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Abstract

Phage therapy is an effective strategy to combat multidrug resistance in bacteria and has been increasingly utilized
to protect animals from bacterial infections. This study involved the isolation and purification of a novel myoviruses
phage, vB_AceP_PAc, from a drug-resistant bacterial strain Aeromonas caviae. Genome sequence analysis based

on nucleotide sequences revealed that vB_AceP_PAc shared significant similarity with the genomes of 10 other
Aeromonas phages, with the highest coverage rate of 52% with phiA047. Intraperitoneal injection of 1x 10" CFU/
mL (100 pL/mouse) A. caviae AC-CY resulted in diarrhea in mice three days later. At this time, oral administration

of 1x10° PFU/mL (100 uL/mouse) vB_AceP_PAc effectively alleviated the diarrhea induced by Pseudomonas
aeruginosa infection in the mice. Furthermore, oral administration of 1 x 10° PFU/ml vB_AceP_PAc (100 ul/mouse)
in healthy mice significantly reduced inflammatory cytokine levels, increased tight junction molecule levels,

and improved intestinal barrier function. Moreover, the consumption of vB_AceP_PAc by health mice led to a
significant increase in the abundance of Lactobacillaceae in the gut, while the expression of CD3*CD4*/CD3*CD8*
was minimally affected. Overall, the findings of this study confirmed the promising potential of bacteriophage
vB_AceP_PAc in treating diarrhea caused by A. caviae.
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Introduction

Aeromonas caviae is a Gram-negative, facultative anaero-
bic bacterium of the genus Aeromonas, which commonly
inhabits freshwater, river water, seawater and sewage.
This zoonotic pathogen has the capacity to induce vari-
ous infections in humans, including those of the urinary
system, respiratory tract, biliary tract and may even be
lethal in certain instances [1-3]. It is also a significant
pathogen for fish and other cold-blooded animals [4].
Based on a single genome analysis, A. caviae contains
many putative virulence genes, including those encoding
a type 2 secretion system, an RTX toxin, and polar fla-
gella [5]. A. caviae movement requires the expression of a
single polar flagellum that is crucial for adhesion to intes-
tinal epithelial cells. The glycosylation of flagellin may
help the bacteria evade recognition by the host immune
system, thereby enhancing its pathogenicity [6]. Anti-
biotics currently represent the principal mode of treat-
ment for A. caviae infections. However, the widespread
use of clinical antibiotics has led to the development of
multidrug resistance in A. caviae, including increas-
ing resistance to carbapenem antibiotics [7, 8]. The ris-
ing incidence of drug-resistant A. caviae underscores the
urgency to explore alternative treatment strategies.

Bacteriophages (Phages) are widely found in various
habitats, such as soil, wastewater, and aquatic environ-
ments, and are typically capable of infecting bacteria [9].
Their specificity makes them a promising therapeutic
option. Due to their ability to lyse their bacterial hosts,
lytic phages have been applied in a wide variety of sce-
narios to combat bacterial pathogens, including therapy
(as therapeutic and prophylactic), biocontrol, sanitation,
preservation, detection, and remediation [10-15]. Lytic
phages are considered the most promising candidates
for therapeutic use, as they efficiently kill bacterial hosts.
In contrast, temperate phages can coexist with the host,
which introduces the potential risk of lysogenic conver-
sion [16].

The safety and efficacy of bacteriophage prepara-
tions are key considerations in their application. Stud-
ies indicate that bacteriophages can modulate responses
in eukaryotic immune cells, emerging as a signifi-
cant approach to regulate host immunity and combat
pathogenic bacteria in clinical settings [17]. It has been
reported that bacteriophages can regulate both innate
and adaptive immunity through processes such as phago-
cytosis and cytokine response [18]. Furthermore, bac-
teriophages can influence the immune and metabolic
potential of the intestine by perturbing the stability of
the intestinal microbiota [19]. In this study, we identified
a novel bacteriophage, vB_AceP_PAc, which exhibited a
therapeutic effect on mouse diarrhea induced by drug-
resistant A. caviae. Our investigation focused on assess-
ing the impact of the phage on intestinal morphology,
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inflammatory cell secretion, and intestinal microbiota
in mice during phage administration, with the aim of
establishing a foundation for the broader application of
bacteriophages.

Materials and methods

Mice and ethics statement

Four-week-old female BALB/c mice were obtained from
Beijing Vital River Laboratory Animal Technology Co.,
Ltd., in China, and housed in a pathogen-free environ-
ment at Jilin Agriculture University. The mice were main-
tained under alternating 12-hour light and 12-hour dark
cycles at a temperature of 25+3 °C. All animal proce-
dures were conducted in accordance with the approval of
the Animal Care and Use Committee of Jilin Agriculture
University (Protocol number: JLAU202208150021), and
the animal facility was fully accredited by the National
Association for Laboratory Animal Care.

Strains and phage

Multidrug-resistant A. caviae AC-CY, which was resis-
tant to penicillins, cephalosporins, tetracyclines, mac-
rolides, lincosamides, and glycopeptides, was isolated
from diseased silver carp and maintained in our labora-
tory [20]. This strain was utilized for phage isolation in
the present study. The phage vB_AceP_PAc was isolated
from sewage systems in Changchun, China, with isola-
tion, plaque assays, and spot tests conducted according
to previously reported methods [21]. Specifically, 5 ul of
phage (1 x 10’ PFU/mL) was spotted on plates containing
different Aeromonas strains to assess host range. After
overnight incubation, the zone of lysis of the susceptible
host was observed. The study encompassed 13 strains of
Aeromonas housed in the laboratory of Jilin Agricultural
University (Two strains of A. caviae were isolated from
diseased silver carp, five strains of A. veronii were iso-
lated from diseased carp, and six strains of A. hydrophila
were isolated from yellow catfish), and 25 strains donated
by the Changchun Veterinary Research Institute, Chinese
Academy of Agricultural Sciences, Changchun, China
(Three strains of A. caviae, and twenty-two strains of A.
hydrophila).

Biological characteristics of the phage
The A. caviae AC-CY and bacteriophage vB_AceP_PAc
were counted separately, then they were mixed at dif-
ferent multiplicities of infection (MOI) of 100, 10, 1, 0.1,
0.01, and 0.001, and incubated in liquid LB medium at
37 °C for 5-6 h. The titer of bacteriophage at each mul-
tiplicity of infection was determined using the double-
layer plate method.

To estimate the latent period and burst size of the bac-
teriophage, we performed a one-step growth curve analy-
sis following the method outlined by Kropinski [22], with



Feng et al. BMC Microbiology (2025) 25:112

slight modifications. Initially, A. caviae AC-CY was cul-
tured in LB medium until reaching the logarithmic phase
(ODgyy =0.6). Subsequently, the culture was infected with
bacteriophage vB_AceP_PAc at a MOI of 1 and allowed
to adsorb at 37 °C for 5 min. Following this, the cultures
underwent centrifugation to eliminate unabsorbed bacte-
riophage, and the pellet was resuspended in 10 ml of LB.
A portion of the culture (0.1 ml) was then transferred to
9.9 ml of LB, and this process of 10-fold serial dilution
was repeated twice before incubation at 37 °C. Every
10 min, 0.1 ml samples were collected from each flask
for PFU (Plaque Forming Unit) determination through
plaque assay on a double-layer LB plate (The experiment
was repeated three times).

To assess pH stability, the impact of different pH levels
on vB_AceP_PAc (1.0x10” PFU/mL) was investigated.
The bacteriophage was incubated in LB broth adjusted to
pH values ranging from 2 to 13 for 1 h. Subsequently, ali-
quots were taken to determine the phage titers at various
pH levels. In thermal stability testing, 2 ml of bacterio-
phage (1x10” PFU/mL) was subjected to temperatures
of 4 °C, 25 °C, 37 °C, 50 °C, 60 °C, 70 °C, and 80 °C. At
10-minute intervals, 100 pl samples were collected. All
experiments were replicated three times.

Electron microscopy

Phage morphology was examined using negative staining
with phosphotungstic acid. A 20 pl sample of the concen-
trated vB_AceP_PAc suspension was applied to copper
grids that had been negatively stained with 1% phospho-
tungstic acid (pH 7) for 30 s. Electron microscopy was
carried out using a JEOL instrument (JEM-1400, Japan)
operating at 80 kV.

Phage DNA extraction, sequencing, and annotation

A. caviae AC-CY was inoculated at 1% into 800 ml of LB
medium and cultured with shaking at 180 rpm for 4 h
at 37 °C until reaching an OD, of 0.6. Bacteriophage
vB_AceP_PAc was then added to amplify in the culture
until it became clear. The resulting lysate was centrifuged
at 8000 x g for 15 min at 4 °C to remove bacterial debris.
After that, phage particles were precipitated by adding
10% polyethylene glycol 8000 and 1 M NacCl, and subse-
quently, they were resuspended in 5 ml of 0.01 M PBS.
The phage was applied to the step gradient solution by
CsCl densities of 1.45, 1.5, and 1.7 g/ml and centrifugated
by 120,000 x g for 3 h at 4 °C.

According to the previous method [23], the concen-
trated phage suspension was diluted to various con-
centrations. Subsequently, it was mixed with A. caviae
AC-CY and spread on a double-layer agar plate for
counting. The phages (>10'' PFU/mL) were filtered
using a 0.22 pm filter. The genomic DNA of the phage
was extracted using a Universal Phage Genomic DNA
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Extraction Kit from Knogen (Guangzhou, China). The
DNA library and sequencing of the bacteriophage
genome were completed by Novogene Bioinformatics
Technology Co., Ltd (Beijing, China). The operation pro-
cess was briefly described as followed: A total amount of
0.2 ug DNA sample was used as input material for the
DNA library preparations. Sequencing library was gen-
erated using NEBNext® Ultra™ DNA Library Prep Kit
for Illumina (NEB, USA, Catalog #: E7370L) following
manufacturer’s recommendations and index codes were
added to each sample. Briefly, genomic DNA sample was
fragmented by sonication to a size of 350 bp. Then DNA
fragments were endpolished, A-tailed, and ligated with
the full-length adapter for Illumina sequencing, followed
by further PCR amplification. After PCR products were
purified by AMPure XP system (Beverly, USA). Subse-
quently, library quality was assessed on the Agilent 5400
system(Agilent, USA) and quantified by QPCR (1.5 nM).
The qualified libraries were pooled and sequenced on
[lumina platforms with PE150 strategy in Novogene Bio-
informatics Technology Co., Ltd (Beijing, China), accord-
ing to effective library concentration and data amount
required. The assembly was performed using SPAdes
v.3.11.0 software [24]. The complete sequence was anno-
tated using NCBI Blastn [25] (accessed on 20 December
2022) and GeneMark-ES (version 4.0) [26]. The genome
map of phage vB_AceP_PAc was generated using the
CG View Server [27] (accessed on 15 January 2023). The
tRNAs were searched using tRNAscan-SE with default
parameters [28]. The phage terminal large subunit is a
highly conserved and evolutionarily significant protein,
commonly used for phage evolutionary relationship
analysis [29]. The phage tail fiber protein is the molecular
basis for the specific recognition of the host by the phage
and determines its host range [30]. After performing
BLASTp searches with the amino acid sequences of the
phage terminal large subunit (ORF57) and the tail fiber
protein (ORF93) of phage vB_AceP_PAc, phage nucleo-
tide sequences with significant similarity were selected,
and Phylogenetic trees were generated using the Neigh-
bor-Joining method and p-distance model on MEGA 7.0
[31, 32].

Bactericidal activity in vitro and in vivo

Experimental methods were carried out following pre-
vious experiments with modifications [33]. A. caviae
AC-CY was inoculated in LB medium and incubated at
37 °C and 180 rpm for 4 h until the concentration reached
1x 10% CFU/mL (ODyy, = 0.6). At this point, the bacterio-
phage vB_AceP_PAc was added at MOI=1. The culture
was then incubated at 37 °C for 12 h, with OD,, mea-
sured every hour. A bacterial culture without the phage
served as the control.
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To determine the minimum concentration of A. caviae
AC-CY that induced diarrhea in mice, a study was con-
ducted using 30 mice divided into 6 groups, each con-
taining 5 mice [34]. The mice in each group were given
intraperitoneal injections of various concentrations of
A. caviae AC-CY (1x10° 1x10°% 1x10’, 1x10%, and
1x10° CFU/mL, 100 pl/mouse), while the control group
received an injection of 100 ul of 0.01 M PBS. Diarrhea
occurrence was monitored in the mice for 7 consecutive
days.

Healthy mice were divided into three groups, with all
mice receiving an intraperitoneal injection of A. caviae
AC-CY (the minimum concentration that induces diar-
rhea in mice). When the mice exhibited diarrhea symp-
toms, the PL group and PH group were administered
different concentrations of vB_AceP_PAc orally (PL
group: 1x10° PFU/ml, 100 ul/mouse; PH group: 1x 10°
PFU/ml, 100 pl/mouse), while the control group received
0.01 M PBS orally (n=>5). Diarrhea occurrence was moni-
tored in the mice for 7 consecutive days.

Feeding experiment with phage

Growth performance

The method was slightly modified on the foundations of
previous research [35]. The health mice were randomly
divided into three groups (n=20). The control group
was fed a commercial basic diet, while the two treatment
groups (PL group and PH group) received the commer-
cial basic diet mixed with vB_AceP_PAc at concentra-
tions of 10° PFU/3 g and 10® PFU/3 g, respectively. Each
mouse was fed with 3 g bacteriophage feed every day for
28 days. Mice were weighed at the start and end of the
feeding trial. Mean daily gain was calculated.

lleal mucosal barrier function

During the feeding period, blood and ileal mucosal fluid
samples were collected from mice in each group (n=3
per group) on the Oth, 7th, 14th, 21st, and 28th day. After
intraperitoneal injection of sodium pentobarbital (50 mg/
kg body weight), all mice were sacrificed by cervical dislo-
cation while anesthetized. Blood samples were allowed to
clot at room temperature for 30 min, followed by centrif-
ugation at 3000 x g at 4°C for 10 min to separate serum.
The serum samples were then stored at -80 °C until anal-
ysis. Enzyme-Linked Immunosorbent Assay (ELISA) kits
were utilized to measure the levels of D-lactate (Jingmei
Biotech Co., Ltd., Beijing, China) and Diamine oxidase
(DAO) (Nanjing Cheng Jian Institute of Biotechnol-
ogy, Nanjing, China) in the serum. For the ileal mucosa
(0.1 g), a homogenate was prepared by mixing the tissue
with 0.1 ml of 0.01 M PBS. Transforming Growth Factor-
alpha (TGF-a), secretory immunoglobulin A (SIgA), and
intestinal trefoil factor (ITF) were quantified in the ileal
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mucosa using commercial ELISA kits, following the man-
ufacturer’s protocols.

The intestinal samples weighing 100 mg from each
group at 0 and 28 days were pulverized using liquid nitro-
gen. Subsequently, total RNA was extracted at a con-
centration of 100 mg tissue per milliliter using TRIzol
(Invitrogen, Carlsbad, CA, USA), and cDNA was synthe-
sized employing a reverse transcription kit (Takara Bio,
Shiga, Japan). Primers from the company Kumei (Chang-
chun, China) (Supplementary Table 1) were utilized.
Real-time PCR analysis was conducted on 7500 real-time
PCR assay systems (Bio-Rad, Hercules, CA, USA) with a
commercial SYBR Green kit (Takara Bio, Shiga, Japan).
The housekeeping gene GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) functioned as the internal control
to determine the relative expression level of the gene of
interest using the 224 method [36].

Histopathological analysis

In the experiment of phage therapy, the mice were eutha-
nized by intraperitoneal injection of sodium pentobarbi-
tal (50 mg/kg body weight) 3 days after being challenged
with A. caviae AC-CY, and 2 days after the phage treat-
ment. Then intestinal tissue samples were collected from
euthanized mice for H&E staining.

In the safety experiment of bacteriophage in healthy
mice, each group of experimental mice was eutha-
nized by sodium pentobarbital (50 mg/kg body weight)
on the 0 th and 28 th day, and intestinal tissue samples
were obtained. Specifically, the tissues were aseptically
sampled from the mid-sections of the duodenum, jeju-
num, and ileum. The intestines were gently washed with
0.01 M PBS buffer, fixed in 4% paraformaldehyde, and
embedded in paraffin. Sections with a thickness of 4 pm
were stained with hematoxylin and eosin (H&E).

Flow cytometry

Methods with flow cytometry were adopted from previ-
ous study with modifications [37]. Cells were collected
from the Peyer’s patches (PPs), mesenteric lymph nodes
(MLNSs), and spleen on day 28. In the surface phenotype
assay, 1x10° cells were blocked with 10 ul CD16/CD32
for 15 min at 4 °C and stained with the indicated anti-
body for 30 min at 4 °C in the dark. Cells were acquired
on the BD FACS-Verse™ flow cytometer (BD Biosciences,
San Jose, CA, USA) and the data were analyzed using the
FlowJo 10.0.7 software (BD Biosciences, San Jose, CA,
USA).

Gut microbiota analysis

Genomic DNA was extracted from the feces of healthy
mice fed with vB_AceP_PAc for 28 days using a QlAamp
DNA Stool Mini Kit (Qiagen Inc., Valencia, CA).
The bacterial 16S rRNA genes were amplified using
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the following specific primer pairs (16S V3-V4, 341F
(5-CCTAYGGGRBGCASCAG-3’) and 806R (5- GGAC-
TACNNGGGTATCTAAT -3’) [38]. The amplicons were
purified using a Qiagen Gel Extraction Kit (Qiagen, Ger-
many). The DNA library and sequencing and analysis
were completed by Novogene Bioinformatics Technol-
ogy Co., Ltd (Beijing, China). The operation process was
briefly described as followed: Following manufacturer’s
recommendations, sequencing libraries were generated
with NEBNext® Ultra™ IIDNA Library Prep Kit (Cat No.
E7645). The library quality was evaluated on the Qubit@
2.0 Fluorometer (Thermo Scientific) and Agilent Bioana-
lyzer 2100 system. Finally, the library was sequenced on
an Illumina NovaSeq platform and 250 bp paired-end
reads were generated.

Paired-end reads were assigned to samples based on
their unique barcodes and were truncated by cutting off
the barcodes and primer sequences. Paired-end reads
were merged using FLASH (Version 1.2.11) [39], a very
fast and accurate analysis tool designed to merge paired-
end reads when at least some of the reads overlap with
the reads generated from the opposite end of the same
DNA fragment, and the splicing sequences were called
Raw Tags. Quality filtering on the raw tags were per-
formed using the fastp (Version 0.20.0) software to obtain
high-quality Clean Tags. The Clean Tags were compared
with the reference database (Silva database https://www.a
rbsilva.de/for16S/18S, Unite database https://unite.ut.ee/
for ITS) using Vsearch (Version 2.15.0) to detect the chi-
mera sequences, and then the chimera sequences were
removed to obtain the Effective Tags [40]. For the Effec-
tive Tags obtained previously, denoise was performed
with DADA2 or deblur module in the QIIME2 software
(Version QIIME2-202006) to obtain initial ASVs (Ampli-
con Sequence Variants) (default: DADA?2), and then
ASVs with abundance less than 5 were filtered out [41].
Species annotation was performed using QIIME2 soft-
ware. For 165/18S, the annotation database is Silva Data-
base, while for ITS, it is Unite Database. In order to study
phylogenetic relationship of each ASV and the differ-
ences of the dominant species among different samples
(groups), multiple sequence alignment was performed
using QIIME2 software. The absolute abundance of ASVs
was normalized using a standard of sequence number
corresponding to the sample with the least sequences.
Subsequent analysis of alpha diversity and beta diver-
sity were all performed based on the output normalized
data. In order to analyze the diversity, richness and uni-
formity of the communities in the sample, alpha diver-
sity was calculated from 4 indices in QIIME2, including
Observed_otus, Chaol, Shannon, and Dominance. In
order to evaluate the complexity of the community com-
position and compare the differences between samples
(groups), beta diversity was calculated based on weighted
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and unweighted unifrac distances in QIIME2. Cluster
analysis was performed with principal component analy-
sis (PCA), which was applied to reduce the dimension of
the original variables using the ade4 package and ggplot2
package in R software (Version 3.5.3). To study the signif-
icance of the differences in community structure between
groups, the adonis and anosim functions in the QIIME2
software were used to do analysis. To find out the signifi-
cantly different species at each taxonomic level (Phylum,
Class, Order, Family, Genus, Species), the R software
(Version 3.5.3) was used to do MetaStat and T-test
analysis. The LEfSe software (Version 1.0) was used to
do LEfSe analysis (LDA score threshold: 4) so as to find
out the biomarkers. Further, to study the functions of the
communities in the samples and find out the different
functions of the communities in the different groups, the
PICRUSt2 software (Version 2.1.2-b) was used for func-
tion annotation analysis.

Statistical analysis

Statistical analyses were performed using SPSS 22.0
(SPSS, INC., Chicago, IL, USA) and R software (v.3.5.3).
Statistical tests were 2-sided. A value of P<0.05 was used
for the determination of significant differences. *P<0. 05
indicated a significant difference in the data; *%P<0. 01,
#xkP <0, 001.

Results

Biological characteristics of vB_AceP_PAc

The phage vB_AceP_PAc was isolated from sewage sys-
tems in Changchun through plaque purification. After
incubation for 12 h, vB_AceP_PAc formed plaques with
diameters of 1.5-2 mm (Fig. 1A). TEM (Transmission
Electron Microscope) images revealed that vB_AceP_PAc
had a capsid diameter of 78+1 nm and a tail length of
106+1 nm. These morphological characteristics con-
firmed its classification within the myoviruses (Fig. 1B).
The host range of vB_AceP_PAc was determined against
38 strains of Aeromonas spp. Interestingly, apart from A.
caviae AC-CY, vB_AceP_PAc only demonstrated lytic
activity against A. hydrophila BSK (Table 1). Additionally,
the one-step growth curve showed that vB_AceP_PAc
had a short latency period of approximately 30 min, with
a rise period of around 50 min. In addition, the burst
size of vB_AceP_PAc was approximately 5000 PFUs per
infected cell on strain A. caviae AC-CY (Fig. 1C). More-
over, vB_AceP_PAc was stable across a pH range of 3-11
and exhibited optimal effectiveness at pH 6-8 (Fig. 1D).
At different temperatures, the phage retained full activity
at 4 °C, 25 °C, and 37 °C, but its activity reduced by half
at 60 °C and became completely inactivated after 40 min
at 70 °C (Fig. 1E). Furthermore, vB_AceP_PAc effectively
self-replicated at the optimum MOI of 1 (Fig. 1F).
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Fig. 1 Biological characteristics of the phage vB_AceP_PAc. (A) phage vB_AceP_PAc lytic plaque onto A. caviae AC-CY culture on LB agar. Each single
plague was =2 mm in diameter. (B) TEM image showed the icosahedral head and sheathed tail tube with the tail fiber of vB_AceP_PAc. Bar =100 nm. (C)
One-step growth curve of vB_AceP_PAc. (D) pH stability: vB_AceP_PAc were incubated under different pH values. (E) Thermal stability: phage particles
were incubated at different temperatures as indicated. (F) Determination of the MOI for vB_AceP_PAc

Table 1 Host range of vB_AceP_PAc

Organism Name vB_AceP_PAc Organism Name vB_AceP_PAc
A.caviae AC-CY + A.hydrophila Ah-3-1 -
A.caviae ATCC15468 A.hydrophila Ah-NY7 -
A.caviae AC-6 - A.hydrophila Ah-NY10 -
A.caviae AC-JY8 - A.hydrophila Ah-23 -
A.caviae AC-S23 A.hydrophila Ah-11 -
A.veronii Th-0426 - A.hydrophila Ah-57 -
A.veronii Av-2 - A.hydrophila Ah-XLCJY2 -
A.veronii Av-3 - A.hydrophila Ah-LHGY -
A.veronii Av-32 - A.hydrophila Ah-JY1 -
A.veronii Av-46 A.hydrophila Ah-XLCJY5 -
A.hydrophila Ah-87 - A.hydrophila Ah-XLCIY1 -
A.hydrophila Ah-138 - A.hydrophila Ah-JY6 -
A.hydrophila Ah-152 A.hydrophila Ah-JY7 -
A.hydrophila Ah-BSK + A.hydrophila Ah-XLCJY4 -
A.hydrophila Ah-TPS - A.hydrophila Ah-S72-1 -
A.hydrophila ATCC7966 - A.hydrophila Ah-571-6 -
A.hydrophila Ah-JY22 - A.hydrophila Ah-S71-4 -
A.hydrophila Ah-B3 A.hydrophila Ah-S57-7 -
A.hydrophila Ah-S60-2 - A.hydrophila Ah-528-6 -

“+" Bacteria could be cleaved by bacteriophage; “-" Bacteria could not be cleaved by bacteriophage

Genomic characterization analysis of vB_AceP_PAc

To examine vB_AceP_PAc at the genetic level, we
obtained and analyzed the complete genome sequence of
vB_AceP_PAc and deposited it in GenBank (OP718284).
The complete genome of vB_AceP_PAc was 123,933 bp
(supplementary Table 2). The NCBI BLAST com-
parison at the nucleotide level indicated that only 10

bacteriophages were similar to vB_AceP_PAc, These
phages had a particular phylogenetics, including Aeromo-
nas phage phiA047 (OMO033136.1) (percent identity:
90.31%), Aeromonas phage phiA009 (OMO033134.1)
(percent identity: 92.03%), Aeromonas phage phiA019
(OM033135.1) (percent identity: 92.01%), Aeromonas
phage 2L.372X (NC_048770.1) (percent identity: 85.85%),
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Aeromonas phage 21.372D (NC_048769.1) (percent iden-
tity: 85.79%), Aeromonas phage 4L.372D (NC_048771.1)
(percent identity: 85.74%), Aeromonas phage vB_AdhM_
TS9 (OP820701.1) (percent identity: 94.35%), Aeromo-
nas phage 4L372XY (NC_048772.1) (percent identity:
86.67%), Aeromonas phage vB_AdhM_DL (OP820702.1)
(percent identity: 90.88%), and Pseudoaeromonas
phage VB_Pem_KLEP7 (OM654377.1) (percent iden-
tity: 76.39%). The coverage rates were all below 52%,
which indicated that this phage was new at genome level
(Fig. 2A). The phage genome contained 213 putative
ORFs (Open Reading Frames) (Fig. 2B). After function
prediction, it was shown that 29 ORFs were putatively
known proteins, while 174 ORFs were unknown proteins.
In addition, from the NCBI database analysis, we could
not speculate on the functions of the other 10 ORFs.
Genomic analysis showed that phage vB_AceP_PAc
does not have integrase and other lysogenic determi-
nants. This result indicated that the current research on
functional genes of A. caviae phages in gene databases
was limited in terms of quantity and scope. As shown in
Supplementary Table 2, the proteins encoded by all ORFs
ranged from 3.06 kDa to 131.39 kDa, and the smallest
ORF was ORF58, which encoded 31 amino acids. The
largest was ORF142, which encoded 1153 amino acids.
Additional tRNA genes can expand the host range,
thereby enhancing the phage’s adaptability to multiple
hosts, tRNAscan-SE analysis revealed that the genome
of phage vB_AceP_PAc contains a single tRNA gene [42,
43]. Figure 2C shown the phylogenetic tree results based
on the terminal large subunit. The results with similar-
ity were divided into eight clades (cutoff value=50),
including Pseudomonas phage, Erwinia phage, Acineto-
bacter phage, and Serratia phage, Cronobacter phage,
Salmonella phage, Klebsiella phage and a putative Vib-
rio phage. Figure 2D shown the phylogenetic tree results
based on tail fiber protein, and the species selected were
the same as the terminal enzyme subunit, and the phage
was located in the same clades as Aeromonas phage
21.372X, with the closest affinity; Moreover, it was also
closely related to the other two strains Aeromonas phage
phiA047 and phiA009.

Bacteriolytic activity of vB_AceP_PAc
To evaluate the efficacy of vB_AceP_PAc against A.
caviae AC-CY, we conducted an in vitro time-killing
assay. As depicted in Fig. 3C, the control group (PBS)
exhibited a normal growth of bacteria. Conversely, in
vB_AceP_PAc group, the ODgy, of A. caviae AC-CY
decreased from 0.54 to 0.125 within 3 h of culture, but
then began to growth.

Figure 3A and B illustrated the basic process of the
phage therapy trial. Intraperitoneal injection of 1x 10’
CFU/mL (100 pl/mouse) of A. caviae AC-CY resulted
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in diarrhea-related symptoms, such as watery stools and
fecal adherence, within three days. Therefore, 1x 10’
CFU/mL (100 pl/mouse) was established as the mini-
mum dose of A. caviae AC-CY that induced diarrhea in
mice (It was marked in red in Fig. 3A). When the mice
exhibit diarrhea symptoms, the PL group (1x10° PFU/
ml, 100 pl/mouse) and the PH group (1x10° PFU/ml,
100 pl/mouse) were provided with mouse feed containing
varying concentrations of phages, respectively. Following
continuous feeding for 2 days, the diarrhea symptoms in
the PH group were significantly alleviated compared to
the control group. Symptoms such as watery stools and
fecal adhesion around the anal region gradually improved
(Fig. 3E) (The photos were taken two days after the mice
were fed with the phage-containing diet), and the intesti-
nal villi began to recover (Fig. 3D) (Tissue samples were
collected and processed for H&E staining two days after
the mice were fed with the phage-containing diet).

Effect of vB_AceP_PAc on intestinal homeostasis in mice
Effect of dietary supplement of bacteriophage on the growth
of mice

Figure 4A outlines the basic process of the trial in which
healthy mice were continuously fed phages for 28 days.
The effects of dietary bacteriophage supplementation on
mouse growth performance are outlined in Table 2. Nota-
bly, mice receiving a diet supplemented with 1 x 10° PFU/
ml (100 pl/mouse) of bacteriophage vB_AceP_PAc exhib-
ited a significant increase in final body weight (P<0.05)
compared to the control group. The integrity of the intes-
tinal mucosal morphology is crucial for the mice’s diges-
tive and absorptive function. Parameters such as villus
height (VH), crypt depth (CD), and the VH/CD ratio
serve as direct indicators of the mucosal morphological
structure and function. Our findings indicate that mice
fed with a diet containing 1 x 10° PEU/ml (100 pl/mouse)
of bacteriophage vB_AceP_PAc had improved VH in the
duodenum, jejunum, and ileum (Fig. 4B), a reduction in
CD in the duodenum (Fig. 4C), and an increased VH/CD
ratio in the duodenum and ileum (P<0.05) (Fig. 4D). By
H&E staining, there was no obvious lesion in the intes-
tine of mice fed with phage compared with the control
group (Fig. 4E). These results suggest that the consump-
tion of 1x10° PFU/ml (100 pl/mouse) vB_AceP_PAc-
supplemented diets can preserve the integrity of the
mouse intestinal mucosa.

Dietary supplements of bacteriophage attenuated intestinal
inflammation in mice

After feeding phage vB_AceP_PAc for 28 days, the
ileum mucosa of mice in the PH group showed higher
levels of SIgA, ITF, and TGF-a. Notably, the PL group
also increased the levels of SIgA and ITF, showed the
decreasing content of TGF-a (Fig. 5A, B, C). Phage
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Fig. 3 Bactericidal effect of phage against A. caviae AC-CY. (A) The dosing schedule for the minimum dose of A. caviae AC-CY that induces diarrhea in
mice. (B) The administration regimen for phage therapy in mice with diarrhea. (C) The A. caviage AC-CY strain was lysed by phage vB_AceP_PAc in LB
medium at 37°C. No phage was added in the negative control. The values represent the means and SD (n=3). (D) H&E staining of duodenum, jejunum,
and ileum in mice with diarrhea caused by A. caviae AC-CY and mice in PL and PH groups. Normal mice served as the control group. (E) Diarrhea in mice

caused by A. caviae AC-CY and its alleviation by feeding vB_AceP_PAc

administration significantly reduced mRNA levels of
Ccl2, Ccl4, and Icaml in both PH and PL phage-fed
groups. The administration of phages in PH group
decreased mRNA levels of IL-1f3, IL-6, and TNF-a (P<O0.
01). However, these indicators showed an increas-
ing trend in the PL phage group (P<0. 001) (Fig. 5D).
mRNA levels of innate immune components (7lr2, Tir4,
and Irak4) were also significantly up-regulated by phage
administration both in PH and PL groups (P<0. 001),
however, there was no significant difference in Tlr2 lev-
els between the PL group and the control group (Fig. 5E).
These results suggested that vB_AceP_PAc could stimu-
late intestinal secretion of SIgA and ITF, and down-regu-
lated the expression of proinflammatory factors.

Phage improved intestinal barrier function

Apart from the gut inflammation status, we also mea-
sured intestinal barrier function. Epithelial tight junction
molecules, such as ZO-1, junctional adhesion molecule
(JAM), Occludin, and Claudin 4, are the markers of epi-
thelium integrity. Compared to the control group, dietary
1x10° PFU/ml (100 pl/mouse) bacteriophage supple-
mentation up-regulated the relative mRNA expression
of ZO-1, JAM, Occludin, and Claudin 4 genes (P<0.05)
(Fig. 6A). However, the above factors were not found to
be significantly different in the PL bacteriophage diet
group compared to the control group (P>0.05). Intestinal

chemical barriers included lysozyme, Iap, Muc2, and
C3gnt. qPCR results indicated that the expression of
Lysozyme, Muc2, and C3gnt increased by feeding 1 x 10°
PFU/ml (100 ul/mouse) bacteriophage (P<0. 001)
(Fig. 6B). The damage of the intestinal mechanical bar-
rier led to an increase in intestinal mucosal permeability,
the D-lactate and diamine oxidase (DAQ) could enter the
blood circulation system through the damaged intesti-
nal mucosa, which led to the increased in serum D-lac-
tate and DAO levels. The results of Elisa assay showed
that the D-lactate concentration and DAO activity were
decreased for the mice in the PH feed group (P<0.05).
The PL fed group did reduce D- lactate concentration
compared to the PH phage group (Fig. 6C, D). The results
showed that feeding 1 x 10° PFU/ml (100 pl/mouse) vB_
AceP_PAc could help maintain the integrity of the intes-
tinal barrier.

Phage did not alter the CD3+CD4+/CD3+CD8+ balance in
mice

Flow cytometry was used as a mainstream tool for study-
ing the effects of phage supplementation on immune
system. Many researchers have reported that the ratio
of CD4"/CD8" cells is indicative of the general immune
system status [44, 45]. Therefore, flow cytometry was
performed to measure the following factors including
CD3 T cells (PerCP/Cy5.5 anti-mouse CD3, clone 17A2,
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Table 2 Effect of dietary bacteriophage supplementation on
growth performance of mice (n=3)

Item Control 10° PFU/mL  10® PFU/mL
Initial body weight (g) 17x1 17£1 16.6+0.6
Final body weight (g) 246415  233+09% 28+1°¢
Average body weight (g)  0.271 0.225 0.407

a, b Different letters above bars indicates significant differences (P<0.05)

Biolegend, San Diego, CA, USA), CD4 T cells (CD3
CD4, FITC anti-mouse CD4, clone RM4-5, Biolegend,
San Diego, CA, USA), CD8 T cells (CD3CD8, PE anti-
mouse CD8a, clone 53-6.7, Biolegend, San Diego, CA,
USA). Flow cytometry test was performed to determine
the polarization of different T cell subsets in the Peyer’s
Patches, mesenteric lymph nodes (MLN), and spleen.
Compared with the control group, feeding vB_AceP_
PAc at both PL (1x10° PFU/ml, 100 ul/mouse) and PH
(1x10° PFU/ml, 100 pl/mouse) did not change the value
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of CD3*CD4"/CD3*CD8" in mesenteric lymph nodes
(MLN), spleen, and Peyer’s Patches (Fig. 7A, B, C). These
results indicated that phage treatment did not affect T
cell polarization in mice.

Phage-treated mice showed different gut microbiota
composition

To investigate whether phage feeding affects the gut bac-
teria of mice, we conducted gut microbiome sequenc-
ing. Alpha diversity is used to analyze the microbial
community diversity within samples [46]. a diversity
indicated that the application of bacteriophage reduced
the total number of intestinal microorganisms in mice
compared to the control group (Fig. 8A) and showed a
higher degree of uniformity (Fig. 8B), whereas the con-
trol group had more species and higher diversity (Fig. 8C,
D), which was not significantly different between the PH
and PL groups (The data can be found in Supplementary
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Table 3). B diversity analysis (Fig. 8E) showed significant
differences between each phage group and the control
group, and the analysis showed similar community com-
position between the PH and PL groups. Changes in the
relative abundance of the microbiota shown at the phy-
lum level and the family level are shown at Fig. 8F, and
8G respectfully. Firmicutes and Bacteroidetes were the
primary phyla in caecum microbiota, followed by Pro-
teobacteria. Neither PH nor PL groups phage could
change the abundance of Firmicutes, but the phage could
improve the abundance of Bacteroidetes. The abundance

of Proteobacteria in the PH phage group was significantly
reduced. However, the abundance of Proteobacteria was
not affected by the PL phage group. At the family level,
the abundance of Lactobacillaceae and Muribaculaceae
was significantly increased, while the abundance of Lach-
nospiraceae and Oscillospiraceae decreased by the appli-
cation of bacteriophage, with no significant difference
between the two phage groups. The changes in mouse
intestinal microbiota caused by PH and PL bacteriophage
were mainly concentrated on the abundance of Lactoba-
cillus_intestinalis in Bacilli and Escherichia_Shigella in
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Gammaproteobacteria (Fig. 8H, I). These data indicated
that the phage-treated mice had a different gut micro-
biota composition compared with control mice. There-
fore, phage may play an important role in modulating the
composition of gut microbiota.

Discussion

In this study, we characterized a novel bacteriophage, vB_
AceP_PAc. TEM confirmed that this phage exhibits mor-
phological features typical of the myoviruses. Stability is
one of the key factors for the clinical utility of bacterio-
phages as antimicrobial agents. Our results indicate that
vB_AceP_PAc maintains the highest titer at a pH range
of 6 to 8 and at temperatures below 50 °C. The complete
genome of vB_AceP_PAc is 123,933 base pairs in length,
closely resembling those of previously described phages,
such as Aeromonas Phage phiA047 (GenBank accession
number: OMO033136.1), with which it shares 90.31% simi-
larity, and Aeromonas phage phiA009 (GenBank acces-
sion number: OM033134.1), with which it shares 92.03%
similarity. A BLASTp analysis of the genome identified
three main gene clusters: nucleic acid metabolism and
replication, host lysis, and phage structure and packag-
ing. After a lytic phage infects the bacteria, it causes lysis
of the bacterial cells and releases progeny phages [47,
48]. This process requires phage proteins with lytic func-
tions [49]. A typical phage lysis system consists of lysin
and holin proteins [50]. However, some systems may
have only lysin-containing signal peptides, which can be
secreted outside the membrane independently of holin
[51]. The vB_AceP_PAc genome contains a single gene
encoding lysozyme (ORF 148), reflecting the lysis system
observed in Aeromonas phage phiA047 and Aeromonas
phage phiA009. Phages that possess a higher number
of tRNA genes may exhibit increased adaptability and
efficiency in infecting specific hosts. This is because the
presence of diverse tRNAs can enhance the translation
of phage proteins within the host’s cellular machinery,
allowing for more effective replication and infection [42].
Conversely, phages with fewer tRNAs may be limited in
their ability to infect certain hosts, potentially leading
to a narrower host range [43]. The genome of vB_AceP_
PAc contains only one tRNA gene, indicating a narrow
host range, which was further validated in host range
experiments.

The primary aim of phage therapy in clinical practice
is to ensure the safe and efficient use of bacteriophages.
In this study, we demonstrated that the bacteriophage
vB_AceP_PAc effectively alleviated diarrhea symptoms
in mice induced by infection with A. caviae AC-CY.
Our focus has been on assessing the safety of bacterio-
phages in practical applications. In subsequent studies,
our emphasis was on determining if the introduction
of phages to the diet would elicit adverse reactions in
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the mice. Some studies have indicated that oral admin-
istration of bacteriophages serves as a growth promoter
in pigs, increasing the average daily gain. Furthermore,
oral phage therapy effectively addressed Motile Aeromo-
nas Septicemia (MAS) infection in O. niloticus [52], and
we observed similar results in mice that were fed with
phages. This investigation demonstrated that dietary
supplementation with 1x10° PFU/mL (100 pl/mouse)
bacteriophage could enhance mouse growth. In order to
comprehend the underlying mechanism of the growth-
promoting effect of bacteriophages on mice, we collected
and measured their intestinal tissues. Intestinal morphol-
ogy serves as a crucial indicator of gut health and the
digestive and absorptive capacity of the intestine. It is
also linked to improved intestinal digestion and absorp-
tive capacity. In this experiment, the villus height in the
jejunum and ileum of mice fed with a 1x10° PFU/ml
(100 pl/mouse) bacteriophage diet increased, confirming
that the administration of 1 x 10° PEU/ml (100 pl/mouse)
bacteriophage promoted the development of the intesti-
nal tract in mice.

Bacterial toxins induce changes in membrane trans-
port which underlie the loss of electrolyte homeostasis
associated with diarrhea. A variety of virulence factors
of Aeromonas could cause the inflammatory reactions,
including heat-stable cytotonic toxins (ast), aerolysin-
related cytotoxic enterotoxin (act), heat-labile cytotonic
enterotoxin (alt), haemolysin (hlyA), aerolysin (aerA),
type III secretion system (T3SS), elastase (ela), lipase
(lip), polar flagellum (fla), and lateral flagella (laf) [53].
In A. hydrophila, virulence factors of aerolysin, haemo-
lysin and multifunctional repeat-in-toxin play a vital role
in the secretion of IL-1B [54]. In A. veronii, virulence
factors of aerolysin and type III secretion system were
verified to take part in the secretion of IL-1f in macro-
phages. In addition, A. caviae infection could induce the
release of pro-inflammatory cytokine IL-1p [55]. The
intestine could secrete bioactive substances to defend
against foreign antigens, toxins, and macromolecules. It
was reported that bacteriophage could be a modulator
in both specific and non-specific immune response. In
the present study, bacteriophage enhanced the immune
capacity of mice by increasing the content of sIgA, ITF,
and TGF-a in the ileal mucosa. The application of bac-
teriophage inhibited the expression of intestinal inflam-
matory factors (IL-1f, Ccl2, Icam]1, and TNF-a) in mice.
In line with our results, Tothova et al. [56]. reported that
bacteriophage therapy decreased the expression of pro-
inflammatory cytokines in mice with urinary tract infec-
tions. Similarly, Hung et al. found that bacteriophage
therapy inhibited inflammatory cytokine production
induced by Klebsiella pneumonia-mediated liver abscess
and bacteremia in mice [57]. Bacteriophages were also
reported to inhibit the expression of inflammatory
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factors in mice. When the body was invaded by foreign
pathogens, TLR2, TLR4, and other receptors were rapidly
triggered [58]. The activated TLRs could provide a mes-
sage about the bacterial census in the intestine, and trig-
ger the expression of secretory anti-microbial proteins to
maintain mucosal surface-related bacterial populations at
homeostatic levels [59]. Our study demonstrated that the
supplementation of bacteriophages in the diet enhanced
the mRNA expression levels of TLR2 and TLR4 in the
intestinal mucosa of healthy mice, indicating the activa-
tion of the innate immune response [60].

Proper functioning of the epithelial cells and preven-
tion of inflammation rely heavily on the preservation of
the intestinal barrier integrity, which plays a crucial role
in blocking harmful bacteria from entering the body.
Intestinal barrier damage increases epithelial permeabil-
ity. D-lactate concentration and DAO activity were also
analyzed as indicators of intestinal barrier functional-
ity. In our experiment, the feeding with bacteriophages
reduced the concentration of serum D-lactate and DAO,
which indicated that the intestinal barrier function of
the mice was enhanced. Tight junction proteins are the
principal determinants of epithelial and endothelial para-
cellular barrier functions. Feeding with bacteriophages
significantly improved the expression of genes associated
with intestinal epithelial tight junctions, including Zo-1,
Jam, Occludin, and Claudin4. In addition to tight junc-
tion molecules serving as mechanical barriers, chemical
barriers, including various digestive enzymes, lysozyme,
mucopolysaccharide, antimicrobial peptides, and other
components secreted by the digestive tract, are also
components of the intestinal mucosal barrier [61]. Lyso-
zyme was demonstrated to bind to bacterial LPS with a
high affinity to produce a complex and inhibit the bio-
logical activities of LPS [62]. Additionally, intestinal alka-
line phosphatase is a gut mucosal defense factor known
to dephosphorylate LPS [63]. C3GnT was responsible
for the glycosylation of intestinal mucins, providing an
important source of growth substrates for intestinal bac-
teria, which was a component of the intestinal mucosal
barrier [64]. The expression levels of lysozyme (respon-
sible for protection from bacterial infections), serving as
the chemical barrier of the intestine, increased after feed-
ing with bacteriophage. In addition, the PH group also
showed up-regulation of Muc2 and C3gnt. Muc2 encodes
a mucin protein that can disassociate pathogenic and
commensal bacteria [65]. C3GnT is a core enzyme in the
synthesis of core 3-derived O-glycans, the predominant
components of intestinal mucus. Mice lacking glycans
displayed a thinner intestinal mucus barrier [66], which
represented an important source of growth substrates for
intestinal bacteria [67]. Therefore, the changes in the gut
chemical barrier, including those of lysozyme, Muc2, and
C3gnt, influenced gut permeability.
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Microbiota composition plays a crucial role in intes-
tinal immune responses including the development of
subpopulations of T lymphocytes [42]. Specifically, the
CD4"/CD8" ratio is considered a marker for an immune
state that can be perturbed during inflammation and
infection [68, 69]. In this study, neither the PH group nor
the PL group affected CD4*/CD8" values compared to
the control group, indicating that the adaptive immune
response was not activated by microbiota changes.

The gut microbiome, as a highly complex ecological
system, plays a vital role in regulating the host’s immune
system and influences the host’s development and physi-
ological functions through the modulation of metabolic
products [70-72]. The microorganisms in the gut influ-
ence the development and function of T cells through
various mechanisms [73, 74]. A diverse microbiota can
promote the activation and proliferation of CD4" and
CD8* T cells by producing metabolites, such as short-
chain fatty acids, or by interacting with intestinal epithe-
lial cells [75]. A recent study found that phage predation
not only reduced the relative abundance of target bacte-
ria in the gut but also led to changes in untargeted bac-
teria through bacterial interactions, resulting in changes
in certain bacteria [76]. These phage-mediated changes in
the microbiome further regulated the metabolic activity
of the gut microbiota [77], thereby influencing gut health
[78]. In this study, the abundance of the mouse intesti-
nal microbiota was changed and the species uniformity
of the community was improved by feeding with bacte-
riophage, which also illustrated the regulatory effect of
bacteriophage on the mouse intestinal microbiota. How-
ever, this change did not have a significant impact on the
CD4"/CD8" ratio. The increase in microbial abundance
was associated with enhancing the stability of the eco-
system and resistance to pathogen invasion. By feeding
bacteriophage, we found that the abundance of Lacto-
bacillaceae and Muribaculaceae in the intestinal tract of
mice was significantly increased, and the same phenom-
enon appeared in our previous study [79]. The present
study suggested that gut microbiota regulation may be
another underlying mechanism of the growth-promoting
of bacteriophage for the mice.

Conclusion

In our study, a new myoviruses phage named vB_AceP_
PAc was isolated and purified from sewage using a
multidrug-resistant A. caviae. Our results showed that
vB_AceP_PAc could effectively reduce the diarrhea of
mice caused by multidrug-resistant A. caviae AC-CY,
and that the phage had certain safety in application. In
addition, the application of the bacteriophage may play a
role in regulating the gut microbiota of mice, which could
be another potential mechanism by which the phage pro-
moted growth in these animals.
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