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Vibrio alginolyticus is a significant opportunistic pathogen in marine environments, affecting both marine or-
ganisms and humans. The rise of antibiotic-resistant strains has prompted the exploration of bacteriophages as
alternative biological control agents. In this study, 414 lytic bacteriophages specific to V. alginolyticus were
isolated from various seafood and environmental samples. Phages P122, P125, and P160 demonstrated the
broadest host range, effectively lysing 79.01 % of fish pathogenic V. alginolyticus strains and 44.69 % of envi-
ronmental strains. However, no activity was observed against clinical V. alginolyticus strains or other tested
species, including V. harveyi, Escherichia coli, Staphylococcus aureus, and Aeromonas hydrophila. One-step growth
curve analysis revealed latent periods of 40 to 60 min and burst sizes ranging from 140 to 367 PFU/infected cells.
Transmission electron microscopy (TEM) classified these phages within the class of Caudoviricetes with an
icosahedral head and a long non-contractile tail. Moreover, whole-genome sequencing (WGS) identified genome
sizes of approximately 76 kb, with 272-280 open reading frames (ORFs), no tRNA and pathogenic-associated
genes. Comparative genomic analysis showed over 97 % similarity with other Vibrio phages. Phylogenetic
analysis based on the terminase subunit also confirmed phages P122, P125, and P160 belonging to the class of
Caudoviricetes. The phages were non-toxic to Galleria mellonella larvae and showed promise in reducing mor-
tality rates when used as a cocktail treatment. The study highlights the potential of these phages as effective
biocontrol agents in aquaculture, offering a promising alternative to antibiotics for managing Vibrio infections.

1. Introduction

Vibrio alginolyticus is a halophilic, Gram-negative curved rod bacte-
rium that is widely distributed in aquatic environments and marine
animals. It is commonly found in bivalve shellfish, crustaceans, and
other marine species, where it typically exists as a commensal organism
(Kwok et al., 2024; Sampaio et al., 2022). However, V. alginolyticus can
also act as a significant opportunistic pathogen, particularly known for
causing tissue damage and gill infections in fish (Kah Sem et al., 2023).
Previous studies have highlighted its high prevalence in fish, with
particularly severe impacts during the early stages of life (Kalatzis et al.,
2016). Pathogenic strains of V. alginolyticus are responsible for sub-
stantial mortality in marine animals. In humans, infection usually occurs
through exposure to contaminated water, leading to skin infections
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(both superficial and deep) as well as infections of other organs,
including the ears and eyes (Reilly et al., 2011). Moreover, gastroen-
teritis can result from consuming raw or undercooked seafood. Tradi-
tional methods of controlling pathogenic bacteria, such as antibiotics
and chemical treatments, have led to contamination in marine envi-
ronments and animal populations. Additionally, the rise of
multidrug-resistant bacterial strains has created significant challenges in
managing these pathogens effectively (Kang et al., 2016; Manyi-Loh
et al., 2018). Recently, bacteriophages have emerged as a promising
alternative for biological control, potentially reducing bacterial patho-
gens in aquaculture systems (Aziz et al., 2025; Garvey, 2022). Bacte-
riophages, which are natural bacterial viruses, contain either
double-stranded or single-stranded DNA or RNA and are abundant in
environments where their bacterial hosts reside, such as water, soil, and
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Table 1
Bacterial strains used for host range determination.
Species Strain no. Types
PSU 6 Reference of fish
pathogenic strain
PSU 4537, PSU 4543, PSU 4718, Clinical strains
PSU 4794,
V. alginolyticus PSU 4912

JS1.2, KF2.4, MF19, MF18, MF16,
MF14, GG29, TG36, TG21, TG13,

Fish pathogenic strains

TG10

W1.1, W3.5, W5.2, W4.2, W6.2, Environmental strains

S1.3

PSU 4211, PSU 4099, PSU 3916 Pandemic strains in
cockles

PSU 4117, PSU 3909, PSU 3622 Non-pandemic strains
in cockles

V. parahaemolyticus TG56, MF36, MF37, FV01, FV09, Fish pathogenic strains

FV14,

KF1.5, KF2.1, KF2.10, CH1.1,

CH2.9, JS 1.3,

JS1.7, JS2.6, CH1.10

TG1, TG11, TG35, GG2, GG8,
GG31, MF17,

MF25, MF31, KF1.4, KF2.12,
CH1.4, CH2.13,

JS2.4, JS2.7

MF13, MF24, MF32, FV05, VVA6,
KF1.3,

KF2.8, KF2.11, KF2.17, CH1.2,
CH1.8, CH1.9,

CH1.13, JS1.6, JS2.2

E. coli ATCC 8339

S. aureus ATCC 13,565

A. hydrophila PSU 37

Fish pathogenic strains

V. harveyi

Fish pathogenic strains
V. vulnificus
Reference

Reference
Reference

air. The interaction between bacteriophages and their target bacteria is
mediated by specific receptors on the bacterial cell surface (Van Belle-
ghem et al., 2018).

Lytic bacteriophages are particularly effective as they replicate
within the host cell by exploiting its resources, ultimately causing the
lysis of the bacterial cell. This process occurs through the action of en-
zymes like endolysin and holin, which degrade the peptidoglycan layer
of the bacterial cell wall, releasing new bacteriophages to infect addi-
tional bacterial cells (Abdelrahman et al., 2021). Bacteriophages are
highly efficient at lysing host cells shortly after infection and are envi-
ronmentally safe, posing no risk to other beneficial bacteria or marine
animals (Hitchcock et al., 2023). However, the prolonged use of a single
bacteriophage strain can result in the development of
bacteriophage-resistant bacteria. Bacteria can evolve mechanisms to
prevent bacteriophage adsorption, thus reducing the effectiveness of the
bacteriophage (Oechslin, 2018). This limitation can be addressed by
using a combination of multiple bacteriophages, known as a bacterio-
phage cocktail, which can delay the evolution of resistance. Bacterio-
phage cocktails present a sustainable and attractive alternative for
controlling bacterial pathogens.

Bacteriophages specific to V. alginolyticus have been studied as po-
tential biological control agents in aquaculture due to high host speci-
ficity, rapid self-proliferation, effectiveness, and environmental safety.
These phages have been isolated from various environments, including
seawater, sediments, and marine organisms, where their bacterial hosts
reside (Le et al., 2020). The numerous studies on V. alginolyticus phages
were focused on their ability to lyse pathogenic strains in fish and
shrimp, demonstrating their potential to mitigate bacterial infections in
aquaculture systems (de Souza Valente and Wan, 2021; Fu et al., 2023;
Hao et al., 2023). A marine-based study revealed that the combination of
two V. alginolyticus phages markedly improved the survival rate of sea
cucumbers, with survival rates ranging from 47 % to 73 % depending on
the applied multiplicity of infection (Zhang et al., 2015). Building on
these findings, recent research has explored the genomic
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characterization and functional mechanisms of V. alginolyticus-specific
phages to better understand their lytic capabilities and optimize their
application in aquaculture systems. Genomic analysis provides insights
into their structural and lytic proteins and ensures the absence of genes
encoding virulence factors or antibiotic resistance, which is critical for
their safe application in aquaculture settings (Wang et al., 2024; Xu
et al., 2023). Moreover, the development of phage cocktails, composed
of multiple phages with complementary host ranges, has been explored
as a strategy to enhance efficacy and minimize the emergence of
phage-resistant bacterial strains, underscoring the potential of phage
therapy as a sustainable alternative to antibiotics in aquaculture systems
(Abedon et al., 2021; Lin et al., 2017). Therefore, this study aims to
isolate and characterize bacteriophages specific to V. alginolyticus for use
as biological control agents, to reduce the contamination of Vibrio
pathogens in marine aquaculture.

2. Materials and methods
2.1. Bacterial strains and growth conditions

V. alginolyticus strain PSU 6 was isolated from the wound of diseased
grouper (Epinephelus spp.) cultured in the fish farm in Krabi province,
Thailand, and was used as the host for the isolation and propagation of
bacteriophages. A total of seventy-nine additional bacterial strains,
including four species of Vibrio (V. alginolyticus, V. parahaemolyticus, V.
vulnificus, and V. harveyi), as well as Escherichia coli, Staphylococcus
aureus, and Aeromonas hydrophila (listed in Table 1), were used to test
the host range of the isolated bacteriophages. Each bacterial strain was
inoculated into Luria-Bertani (LB) broth (Difco, USA) supplemented
with 1 % (w/v) NaCl, and the cultures were incubated at 30 °C with
shaking at 150 rpm for 6 h. All bacterial strains used in this study were
obtained from the culture collection of the Division of Biological Sci-
ence, Faculty of Science, Prince of Songkla University, Thailand.

2.2. Isolation and propagation of bacteriophages

Bacteriophages were isolated from various sources, including
cockles, oysters, water, soil sediments, shrimps, mussels, and green
caviar. For enrichment, 25 g of the sample or 25 mL of water was added
to 225 mL of double-strength LB broth supplemented with 1 % NaCl,
followed by the inoculation with 100 pL of the bacterial host
V. alginolyticus strain PSU 6. The enrichment samples were incubated
overnight at 25 °C without shaking. The supernatant was harvested by
centrifugation at 8000 x g for 10 min and filtered through a 0.22 pm
filter membrane (Corning, Germany). Bacteriophages were then isolated
using the double-layer agar method. Briefly, 100 pL of the filtered su-
pernatant and 100 pL of V. alginolyticus strain PSU 6 were added to 3 mL
of soft agar containing 0.7 % agar and 1 % NaCl. The mixture was
overlaid on LB agar supplemented with 1 % NaCl and incubated over-
night at 25 °C to examine plaque formation. A single plaque was picked
and transferred into 500 pL of SM buffer (100 mM NaCl, 8 mM MgSOsa,
and 50 mM Tris-HCl, pH 7.5) (Tan et al., 2014). The bacteriophages
were purified by re-plating three times (three passage purification) to
ensure a pure isolate. For bacteriophage propagation, 100 pL of ten-fold
serial dilutions and 100 pL of V. alginolyticus strain PSU 6 were mixed
with 3 mL of soft agar containing 0.7 % agar and 1 % NacCl, and then
overlaid on LB agar supplemented with 1 % NaCl. After overnight in-
cubation at 25 °C, 2 mL of SM buffer was added. The bacteriophage
suspensions were then centrifuged at 8000 x g for 10 min at 4 °C to
remove intact bacteria and bacterial debris. The supernatants were
filtered through a 0.22 pm filter membrane and stored at 4 °C.

2.3. Host range determination

The host range of each bacteriophage was tested using a spot assay to
evaluate their ability to lyse other bacterial strains (Table 1). Briefly,
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100 pL of each bacterial strain was mixed with 3 mL of soft agar sup-
plemented with 1 % NaCl and overlaid onto LB agar containing 1 %
NaCl. Subsequently, 5 pL of bacteriophage lysate was dropped onto the
bacterial lawn, and the plates were incubated overnight at 25 °C. The
susceptibility of the bacterial strains to each bacteriophage was assessed
by the presence of a clear lysis zone (Mateus et al., 2014).

2.4. Determination of multiplicity infection (MOI)

V. alginolyticus strain PSU 6 in the early log phase was adjusted to 0.5
McFarland and then infected with five different bacteriophage lysates at
ratios of 102,10, 1, 1071, and 102 PFU/CFU (corresponding to MOIs of
100, 10, 1, 0.1, and 0.01, respectively). After incubating the mixture for
3 hat 25 °C without shaking, the bacteriophage lysates were centrifuged
at 8000 x g for 10 min. The supernatants were subjected to ten-fold
serial dilutions up to 1078, and the MOI was determined by a spot
assay. The optimal MOI was determined as the ratio that yielded the
highest titer of bacteriophages (Zhang et al., 2021).

2.5. One-step growth curve of bacteriophages

The early log phase of V. alginolyticus strain PSU 6 was adjusted to a
0.5 McFarland standard. One milliliter of the V. alginolyticus suspension
was then mixed with bacteriophage lysate at the optimal MOIL The
mixture was incubated at 25 °C without shaking for 10 min, followed by
centrifugation at 8000 x g for 10 min to remove any free bacterio-
phages. The pelleted cells were resuspended in 50 mL of LB broth sup-
plemented with 1 % NaCl and incubated continuously at 25 °C. Samples
were taken at 10-min intervals for 3 h, and the phage titers were
determined using the spot assay (Zhao et al., 2019).

2.6. Stability of bacteriophages

The stability of bacteriophages was tested in artificial seawater as
previously described with few modifications (Stalin and Srinivasan,
2017). Bacteriophage lysate was added to artificial seawater and incu-
bated at 25 °C without shaking. The bacteriophage titer was measured at
the initial time point (zero time) and intervals of 12 h until the third day,
48 h until the seventh day, 120 h until the twelfth day, 144 h until the
forty-second day, 192 h until the fiftieth day, and 240 h until the hun-
dredth day. For each time point, 20 mL of the bacteriophage suspension
was harvested, and filtered through a 0.22 pm filter membrane, and the
phage titer was determined using the double-layer agar assay.

2.7. Morphology of bacteriophages

The morphology of bacteriophages was observed using transmission
electron microscopy (TEM). Bacteriophage lysate was prepared, and
NaCl was added to a final concentration of 1 M, followed by storage on
ice for 30 min. Subsequently, 10 % polyethylene glycol 8000 was added
to the mixture, which was stored at 4 °C for 12 h. After incubation, the
mixture was centrifuged at 8000 x g for 20 min at 4 °C. The resulting
pellets were resuspended in SM buffer and centrifuged at 5000 x g for 5
min at 4 °C. The supernatants were then subjected to further purification
using a cesium chloride (CsCl) gradient centrifugation. The bacterio-
phage suspensions were overlaid onto a CsCl gradient of 1.0, 0.82, and
0.66 g/mL, and centrifugation was carried out at 35,000 x g in an ul-
tracentrifuge (Beckman Coulter, USA) for 2 h at 4 °C. The purified
bacteriophages were negatively stained with 2 % uranyl acetate, and
their morphology was examined using transmission electron microscopy
(TEM) (JEM-100CX II, JEOL, Germany) (Rodriguez-Rubio and Muniesa,
2021).

2.8. Genomic and bioinformatic analysis

DNA extraction from the Vibrio phages was carried out using the
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phenol-chloroform method as described by Higuera et al. The extracted
DNA was assessed for quality by 1.5 % agarose gel electrophoresis,
which was run at 80 kV for 1 h. DNA concentration was measured using
a Nanodrop spectrophotometer based on the absorbance at 260 nm, and
the 260/280 absorbance ratio, along with agarose gel electrophoresis,
was used to evaluate the purity and integrity of the DNA. Short-read
sequencing was performed using the Illumina NovaSeq 6000 platform
(Illumina, San Diego, CA, USA) following the manufacturer’s protocol.
The quality of the sequencing reads was assessed using FASTQC, and the
reads were filtered using Trimmomatic with default settings. Assembly
of the reads into contigs was completed using SPAdes version 3.11.130.
The bacteriophage genomes were annotated using Pharokka (Bouras
et al.,, 2022). Open reading frames (ORFs) were identified, and the
genome map for the phages was generated using Proksee (Grant et al.,
2023). Furthermore, tRNAs were predicted using tRNAscan-SE
(http://lowelab.ucsc.edu/tRNAscan-SE/, accessed on 30 August
2024). To identify potential virulence factors, the predicted proteins
were analyzed using the Virulence Factors Database (VFDB,
http://www.mgc.ac.cn/VFs/, accessed on 30 August 2024), with an
E-value cutoff of 1 x 10~°. Antimicrobial resistance genes (ARGs) were
identified using ResFinder v4.1 (https://cge.cbs.dtu.dk/services/Res-
Finder/, accessed on 30 August 2024). The average nucleotide identity
(ANI) between the phages and closely related Vibrio phages was calcu-
lated using FastANI v1.3.3 (Jain et al., 2018). A phylogenetic tree was
constructed by comparing the terminase large subunits of the phages
with their closest Vibrio phage relatives using the neighbor-joining
method in MEGA v11, with 1000 bootstrap replications (Kumar et al.,
2008). Finally, the nucleotide sequence identity between the phages and
nine other Vibrio phages deposited in the GenBank database was
calculated using VIRIDIC v1.1 (Intergenomic Distance Calculator)
(https://rhea.icbm.uni-oldenburg.de/viridic/,  accessed on 10
September 2024).

2.9. Ability of bacteriophages in the hemolymph of Galleria mellonella
larvae

Creamy-colored Galleria mellonella larvae (Greater wax moth),
weighing between 0.2-0.3 g, were selected for the experiment. Fifteen
larvae were injected with 20 pL of each bacteriophage lysate (P122,
P125, and P160). At each time interval, hemolymph was randomly
collected from three larvae. The larvae were placed into a 15 mL tube
and kept on ice for 5-10 min until movement ceased. A small incision
was made between two segments near the tail using a scalpel to collect
the hemolymph. The combined hemolymph samples were serially
diluted, and the bacteriophage titer was determined using the double-
layer agar method (Nale et al., 2016).

2.10. In vivo infection of bacteriophage cocktail in G. mellonella larvae
infected with V. alginolyticus

To determine the lethal dose (LDs() of each strain of V. alginolyticus, a
10-fold serial dilution of V. alginolyticus strains was prepared up to 1074,
and 20 pL of each dilution was injected into the last proleg of fifteen
G. mellonella larvae. To evaluate the effectiveness of bacteriophages
against V. alginolyticus infection, the bacterial cultures were diluted to
the determined LDsg of each strain. The bacteria were mixed with in-
dividual bacteriophages (P122, P125, and P160) or a bacteriophage
cocktail (containing equal concentrations of the three bacteriophages) at
three different multiplicities of infection (MOI) of 1, 10, and 100. The
mixtures were incubated for 15 min to allow bacteriophage adsorption.
Following incubation, 20 pL of each mixture was injected into the last
proleg of fifteen G. mellonella larvae. Positive controls consisted of larvae
injected with the LDso dose of V. alginolyticus, while the negative con-
trols included two groups: one injected with PBS buffer and the other
with each bacteriophage or the bacteriophage cocktail. The larvae were
placed in Petri dishes and incubated at room temperature in dark
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Table 2
Sample collections and numbers of bacteriophages that specific for
V. alginolyticus PSU 6 isolated from various sample sources.

Sample Number of Number of positive Number of
sources collected samples for bacteriophages

sample bacteriophage specific to

V. alginolyticus PSU 6
Water 19 19 104
Sediments 17 17 122
Cockles 15 15 138
Oysters 3 3 12
Shrimps 2 2 7
Mussels 2 2 27
Green 1 1 4
caviar
Total 59 59 414
Table 3

Host range of isolated bacteriophages specific for V. alginolyticus PSU 6.

Species Strains Bacteriophage infected in host
(%)
V. alginolyticus Clinical 0/414 (0.0)
Fish pathogenic 327/414 (79.0)
Environmental 185/414 (44.7)

Pandemic in cockles
Non-pandemic in
cockles

Fish pathogenic

V. parahaemolyticus 82/414 (19.8)

79/414 (19.1)

134/414 (32.4)

V. harveyi Fish pathogenic 0/414 (0.0)
V. vulnificus Fish pathogenic 21/414 (5.1)
E. coli Reference 0/414 (0.0)
S. aureus Reference 0/414 (0.0)
A. hydrophila Reference 0/414 (0.0)

conditions. The survival of the larvae was monitored every 12 h to 48 h,
with mortality indicated by the larvae turning black (Antoine et al.,
2021).

2.11. Statistical analysis

Statistical tests were performed using SPSS version 26 (SPSS Inc.,
USA). The Mann-Whitney U test was employed to compare differences
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between groups of G. mellonella larvae. A p-value of < 0.05 was
considered to indicate a statistically significant difference between the
group treated with a single bacteriophage and the group treated with a
bacteriophage cocktail. The LDsq of G. mellonella larvae was calculated
using Probit analysis in Microsoft Excel.

3. Results
3.1. Isolation of bacteriophages specific to V. alginolyticus

A total of fifty-nine environmental and seafood samples were
collected and enriched for bacteriophages specific to V. alginolyticus PSU
6. Bacteriophages were detected in the majority of the collected samples.
All 59 samples were positive for 414 bacteriophages specific to
V. alginolyticus PSU 6, as shown in Table 2.

3.2. Host range determination

A total of 414 bacteriophages isolated from V. alginolyticus PSU 6
were propagated and purified through a three-passage purification
process. These bacteriophages were then tested for their host range by
assessing their ability to lyse various Vibrio species, as well as other
Gram-positive and Gram-negative bacteria, based on the formation of
clear lysis zones. The bacteriophages specific to V. alginolyticus PSU 6
showed positive lysis activity against 79.0 % of fish-pathogenic
V. alginolyticus strains and 44.7 % of environmental V. alginolyticus
strains. Notably, none of the bacteriophages were able to infect clinical
strains of V. alginolyticus. Moreover, 32.4 % of the bacteriophages
demonstrated  activity  against  fish-pathogenic  strains  of
V. parahaemolyticus, and 5.1 % were effective against fish-pathogenic
strains of V. vulnificus. None of the bacteriophages tested could lyse
V. harveyi, E. coli, S. aureus, or A. hydrophila (Table 3). Among the bac-
teriophages tested, P122, P125, and P160 exhibited the broadest host
range against the bacterial strains.

3.3. Optimal MOI and one-step growth curve of bacteriophages

The MOI of phages P122, P125, and P160 infecting V. alginolyticus
PSU 6 demonstrated variations, with optimal MOI values of 100, 1, and
10, respectively. The life cycle of each bacteriophage, encompassing the
latent period, burst phase, and plateau phase, was analyzed and

Plateau phase
——p

--P122
P125
—P160

100 110 120 130 140 150 160 170 180 190

Bacteriophage infection time (min)

Fig. 1. One-step growth curves of bacteriophages P122, P125, and P160 in the presence of V. alginolyticus PSU 6. Values represent the mean of three independent

experiments, with error bars indicating the standard deviation.
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Fig. 2. Survival of three bacteriophages in artificial seawater over a 100-day period. Values represent the mean of three independent experiments, with error bars

indicating the standard deviation.

Fig. 3. Transmission electron microscopy (TEM) images showing the morphology of bacteriophages P122 (A), P125 (B), and P160 (C).

quantified using a one-step growth curve (Fig. 1). Phage P122 had a
latent period of 50 min and a burst size of 140 PFU/infected cell. Phage
P125 exhibited a latent period of 40 min with a burst size of 333 PFU/
infected cells. Meanwhile, Phage P160 showed a latent period of 60 min
and a burst size of 367 PFU/infected cells.

3.4. Stability of bacteriophages

The survival rate of three bacteriophages in artificial seawater,

collected at different sampling times, showed that the titers of all three
bacteriophages decreased but maintained viability over an extended
period of 100 days. The titer of the P122 bacteriophage decreased by
1.89 logs during the study. It remained viable until the 40th day, after
which the titer slightly decreased through to the 100th day (Fig. 2). The
titer of the P125 bacteriophage decreased by 3.89 log, remaining viable
until the 24th day, followed by a gradual decline until the 50th day and a
significant reduction by the 100th day (Fig. 2). Similarly, the titer of the
P160 bacteriophage decreased by 2.04 log, maintaining viability until
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Fig. 4. The mortality rate of G. mellonella larvae following infection with V. alginolyticus and treatment with bacteriophages. (A) V. alginolyticus JS1.2-infected larvae
treated with single bacteriophages P122, P125, P160, or a bacteriophage cocktail at an MOI of 100. (B) V. alginolyticus MF19-infected larvae treated with single

bacteriophages P122, P125, P160, or a bacteriophage cocktail at an MOI of 10.

the 42nd day, after which it slightly declined until the 100th day (Fig. 2).

3.5. Morphology of bacteriophages

Transmission electron microscopy (TEM) revealed that the three
bacteriophages have an icosahedral head and a non-contractile tail. The
head of the P122 bacteriophage measured approximately 62.5 nm in
width and 87.5 nm in length (Fig. 3A). Similarly, the head of the P125
bacteriophage was approximately 62.5 nm wide and 87.5 nm long
(Fig. 3B). The P160 bacteriophage head was slightly smaller, measuring
around 50 nm in width and 87.5 nm in length (Fig. 3C). Based on these

morphological characteristics, P122, P125, and P160 bacteriophages are
classified within the class Caudoviricetes and exhibit features consistent
with phages previously categorized under the now-defunct family
Siphoviridae (Ackermann, 2003).

3.6. Bacteriophage activity and in vivo efficacy in G. mellonella larvae
against V. alginolyticus

In this study, the titers of bacteriophage isolates collected from the
hemolymph of G. mellonella larvae remained stable over a 48-h period,
showing no significant decrease (Fig. S1). The V. alginolyticus strains
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Fig. 5. The circular genome maps of V. alginolyticus bacteriophages P122 (A), P125 (B), and P160 (C).

MF19 and JS1.2, isolated from fish, were shown to be susceptible to all
three bacteriophages (data not shown). The ability of these bacterio-
phages to rescue G. mellonella larvae infected with lethal doses (LDsg) of
V. alginolyticus was evaluated. The LDs for V. alginolyticus strains MF19
and JS1.2 was determined to be 5.2 x 10* CFU/larvae and 4.0 x 10°
CFU/larvae, respectively. Bacteriophage treatments, including single
bacteriophages (P122, P125, and P160) and a cocktail of all three
phages at multiplicities of infection (MOI) of 1, 10, and 100, were tested
for their effect on reducing the mortality of larvae infected with both
strains. In larvae infected with V. alginolyticus strain JS1.2 and treated
with single bacteriophages at an MOI of 100 for 48 h, a significant
decrease in mortality was observed. The use of single phages P122,
P125, and P160 reduced mortality by 27 %, 16 %, and 27 %, respec-
tively. However, the bacteriophage cocktail, where all three phages
were mixed in equal concentrations, showed a significantly higher ef-
ficiency, reducing the mortality rate by 38 % compared to untreated
larvae infected with strain JS1.2 (Fig. 4A). Similarly, in larvae infected
with V. alginolyticus strain MF19 and treated with single bacteriophages
at an MOI of 10 for 48 h, mortality was reduced by 13 %, 7 %, and 9 %
for P122, P125, and P160, respectively (data not shown). However,
there was no significant difference in mortality between single bacte-
riophage treatments. The bacteriophage cocktail demonstrated a
significantly higher protective effect, reducing mortality by 31 %
compared to untreated larvae infected with strain MF19 (Fig. 4B).
Moreover, no mortality was observed in larvae injected with PBS bulffer,
single bacteriophages (P122, P125, or P160), or the bacteriophage
cocktail in the absence of V. alginolyticus infection (data not shown).

3.7. Whole-genome sequencing (WGS) and comparative genomic analysis

The whole-genome sequences (WGS) of the three bacteriophages
were analyzed through Illumina sequencing technology. The final
assembled genomes of V. alginolyticus phages P122 and P125 were
76,250 base pairs (bp), while P160 had a genome size of 76,020 bp, all

Table 4
Structural characteristics of phage P122, P125, and P160 genomes.

Phage Size GC content tRNA  ORFs Number of Coding

(bp) (%) Sequences
P122 76,250 48.8 0 272 123
P125 76,250 48.8 0 276 124
P160 76,020 48.8 0 280 124

composed of linear double-stranded DNA (dsDNA) with a GC content of
48.8 % (Fig. 5 and Table 4). Similar to TEM, genome analysis confirmed
that all three phages belonged to the tailed complex phages from the
Caudoviricetes class. Genome annotation revealed a total of 272, 276,
and 280 ORFs in the genomes of phages P122, P125, and P160,
respectively, all starting with the AUG codon and with no tRNA genes
identified. Of these, 123 ORFs in P122, and 124 ORFs in P125 and P160
were predicted to be coding sequences (CDSs) (Table 4). Moreover, no
genes related to antibiotic resistance or virulence factors were found in
any of the phage genomes. The circular genome maps highlight key
features, including structural proteins, regulatory elements, and en-
zymes involved in DNA processing and replication. Functional annota-
tion of the ORFs for phages P122, P125, and P160 identified 82, 83, and
83 hypothetical proteins, respectively. Among the structural proteins,
the major head protein was located at ORF 90 in P122 and ORF 34 in
both P125 and P160, with five additional proteins associated with head
and DNA packaging functions. Additionally, a portal protein was an-
notated at ORF 93 in P122 and ORF 31 in both P125 and P160. The
genomes also encoded 11 tail proteins: ORFs 87-88, 73-77, 80-82, and
86 in P122, and ORFs 36-38, 42-44, and 47-51 in P125 and P160.
Remarkably, all phages were found to encode lysis-associated proteins,
including endolysin (ORF 71 in P122, and ORF 54 in both P125 and
P160) and Rz-like spanin (ORF 72 in P122, and ORF 55 in both P125 and
P160). Other enzymatic proteins included endonucleases (ORFs 95 and
122 in P122, and ORFs 2 and 29 in P125 and P160) and exonucleases
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Fig. 6. Average Nucleotide Identity (ANI) comparison of V. aliginolyticus phages P122, P125, and P160 and their closely related Vibrio phage. Phages P122 (A) and
P125 (B) are similar to Vibrio phages vB_VpS_C2 and P160 (C) is close to Vibrio phage VVP001. High ANI values indicate strong genetic similarity. Scale bars: 10 Kb.

(ORF 64 in P122, and ORFs 2 and 61 in both P125 and P160). A detailed
list of all predicted proteins and their corresponding CDS positions is
provided in Supplementary Tables S1, S2, and S3.

In addition, BLASTn similarity searches for phages P122, P125, and
P160 against related phages in the GenBank database revealed over 97
% similarity to other Vibrio phages, including Vibrio phage vB_VpS_C2
(GenBank Acc. No. MZ592922.1) for P122 and P125, and Vibrio phage
VVP0OO1 (GenBank Acc. No. MG602476.1) for P160. Comparative
genomic analysis using Average Nucleotide Identity (ANI) to assess ge-
netic similarity is shown in Fig. 6. The synteny map displays the aligned
genomic regions, with darker red areas indicating higher similarity.
Phage P122 has an ANI value of 97.9 % with Vibrio phage vB_VpS_C2,
while P125 shows a slightly higher ANI value of 98.0 % with the same
phage, reflecting near-identical genomic sequences. Phage P160 has an
ANI value of 97.7 % compared with Vibrio phage VVP001.

The phylogenetic tree presented in Fig. 7 illustrates the evolutionary
relationships among various Vibrio phages, including our three
V. alginolyticus phages (P122, P125, and P160), highlighted with red
stars and their closest relatives. The tree was constructed based on the
terminase subunit sequencing, using a neighbor-joining method with
bootstrap values indicated at each node. Phages P122, P125, and P160
form a closely related clade with strong bootstrap support (99 to 100)
and are closely associated with Vibrio phage vB ValS R12Z (GenBank
Acc. No. PP094284), a phage known to specifically target
V. alginolyticus. In contrast, other phages such as Vibrio phage vB VpS
HCMJ (GenBank Acc. No. QEP53397) and Vibrio phage vB VpS CC6

(GenBank Acc. No. UTQ72760), phages known to specifically target
V. parahaemolyticus show lower bootstrap values and clusters farther
from the P122, P125, and P160 group. Also, phages that are specific to
other V. parahemolyticus and V. cholerae form separate branches,
reflecting their divergent evolutionary trajectories and likely different
host specificities.

Genomic comparison between various phages, highlighting inter-
genomic similarity, aligned genome fraction, and genome length ratio
among our phages P122, P125, and P160, and their close relatives, was
calculated using VIRIDIC (Fig. 8). The heatmap shows that phages P122,
P125, and P160 are closely related, with high intergenomic similarity
(98.4 % to 100 %) and nearly complete genome alignment. Their aligned
genome fractions and genome length ratios are close to 1.0, further
indicating their genomic integrity and conservation. When compared to
other V. alginolyticus phages, P122, P125, and P160 show a high degree
of similarity (>91 %) with phage PVA73 and vB ValS_R12Z which are
V. alginolyticus phages. In contrast, distant relationships are observed
with phages R0O1, which presented lower similarity scores (~66 %) to
our phages P122, P125, and P160. The genome lengths of the phages are
relatively consistent, with slight variations reflecting potential struc-
tural differences.

4. Discussions

V. alginolyticus is a well-known pathogen responsible for significant
economic losses in aquaculture, particularly in fish and invertebrate
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hatcheries. It can cause severe infections in marine organisms, leading to
high mortality rates and reduced production efficiency (Manchanayake
et al., 2023). The contamination of marine environments and seafood
with V. alginolyticus poses a considerable threat, as it can persist in
reservoirs such as cockles, oysters, shrimp, and other marine organisms
(Song et al., 2020). Traditional methods for controlling Vibrio outbreaks,
such as antibiotics, are becoming increasingly ineffective due to the rise
of antimicrobial resistance (Muthulakshmi and Mothadaka, 2023). As a
result, alternative strategies, such as the use of bacteriophages, have
gained interest as a targeted and environmentally friendly solution for
controlling Vibrio infections in aquaculture (Hossain et al., 2024;
Ramos-Vivas et al., 2021). In this study, 414 lytic bacteriophages spe-
cific to V. alginolyticus PSU 6 were isolated from seafood and marine
environmental samples such as cockles, oysters, water, sediments,
shrimps, mussels, and green caviar. These phages were tested for their
ability to lyse V. alginolyticus and other bacterial strains, revealing that
79.01 % of fish pathogenic V. alginolyticus strains and 44.69 % of envi-
ronmental strains were susceptible to these phages. Notably, none of the
phages were able to infect clinical strains of V. alginolyticus, possibly due
to structural adaptations on the bacterial cell surface that prevent phage
attachment. Moreover, some bacteriophages demonstrated cross-lytic
activity, lysing 32.37 % of fish pathogenic strains of
V. parahaemolyticus and 5.11 % of V. vulnificus strains, suggesting that
these bacteria may share common receptors with V. alginolyticus
(Yingkajorn et al., 2014). Among these, phages P122, P125, and P160
emerged as the most promising candidates, displaying broad host ranges
and high lytic activity. One-step growth experiments revealed differ-
ences in their latent periods and burst sizes. P122 had a latent period of
50 min and a burst size of 140 PFU/infected cell, P125 had a latent
period of 40 min and a burst size of 333 PFU/infected cell, and P160 had
a latent period of 60 min with a burst size of 367 PFU/infected cell.
While the latent periods were relatively long, the high burst sizes

indicate strong potential for therapeutic applications, as phages with
high burst sizes are generally more effective in bacterial eradication
(Kalatzis et al., 2016; Lin et al., 2012). Transmission electron micro-
scopy (TEM) revealed that all three phages had an icosahedral head with
a non-contractile tail, placing them within the class Caudoviricetes.
Genomic analysis showed highly similar genomes for P122, P125, and
P160, with lengths of approximately 76,250 bp for P122 and P125, and
76,020 bp for P160, and a GC content of 48.8 %. All genomes contained
between 272 and 280 open reading frames (ORFs), with no tRNA genes
or antibiotic resistance genes, highlighting their suitability for aqua-
culture applications. Key structural proteins, such as head, portal, neck,
and tail proteins, were conserved across all three phage genomes.
Lysis-associated proteins, such as endolysin and Rz-like spanin, were
identified in the genomes, emphasizing their role in the bacteriophage
lytic cycle. Endolysin, such as those identified at ORF 70 in P122 and
ORF 54 in P125 and P160, degrades the bacterial cell wall, while Rz-like
spanin disrupts the outer membrane, facilitating cell lysis and the
release of viral progeny (Miroshnikov et al., 2021). These proteins are
essential for the efficient propagation of phages and their ability to
eliminate bacterial infections. Moreover, genes involved in DNA repli-
cation and repair, such as DNA polymerases, helicases, and ligases, were
conserved, ensuring the stability and integrity of the phage genomes
under various environmental conditions (Morcinek-Ortowska et al.,
2022; Shen et al., 2012; Weitzman and Fradet-Turcotte, 2018). Notably,
no genes related to antibiotic resistance or virulence were detected,
emphasizing the potential of these phages for phage therapy or
biocontrol applications (Li et al., 2021). Furthermore, numerous hypo-
thetical proteins were identified, indicating the presence of novel,
uncharacterized functions that warrant further investigation. Genomic
similarity analysis revealed ANI values exceeding 97 % among P122,
P125, and P160 with other Vibrio phages in the GenBank database,
confirming their close evolutionary relationship (Chibani et al., 2020).
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Fig. 8. Whole-genome comparison and clustering of V. alginolyticus phages P122, P125, and P160 (highlighted with a red frame), alongside their nine closest
relatives. The analysis and clustering were conducted using VIRIDIC v1.1. The different shades of blue in the right half of the heatmap represent varying levels of

genomic similarity between the phages.

The synteny map of aligned genomic regions, where darker red areas
signify higher similarity, exhibits the conserved structure among these
phages. This high genetic similarity, as well as the strong phylogenetic
bootstrap support (99-100) for the clade containing these phages, sug-
gests they share a recent common ancestor and have likely evolved
under similar ecological conditions or host pressures (Wang et al.,
2020). Moreover, they are most closely related to Vibrio phage vB ValS
R12Z which also shares high bootstrap support, reinforcing their close
genetic and functional similarities. These relationships indicate that
these phages likely belong to the same genetic lineage or phage group
within the V. alginolyticus cluster. Interestingly, phages such as Vibrio
phage RO1 and Vibrio phage VB Vac SRILMA are positioned further
down the tree with low bootstrap values which indicates their genomic
and evolutionary distance from the main V. alginolyticus group. This
highlights the diversity of phages targeting Vibrio species and empha-
sizes the specificity of P122, P125, and P160 to their host (Hendrix et al.,
1999). Furthermore, their close relationship to other Vibrio phages, and
their suitability for targeting Vibrio-related diseases in marine
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environments, highlights their potential for managing infections in fish
farming, where Vibrio infections are prevalent. The efficacy of these
phages was further demonstrated in the G. mellonella model.
Single-phage treatments reduced the mortality of larvae infected with
V. alginolyticus, while a phage cocktail of P122, P125, and P160 signif-
icantly enhanced survival rates. The cocktail approach is particularly
valuable for delaying the emergence of phage-resistant bacterial strains,
a common challenge with single-phage therapies (Cui et al., 2021; Fil-
ippov et al., 2022; Quiroz-Guzman et al., 2018). In this study, the
bacteriophage cocktail (a mixture of P122, P125, and P160 at equal
concentrations) proved to be more efficient than individual phages in
reducing the mortality rate of infected G. mellonella larvae. This result
highlights the potential of using phage cocktails to extend the effec-
tiveness of phage therapy and mitigate the emergence of phage-resistant
bacterial strains. In conclusion, this study demonstrates the potential of
phages P122, P125, and P160 as effective biocontrol agents for man-
aging V. alginolyticus infections in aquaculture. Their broad host range,
high lytic efficiency, and genomic stability, combined with the absence
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of antibiotic resistance or virulence genes, emphasize their suitability for
phage therapy. The use of phage cocktails further enhances therapeutic
outcomes, offering a sustainable alternative to antibiotics in combating
bacterial infections in marine environments.
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