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Phage therapy is an alternative approach to overcome the problem of multidrug
resistance in bacteria. In this study, a bacteriophage named PZL-Ah152, which infects
Aeromonas hydrophila, was isolated from sewage, and its biological characteristics
and genome were studied. The genome contained 54 putative coding sequences
and lacked known putative virulence factors, so it could be applied to phage therapy.
Therefore, we performed a study to (i) investigate the efficacy of PZL-Ah152 in reducing
the abundance of pathogenic A. hydrophila strain 152 in experimentally infected crucian
carps, (i) evaluate the safety of 12 consecutive days of intraperitoneal phage injection in
crucian carps, and (i) determine how bacteriophages impact the normal gut microbiota.
The in vivo and in vitro results indicated that the phage could effectively eliminate
A. hydrophila. Administering PZL-Ah152 (2 x 10% PFU) could effectively protect the
fish (2 x 108 CFU/carp). Furthermore, a 12-day consecutive injection of PZL-Ah152 did
not cause significant adverse effects in the main organs of the treated animals. We also
found that members of the genus Aeromonas could enter and colonize the gut. The
phage PZL-Ah152 reduced the number of colonies of the genus Aeromonas. However,
no significant changes were observed in a-diversity and p-diversity parameters, which
suggested that the consumed phage had little effect on the gut microbiota. All the results
illustrated that PZL-Ah152 could be a new therapeutic method for infections caused by
A. hydrophila.

Keywords: Aeromonas hydrophila, phage therapy, phage genome, phage safety, gut microbiota

INTRODUCTION

Aeromonas spp., frequently associated with severe infections in cultured fish species, is the most
common bacterium found in freshwater habitats (Liu X. et al., 2020). Aeromonas hydrophila infects
various freshwater fish species and also causes severe diseases in humans, such as pneumonia,
empyema, and peritonitis (Citterio and Francesca, 2015; Tsujimoto et al., 2019). Antibiotics are still
the best way to treat A. hydrophila infection. However, excessive antibiotic administration had made
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A. hydrophila strains antibiotic-resistant (Zhu et al., 2020).
Therefore, new antimicrobial therapies urgently need
to be developed.

Bacteriophages (or phages) are abundant in nature and can
target and destroy pathogenic bacteria. At present, phages are
gradually accepted as alternatives/complements to antibiotic
therapy (Danis-Wlodarczyk et al., 2021) and have been
successfully used in many bacterial pathogens causing diseases
in animals and humans (Jikia et al., 2005; Jun et al., 2013).
Some medical institutions are performing phase II clinical trials
of bacteriophage (Duplessis and Biswas, 2020). Moreover, some
phages can penetrate the biofilms. The research on A. hydrophila
phage is also increasing. The phages G65 and Y81 showed a
considerable bactericidal effect and potential in preventing the
formation of A. hydrophila biofilms, and the phages G65, W3,
and N21 were able to scavenge mature biofilms effectively (Liu
J. et al,, 2020). To treat A. hydrophila infection, phage mixture
therapy was established based on the analysis of the genomic
sequences and biological characteristics of vB_AHAp_ PZL-
AHS8 and vB_AHAp_PZL-AHI1 (Yu et al, 2022). The results
also showed that phage therapy was a good way to inhibit
the production of phage-resistant strains. Some studies have
shown that phage pAh6-C could treat the diseases caused by
A. hydrophila infection in carps (Yun et al., 2019). Bacteriophages
pAh-1 and Akh-2 also had good therapeutic effects in the
treatment of A. hydrophila infection in zebrafish and loach
(Easwaran et al., 2017; Akmal et al., 2020).

The predominant bacterial taxa in the fish gut, such as
Proteobacteria, Fusobacteriota, and Firmicutes, play important
roles in promoting cellulose decomposition and polysaccharide
fermentation in the gut (Kostic et al., 2013). In a zebrafish model,
changes in the intestinal flora directly affected fish growth and
development, as well as the morphology of the intestinal mucosa
and the regeneration of intestinal epithelial cells (Rawls et al.,
2004). Studies have shown that the addition of phages to the
mice enteritis infection model could not only kill target cells but
also produce a cascade effect on other bacteria through bacterial
interactions without disrupting the homeostasis of the intestinal
microbiota (Hsu et al., 2019). These abilities of phages reflect their
strong application potential (Febvre et al., 2019).

In this study, we isolated a bacteriophage (PZL-Ah152)
that infected a pathogenic strain of multidrug-resistant (MDR)
A. hydrophila 152. After sequencing and analyzing the PZL-
Ah152 genome, we discovered a lack of bacterial virulence- or
lysogenesis-related ORFs, which suggested that this phage was
eligible for therapy. A phage therapy experiment in A. hydrophila-
infected crucian carps was performed based on the phage’s ability
to kill the target bacteria. In addition, there are no reports
showing whether phage administration affects the commensal
A. hydrophila that colonizes the gastrointestinal tract of fish.

MATERIALS AND METHODS

Fish and Ethics Statement

In this study, crucian carp (average weight 35 £ 1 g)
specimens obtained from a fish farm were used. All experiments

were performed rigorously under the Regulations for the
Administration of Affairs Concerning Experimental Animals that
were issued by the State Council of the People’s Republic of
China (1988.11.1), as well as in accordance with the guidelines
of the Animal Welfare and Research Ethics Committee at Jilin
Agriculture University (JLAU08201409).

Bacterial Strains and Growth Conditions
Aeromonas hydrophila 152 was used for phage isolation, and 39
additional Aeromonas strains (including 21 A. hydrophila and 18
A. veronii) were used for host range analysis (Table 1). All the
bacterial strains were cultured in LB broth at 37°C.

Phage Isolation and Host Range Testing
Aeromonas hydrophila 152 was adopted for phage propagation
in the current study. PZL-Ah152 was isolated from sewage
systems in Changchun, China. Phage isolation, plaque assays,
and spot tests were conducted according to previously reported
methods (Gu et al.,, 2011; Hyman, 2019). A measure of 5 pL of
phage (1.0 x 107 PFU/ml) was spotted on double-layered plates
containing different A. hydrophila strains for the detection of the
host range. After overnight incubation, the zone of lysis of the
susceptible host was observed.

Biological Characteristics of the Phage

One-step growth curve determination was performed according
to a previously described method with slight modifications
(Kropinski, 2017). Briefly, A. hydrophila 152 was incubated in

TABLE 1 | Bactericidal spectrum of PZL-Ah152.

Organism Strain  Spot testing Organism Strain  Spot testing
name results name results

A. hydrophila 36 - A. veronii 1 -

A. hydrophila 54 - A. veronii 3 -

A. hydrophila 64 - A. veronii 4 -

A. hydrophila 68 - A. veronii 5 -

A. hydrophila 69 A. veronii 6 +

A. hydrophila 87 A. veronii 7 -

A. hydrophila 93 - A. veronii 9 -

A. hydrophila 103 A. veronii 11 -

A. hydrophila 107 A. veronii 20 -

A. hydrophila 119 A. veronii 21 -

A. hydrophila 138 - A. veronii 47 -

A. hydrophila 142 + A. veronii 77 -

A. hydrophila 143 - A. veronii 85 -

A. hydrophila 147 - A. veronii 115 -

A. hydrophila 148 - A. veronii 155 -

A. hydrophila 150 + A. veronii 520 -

A. hydrophila 166 - A. veronii  QXFO711B -

A. hydrophila 183 - A. veronii THO426 -

A. hydrophila 1021 -

A. hydrophila  BSK -

A. hydrophila  TPS +

“+” Bacteria can be cleaved by bacteriophage; “-” Bacteria cannot be cleaved

by bacteriophage.
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an LB medium until the logarithmic phase (OD600 nm = 0.5),
and the culture was infected with bacteriophage PZL-Ah152 with
an MOI of 0.1 and kept at 37°C for 5 min for adsorption.
The cultures were centrifuged to remove the unabsorbed
bacteriophage, and the precipitate was resuspended in 10 ml of
LB. A total of 0.1 ml of culture was transferred to 9.9 ml of LB.
A 10-fold serial dilution of the mixture was carried out two times
and incubated at 37°C. Then, 0.1 ml of the sample was collected
every 5 min for PFU determination by plaque determination on a
double-layer LB plate. The average burst size was quantified as the
difference between the final and the initial phage titers divided by
the initial phage titer.

For pH stability tests, the effect of varying pH on a 100
L PZL-Ah152 (1.0 x 107 PFU/ml) was determined; for this
purpose, the bacteriophage was cultured in LB broth adjusted
to pH 2-13 for 1 h, and aliquots were taken to measure phage
titers at different pH values. For thermal stability tests, 2 ml of
bacteriophage (1.0 x 107 PFU/ml) was incubated at 30°C, 40°C,
50°C, 60°C, 70°C, and 80°C. Then, 100 L aliquot samples were
collected at intervals of 10 min. Moreover, we incubated aliquot
samples of phage PZL-Ah152 suspensions at 4°C for 1 year. All
tests were performed in triplicate.

Electron Microscopy and Protein

Analyses

Bacteriophage was condensed and modified as previously studied
(Gong et al., 2016). Bacteriophage PZL-Ah152 was amplified in
800 ml LB and centrifuged at 8,000 x g for 15 min at 4°C to
remove bacterial debris. Phage particles were precipitated by the
addition of 10% polyethylene glycol 8000 and 1 M NaCl and
subsequently disbanded in 5 ml PBS. CsCl (1.45, 1.50, 1.70 g/ml)
was added to the supernatant and centrifuged at 120,000 x g for
3 h at 4°C. The phage band was harvested and dialyze.

Phage morphology was observed by negative phosphotungstic
acid staining. A 20 pL aliquot of the concentrated PZL-Ah152
suspension was applied to copper grids stained negatively with
1% phosphotungstic acid (pH 7) for 30 s. Electron microscopy
of JEOL (JEM-1400, Japan) was operated at 80 kV. Afterward,
10 pL of phage particles purified by CsCl density-gradient
centrifugation were mixed with a gel electrophoresis sample

buffer, boiled for 10 min, and subjected to SDS-polyacrylamide
gel electrophoresis (8-16% gradient). Protein bands were
visualized by using Instant Blue staining (Expedeon Protein
Solutions Ltd., Cambridge, United Kingdom).

Phage DNA Extraction, Sequencing, and

Annotation

Phages (> 10'! PFU/ml) were filtered through a 0.22 pwm filter.
The genomic DNA of the phage was extracted using a Universal
Phage Genomic DNA Extraction Kit (Knogen, Guangzhou,
China). The extracted phage DNA was sequenced at Sangon
Biotech (Shanghai, China) by using an Illumina HiSeq 2500
sequencing system. Open reading frames (ORFs) were predicted
with BLAST and GeneMarksS.

Phage PZL-Ah152 Killing Assay in vitro
Aeromonas hydrophila 152 mixed with PZL-Ah152 at MOIs
of 1, 0.1, and 0.01 was cultured in tubes filled with LB broth
(1 x 10% CFU/ml). After incubation at 37°C for 1, 2, 3, 6, 9,
and 12 h, the cell survival rate was detected. A bacterial culture
without the phage was used as the control, and a colony count
was carried out.

Phage Treatment of Infected Fish

For the safety assay, PZL-Ah152 was intraperitoneally
administered to wild-type crucian carps (1.0 x 10'° PFU/ml,
200 pL/fish) for 12 consecutive days, while the control group
was exposed to the same volume of PBS. Tissue sampling (n = 3)
was performed on days 1, 4, and 12 postexposure. Liver, spleen,
kidney, gut, and gill tissues were surgically removed to conduct
hematoxylin and eosin (H&E) staining analysis and qRT-PCR.
The mRNA expression levels of TGF-f, IFN-y, TNF-q, IL-18,
and IL-10 were quantified by qPCR. The primers used for the
immunity-related genes and B-actin, which was considered a
housekeeping gene, are listed in Table 2.

To determine the minimal lethal dose (MLD), six crucian
carps in each experimental group were injected intraperitoneally
(i.p.) with A. hydrophila 152 (at concentrations of 1 x 10°,
1 x 107,1 x 108, 1 x 10%, and 1 x 10'° CFU/ml, 100 pL/fish).

TABLE 2 | Sequences and conditions of the primers used in RT-PCR analysis.

Gene Nucleotide Sequence (5'-3') Annealing NCBI Accession No.
Temp (°C)
IL-18 F: AACTGATGACCCGAATGGAAAC 55 AY340959.1
R: CACCTTCTCCCAGTCGTCAAA
TNF-a F: TTATGTCGGTGCGGCCTTC 55 AY427649.1
R: AGGTCTTTCCGTTGTCGCTTT
IL-10 F: GGAACGATGGGCAGATCAA 60 AY887900.1
R: AACTGAAGGGGAAGGGGAAG
IFN-y F: AACAGTCGGGTGTCGCAAG 60 EU909368.1
R: TCAGCAAACATACTCCCCA
TGF-B F: CTGGCTCTTGCTCTTTCGTCT 60 EU086521
R: AAGGATGGGCAGTGGGTCT
B-actin F: CAAGATGATGGTGTGCCAAGTG 58 AF025305

R: TCTGTCTCCGGCACGAAGTA
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No bacterial inoculation was performed in the control group, and
2 x MLD was used as the infective inoculum.

Crucian carps infected with 2 x MLD (2 x 10° CFU/ml, 100
wL/fish) of A. hydrophila 152 were treated with PZL-Ah152 at
different concentrations (1 x 108, 1 x 10%, and 1 x 10'° PFU/ml,
100 wL/fish) (n = 20 in the respective groups) after 1 h. The
crucian carps were infected with 2 x MLD (2 x 10° CFU/ml,
100 wL/fish) of A. hydrophila 152, and 12 h and 24 h later, the
crucian carps were treated with PZL-Ah152 (1 x 10'° PFU/ml,
200 pL/fish, n = 20 in each group). The mortality rates of the fish
were recorded every 12 h for 7 days to determine the mortality
(Jia et al., 2020).

The bacterial loads in the crucian carp gut were determined.
The crucian carp intestinal structure was harvested, weighed,
and suspended in filter-sterilized PBS. The collected intestinal
structure slurry was diluted. Then, 100 pL of each dilution was
used to determine the bacterial loads.

A lipopolysaccharide (LPS) ELISA kit (Jiangsu Jingmei
Biological Technology Co., Ltd., China) was used to measure
the level of LPS in the crucian carp intestinal contents 24 h
after phage treatment. The operation method complied with the
product instructions.

Histopathological Analysis

Histopathological analysis of the liver, spleen, kidney, gut,
and gill was performed. Briefly, the crucian carp tissues were
removed and placed in 4% formalin, stained with H&E, and
analyzed by microscopy.

Gut Microbiota Analysis

Totally, 24 crucian carps were randomly and equally divided into
eight groups (Bg, Bge, Pg, Pge, BPg, BPge, Ng, and Nge). The
fish in the Bg group were challenged i.p. with 2 x 108 CFU
of A. hydrophila 152 (per fish). The fish in the BPg group
were challenged with A. hydrophila 152 (2 x 108 CFU/fish) and
injected i.p. with 2 x 10° PFU of PZL-Ah152 after 1 h. The fish in
the Pg group were injected i.p. with 2 x 10° PFU of PZL-Ah152.
The Ng group was not treated. The intestinal contents of each
fish were collected at 24 h post-infection. The procedures for Bge,
Pge, BPge, and Nge were the same as those for the previous four
groups, except that the intestinal epithelial mucus was collected
(Supplementary Table 1).

For each intestinal content and intestinal epithelial mucus
sample, total genomic DNA was extracted by using a QIAamp
DNA Stool Mini Kit (Qiagen, West Sussex, United Kingdom).
Sequencing libraries were constructed by PCR amplification
of the V3 + V4 regions of the 16S rRNA gene using the
primers 341F (5'-CCTAYGGGRBGCASCAG-3") and 806R (5'-
GGACTACNNGGGTATCTAAT-3') (Drengenes et al., 2021).
The amplicons were purified using a Qiagen Gel Extraction Kit
(Qiagen, Germany). Sequencing libraries were generated using
the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina,
United States), and then, index codes were added. Library quality
was assessed using a Qubit@ 2.0 fluorometer (Thermo Scientific)
and an Agilent Bioanalyzer 2100 system.

Trimmomatic and PEAR were used to screen the FASTQ data
and to obtain high-quality sequences. Raw tag quality filtering

was performed under specific filtering conditions to obtain high-
quality clean tags using QIIME (V1.7.0 3) (Caporaso et al., 2010;
Bokulich et al., 2013). Sequence analyses were performed using
UPARSE (UPARSE v7.0.1001 6) (Edgar et al., 2011). Sequence
similarities (minimum identity of 97%) were assigned to the same
OTUs (Febvre et al.,, 2019). Other subsequent biological analyses
were conducted based on the results of the OTU cluster analysis.

Statistical Analysis

All statistical analyses were performed using the SPSS (version
25). Standard deviations were calculated in all experiments.
Redundancy analysis (RDA) was used to determine the
correlation between intestinal cytokines and the composition of
the intestinal microbiome. R software (version 2.15.3) was used
for data analysis.

RESULTS

Purification and Biological

Characteristics of Phage

The phage PZL-Ah152 was isolated from sewage systems in
Changchun by plaque purification. PZL-Ah152 formed plaques
after incubation for 12 h (3-4 mm diameter, Figure 1A).
TEM images showed that PZL-Ah152 had a capsid diameter of
83 = 1 nm and a tail length of 8 £ 1 nm. The morphological
characteristics of PZL-Ah152 showed that it belonged to the
Podoviridae family (Figure 1B). The structural protein of the
most prominent protein band from phage capsids corresponded
to the major capsid protein. The size indicated in the gel
(38 kDa) (Figure 1C) was approximately the same as the ORF-
01 protein (39.9 kDa) (Supplementary Table 2), as a potential
major capsid protein.

We determined the host range of PZL-Ah152 against a group
of 40 Aeromonas spp. strains. Apart from A. hydrophila 152, PZL-
Ah152 could lyse nine other Aeromonas strains, including eight
strains of A. hydrophila (Ah-TPS, Ah-119, Ah-69, Ah-150, Ah-
103, Ah-142, Ah-107, and Ah-87) and one strain of Aeromonas
veronii AV-6 (Table 1). The results of the one-step growth curve
showed that phage PZL-Ah152 expressed a short latent period of
less than 20 min. The rise period was about 20 min. In addition,
the burst size of phage PZL-Ah152 was approximately 91 PFUs
per infected cell on strain A. hydrophila 152 (Figure 2A). PZL-
Ah152 was stable at pH values in the range of 4-11 and acted
more effectively at pH 6-8 (Figure 2B). The phage retained full
activity at 30°C, 40°C, and 50°C but retained half of the activity at
60°C for the full time of exposure, and after 50 min of exposure to
70°C, the activity to kill bacteria disappeared. It was completely
inactivated at 80°C after 10 min (Figure 2C). Furthermore, the
titer of PZL-Ah152 remained almost constant after 1 year of
storage at 4°C (Figure 2D).

Genomic Characterization and
Phylogenetic Analysis of PZL-Ah152
To examine PZL-Ah152 at the genetic level, we obtained

and analyzed the complete genome sequence of PZL-Ah152
and deposited it in GenBank (MW671054). The complete
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structural protein was about 38 kDa.

FIGURE 1 | Phage morphology and structural protein detection. (A) Bacteriophage PZL-Ah152 spotted onto A. hydrophila-152 culture on LB agar. Each single
plague was ~4 mm in diameter. (B) TEM image showing the icosahedral head and sheathed tail tube with the tail fiber of PZL-Ah152. Bar = 100 nm.
(C) SDS—polyacrylamide gel (12%) electrophoresis of PZL-Ah152 structural proteins. M: molecular mass marker. Lane 1, PZL-Ah152 proteins. The most abundant
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genome of PZL-Ah152 was 40,975 bp. The composition of
the phage was 23.50% A, 24.76% T, 26.85% C, and 24.90% G
(Figure 3A). The phage genome contained 54 putative ORFs
(Supplementary Table 2). Among all 54 ORFs in PZL-Ah152,
52 ORFs (96.3%) had putative functions, and the sizes of the

proteins encoded by the 52 ORFs ranged from 4.55 kDa (ORF15)
to 149.96 kDa (ORF48).

BLASTp analysis showed that 23 proteins (42.6%) were
annotated predictive functions, with the remaining 31 (53.7%)
putative gene products as unknown functions. The 23 proteins
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according to their functions were divided into four categories:
metabolism and replication of nucleic acids (ORFs 08, 18,
19, 22, 30, 31, and 34), host lysis (ORFs 17 and 46),
structure/morphogenesis (ORFs 01, 02, 03, 27, 47, 48, 49, 50,
51, 53, and 54), and DNA packaging/maturation (ORF 44). The
analysis did not identify any toxic genes in the PZL-Ah152
genome (Figure 3B).

The PZL-Ah152 genome was similar to the Aeromonas
phage T7-Ah (95.76%), Klebsiella phage vB_KpnP_Sibilus
(79.03%), Dickeya phage vB_DsoP_JA10 (78.85%), Erwinia
phage pEp_SNUABM_12 (74.81%), Vibrio phage JSF30
(71.82%), Vibrio phage VP4 (71.41%), and Vibrio phage

VP3 (71.35%) (Figures 4A-C), but the phage PZL-Ah152
genome also had its own unique sequences compared to those
phages, such as the sequences from 6,529-6,645 bp, 7,132-
7,290 bp, 9,361-9,570 bp, 15,917-16,279 bp, 17,798-18,361 bp,
18,405-18,563 bp, 22,670-22,861 bp, and 28,018-29,739 bp.
This finding suggested that PZL-Ahl52 is a new phage
strain.

Bacteriolytic Activity in vitro

To evaluate the activity of PZL-Ah152 against A. hydrophila 152,
we performed a time killing assay. The results showed that when
MOI = 0.1, the presence of phages after 2 h of co-incubation
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FIGURE 5 | Bactericidal activity of PZL-Ah152 at different multiplicities of infection in vitro. The A. hydrophila-152 strain was lysed by phage PZL-Ah152 in LB
medium at 37°C. CFU counts of the uninfected control culture and the parallel cultures that were infected with the phage at different MOI were measured over time.
No phage was added in the negative control. The values represent the means and SD (n = 3).

reduced A. hydrophila 152 counts by 4.2 log units. When MOI=1 12 consecutive days. In the safety test, the survival rate of
or MOI = 0.01, A. hydrophila 152 counts decreased by 3.95 and  crucian carps reached 100%. In addition, the tissues collected
3.67 log units after 2 h, respectively (Figure 5). from immunized crucian carps treated with phage showed no
pathological changes, as shown in Figure 6A. The liver, spleen,

. kidney, gut, and gill tissues were surgically removed. The mRNA

PZL-Ah152 Improved the Survival Rate of exprezsiin levelsg of TGF-B, IL—IB,gTNP}:—(x, IFN-y, and IL-10
Crucian Carps were quantified with qPCR. Compared with the control group,
The safety of using PZL-Ah152 as a potential therapeutic the transcription level of IL-10 mRNA in the liver and spleen
was examined by exposing crucian carps to PZL-Ah152 for began to increase on the first day, while the expression level of
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TNF-o decreased (Figure 6B). In the intestinal structure, the
transcription levels of the five cytokines began to increase on
the first day, and the mRNA expression level decreased to a
non-significant level on the 12t day.

The crucian carps were injected intraperitoneally with
2 x MLD (2 x 108 CFU/fish) of A. hydrophila 152, and all of them
died within 3 days. We administered intraperitoneal injections of
different doses of the phage PZL-Ah152 1 h after challenging with
A. hydrophila 152. Compared with PBS, bacteriophage (2 x 10°
PFU/fish) treatment significantly improved the survival rate
(Figure 7A). After 1 h of A. hydrophila 152 (2 x 10% CFU/fish)
infection, the bacterial load reached > 107 CFU/ml in the gut
(Figure 7B). At the same time, crucian carps were administered
with the phage PZL-Ah152 (1 x 10'° PFU/ml, 200 wL/fish).
The bacterial load decreased by 3.8 log units in the gut tissues
after 24 h (Figure 7B). The test produced a 100% survival
rate within the experimental period (Figure 7A). In contrast,
the bacterial loads in the gut were approximately 8.2 log units
12 h after the crucian carps were infected with A. hydrophila
152 (Figure 7D). Treatment with bacteriophage PZL-Ah152
(1 x 10'° PFU/ml, 200.L/fish) reduced the gut A. hydrophila
by 2.6 log units after 18 h (Figure 7D) and produced 80%
survival over 2 days (Figure 7C). However, 24 h after the
crucian carps were infected with A. hydrophila 152, the use of
bacteriophage PZL-Ah152 reduced the A. hydrophila 2 log unit
in the crucian carp gut (Figure 7F) and resulted in a 65% survival
rate within 3 days (Figure 7E). The results indicated that crucian
carps should be treated with phage as soon as possible after
bacterial infection.

By determining the LPS content in crucian carp intestines, we
found that when the phage was applied, the LPS content increased
along with the decrease in the A. hydrophila 152 level. Although
the LPS content in the A. hydrophila 152-challenged group and
the phage supplementation group increased, the increase was less
significant than that in the control group (Figure 8).

Intestinal morphology is an important indicator of intestinal
health. We evaluated the ameliorative effect of the phage
PZL-Ah152 on intestinal pathological injury in crucian carps
(Figure 9). Infection of crucian carps with A. hydrophila 152
caused damage to intestinal mucosa integrity and resulted in
the loss of intestinal crypts, accompanied by inflammatory
cell infiltration in the mucosa. The glands were not intact
and showed obvious bleeding spots (Figure 9A). In contrast,
after 24 h of treatment with the phage PZL-Ah152, the
inflammation was gradually alleviated, and the intestinal villus
injury progressively decreased, leading to intestinal crypts being
observable. Accompanied by goblet cell production, the gut
structure slowly returned to normal (Figure 9B).

Effect of Bacteriophage on Intestinal
Flora of Crucian Carps

The gut is the most important digestive organ of crucian carps.
We analyzed the changes in the gut microbiota in crucian
carps treated with phage therapy by selecting 1,538,144 effective
tags. The plateauing of rarefaction curves in all the samples
suggested that the sequencing depth was sufficient (Figure 10A).
Moreover, the observed species of Ng in the intestinal contents
was the smallest, but it was not significantly different from
other treatments. The PCoA showed that there was a high
similarity in the microbial community structures of the intestinal
contents (Figure 10B). Upon comparing groups with and
without phage treatment, we found that phage treatment had
stronger effects on the intestinal microbial community of crucian
carps. Compared with the Ng group, the Proteobacteria content
increased significantly in each group (P < 0.05), especially in
the Pge group, which showed an increase of 21.5%. However, we
discovered that the Fusobacteriota content decreased in either the
intestinal contents (37.4%) or intestinal mucus (14.5%) in only
the phage-treated groups (Figure 10C). In the intestinal contents
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FIGURE 6 | Transcriptional analysis of histopathology and immune-related genes (TGF-g, IL-18, IL-10, TNF-a, and IFN-y) in crucian carps upon exposure to
PZL-Ah152 for 12 days. Experiments were conducted as independent duplicate experiments for control and phage exposure. Tissues were pooled (n = 3) at each
time point for each replicate group. (A) The safety of using PZL-Ah152 as a potential therapeutic was examined by exposing crucian carps to PZL-Ah152 for 12
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and the intestinal epithelial mucus, the Cetobacterium abundance
decreased by 10% and 5.3%, respectively, after challenged with
A. hydrophila 152. In the Pg and Pge groups, the Cetobacterium
abundance decreased by 37.3% and 14.3%, respectively, and
in the BPg and BPge groups, the Cetobacterium abundance
decreased by 22% and 12.3%, respectively. The Vibrio abundance
increased by 5.8% and 6.4% in the intestinal contents and

intestinal epithelial mucus, respectively, after A. hydrophila 152
was challenged; in the Pg and Pge groups, the Vibrio abundance
increased by 9.4% and 1%, respectively, and in the BPg and BPge
groups, the Vibrio abundance increased by 24.4% and 15.6%,
respectively (Figure 10D). In addition, the crucian carps attacked
by A. hydrophila 152 exhibited greater bacterial changes at the
genus level than normal crucian carps. Brevinema, Acidovorax,
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LPS

FIGURE 8 | Determination of LPS content in intestinal contents of crucian
carp. Ah-152: challenged i.p. with 2 x 108 CFU of A. hydrophila 152 per fish.
Ah-152+PZ|.-Ah152: challenged with A. hydrophila 152 (2 x 10° CFU/ml,
100 pl/fish) , 1 hlater injected i.p. with 2 x 10° of PZL-Ah152. PZL-Ah152:
injected i.p. with 2 x 109 PFU PZL-Ah152; Control: not treated. **p < 0.01.

and Erythrobacter in the intestinal epithelial mucus increased,
as did the abundance of Bacteroides, in the intestinal contents
(Supplementary Figure 1B). We also found that when the phage

PZL-Ah152 was used to treat A. hydrophila 152 infection, the
abundance of Lactobacillus in the intestinal epithelial mucus
increased (Supplementary Figure 1B). The results indicated that
Aeromonas in the Bge group was increased compared to that
in the Nge group, while they were decreased in the Pge group.
Thus, the addition of the bacteriophage resulted in a change
in Aeromonas abundance in the epithelial mucus. However,
this change in Aeromonas abundance was not observed in the
microbial community of the intestinal contents (Figure 10D).
Our study found that the intestinal flora abundance of crucian
carps was also regulated by intestinal cytokines (Supplementary
Figure 1A). The first and second axes accounted for 54.28% and
21.49% of the total variations, respectively. TNF-o was positively
correlated with IL-1p, while TGF-B and IFN-y were positively
correlated with IL-10. Moreover, Actinobacteriota was closely
related to TGF-B and IFN-y transcription, Firmicutes was closely
related to IL-10 expression, and Proteobacteria and Bacteroidota
were closely related to TNF-a and IL-1p, respectively.

DISCUSSION

We isolated a new bacteriophage PZL-Ah152. Electron
microscopy indicated that PZL-Ah152 had the morphological
characteristics of the Podoviridae family. Stability is critical for
the application of phages in clinical antimicrobial preparations.
We found that PZL-Ah152 titers exhibited stability at pH
5-9 and temperatures < 50°C and could be maintained for
long term at 4°C. Moreover, the genomic analysis did not
identify any toxic genes in this phage. All these characteristics

Control

Control

FIGURE 9 | Gross pathology and histopathology of the gut tissue. (A) At 1 h post infection, the gut was removed from the fish that were treated with 2 x 109
PZL-Ah152 or PBS. The gut of the healthy fish was used as controls. (B) The tissue samples were stained with haematoxylin and eosin.

A. hydrophila 152 infected

A. hydrophila 152 infected

Phage 24h

Phage 24h
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indicated that PZL-Ah152 could be a therapeutic agent against
A. hydrophila infections.

We analyzed the genomic information of PZL-Ah152 in
addition to its biological characteristics. The full genome
of phage PZL-Ah152 was 40,975 bp, which was similar to
that of the reported phages such as Aeromonas phage T7-
Ah (GenBank number: MT740748.1) and PZL-Ahl (GenBank
number: MT681669.1). BLASTp results showed that the PZL-
Ah152 genome was composed of four main groups: (1) genes
involved in metabolism and replication of nucleic acids (ORFs 08,
18, 19, 22, 30, 31, and 34), (2) genes involved in host lysis (ORFs
17 and 46), (3) genes involved in structure/morphogenesis (ORFs
01,02, 03,27,47,48, 49, 50, 51, 53, and 54), and (4) genes involved
in DNA packaging/maturation (ORF 44). When a virulent phage
infected the bacterium, the phage needs to lyse the bacterium
from the inside to release its progeny. This process required
proteins of the phage with bacterial lysis-related functions. The
phage lysis system is composed of lysin and holin proteins,
while some phage lysis systems have only lysin-containing signal
peptides. The phage PZL-Ah152 genome encoded both lysin

(ORF 17) and holin (ORF 46). Holin and lysin genes are
commonly adjacent to phage genomes. We found that these genes
were split apart in phage PZL-Ah152, as was found in another
A. hydrophila phage, PZL-Ah1 (GenBank number: MT681669.1).
Our team will conduct detailed research on phage lysins in the
future to improve the understanding of phage lysis systems.
When the phage PZL-Ahl152 was cocultured with
A. hydrophila 152 at different MOIs (MOI = 1, 0.1, and
0.01), phage-resistant bacteria began to develop 2 h after the start
of the experiment (Figure 5). Bacteriophages with high titers
may exert strong selective pressure on host bacteria, leading
to the development of bacteriophage tolerance (Henein, 2013;
Duerkop et al., 2016). We evaluated the therapeutic effect of the
phage PZL-Ah152 in crucian carps. In this study, the survival
rate of crucian carps reached 100% after 1 h of bacteriophage
(2 x 10° PFU/fish) treatment during a 7-day period. We found
that the abundance of A. hydrophila in the gut was reduced
by 2 log units using phage therapy after infection 24 h. This
decrease seemed less significant than the phage-treated group
at 12 h post-infection. The results showed that PZL-Ah152
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could effectively reduce the number of A. hydrophila in the gut
tract of crucian carps and improve the survival rate of crucian
carps. However, when phage treatment was performed 12 or
24 h post-infection, the crucian carp survival rate decreased
drastically, suggesting that bacteriophage treatment should be
applied as early as possible. In this study, compared to crucian
carps infected with A. hydrophila 152, the crucian carps in the
bacteriophage treatment group had better intestinal morphology.
Monsur found that a bacteriophage was as capable as tetracycline
in alleviating diarrhea in patients without any apparent toxic
effect (Monsur et al., 1970).

The safety of PZL-Ah152 as a potential therapeutic agent was
confirmed by continuous injection of PZL-Ah152 into crucian
carps for 12 days. In fact, bacteriophages can be used as growth
promoters, which indicated the phage had good safety (Gebru
etal., 2010). It was reported that bacteriophages were modulators
of immune responses. We examined changes in TGF-f, IL-
1B, IL-10, TNF-a, and IFN-y levels in different tissues over
a 12-day period. The liver and spleen were considered major
organs involved in phage filtration and clearance. In these organs,
phage titers are usually the highest compared to all the organs
(Dabrowska et al., 2004; Chadha et al., 2017; Naghizadeh et al,,
2019; Otero et al., 2019; Rouse et al., 2020; Prazak et al., 2021).
In this study, the level of IL-10 gradually increased in the
liver, spleen, and gut over time. Recent studies have shown
that phages can induce IL-10 production in monocytes (Van
Belleghem et al., 2017). This phenomenon, known as an anti-
inflammatory effect, is thought to protect the liver from damage
(Gorski et al., 2018; Van Belleghem et al., 2019). We also found
that the IFN-y levels increased after phage injection, and IFN-
y levels in the gills and gut returned to normal on day 12.
One phage, named phage 536_P1, could directly promote the
production of IFN-y, IL-12, and chemokines in mouse lungs,
even without a host bacterial infection (Dufour et al., 2019).
In fact, experimental evidence in humans had indicated that
the Lactobacillus and E. coli bacteriophages can induce IFN-y
production in a microbially dependent manner through TLR-
9 in the gut, and thus, the induction triggers phage-specific
immune responses and bacterial-specific immunity (Podlacha
et al, 2021). In our research, the low level of immune
response induced by PZL-Ah152 in crucian carps ensured the
safety of phage adaptation in phage therapy. Nevertheless, the
interaction between different phage administration modalities
and bacterial infection needed to be deeply examined. As foreign
bodies, bacteriophages can induce innate and adaptive immune
responses, in addition to the direct immune responses to the
phage (Krut and Bekeredjian-Ding, 2018). The endotoxin (LPS)
produced after phage bacterial elimination can also activate the
innate immune response (Ogikubo et al., 2004; Sahoo et al.,
2017). Our results showed that LPS levels in the crucian carp
intestinal contents increased after phage treatment (P < 0.01)
(Figure 8). We speculated that this increase could be attributed
to the phage-mediated lysis of the bacteria. Low-dose LPS can
enhance the non-specific immunity of the body by activating
the complement replacement pathway, phagocytic activity of
macrophages, and proliferation of B and T lymphocytes (Nya and
Austin, 2010). Studies have shown that the coordinated action

of bacteriophages and the innate immune system was crucial to
the clearance of Pseudomonas aeruginosa (Roach et al., 2017).
In addition, a study showed that the addition of bacteriophage
to the diet promoted the expression of TLR2, TLR4, and TLR9
mRNA in the jejunum mucosa of pigs, indicating that the
bacteriophage activated the immune system by regulating TLR
response (Zeng et al., 2021).

The gut microbiota are a highly complex ecosystem. Studies
have shown that the balance of the intestinal microflora plays
a key role in regulating the immune system of the host (Shi
et al., 2017). A recent study found that phage predation not
only reduced the relative abundance of target bacteria in the gut
but also led to changes in untargeted bacteria through bacterial
interactions, resulting in changes in certain bacteria (Cheng
et al., 2017). These phage-mediated changes in the microbiome
further regulated the metabolic activity of the gut microbiota
(Belizario and Faintuch, 2018). In our study, we evaluated
whether the treatment of A. hydrophila with a bacteriophage
affects the gut microbiota balance of crucian carps, and our
results showed that the bacteriophage preparation maintains the
natural richness and diversity of the gut commensal flora in
the fish. We found that the dominant bacterial taxa in the gut
of crucian carps were Bacteroidota, Firmicutes, Fusobacteriota,
and Proteobacteria. Our study showed that there were slight
changes in the abundance of Fusobacteriota and Proteobacteria
in the Pg, BPg, Pge, and BPge groups, but compared with the
control group, the differences were not significant (P > 0.05),
where the abundance of Bacteroidota and Firmicutes did not
change. Studies have shown that Firmicutes can improve energy
efficiency in diets (Ley et al., 2006). The ratio of Firmicutes to
Bacteroidota was generally positively correlated with body weight
gain (Bervoets et al., 2013). A. hydrophila is a common pathogen
in fish and mainly exists in the lower part of the gut. When
crucian carps were injected with 2 x MLD of A. hydrophila
152, the abundance of Aeromonas in the intestinal contents and
intestinal epithelial mucus increased, leading to the death of all
crucian carps in the experiment. After treatment with phage PZL-
Ah152, the abundance of A. hydrophila in the intestinal epithelial
mucus of crucian carps significantly decreased. We speculated
that A. hydrophila was more likely to adhere to the intestinal
mucosa of crucian carps. However, the host bacteria were not
completely eliminated and instead reached a state of coexistence
with the phage. We also found that changes in the abundance of
Aeromonas changed the abundance of other bacteria in the gut.
We noticed that after phage treatment, the abundance of Vibrio
in the gut increased. We thought that this increase was caused
by the decrease in Aeromonas abundance in the gut, leading to
increased reproduction of Vibrio bacteria that originally existed
in the intestinal mucosa. However, the precise reasons need to be
further determined.

CONCLUSION

In this study, we isolated phage PZL-Ah152 which was proven
safe and therapeutically effective against the enteritis of crucian
carps caused by A. hydrophila. The application of bacteriophages
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indeed brought changes in the gut microbiota of crucian carps
without disrupting the gut microbiota balance. All these data
suggested that phage therapy should be regarded as feasible for
treating A. hydrophila infection.
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