employed against intestinal pathogenic bacteria. Gut Microbes 12:1831339. doi: 10.1080/19490976.2020.1831339

	Wan, M., Forsythe, S., and El-Nezami, H. (2019). Probiotics interaction with foodborne pathogens: A potential alternative to antibiotics and future challenges. Crit. Rev. Food Sci. Nutr. 59, 3320–3333. doi: 10.1080/10408398.2018.1490885

	Wang, X., Zhu, L., Du, Z., Li, H., Hou, L., Li, C., et al. (2025). Host-derived Pediococcus acidilactici B49: A promising probiotic for immunomodulation and disease control in largemouth bass (Micropterus salmoides). Fish Shellfish. Immunol. 158:110148. doi: 10.1016/j.fsi.2025.110148

	Wick, R., Judd, L., Gorrie, C., and Holt, K. (2017). Unicycler: Resolving bacterial genome assemblies from short and long sequencing reads. PLoS Comput. Biol. 13:e1005595. doi: 10.1371/journal.pcbi.1005595

	Yang, Q., and Wu, Z. (2023). Gut probiotics and health of dogs and cats: Benefits, applications, and underlying mechanisms. Microorganisms 11:2452. doi: 10.3390/microorganisms11102452

	Zhao, M., Zhang, Y., Li, Y., Liu, K., Zhang, C., and Li, G. (2025). Complete genome sequence and probiotic properties of Pediococcus acidilactici CLP03 isolated from healthy Felis catus. Probiotics Antimicrob. Proteins 17, 903–917. doi: 10.1007/s12602-023-10187-y

	Zheng, J., Wittouck, S., Salvetti, E., Franz, C., Harris, H., Mattarelli, P., et al. (2020). A taxonomic note on the genus Lactobacillus: Description of 23 novel genera, emended description of the genus Lactobacillus Beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae. Int. J. Syst. Evol. Microbiol. 70, 2782–2858.

	Zhou, Q., Cui, J., Liu, Y., Gu, L., Teng, X., and Tang, Y. (2023). EGCG alleviated Mn exposure-caused carp kidney damage via trpm2-NLRP3-TNF-α-JNK pathway: Oxidative stress, inflammation, and tight junction dysfunction. Fish. Shellfish. Immunol. 134:108582. doi: 10.1016/j.fsi.2023.108582

	Zimmermann, P., and Curtis, N. (2020). Breast milk microbiota: A review of the factors that influence composition. J. Infect. 81, 17–47. doi: 10.1016/j.jinf.2020.01.023

	Zúñiga, M., Monedero, V., and Yebra, M. (2018). Utilization of host-derived Glycans by intestinal Lactobacillus and Bifidobacterium species. Front. Microbiol. 9:1917. doi: 10.3389/fmicb.2018.01917




Copyright
 © 2025 Gong, Wang, Chen, Wang, Han and Wen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Isolation, probiotic properties, and whole-genome analysis of P. acidilactici M22 from feline milk: a promising candidate for simulated pet milk formulations



		1 Introduction



		2 Materials and methods



		2.1 Collection and preparation of samples



		2.2 Isolation and characterization



		2.3 Antimicrobial ability



		2.4 Characterization of probiotic



		2.4.1 Acid output curves and growth



		2.4.2 Acid and bile salt resistance







		2.5 Adhesion to human colon carcinoma (Caco-2) cells



		2.5.1 FITC labeling of bacteria



		2.5.2 Adhesion assay







		2.6 Antioxidant activity assay



		2.7 Evaluation of the safety profile of isolated strains



		2.7.1 Hemolytic activity



		2.7.2 Antibiotic susceptibility







		2.8 In vivo safety assessment of the M22 in mice



		2.8.1 Animal experiments



		2.8.2 Serum biochemical parameters in mice







		2.9 Whole-genome sequencing



		2.9.1 Genomic DNA extraction



		2.9.2 Library construction and genome sequencing



		2.9.3 Genome assembly and annotation







		2.10 Statistical analysis







		3 Results



		3.1 Identification of M22



		3.2 Antimicrobial ability



		3.3 Probiotic properties



		3.3.1 Growth and acid production curve



		3.3.2 Acid and bile salt resistance







		3.4 Adhesion to cells



		3.5 Antioxidant activity



		3.6 Safety assessment of M22



		3.6.1 Hemolytic activity



		3.6.2 Antimicrobial susceptibility







		3.7 Safety evaluation in vivo



		3.8 Complete genome sequencing







		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References

















OPS/images/fmicb-16-1664636-g001.jpg
rj

Pediococcus acidilactici strain HDM5
M9(2)
M7

M5
Pediococcus acidilactici strain HDM5(3)
M13

M9

Pediococcus acidilactici strain HDM5(2)
Pediococcus pentosaceus strain L16
M22

[t ecioosoous o
Pediococcus acidilactici strain HDM5(4)

Pediococcus acidilactici strain 18-6B

,—M3

L m17

D

pH

7-

4-

=1.5

=1.0

= 0.5

0.0

r 1 1rrrrrrrrri
0 2 4 6 8 10 12 14 16 18 20 22 24
Culture Time (h)

-o- pH
OD600

@

=

a\

S

S





OPS/images/fmicb-16-1664636-g003.jpg
AAG CSH

80-

%k %k %k %k

* %k %k %k

%k %k %k

%k

*

* % %k %k

T
o o o o
© < N

ILIEARET LA

— TTrrrrrruria — T TrTrrrrnruoria

(=] (= o

o n

=

(24, )s9)ea [BAIAIDS

— T Trrrrrrria — Ty rrrnria

(= (=] o

o n

=

(9%)sd)ed [eAIAINS

0.3

0.2

0.1

2.5

o>

DPPH ABTS

1
(=
0

d)ea SUISUIABIS [BIIpRI 2,

1
(=
(=]

1 1
(= o
< N

C

M22

1
(=]
(=]

1
o
O

(= (=)
< N

uoIsIypv %





OPS/images/fmicb-16-1664636-g002.jpg





OPS/images/fmicb-16-1664636-g005.jpg
"
N il
Y LA ] b:.':" ' i
W § “;n‘..

Chromosome
- 1500 kbp
Length: 2,004,977 bp

')
)
(T
At 0-IQ.'

-. ,,.m " R

T B meemem ph W1

'q
T LA "‘
i+ ¢ 0 0“.“‘.

LN

LT

h
il

B CDS

Il tRNA

B rRBNA

B Other

Il GC content
B GC skew+
B GC skew-

Plasmid

Length: 61,708 bp






OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Microbiology

|solation, probiotic properties,
and whole-genome analysis
of P. acidilactici M22 from
feline milk: a promising
candidate for simulated pet
milk formulations





OPS/images/fmicb-16-1664636-g004.jpg
.\.:.o.oEus ~hu.._.s_

mldnd

(B)yBrom Ap

1
=
-

og

Time/d

*

(Twjowu ) ¥ (W

L -
b3
" -
*
*
v
m ® © ¢ N ©
(ppoww)NNg
r T | B LI
s 8 & ¢
(y0ad3/n ) 1V 3:2.:. vmmw
o
E = _. -
= | =
*
R -
| v * v
& & 2 © o 5 > ® °
(p0ad3/n ) 1SV " 10ad3w/n 4os






OPS/images/fmicb-16-1664636-g007.jpg
PHI gene: M2
350 [l reduced virulence
[l unaffected pathogenicity
200 [l increased virulence (hypervirulence)
[l loss of pathogenicity
Olethal
250 [l effector (plant avirulence determinant)
§ [J chemistry target: sensitivity to chemical
& 200 [l chemistry target: resistance to chemical
o
3
z 150
S
z
100

&

M«»*‘M»W
w’" ,«W

W\
‘*‘é

Phenotype

TCDB function classification:

Number of genes
%







OPS/images/fmicb-16-1664636-g006.jpg
A Upset B COG function classification: M2

B CEnergy production 2nd comerson B W Exvacehuer sinuctires

40+ 1 Cel cyde corirol el dsicn, ch particnny [ XMcbiome: prophages, yansosors
@ Swiss-Prot i [ € i a0 ransport and metabolsm B 2 Crtoseketon

#§rfam 1 £ Nusectide trarpot and metabolsm

1 GCatohyirate kansport and metasoism

I #Coenzyme transpor and metshobsm

1 tLpdranspon and metabotsm

- [ Transiaton, rbosomal siuctire and biogenssis

B ¥ Transcrigtion

L Repication. recombination and repair

1 :Cel wallmemtrare enveiope bingenzsis

B5 I XCel nolity

| 1 OPcstiransiaionsl medfication,proten wmover, chapenes

g
=
-

:

#

genes of interaction
g 8

=]
Number of genes
g

B 1 P-norganic on fransport and mefatolsm

li" 0i§ 11X
0000000000000000

4
" I R Geneal nckon rediction orly
I S Funcion wknom
” "
CDEFGHIJKLMNOPOQR !sw- O iih

t - t v
008 Tye 1 VDekense mechanisms

R
o - <

B Bowngol Process D Histogram of KEGG

W Cobudar Fvocesnes

Caldar
W Molecuiar Functon

oceRsng

W Human esases
W Maetabolmm

B Ovganismsl Systerms

avon

{

-ral ATP ;
peoton-ransparting synthase complex, catalylic ©

0 20 40 60 8 100 120 140 160 180 200 220 240 260 280
Number of gene











OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







