ﬁr International Journal of
Molecular Sciences

Article

Isolation and Characterization of a Novel Phage against Vibrio
alginolyticus Belonging to a New Genus

Jie Gao 12, Yuang Zhu 1 Rui Zhang 302, Juntian Xu 1, Runjie Zhou 45 Meiqi Di 1 Di Zhang 1,6 Wenxin Liang 1

Xing Zhou 1, Xing Ren ¢(%, Huifang Li

check for
updates

Citation: Gao, J.; Zhu, Y.,; Zhang, R.;
Xu, J.; Zhou, R.; Di, M.; Zhang, D.;
Liang, W.; Zhou, X.; Ren, X.; et al.
Isolation and Characterization of a
Novel Phage against Vibrio
alginolyticus Belonging to a New
Genus. Int. J. Mol. Sci. 2024, 25, 9132.
https://doi.org/10.3390/
ijms25169132

Academic Editor: Masahiro Fujimuro

Received: 24 June 2024
Revised: 16 August 2024
Accepted: 21 August 2024
Published: 22 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2+ and Yunlan Yang 3*

Jiangsu Institute of Marine Resources Development, Jiangsu Ocean University, Lianyungang 222005, China;
2022220111@jou.edu.cn (J.G.); jtxu@jou.edu.cn (J.X.); 2020000044@jou.edu.cn (D.Z.)

State Key Laboratory of Marine Environmental Science, College of Ocean and Earth Sciences, Xiamen
University (Xiang’'an), Xiamen 361005, China

Institute for Advanced Study, Shenzhen University, Shenzhen 518061, China; ruizhang@szu.edu.cn

State Key Laboratory of Trophic Oceanography, South China Sea Institute of Oceanology, Chinese Academy
of Sciences, Guangzhou 510301, China; yc37948@um.edu.mo

Centre for Regional Oceans, Department of Ocean Science and Technology, Faculty of Science and Technology,
University of Macau, Macau 999078, China

Guangxi Key Laboratory of Beibu Gulf Marine Resources, Environment and Sustainable
Development/Ministry of Natural Resources, Beihai 536000, China

*  Correspondence: huifangli@jou.edu.cn (H.L.); yangyunlan@szu.edu.cn (Y.Y.)

Abstract: Vibrio alginolyticus causes substantial economic losses in the aquaculture industry. With the
rise of multidrug-resistant Vibrio strains, phages present a promising solution. Here, a novel lytic
Vibrio phage, vB_ValC_RH2G (RH2G), that efficiently infects the pathogenic strain V. alginolyticus
ATCC 177497, was isolated from mixed wastewater from an aquatic market in Xiamen, China.
Transmission electron microscopy revealed that RH2G has the morphology of Siphoviruses, featuring
an icosahedral head (73 + 2 nm diameter) and long noncontractile tail (142 + 4 nm). A one-step
growth experiment showed that RH2G had a short latent period (10 min) and a burst size of 48 phage
particles per infected cell. Additionally, RH2G was highly species-specific and was relatively stable
at 4-55 °C and pH 4-10. A genomic analysis showed that RH2G has a 116,749 bp double-stranded
DNA genome with 43.76% GC content. The intergenomic similarity between the genome sequence
of RH2G and other phages recorded in the GenBank database was below 38.8%, suggesting that
RH2G represents a new genus. RH2G did not exhibit any virulence or resistance genes. Its rapid lysis
capacity, lytic activity, environmental resilience, and genetic safety suggested that RH2G may be a
safe candidate for phage therapy in combatting vibriosis in aquaculture settings.

Keywords: Vibrio alginolyticus; phage; biological characterization; genomic analysis; phage therapy

1. Introduction

Vibriosis is generally referred to as a systemic bacterial infection, and considered a
significant problem associated with severe economic losses in the aquaculture industry
worldwide [1]. Vibrio alginolyticus, a Gram-negative bacterium, is characterized as mod-
erately halophilic and mesophilic in nature [2]. Diseases caused by V. alginolyticus have
resulted in mass mortalities among both vertebrates and invertebrates, causing consider-
able losses in aquaculture [3]. Strains of this bacterium have been identified as causative
agents in vibriosis outbreaks affecting species like grouper (Epinephelus malabaricus) and
sea bream (Sparus aurata) [4,5]. Over the past few decades, antibiotics have been heavily
utilized in aquaculture for disease prevention and management, leading to the emergence
of antibiotic-resistant bacteria [6]. There is a pressing need to reduce antibiotic use and
explore alternative methods to control bacterial pathogens.

Phages have been recognized as potential therapeutic agents for treating pathogenic
Vibrio infections in aquaculture [7,8]. Trials of phage therapy on swimming crab Portunus
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trituberculatus larvae have shown that vB_Va_Valyong3 increased the survival rate of the
larvae from 33.33% to 51.67% [9]. Additionally, the phage VA5 demonstrated significant
inhibitory effects on V. alginolyticus-infected shrimp culture [10]. Previous studies have
indicated that phage cocktails can effectively eliminate Vibrio species isolated from shrimp
aquaculture environments [11]. With their high host-specificity, ability to proliferate, and
minimal impact on surrounding microbial populations, phages have the potential to serve
as potent and safe biocontrol agents [12].

In the realm of biocontrol applications, the selection of appropriate phages is a prereg-
uisite. Prior to implementing phage therapy in real-world settings, rigorous testing must
be conducted. Furthermore, a comprehensive analysis of the phage genome is imperative
to ensure the absence of potentially harmful genes associated with virulence or antibiotic
resistance. To date, 25 bacteriophages against V. alginolyticus have been isolated, includ-
ing seven members with short, noncontractile tails (Vp670, AS51, $A318, PVA1, $V141,
vB_ValP_IME234 and VEN) [13-18], six phages with contractile tails (VAP9, pVa-21, VAP21,
$V208, $pV172 and ValKK3) [16,19-21], and only three phages with long and noncontractile
tails (ValSw3-3, VA5 and vB_Va_Val-yong3) [9,10,22] (Table S1). The remaining nine phages
are still unidentified (Table S1). In this study, we reported the biological characteristics
and genomic analysis of a novel bacteriophage, vB_ValC_RH2G, that infects V. alginolyticus
ATCC 17749". Our examination encompassed the phage’s morphology, host specificity,
infection kinetics, lytic cycle, stability, and genetic profile, with the aim of assessing its
suitability for future phage therapy applications.

2. Results
2.1. Biological Characterization of RH2G

By propagating vB_ValC_RH2G (hereafter RH2G) on its host strain, V. alginolyticus
ATCC 177497, plaques were formed on a bacterial lawn with a clear round morphology after
24 h of incubation at 28 °C (Figure 1A). Observation by transmission electron microscopy
revealed that RH2G possessed an icosahedral head (73 & 2 nm) and a long, noncontractile
tail (142 £ 4 nm) (Figure 1A). It belongs to the Siphovirus morphotype.
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Figure 1. Isolation and growth curve of vB_ValC_RH2G. (A) Transmission electron micrograph
of vB_ValC_RH2G. (B) One-step growth curve of vB_ValC_RH2G. Error bars indicate standard
deviations among triplicate samples.

Among 14 strains of Vibrio, spot tests showed that RH2G only infected the original
host, V. alginolyticus ATCC 177497 (Table 1). The results showed that RH2G has a high
degree of specificity for its host strain, and is likely a strain-specific phage. Furthermore,
phage RH2G exhibited resistance to all three concentrations of chloroform test (0 puL, 20 uL
and 200 pL of chloroform), indicating an absence of lipids within its viral capsid.
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Table 1. Host range of phage vB_ValC_RH2G (+: infected; —: uninfected).

Species Strain Accession No. Infectivity

V. alginolyticus ATCC 177497 NR_121709.1 +
V. alginolyticus GS_MYPK1 NR_113609.1 -
V. anguillarum NBRC 13266 JX684108.1 -
V. anguillarum SE2011 CP031527.1 -
V. anguillarum Ba35-E2-R3 MT876113.1 -
V. anguillarum BVA1 MT860356.1 -
V. crassostreae 2-1 MT796337.1 -

V. crassostreae 20-1-16 MK102596.1 —

V. crassostreae B22-2 MGB867506.1 —

V. crassostreae 201709CJKOP-55 NR_044078.1 —

V. crassostreae LGP7 MG554497.1 -

V. hangzhouensis G11 NR_114630.1 -
V. parahaemolyticus ATCC 17802 CP034305.1 -
V. parahaemolyticus 20151116002-3 CP054700.1 -

The one-step growth curve was constructed to understand the lytic cycle of RH2G
(Figure 1B). The latent period, defined as the minimum time it takes from phage adsorption
to lysis of the host with the release of progeny virions, was determined to be 10 min. The
burst size, denoting the average number of progeny virions liberated by one infected host-
cell at the completion of a growth cycle of RH2G, was estimated to be around 48 plaque-
forming units (PFU cell™1).

2.2. Lytic Ability of vB_ValC_RH2G

The killing curve showed that phages at multiplicities of infection (MOlISs) of 0.01, 0.1, and
1 did not significantly inhibit bacterial growth within the first 10 h, then showed a significant
inhibitory effect (Figure 2A). Conversely, RH2G showed the most inhibitory effect at an MOI
of 100 within 7-16 h. Overall, RH2G at MOlIs of 0.01, 0.1, 1, and 10 significantly inhibited host
growth compared to the control after 24 h of incubation (p < 0.001) (Figure 2B).
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Figure 2. Biological features of phage vB_ValC_RH2G. (A) Growth curve for V. alginolyticus ATCC
17749T infected by vB_ValC_RH2G. (B) Absorbance (OD600) of the host at 24 h. (C) Thermal stability
profile. (D) pH stability profile. Error bars indicate standard deviations among triplicate samples.
Letters on the columns indicate statistical significance at p < 0.05.
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2.3. Thermal and pH Stability of RH2G

To assess the stability of RH2G under different environmental conditions, we exposed
it to various temperature and pH values, and quantified the changes in PFUs. The phage
remained stable between 4 °C and 50 °C after 1 h of treatment, while the infectivity declined
to approximately 80% at 55 °C and 54% at 60 °C. Above 65 °C, the phage retained less
than 20% of its infectivity (Figure 2C). Moreover, stability testing demonstrated that RH2G
remained stable over a broad pH range, from 6.0 to 10.0 (Figure 2D). Even at pH 4-5, the
infectivity remained above 60%, dropping below 20% only when the pH was below 4 or
above 11.

2.4. Genomic Characterization and Taxonomy of RH2G

The genome of RH2G was sequenced using the Illumina MiSeq platform. Following
de novo assembly, a linear 116,749 bp double-stranded DNA genome with a G+C content of
43.76% was obtained. An analysis of the termini revealed that RH2G utilizes a headful (pac)
packaging mechanism and contains redundant ends for circularizing the phage genome
by recombination (Figure S1). The genome contained 177 open reading frames (ORFs)
and 17 tRNAs (Figure 3, Table 2). Roughly 34.46% (61 ORFs) of the ORFs were related to
functional proteins while another 38.42% were annotated as proteins with hypothetical
functions (Table S2). A BlastP analysis indicated that 69 ORFs share similarity with the
Vibrio phage VCPH (ranging from 33.33% to 84.38%), 15 ORFs with the Vibrio phage
vB_VpS_PG07 (34.18-90.83%), 12 ORFs with the Vibrio phage vB_ValS_X1 (44.59-97.33%),
and 9 ORFs with the Vibrio phage VspSw_1 (44.71-79.56%). The functional ORFs were
categorized into five functional modules: phage structure and packaging, phage lysis, DNA
replication and metabolism, auxiliary metabolic genes (AMGs), and additional functions
(Figure 3, Table S2). The phage structure and packaging proteins group encompassed
15 ORFs, with 14 encoding typical structural proteins, such as the major capsid protein
(ORF 148), portal protein (ORF 145), and tail-related proteins (ORF 147, ORF 150, ORF
151, ORF 152, ORF 153, ORF 159, ORF 160, ORF 161, ORF 162, ORF 164, ORF 165 and
ORF 166), along with one gene encoding the terminase large subunit (ORF 143) of the
phage packaging protein. Seventeen functional genes were related to DNA replication and
nucleotide metabolism, including DNA polymerase (ORF 2), DNA primase (ORF 3), DNA
helicase-related protein (ORF 4, ORF 13, ORF 177), DNA binding-related protein (ORF
11, OREF 18, ORF 88, ORF 176), ligase-related protein (ORF 6, ORF 9, ORF 90), DprA-like
DNA recombination-mediator protein (ORF 84), RNA ligase (ORF 90), ribonuclease-related
protein (ORF 32, ORF 111), thymidylate synthase (ORF 27), and transcription factor D5
(ORF 5). The lysis-related gene was putative hydrolase (ORF 59). Furthermore, two genes
were identified as AMGs, including ORF 21 (PhoH-like phosphate starvation-inducible)
and ORF 100 (metal-dependent phosphohydrolase). Twenty-six ORFs were attributed with
additional functions (Table S2). The PhageAl analysis indicated the 100% probability of
RH2G’s virulence. No virulence or resistance genes were detected in RH2G.
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Figure 3. Genome map of the V. alginolyticus phage vB_ValC_RH2G. Protein-coding sequences are
presented by arrows. Gene features classified into different functional modules are color-coded
according to the legend below the figure.

Our analysis revealed that the genome of RH2G exhibited genetic similarity to other
Vibrio phage genomes in the NCBI database, with identities ranging from 97.1% to 76.7% and
little coverage (8-14%), i.e., Vibrio phage vB_VpS_PG07 (accession number NC_048041.1),
Vibrio phage VCPH (accession number AP014889.1), and Vibrio phage VspSw_1 (accession
number NC_048151.1). This suggested that phage RH2G differs significantly from other
phages in the NCBI database, indicating the isolate represents a novel V. alginolyticus phage.
A phylogenetic tree was constructed based on pairwise comparisons of the amino acid
sequences of RH2G and related phages detected by VIPTree confirmed that phage RH2G
and VCPH formed a separated clade (Figures S2 and 4A). Additionally, the phylogenetic
tree based on the major capsid protein (MCP), portal protein, and terminase large subunit
protein (TerL) further supported the close relationship between RH2G and the Vibrio phage
VCPH (Figure 5). The VIRIDIC results indicated a maximum intergenomic similarity
of 38.8% between RH2G and the Vibrio phage VCPH, falling below the 70% similarity
thresholds for genus classification (Figure 4B) [23]. Therefore, RH2G was considered to
belong to a new genus.
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Table 2. Summary of tRNAs in phage vB_ValC_RH2G.

tRNA Gene Positions Attribute Anticodon
1 26,705-26,779 Lys TTT
2 27,332-27,403 Glu TTC
3 27,414-27 485 Glu TTC
4 28,340-28,414 Asn GTT
5 28,685-28,760 Asp GTC
6 29,253-29,325 Ile GAT
7 29,487-29,561 Pro TGG
8 29,854-29,927 Gln TTG
9 31,045-31,119 Leu TAG
10 31,160-31,234 Leu TAA
11 31,244-31,337 Ser TGA
12 31,870-31,941 Thr TGT
13 33,013-33,085 Val TAC
14 33,338-33,411 Met CAT
15 33,521-33,594 Phe GAA
16 35,467-35,540 Cys GCA
17 35,900-35,973 His GTG

1% 10%
50,000
0

165 166 166 165 165 165 165 20.4 259 Vibrio phage vB_VpS_PG07 (NC_048041.1)

Vibrio phage 70E37.6 (MW824426.1) N —— - 162 163 164 164 164 164 200 26.1 Vibrio phage vB_ValS_X1 (MT442039.1)
Vibrio phage 234P1 (MW824415.1) | | — 35 159 16.1 159 159 16.0 159 159 19.6 262 Vibrio phage VspSw_1 (NC_048151.1)
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Figure 4. Taxonomy and phylogeny of vB_ValC_RH2G. (A) Phylogenetic tree of vB_ValC_RH2G
and other closely related phages, constructed using the Virus Classification and Tree Building Online
Resource (VICTOR) web service. Pairwise comparisons of the amino acid sequences were conducted
using the Genome-BLAST Distance Phylogeny (GBDP) method with settings recommended for
prokaryotic viruses. (B) Pairwise intergenomic distances/similarities among viral genomes according
to the Virus Intergenomic Distance Calculator. Intergenomic similarity values are in right half,
alignment indicators are in left half and top annotation.
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Figure 5. Maximum-likelihood phylogenetic tree (1000 bootstraps) based on amino acid sequences of
(A) major capsid protein, (B) portal protein, and (C) terminase large subunit.

3. Discussion

In this study, a novel V. alginolyticus phage named RH2G was isolated and characterized,
belonging to a new genus. The burst size and latent period of RH2G were 48 PFU/cell and
10 min, respectively. Notably, phages infected V. alginolyticus have been observed to have
short latent periods (<30 min) and small burst sizes (ranging from 10 to 100 PFU/cell) such as
ValSw3-3 (95 PFU/cell, 15 min), VA5 (92 PFU/ cell, 20 min), and vB_Va_Val-yong3 (87 PFU/cell,
30 min) [9,10,22]. For lytic phages, there exists a trade-off between the burst size and latent
period. This is because the release of phages from infected cells comes at the expense of the
cellular machinery required to produce additional phage progeny. [24]. Phages can achieve
faster population growth through reductions in the latent period despite a decrease in burst
size; those with very short latent periods at the expense of burst size may be seen as specialists
for propagation in high-bacterial-density environments. A shorter latent period was thought to
represent a specialization for the exploitation of bacteria growing at higher densities, which can
substantially reduce phage generation times.

The tail length in Siphophages is determined by the tap measure protein (TMP) and is
directly proportional to the size of the TMP, with one amino acid of the TMP corresponding
to 0.145 nm of tail length [25]. Using this equation, the expected tail length of RH2G
was 138 nm (TMP consisting of 950 amino acids), aligning with the electron micrograph
estimations of 142 4 4 nm (Figure 1B). This high specificity is advantageous as it allows
phages to target specific bacteria without harming natural microorganisms, especially
in environments where specific Vibrio strains are prevalent. Interactions between the
tip of long tail fibers and lipopolysaccharides play a crucial role in host recognition for
tailed phages. The specific shape and size of its tip give RH2G distinct specific receptor-
binding properties [26]. This high specificity is advantageous as it allows phages to target
specific bacteria without harming natural microorganisms during treatment, especially in
environments where specific Vibrio strains are prevalent. Moreover, this phage can also
be combined with other phages to create a phage cocktail, effectively targeting a broader
spectrum of bacteria and reducing the development of resistance.

Numerous genes related to the replication and regulation of phage DNA are predomi-
nantly located in the upstream region of the RH2G genome. For instance, ORF 2 encodes
DNA polymerase and ORF 3 encodes DNA primase, responsible for synthesizing short
oligonucleotides, typically RNA, serving as primers to facilitate DNA polymerization. ORF
9 encodes DNA ligases, which can join 3-OH and 5'-PO4 termini to form a phosphodiester,
being essential for DNA replication and repair. The presence of these genes suggests that
RH2G is capable of independently replicating its DNA within the host. Single-strand
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DNA binding proteins (SSBs) perform critical functions in genome maintenance including
DNA replication, recombination, and repair. They bind with high affinity to ssDNA in
a non-sequence-specific way, protect ssDNA from degradation, prevent the formation of
secondary structures, and interact with a plethora of proteins involved in DNA metabolism,
recruiting them to their sites of action and stimulating their activities [27]. Some viruses
rely on the host SSBs; for example, phage A uses an Escherichia coli [28] SSB for replicating
their genome. ORF 176 in the RH2G genome was predicted to encode an SSB, which is
similar to the gp32 of the Escherichia phage RB69 that contains three function domains: a
core ssDNA binding domain that harbors the OB-fold, an N-terminal domain involved
in cooperative interactions, and the acidic C-terminal domain that mediates interactions
with the replisome proteins [29]. ORF 177 encodes phage DNA helicase, which is essential
for DNA replication, expression, recombination, and repair through the ATP-dependent
unwinding of dsDNA.

Two genes identified as AMGs in RH2G are ORF 21 (PhoH-like phosphate starvation-
inducible) and ORF 100 (metal-dependent phosphohydrolase). The AMGs are phage-
encoded and host-derived metabolic genes that are presumed to be involved in regulating
host metabolism to enhance viral replication. The phoH gene is part of the Pho regulon, re-
sponsible for regulating phosphate uptake and metabolism in conditions of low phosphate
levels and phosphate limitation. Phosphorus is a crucial element necessary for nucleotide
biosynthesis and DNA replication. This gene could be upregulated in response to phos-
phate starvation in host cells, with its products playing a vital role in regulating phosphorus
absorption and transportation in host cells under conditions of low phosphorus content
or deprivation [30]. The frequent occurrence of phoH genes in phage genomes suggests
that their products play a role in the phosphate metabolism of the phage-infected cell [31].
Research has also demonstrated that cyanophages maintain the phoH gene to enhance their
host’s phosphate uptake during infection, though the exact mechanism is not fully under-
stood [1]. The phoH gene has also been reported in Vibrio phages, such as phage KVP40,
a well-studied T4-like phage isolated from polluted coastal sea water in Japan [32]. The
presence of genes involved in phosphorous acquisition in RH2G suggests that this phage
has developed adaptations to thrive in oligotrophic environments [33]. RH2G contains
an HD domain-containing hydrolase-like enzyme encoded by ORF 100, which exhibits
dATPase activity. It can catalyze the hydrolysis of dATP to dA and triphosphate, as well as
the hydrolysis of dADP and dAMP into dA, releasing pyrophosphate and phosphate [34].
The dATPase facilitates Diaminopurine genome synthesis by specifically removing dATP
and its precursor dADP from the host’s nucleotide pool, preventing the incorporation of
adenine into the phage genome. The diaminopurine genome-biosynthetic system, con-
sisting of dATPase, DNA polymerase, and diaminopurine synthetase, helps evade host
restriction enzyme attacks [35]. It is worth noting that no genes related to diaminopurine
synthetase were found in the RH2G genome.

The phage’s efficiency in bacterial inactivation, a critical property for phage therapy
candidates, was evaluated through phage lysis tests. RH2G exhibited inefficacy in elim-
inating the host in the first seven hours at every MOI value, possibly due to a lack of
phages capable of lysing a substantial amount of Vibrio in a short period. MOlIs of 0.1 and
0.01 showed the most effective lysis of the host cells, while compared with MOIs of 0.1
and 0.01, the host bacteria showed resistance early at the MOI of 100. Thus, appropriate
phage dosing is essential for effective phage therapy applications. Furthermore, RH2G
maintained high lytic activity across diverse environmental conditions (4-55 °C and pH
4-10). RH2G showed a greater acid tolerance than vB_ValP_IME234 (pH 6-10), VAP9
(pH 6-8), and VAP21 (pH 7-11) [19], demonstrating that RH2G is more stable and exerts
bactericidal activity in practical applications, suggesting that it is a promising candidate for
the biological control of V. alginolyticus.

The biological and genomic characteristics are critical in evaluating phage fitness and
identifying candidates for use in phage therapy. The host specificity, life cycle parame-
ters, and stability are the main prerequisites that need to be considered. Our fundings
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demonstrated that the narrow host range of RH2G would enable its use to specifically
target V. alginolyticus. Furthermore, phages with narrow host ranges can be added to phage
cocktails to combat a wide range of bacteria and reduce the development of resistance. The
shorter latent period for RH2G (10 min) was beneficial for quickly suppressing bacterial
proliferation when the bacterial density was sufficiently high. RH2G demonstrated high
lytic activity across diverse environmental conditions (ranging from 4 °C to 55 °C and pHs
levels 4 to 10), maintaining stability values of 20.1%, 12.7%, and 10.3% at 65 °C, pH 3, and
pH 11, respectively. Regarding the genomic characteristics, no virulence or resistance genes
were detected in RH2G, indicating that it is unlikely to lead to the enhancement of vibrio
virulence or the contamination of antibiotic resistance genes when applied in aquaculture
environments. Moreover, the PhageAl analysis indicated a 100% probability of RH2G's
virulence. Therefore, RH2G might be more stable, safer, and exert bactericidal activity in
practical applications.

4. Materials and Methods
4.1. Isolation and Purification of Phages

The host strain used in this study, V. alginolyticus ATCC 177497, was purchased from
the China General Microbial Culture Collection Center (CGMCC) in January 2019. The
phage-containing water was collected from mixed wastewater from aquaculture at Xia
Shang aquatic market in Xiamen, China, and filtered through a 0.22 pm pore size filter
membrane (Millipore, Bedford, MA, USA) [26]. After enrichment, the isolation of phage
plaques was by gradient dilution and the double-layer agar plate method, as described
by Clokie et al. [36]. Phages were purified by selecting a single plaque, dissolving in SM
Buffer (100 mM NaCl, 8 mM MgSO;,, 5 mM Tris-HCl (pH 7.5), 2% gelatin), and purifying
through at least three repetitions.

4.2. Host Range Detection and Chloroform Sensitivity Testing of Phage

The host range of the RH2G was assessed using a spot assay and validated with
the double-layer agar method. Apart from V. alginolyticus ATCC 177497, 13 Vibrio strains
were used in the host range assessment. Each exponentially growing bacterial culture was
combined with molten soft agar (0.5% [wt/vol]), then immediately poured onto a solid
agar plate (1.5% [wt/vol]). Once the agarose plates solidified, 5 L of phage lysate was
spotted onto the bacterial lawn. The agar plates were then incubated for >24 h at 28 °C and
examined for the presence of a lysis zone to ascertain phage infection of the host bacteria.
This experiment was repeated three times. V. alginolyticus 17749" served as the positive
control, while SM buffer was the negative control.

4.3. Transmission Electron Microscopy

The purified phages were negatively strained with phosphotungstic acid (1%, wt/vol,
pH 7.2). Transmission electron microscopy (TEM) (JEOL JEM-1200EX; JEOL, Tokyo, Japan)
operating at 80 kV was employed to capture images of the purified RH2G phage parti-
cles [37]. Images were recorded using the CCD image transmission system (Gatan Inc.,
Pleasanton, CA, USA). Phage size was measured using Image] v2.35 (http://imagej.net/
[accessed on 1 April 2024]) based on at least five individual phage particles [38].

4.4. One-Step Growth Curve Determination

To assess the infectivity and replication ability of RH2G, the one-step growth curve
method was employed to determine the burst size and latent period [38]. Briefly, the
bacterial culture in exponential growth phase was mixed with 1 mL of phage to produce a
multiplicity of infection (MOI) of 0.1. The unabsorbed phage particles were removed by
centrifugation (10,000 x g for 10 min) [39]. Samples were then taken every 5 min over a
span of 100 min, with three biological replicates and analyzed using the double-layer agar
method [40].
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4.5. Thermal and pH Stability

The purified phage solution was statically incubated for 1 h at various temperature
gradients (4-75 °C). For pH stability assessment, phage samples were incubated into SM
buffer at pH values from 1 to 14, and statically incubated for 1 h at 25 °C. The phage titer,
displaying thermal and pH stability, was determined using the double-layer plate method
and conducted in triplicate. All experiments were performed at three times. SM buffer
was the negative control. Statistical differences were determined using one-way analysis of
variance followed by Duncan’s multiple range test at p < 0.05 [37].

4.6. DNA Extraction, Genome Sequencing, and Phylogenetic Analysis

Phage DNA was obtained using phenol-chloroform extraction [41]. The phage DNA
was dissolved in 100 uL TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and sequenced
using [llumina platform with a 150 bp paired-end DNA library. Velvet software (v1.2.03)
was utilized for genome assembly after removing low-quality reads [42]. Phage termini
and packaging mechanisms were predicted with the PhageTerm tool (v3.0.1) [43]. RAST
online server (http://rast nmpdr.org [accessed on 24 March 2024]) was used to identify
OREFs [44]. Nucleotide and protein sequences were scanned for homologs using BLAST
(http:/ /blast.ncbi.nlm.nih.gov/, database updated on 25 March 2024) [45] and an HHpred
(https:/ /toolkit.tuebingen.mpg.de/hhpred [accessed on 4 April 2024]) search [46]. The
Eeayfig tool (v2.2.2) was used for genome visualization [31]. tRNAScan-SE v2.0 (http:
/ /lowelab.ucsc.edu/tRNAscan-SE/ [accessed on 4 April 2024]) was used to search for
tRNA genes [47]. A genome-based life cycle classification was performed using an Al-
driven software platform (https://phage.ai/ [accessed on 14 August 2023]). The absence
of potentially toxic genes and antibiotic resistance was checked using virulence factors of
pathogenic bacteria and a comprehensive antibiotic resistance database [23,48].

Intergenomic similarities between the phage and related phages were determined
based on nucleotide data using the Virus Intergenomic Distance Calculator [23]. A pro-
teomic tree, based on the whole-genome amino acid sequences and viral conserved proteins
(MCP, TerL, and portal protein) of RH2G and vibrio phages, was generated using VipTree
(http:/ /www.genome.jp/viptree [accessed on 18 April 2024]) and MEGA (v11). The
tBLASTx algorithm in VipTree (http://www.genome.jp/viptree [accessed on 18 April
2024]) was used to perform the genome comparisons between RH2G and its closest rela-
tives.

Details on the processing method are supplied in the Supporting Information.
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//www.mdpi.com/article/10.3390/ijms25169132/s1. References [9,13-23,26,31,36-55] are cited in
the supplementary materials.

Author Contributions: Conceptualization, ].G., H.L. and Y.Y.; methodology, ].G., Y.Y,, Y.Z., M.D. and
D.Z.; software, H.L., R.Z. (Runjie Zhou) and W.L.; validation, Y.Y., X.R. and X.Z.; formal analysis, ].G.,
H.L.,, RZ. (Rui Zhang) and Y.Y,; investigation, ].G., H.L. and Y.Y.; resources, R.Z. (Rui Zhang), ] X. and
H.L.; data curation, J.G. and H.L.; writing—original draft preparation, J.G. and H.L.; writing—review
and editing, H.L., Y.Y,, RZ. (Rui Zhang) and J.X.; visualization, J.G. and Y.Y.; supervision, H.L.,
Y.Y.,, R.Z. (Rui Zhang) and ].X.; project administration, H.L., Y.Y,, R.Z. (Rui Zhang) and J.X.; funding
acquisition, H.L., R.Z. (Rui Zhang), D.Z. and X.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (42206133),
the Lianyungang Postdoctoral Research Funding Program (LYG20220003), the Guangxi Key Labora-
tory of Beibu Gulf Marine Resources, Environment and Sustainable Development (MRESD-2023-04),
the Postgraduate Research & Practice Innovation Program of Jiangsu Ocean University (KYCX2023-
106), the Guangxi Science and Technology Base and Talent Special Projects (GuikeAD2022035142),
the Science and Technology Development Fund, Macau SAR (File/Project no. 0055.2023.RIB2), and
the Scientific Research Foundation of Jiangsu Ocean University (KQ22003).

Institutional Review Board Statement: Not applicable.


http://rast.nmpdr.org
http://blast.ncbi.nlm.nih.gov/
https://toolkit.tuebingen.mpg.de/hhpred
http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
https://phage.ai/
http://www.genome.jp/viptree
http://www.genome.jp/viptree
https://www.mdpi.com/article/10.3390/ijms25169132/s1
https://www.mdpi.com/article/10.3390/ijms25169132/s1

Int. J. Mol. Sci. 2024, 25,9132 11 0f 13

Informed Consent Statement: Not applicable.

Data Availability Statement: The genome of V. alginolyticus phage vB_ValC_RH2G was deposited in
GenBank under accession number PP034752.

Acknowledgments: We thank Wanxuan Zhong for providing the seawater samples, and Wanyu Han
for assisting in the plaque counting test.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Clokie, M.R; Millard, A.D.; Mann, N.H. T4 genes in the marine ecosystem: Studies of the T4-like cyanophages and their role in
marine ecology. Virol. ]. 2010, 7, 291. [CrossRef] [PubMed]

2. Sasikala, D.; Srinivasan, P. Characterization of potential lytic bacteriophage against Vibrio alginolyticus and its therapeutic
implications on biofilm dispersal. Microb. Pathog. 2016, 101, 24-35. [CrossRef] [PubMed]

3. Anastasiou, E.; Lorentz, K.O.; Stein, G.J.; Mitchell, P.D. Prehistoric schistosomiasis parasite found in the Middle East. Lancet Infect.
Dis. 2014, 14, 553-554. [CrossRef]

4. Colorni, A.; Paperna, I.; Gordin, H. Bacterial infections in gilt-head sea bream Sparus aurata cultured at Elat. Aquaculture 1981, 23,
257-267. [CrossRef]

5. Lee, K.K. Pathogenesis studies on Vibrio alginolyticus in the grouper, Epinephelus malabaricus, Bloch et Schneider. Microb. pathog.
1995, 19, 39-48. [CrossRef] [PubMed]

6.  Altamirano, FL.G.; Barr, J.J. Phage Therapy in the Postantibiotic Era. Clin. Microbiol. Rev. 2019, 32, €00066-18.

7. Li, Z; Zhang, J.; Li, X.; Wang, X,; Cao, Z.; Wang, L.; Xu, Y. Efficiency of a bacteriophage in controlling vibrio infection in the
juvenile sea cucumber Apostichopus japonicus. Aquaculture 2016, 451, 345-352. [CrossRef]

8.  Vinod, M.G; Shivu, M.M.; Umesha, K.R.; Rajeeva, B.C.; Krohne, G.; Karunasgar, I.; Karunasgar, I. Isolation of Vibrio harveyi
bacteriophage with a potential for biocontrol of luminous vibriosis in hatchery environments. Aquaculture 2006, 255, 117-124.
[CrossRef]

9. Cai, R;Li, D; Qin, W,; Lin, W,; Pan, L.; Qian, M.; Wang, E.; Wang, C.; Mu, C.; Tong, Y. A novel Vibrio alginolyticus phage and its
therapy application in Portunus trituberculatus larvae. Aquaculture 2024, 579, 740165. [CrossRef]

10. Hao, Q.; Bai, Y.;; Zhou, H.; Bao, X.; Wang, H.; Zhang, L.; Lyu, M.; Wang, S. Isolation and characterization of bacteriophage VA5
against Vibrio alginolyticus. Microorganisms 2023, 11, 2822. [CrossRef] [PubMed]

11.  Stalin, N.; Srinivasan, P. Efficacy of potential phage cocktails against Vibrio harveyi and closely related Vibrio species isolated from
shrimp aquaculture environment in the south east coast of India. Vet. Microbiol. 2017, 207, 83-96. [CrossRef] [PubMed]

12.  Kuviatcovsky, D.; Valdés-Mas, R.; Federici, S.; Elinav, E. Phage therapy in noncommunicable diseases. Science 2023, 382, 266—268.
[CrossRef]

13. Luo, P; Yun, L; Li, Y,; Tian, Y,; Liu, Q.; Huang, W.; Hu, C. Complete genomic sequence of the Vibrio alginolyticus bacteriophage
Vp670 and characterization of the lysis-related genes, cwlQ and holA. BMC Genom. 2018, 19, 741. [CrossRef]

14. Zhang, J.; Cao, Z,; Xu, Y,; Li, X;; Li, H,; Wu, F; Wang, L.; Cao, F; Li, Z; Li, S.; et al. Complete genomic sequence of the Vibrio
alginolyticus lytic bacteriophage PVA1. Arch. Virol. 2014, 159, 3447-3451. [CrossRef] [PubMed]

15. Liu, W,; Lin, Y.-R.; Lu, M.-W.; Sung, P-J.; Wang, W.-H.; Lin, C.-S. Genome sequences characterizing five mutations in RNA
polymerase and major capsid of phages $A318 and ¢ As51 of Vibrio alginolyticus with different burst efficiencies. BMC Genom.
2014, 15, 505. [CrossRef]

16. Fu, H. Isolation, Identification and Genome-Wide Research of Vibrio Phages from Shrimp Farm. Master’s Thesis, Jimei University,
Xiamen, China, 2021.

17. Li, E; Tian, F; Li, J.; Li, L.; Qiao, H.; Dong, Y.; Ma, F.; Zhu, S.; Tong, Y. Isolation and characterization of a podovirus infecting the
opportunist pathogen Vibrio alginolyticus and Vibrio parahaemolyticus. Virus Res. 2021, 302, 198481. [CrossRef]

18. Kokkari, C.; Sarropoulou, E.; Bastias, R.; Mandalakis, M.; Katharios, P. Isolation and characterization of a novel bacteriophage
infecting Vibrio alginolyticus. Arch. Microbiol. 2018, 200, 707-718. [CrossRef] [PubMed]

19. Qiao, H,; Chen, H; Xu, X.; Cong, Y,; Liu, M.; He, S.; Fei, W.; Huang, ].; Hu, Y. Isolation, identification and biological properties of
two lytic phages against Vibrio alginolyticus. ]. Fish. China 2022, 46, 870-884.

20. Kim,S.G,;Jun,J.W,; Giri, S.S.; Yun, S.; Kim, H.J.; Kim, S.W.; Kang, ] W.; Han, S.J.; Jeong, D.; Park, S.C. Isolation and characterisation
of pVa-21, a giant bacteriophage with anti-biofilm potential against Vibrio alginolyticus. Sci. Rep. 2019, 9, 6284. [CrossRef]

21. Lal, TM.; Sano, M.; Hatai, K.; Ransangan, J. Complete genome sequence of a giant Vibrio phage ValKK3 infecting Vibrio
alginolyticus. Genom. Data 2016, 8, 37-38. [CrossRef]

22. Chen, L; Liu, Q; Fan, J; Yan, T.; Zhang, H.; Yang, J.; Deng, D.; Liu, C.; Wei, T.; Ma, Y. Characterization and genomic analysis of
ValSw3-3, a new Siphoviridae bacteriophage infecting Vibrio alginolyticus. J. Virol. 2020, 94, e00066-20. [CrossRef] [PubMed]

23.  Moraru, C.; Varsani, A.; Kropinski, A.M. VIRIDIC—A novel tool to calculate the intergenomic similarities of prokaryote-infecting
viruses. Viruses 2020, 12, 1268. [CrossRef]

24. Abedon, S.T.; Hyman, P,; Thomas, C. Experimental examination of bacteriophage latent-period evolution as a response to bacterial

availability. Appl. Environ. Microbiol. 2003, 69, 7499-7506. [CrossRef]


https://doi.org/10.1186/1743-422X-7-291
https://www.ncbi.nlm.nih.gov/pubmed/21029435
https://doi.org/10.1016/j.micpath.2016.10.017
https://www.ncbi.nlm.nih.gov/pubmed/27793690
https://doi.org/10.1016/S1473-3099(14)70794-7
https://doi.org/10.1016/0044-8486(81)90019-3
https://doi.org/10.1016/S0882-4010(85)90000-2
https://www.ncbi.nlm.nih.gov/pubmed/8559039
https://doi.org/10.1016/j.aquaculture.2015.09.024
https://doi.org/10.1016/j.aquaculture.2005.12.003
https://doi.org/10.1016/j.aquaculture.2023.740165
https://doi.org/10.3390/microorganisms11122822
https://www.ncbi.nlm.nih.gov/pubmed/38137966
https://doi.org/10.1016/j.vetmic.2017.06.006
https://www.ncbi.nlm.nih.gov/pubmed/28757045
https://doi.org/10.1126/science.adh2718
https://doi.org/10.1186/s12864-018-5131-x
https://doi.org/10.1007/s00705-014-2207-z
https://www.ncbi.nlm.nih.gov/pubmed/25161033
https://doi.org/10.1186/1471-2164-15-505
https://doi.org/10.1016/j.virusres.2021.198481
https://doi.org/10.1007/s00203-018-1480-8
https://www.ncbi.nlm.nih.gov/pubmed/29372278
https://doi.org/10.1038/s41598-019-42681-1
https://doi.org/10.1016/j.gdata.2016.03.002
https://doi.org/10.1128/JVI.00066-20
https://www.ncbi.nlm.nih.gov/pubmed/32132234
https://doi.org/10.3390/v12111268
https://doi.org/10.1128/AEM.69.12.7499-7506.2003

Int. J. Mol. Sci. 2024, 25,9132 12 of 13

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Mahony, J.; Alqarni, M.; Stockdale, S.; Spinelli, S.; Feyereisen, M.; Cambillau, C.; Sinderen, D.V. Functional and structural
dissection of the tape measure protein of lactococcal phage TP901-1. Sci. Rep. 2016, 6, 36667. [CrossRef]

Taslem Mourosi, J.; Awe, A.; Guo, W.; Batra, H.; Ganesh, H.; Wu, X.; Zhu, J. Understanding bacteriophage tail fiber interaction
with host surface receptor: The key “Blueprint” for reprogramming phage host range. Int. J. Mol. Sci. 2022, 23, 12146. [CrossRef]
[PubMed]

Bocanegra, R.; Plaza, G.A.L; Ibarra, B. Chapter Five—In vitro single-molecule manipulation studies of viral DNA replication.
Enzym. 2021, 49, 115-148.

Oliveira, M.T. (Ed.) Single Stranded DNA Binding Proteins; Springer: New York, NY, USA, 2021; Volume 2281.

Sun, S.; Geng, L.; Shamoo, Y. Structure and enzymatic properties of a chimeric bacteriophage RB69 DNA polymerase and
single-stranded DNA binding protein with increased processivity. Proteins 2006, 65, 231-238. [CrossRef] [PubMed]

Gao, E.-B.; Huang, Y; Ning, D. Metabolic genes within cyanophage genomes: Implications for diversity and evolution. Genes
2016, 7, 80. [CrossRef] [PubMed]

Sullivan, M.].; Petty, N.K; Beatson, S.A. Easyfig: A genome comparison visualizer. Bioinformatics 2011, 27, 1009-1010. [CrossRef]
Miller, E.S.; Heidelberg, ].E; Eisen, J.A.; Nelson, W.C.; Durkin, A.S.; Ciecko, A.; Feldblyum, T.V.; White, O.; Paulsen, I.T.; Nierman,
W.C,; et al. Complete genome sequence of the broad-host-range Vibriophage KVP40: Comparative genomics of a T4-related
bacteriophage. J. Bacteriol. 2003, 185, 5220-5233. [CrossRef] [PubMed]

Baudoux, A.-C.; Hendrix, RW,; Lander, G.C.; Bailly, X.; Podell, S.; Paillard, C.; Johnson, J.E.; Potter, C.S.; Carragher, B.; Azam, F.
Genomic and functional analysis of Vibrio phage SIO-2 reveals novel insights into ecology and evolution of marine siphoviruses.
Environ. Microbiol. 2012, 14, 2071-2086. [CrossRef] [PubMed]

Zhou, Y.; Xu, X.; Wei, Y.; Cheng, Y.; Guo, Y.; Khudyakov, I; Liu, E; He, P; Song, Z.; Li, Z.; et al. A widespread pathway for
substitution of adenine by diaminopurine in phage genomes. Science 2021, 372, 512-516. [CrossRef] [PubMed]

Wang, Z.; Zhang, F; Liang, Y.; Zheng, K.; Gu, C.; Zhang, W.; Liu, Y.; Zhang, X.; Shao, H.; Jiang, Y.; et al. Genome and ecology of a
novel Alteromonas Podovirus, ZP6, representing a new viral genus, Mareflavirus. Microbiol. Spectr. 2021, 9, €00463-21. [CrossRef]
[PubMed]

Clokie, M.R.; Kropinski, A.M.; Lavigne, R. Bacteriophages; Humana: Totowa, NJ, USA, 2009.

Li, Y;; Yun, H.; Chen, R;; Jiao, N.; Zheng, Q.; Yang, Y.; Zhang, R. Characterization of a vibriophage infecting pathogenic Vibrio
harveyi. Int. J. Mol. Sci. 2023, 24, 16202. [CrossRef] [PubMed]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]

Yang, Y.; Cai, L.; Ma, R.; Xu, Y; Tong, Y.; Huang, Y.; Jiao, N.; Zhang, R. A novel roseosiphophage isolated from the oligotrophic
South China Sea. Viruses 2017, 9, 109. [CrossRef] [PubMed]

Li, H.; Gao, J.; Ma, S.; Xiao, R.; Zhou, X.; Feng, W.; Zhao, S.; Luo, J.; Zhang, D. Isolation and genome sequencing of a novel lytic
Pseudoalteromonas phage SL20. Mar. Genom. 2023, 71, 101048. [CrossRef] [PubMed]

Chen, Y,; Li, W,; Shi, K.; Fang, Z.; Yang, Y.; Zhang, R. Isolation and characterization of a novel phage belonging to a new genus
against Vibrio parahaemolyticus. Virol. J. 2023, 20, 81. [CrossRef] [PubMed]

Zerbino, D.R; Birney, E. Velvet: Algorithms for de novo short read assembly using de bruijn graphs. Genome Res. 2014, 18,
821-829. [CrossRef]

Garneau, J.R.; Depardieu, E; Fortier, L.-C.; Bikard, D.; Monot, M. PhageTerm: A tool for fast and accurate determination of phage
termini and packaging mechanism using next-generation sequencing Data. Sci. Rep. 2017, 7, 8292. [CrossRef] [PubMed]

Zhou, X.; Gao, J.; Xiao, R.; Qiao, Y.; Zhu, Y.; Zhang, D.; Zhang, X.; Li, H.; Xu, J. Characterization and genomic analysis of a novel
Pseudoalteromonas phage PS_L5. Mar. Genom. 2023, 72, 101069. [CrossRef] [PubMed]

Altschul, S.E; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.]. Basic local alignment search tool. ]. Mol. Biol. 1990, 215, 403-410.
[CrossRef] [PubMed]

Soding, J.; Biegert, A.; Lupas, A.N. The HHpred interactive server for protein homology detection and structure prediction.
Nucleic Acids Res. 2005, 33, 244-248. [CrossRef]

Chan, PP; Lin, B.Y,; Mak, A.J.; Lowe, T.M. tRNAscan-SE 2.0: Improved detection and functional classification of transfer RNA
genes. Nucleic Acids Res. 2021, 49, 9077-9096. [CrossRef] [PubMed]

Alcock, B.P; Raphenya, A.R.; Lau, T.T.Y; Tsang, K.K; Bouchard, M.; Edalatmand, A.; Huynh, W.; Nguyen, A.-L.V.; Cheng, A.A,;
Liu, S.; et al. CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance aatabase. Nucleic Acids
Res. 2019, 48, 517-525. [CrossRef]

Droubogiannis, S.; Pavlidi, L.; Tsertou, M.I.; Kokkari, C.; Skliros, D.; Flemetakis, E.; Katharios, P. Vibrio phage Artemius, a novel
phage infecting Vibrio alginolyticus. Pathogens 2022, 11, 848. [CrossRef]

Zhu, Q.; Zhang, J.; Wang, L. Isolation and identification of a Vibrio alginolyticus bacteriophage Va2001 and its application. Sci.
Technol. Food Ind. 2021, 42, 102-109.

Li, F; Xing, S.; Fu, K,; Zhao, S.; Liu, J.; Tong, Y.; Zhou, L. Genomic and biological characterization of the Vibrio alginolyticus-infecting
“Podoviridae” bacteriophage, vB_ValP_IME271. Virus Genes 2019, 55, 218-226. [CrossRef]

Tajuddin, S.; Khan, A.M.; Chong, L.C.; Wong, C.L.; Tan, ].S.; Ina-Salwany, M.Y.; Lau, H.Y.; Ho, K.L.; Mariatulgabtiah, A.R.; Tan,
W.S. Genomic analysis and biological characterization of a novel Schitoviridae phage infecting Vibrio alginolyticus. Appl. Microbiol.
Biotechnol. 2023, 107, 749-768. [CrossRef]


https://doi.org/10.1038/srep36667
https://doi.org/10.3390/ijms232012146
https://www.ncbi.nlm.nih.gov/pubmed/36292999
https://doi.org/10.1002/prot.21088
https://www.ncbi.nlm.nih.gov/pubmed/16881051
https://doi.org/10.3390/genes7100080
https://www.ncbi.nlm.nih.gov/pubmed/27690109
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1128/JB.185.17.5220-5233.2003
https://www.ncbi.nlm.nih.gov/pubmed/12923095
https://doi.org/10.1111/j.1462-2920.2011.02685.x
https://www.ncbi.nlm.nih.gov/pubmed/22225728
https://doi.org/10.1126/science.abe4882
https://www.ncbi.nlm.nih.gov/pubmed/33926954
https://doi.org/10.1128/Spectrum.00463-21
https://www.ncbi.nlm.nih.gov/pubmed/34643440
https://doi.org/10.3390/ijms242216202
https://www.ncbi.nlm.nih.gov/pubmed/38003392
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.3390/v9050109
https://www.ncbi.nlm.nih.gov/pubmed/28505134
https://doi.org/10.1016/j.margen.2023.101048
https://www.ncbi.nlm.nih.gov/pubmed/37620054
https://doi.org/10.1186/s12985-023-02036-9
https://www.ncbi.nlm.nih.gov/pubmed/37127579
https://doi.org/10.1101/gr.074492.107
https://doi.org/10.1038/s41598-017-07910-5
https://www.ncbi.nlm.nih.gov/pubmed/28811656
https://doi.org/10.1016/j.margen.2023.101069
https://www.ncbi.nlm.nih.gov/pubmed/38008529
https://doi.org/10.1016/S0022-2836(05)80360-2
https://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1093/nar/gki408
https://doi.org/10.1093/nar/gkab688
https://www.ncbi.nlm.nih.gov/pubmed/34417604
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.3390/pathogens11080848
https://doi.org/10.1007/s11262-018-1622-8
https://doi.org/10.1007/s00253-022-12312-3

Int. J. Mol. Sci. 2024, 25,9132 13 of 13

53. Ren, Y; Wang, L.; Chen, R.; Li, X;; Li, S; Li, J.; Li, Q.; Wang, Z.; Xu, Y. Isolation and characterization of a novel phage
vB_ValP_VA-RY-3 infecting Vibrio alginolyticus. Virus Res. 2022, 322, 198945. [CrossRef]

54. Zhong, W.; Yang, Y.; Li, X.; Xu, J. Physiological and genomic characteristics of two lytic phages infecting Vibrio alginolyticus. |
Oceanogr. 2021, 40, 22-34.

55. Gao, M.; Qin, Y,; Fan, H.; Zhang, X.; Li, P; Liu, H.; Pei, G.; Mi, Z,; Xu, X.; Tong, Y.; et al. Characteristics and complete genome
sequence of the virulent Vibrio alginolyticus phage VAP7, isolated in Hainan, China. Arch. Virol. 2020, 165, 947-953. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.virusres.2022.198945
https://doi.org/10.1007/s00705-020-04535-4
https://www.ncbi.nlm.nih.gov/pubmed/32130520

	Introduction 
	Results 
	Biological Characterization of RH2G 
	Lytic Ability of vB_ValC_RH2G 
	Thermal and pH Stability of RH2G 
	Genomic Characterization and Taxonomy of RH2G 

	Discussion 
	Materials and Methods 
	Isolation and Purification of Phages 
	Host Range Detection and Chloroform Sensitivity Testing of Phage 
	Transmission Electron Microscopy 
	One-Step Growth Curve Determination 
	Thermal and pH Stability 
	DNA Extraction, Genome Sequencing, and Phylogenetic Analysis 

	References

