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Abstract
Background  As aquaculture continues to expand globally, diseases caused by Vibrio species are becoming 
increasingly prevalent. Vibriosis encompasses a range of infections, which can lead to symptoms such as skin lesions, 
hemorrhaging, and high mortality rates in fish and shellfish, especially in high-density farming systems, resulting in 
significant economic losses. Simultaneously, the extensive use of antibiotics has fostered the emergence of antibiotic-
resistant bacteria, exacerbated disease outbreaks, and complicated control measures. Phage therapy, which leverages 
bacteriophages as natural antibacterial agents, offers a promising eco-friendly alternative to the antibiotics used in 
aquaculture. This study aimed to evaluate the potential of two vibriophages for phage therapy in aquaculture.

Results  Two virulent vibriophages, vB_VcaP_R24D and vB_VcaP_R25D, were isolated from aquaculture wastewater 
from seafood markets using Vibrio campbellii LMG 11216T as the host strain. The two vibriophages were identified 
based on their morphology, infection dynamics, host range, genomic features, lytic activity, and environmental 
stability. Both phages belong to the podovirus morphotype and exhibit a lytic life cycle characterised by a short latent 
period (< 10 min). Genomic analyses confirmed the absence of lysogenic genes, virulence factors, and antibiotic-
resistance genes, thereby ensuring genetic safety. Additionally, both phages demonstrated high stability over a broad 
range of temperatures (4–45 °C) and pH (3–10). Lytic curve analyses further indicated a robust lytic efficiency during 
the logarithmic growth phase of the vibriophages.

Conclusions  These biological and genomic characteristics highlight the potential of vB_VcaP_R24D and vB_
VcaP_R25D as effective biocontrol agents for mitigating vibriosis in aquaculture. Although this study demonstrates 
their narrow host range, the possibility of phage infection in other untested hosts cannot be entirely excluded. 
Furthermore, the findings offer valuable insights for future research on phage-host interactions and the development 
of phage cocktails to improve disease management in aquaculture systems.
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Background
The global fishery and aquaculture production reached a 
record high of 223.2 million tons in 2022, with aquacul-
ture production of animal species surpassing that of cap-
ture fisheries for the first time (FAO, 2024). As the global 
demand for seafood increases, the aquaculture industry 
has expanded rapidly, with high-density, large-scale, and 
intensive farming practices becoming increasingly preva-
lent. However, the increasing incidence of aquatic animal 
diseases, with bacterial infections representing the most 
frequent type of infectious disease in aquaculture. In par-
ticular, diseases caused by Vibrio species are increasing, 
posing significant challenges to the development of aqua-
culture industry [1–3].

Vibrio, a genus of halophilic Gram-negative bacteria 
commonly found in estuarine and coastal ecosystems, 
is classified as an opportunistic pathogen [4]. Common 
pathogenic Vibrio species include V. cholerae, V. algino-
lyticus, V. parahaemolyticus, V. campbellii, and V. har-
veyi. Several reports have highlighted various diseases 
caused by Vibrio species in aquaculture, such as lethal 
hepatopancreatic septic necrosis and acute hepatopan-
creatic necrosis disease (AHPND), both of which have 
caused significant damage to shrimp farming worldwide 
[5–7]. Additionally, V. alginolyticus is linked to Zoea II 
Syndrome, which causes significant mortality in whiteleg 
shrimp owing to impaired moulting. Although studies on 
the pathogenicity of V. campbellii are relatively limited, 
existing research has demonstrated its potential to cause 
diseases, such as luminescent vibriosis and AHPND. 
For instance, Dong et al. isolated a V. campbellii strain 
(20130629003S01) from a shrimp farm, which carried 
the pirvp gene; shrimp immersed in this strain suspen-
sion developed typical AHPND symptoms within 12  h, 
with a cumulative mortality rate of 100% within 36  h, 
indicating a high virulence. Similarly, Haldar et al. iso-
lated 26 V. campbellii strains from diseased shrimp, and 
infection experiments using Artemia as a model revealed 
that eight strains exhibited high pathogenicity and three 
strains showed moderate pathogenicity, and the patho-
genic strains were capable of colonising the Artemia gut 
within 24  h. These findings underscore the significant 
pathogenic potential of V. campbellii and warrant more 
attention in aquaculture disease management [8–11]. The 
extensive use of antibiotics has led to adverse impacts on 
environmental health, ecological stability, public health, 
and food safety [12, 13]. Consequently, there is an urgent 
demand for sustainable and effective alternatives to anti-
biotics [14–16]. Bacteriophages, as natural antimicrobial 
agents, are capable of specifically and efficiently lysing 
bacterial hosts, making them a microbiologically and 
environmentally sustainable solution. Bacteriophages 
have shown substantial potential in mitigating Vibrio 
infections in aquaculture [17, 18]. Recent studies have 

isolated various vibriophages and evaluated their biologi-
cal and genomic characteristics to assess their potential 
for controlling vibriosis in aquaculture [19, 20]. Phage 
lytic ability, bactericidal efficiency, and environmen-
tal stability are key factors determining the application 
potential and suitability of phage cocktail formulations. 
In aquaculture, the absolute lytic capability of a phage is 
essential for its application as it ensures efficient patho-
gen elimination without entering a lysogenic state, thus 
preventing horizontal gene transfer and reducing the 
risk of antibiotic resistance [21]. The bactericidal efficacy 
of a phage is another critical measure of its therapeutic 
potential. For instance, a phage against V. parahaemo-
lyticus was isolated from a shrimp farm in India, and its 
one-step growth and bactericidal curves demonstrated 
high lytic activity against the host bacterium (burst size 
of 2.9 × 108 PFU mL− 1, with the optical density (OD600) 
value of the phage-treated group consistently below 0.2). 
In infection experiments, the survival rate of shrimp 
treated with this phage significantly increased [22]. The 
environmental stability of phages is a key criterion for 
their production, marketing, and practical applications. 
The V. alginolyticus phage vB_Va_Val-yong3 was iso-
lated and shown to be stable under various conditions, 
possessing features such as resistance to chloroform 
resistance, relative UV tolerance, and stability across a 
temperature range of 4–50 °C and pH range of 5–12. In 
a phage treatment experiment, the survival rate of mud 
crab larvae increased from 33.33 to 51.67% after treat-
ment with vB_Va_Val-yong3 [23].

This study aimed to investigate the vibriophage 
potential of two novel lytic phages, vB_VcaP_R24D 
and vB_VcaP_R25D, isolated from wastewater of a 
seafood market in Xiamen using the type strain V. 
campbellii LMG 11216T as the host. Comprehensive 
characterization of these phages revealed their strong 
lytic activity, supported by detailed analyses of their 
morphological features, infection kinetics, host range 
specificity, genomic composition, phylogenetic relation-
ships, taxonomic placement, and environmental stability. 
Moreover, phage co-infection kinetics analysis revealed 
their individual and synergistic bactericidal capabilities, 
highlighting their efficacy in controlling V. campbellii. 
This is the first study to isolate such potent lytic phages 
targeting V. campbellii from aquaculture environments 
and systematically evaluate their combined bactericidal 
effects. These findings offer significant insights into the 
application of phage therapy as a sustainable strategy for 
managing vibriosis in aquaculture.

Methods
Phage isolation and purification
In this study, V. campbellii LMG 11216T, a strain 
obtained from the Belgian Coordinated Collection of 
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Microorganisms, was used as a host for phage isola-
tion. The strain was cultured in 2216E liquid medium 
(10 M tryptone, 2 M yeast extract, and artificial seawater, 
pH 7.5) at 28 °C with shaking at 160 rpm min− 1. In July 
2023, water samples were collected from the wastewa-
ter pipelines of Bashi (118.07°E, 24.46°N) and Xiashang 
(118.10°E, 24.55°N) seafood markets in Xiamen, filtered 
through 0.22  μm polycarbonate membranes (Millipore, 
USA), and stored at 4 °C. To isolate phages, filtered water 
samples were added to early logarithmic-phase V. camp-
bellii cultures followed by incubation at 28 °C with shak-
ing for 24 h. After removing the bacteria by filtration, the 
samples were diluted in SM buffer (8 mM MgSO4, 50 mM 
Tris-HCl, 100 mM NaCl, and 0.01% (w/v) gelatin, pH 
7.5), and the phages were isolated using the double-layer 
agar plate method. The phages were purified five times 
until a uniform morphology was achieved and stored in 
SM buffer at 4 °C in the dark [24].

Phage amplification and enrichment
The purified phage (1 mL) was added to 50 mL of 
early log phase host bacteria and incubated until lysis 
occurred. The mixture was centrifuged at 10,000 × g for 
15 min at 4 °C, and the supernatant was filtered through 
a 0.22 μm filter. This procedure was repeated by scaling 
up the culture volume to 1 L. In the 1 L culture, DNase 
I and RNase A were added at a final concentration of 
1 µg mL− 1 each and incubated at 4 °C for 1 h. NaCl was 
then added (final concentration 1 mol L− 1), followed by 
incubation at 4 °C for 1 h. After centrifugation at 10,000 
× g for 15 min at 4  °C, the supernatant was filtered. To 
the filtrate, 10% (wt vol− 1) polyethylene glycol 8000 was 
added and incubated at 4  °C for 1–3 days. The mixture 
was centrifuged at 12,000 × g for 15 min at 4 °C, and the 
pellet was resuspended in 6 mL of SM buffer. The phage 
suspension was purified using CsCl density gradient 
ultracentrifugation at 200,000 × g for 24  h at 4  °C. The 
concentrated phage band was extracted, dialysed using a 
30 kDa ultrafiltration tube and stored in SM buffer at 4 °C 
in the dark.

Phage morphology observation
Phage morphology was observed using transmission 
electron microscopy (TEM) with phosphotungstic acid-
negative staining [25]. A 10 µL drop of phage concentrate 
(10¹⁰ PFU mL⁻¹) was placed onto a carbon-coated cop-
per grid (200 mesh) and allowed to adsorb in the dark 
for 10–30 min. The samples were stained with 1% phos-
photungstic acid for approximately 20 min and air-dried 
for 30 min. The samples were observed using a JEM 2100 
transmission electron microscope (Japan Electron Optics 
Laboratory Co., Tokyo, Japan) at 120 kV, and images were 
captured using a GATAN INC CCD imaging system.

Lipid test
To assess lipid presence in the phage capsid, 1 mL of 
phage solution (10⁸ PFU mL⁻¹) was mixed with chloro-
form at final concentrations of 0%, 2%, and 20%. The mix-
ture was vortexed for 30 S and incubated at 30 °C in the 
dark for 30 min. After low-speed centrifugation (5,000 × 
g, 4 °C, 5 min), 2 µL of the supernatant was placed on a V. 
campbellii LMG 11216T agar plate. The plates were incu-
bated at 30 °C, and plaque formation was observed. Each 
treatment was performed in triplicate, and SM buffer was 
used as a negative control.

One-step growth curve
A one-step growth curve was plotted to evaluate the 
infection, replication, and lysis kinetics of the phages. 
The host bacterium V. campbellii LMG 11216T was inoc-
ulated at a 1:50 ratio into 2216E liquid medium and incu-
bated at 160  rpm min− 1 and 30  °C until it reached the 
early logarithmic phase (OD600 = 0.1–0.2). Phages were 
added to the bacterial culture at a multiplicity of infec-
tion (MOI) of 0.01. After a 5-min adsorption period in 
the dark, the mixture was centrifuged at 8,000 × g for 
4  min at 4  °C to remove the supernatant. The resulting 
pellet was resuspended in 1 mL 2216E liquid medium, 
and this centrifugation process was repeated twice to 
eliminate unbound phages. The final 1 mL suspension 
was added to 50 mL of 2216E liquid medium and incu-
bated at 160 rpm min− 1 and 30 °C. Phage infectivity was 
measured at 10-min intervals over a 1-h period. Each 
treatment was conducted in triplicates.

Determination of host range
To determine the host lysis spectrum of phages R24D 
and R25D and compare their host range differences, a 
total of 57 Vibrio strains were selected for the experi-
ment. These included 6 strains of V. campbellii, 6 strains 
of V. harveyi, 2 strains of V. owensii, 28 strains of V. algi-
nolyticus, 9 strains of V. parahaemolyticus, 1 strain of V. 
anguillarum, 1 strain of V. fluvius, 1 strain of V. brasilien-
sis, 1 strain of V. hepatarius, 1 strain of V. neocaledonicus, 
and 1 strain of V. plantisponsor, some of which were iso-
lated from the hepatopancreas of shrimp. The host range 
was assessed using a spot assay. Vibrio cultures of 1 mL 
in the early logarithmic growth phase were mixed with 
5 mL of molten 2216E semisolid medium, poured onto 
2216E solid agar plates, and allowed to solidify. Next, 2 
µL of phage solution (containing approximately 108 PFU 
mL⁻¹) was spotted onto the solidified bacterial lawn and 
left to cool before incubation at 30 °C. Plaque formation 
was observed. Each treatment was performed in tripli-
cate, with the host bacterium V. campbellii LMG 11216T 
and SM buffer as the positive and negative controls, 
respectively.
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DNA extraction and phage genome sequencing
Phage DNA was extracted using the phenol-chloroform 
method [25]. To the concentrated phage suspension, 1.5 
µL of 100 mg mL− 1 proteinase K solution, 100 µL of 10% 
sodium dodecyl sulfate solution, and 10 µL of 0.5 mol L⁻¹ 
ethylene diamine tetraacetic acid (EDTA) were added. 
The mixture was incubated in a water bath at 55  °C for 
3  h. After digestion, an equal volume of phenol-chloro-
form-isoamyl alcohol (25:24:1) was added, thoroughly 
mixed, and centrifuged at 12,000 × g for 5  min at 4  °C. 
The aqueous phase was carefully transferred to a new 
tube, and this step was repeated twice. The collected 
aqueous phase was then mixed with an equal volume of 
chloroform-isoamyl alcohol (24:1), shaken for 30  s, and 
centrifuged again at 12,000 × g for 5  min at 4  °C. The 
resulting aqueous phase was mixed with an equal volume 
of isopropanol and incubated at -20  °C for at least 1  h 
before centrifugation at 12,000 × g for 5 min at 4 °C. The 
resulting phage DNA pellet was washed twice with pre-
cooled 70% ethanol, air-dried, and dissolved in 100 µL 
of Tris-EDTA buffer (10 mmol L⁻¹ Tris-HCl, 1 mmol L⁻¹ 
EDTA, pH 8.0), and stored at -20 °C. Complete genome 
sequencing of phages was performed by Hanyu Bio-
Tech (Shanghai, China). The sequencing library was pre-
pared using the NEBNext® Ultra™ DNA Library Prep Kit 
(NEB, USA) and sequenced on the Illumina HiSeq 4000 
platform.

Phage genome analysis
Phage genome analysis was conducted using Trimmo-
matic v0.32 for raw data processing and Velvet v1.2.03 
for genome assembly. The DNA packaging mechanism 
and terminal sequences of the phage genome were iden-
tified using PhageTerm on the Galaxy server ​(​​​h​t​t​p​s​:​/​/​g​a​
l​a​x​y​.​p​a​s​t​e​u​r​.​f​r​/​​​​​)​. Putative open reading frames (ORFs) 
in the phage genome were predicted using GeneMarkS, 
which is available on the same platform. Each translated 
ORF was annotated and functionally analysed through 
BLASTP searches against the National Centre for Bio-
technology Information (NCBI) non-redundant protein 
database, with an E-value threshold of < 10⁻⁵. Transfer 
RNAs (tRNAs) were identified using tRNAscan-SE v.2.0 (​
h​t​t​p​​:​/​/​​l​o​w​e​​l​a​​b​.​u​​c​s​c​​.​e​d​u​​/​t​​R​N​A​s​c​a​n​-​S​E​/). Virulence genes 
were detected using the Virulence Factor Database (​h​t​
t​p​​:​/​/​​w​w​w​.​​m​g​​c​.​a​​c​.​c​​n​/​V​F​​s​/​​m​a​i​n​.​h​t​m​l), and antibiotic ​r​e​
s​i​s​t​a​n​c​e genes were identified using the Comprehensive 
Antibiotic Resistance Database (​h​t​t​p​​s​:​/​​/​c​a​r​​d​.​​m​c​m​​a​s​t​​e​r​.​c​​a​
/​​a​n​a​l​y​z​e​/​r​g​i). The lifestyles of the phages were predicted 
using the Phage AI platform based on the complete 
phage genome.

Phylogenetic and taxonomic analysis
BLASTn (​h​t​t​p​​:​/​/​​b​l​a​s​​t​.​​n​c​b​​i​.​n​​l​m​.​n​​i​h​​.​g​o​v​/​B​l​a​s​t​.​c​g​i) was 
used to identify phages with the highest genomic 

similarity. The corresponding sequences were down-
loaded from GenBank (http://www.ncbi.nlm.nih.gov) 
and aligned using Clinker (Gilchrist, 2021) for compara-
tive genomic analysis. Phylogenetic relationships were 
analysed using the VICTOR online tool (​h​t​t​p​​s​:​/​​/​g​g​d​​c​.​​d​s​
m​​z​.​d​​e​/​v​i​​c​t​​o​r​.​p​h​p), which constructs viral classification 
and evolutionary trees. Additionally, genome similarity 
among the phages was assessed using the default param-
eters of the Virus Intergenomic Distance Calculator 
(VIRIDIC, ​h​t​t​p​​s​:​/​​/​r​h​e​​a​.​​i​c​b​​m​.​u​​n​i​-​o​​l​d​​e​n​b​u​r​g​.​d​e​/​V​I​R​I​D​I​C​
/).

Determination of lytic activity
To evaluate the lytic activity of the two phages against 
V. campbellii LMG 11216T, phage lytic assays were per-
formed at various MOI. V. campbellii LMG 11216T was 
inoculated into 2216E liquid medium at a 1:50 ratio and 
grown to the logarithmic phase (OD600 = 0.1–0.2) at 
160 rpm min− 1 and 30 °C. Phages were added to achieve 
MOI values of 0.001, 0.01, 0.1, 1, and 10. The phage-
host mixtures were incubated, and bacterial growth was 
monitored in real-time using a Synergy H1 Multi-Mode 
Microplate Reader (Bio-Tek, USA) at 600  nm for 24  h. 
Absorbance was measured every 30 min with a pre-mea-
surement shaking of 5 S at a temperature of 28 °C. Each 
condition was tested using at least five replicates, with 
the 2216E medium and bacterial culture serving as nega-
tive and positive controls, respectively.

Thermal stability and pH sensitivity
To assess phage resilience to environmental stress, ther-
mal stability and pH sensitivity of the phages were tested. 
Phage solutions with a concentration of 108 PFU mL− 1 
were prepared in SM buffer. The solutions were incu-
bated in the dark at various temperatures (4  °C, 15  °C, 
25  °C, 35  °C, 45  °C, 55  °C, 65  °C, and 75  °C) for 6 h. At 
room temperature, the phage infectivity was measured 
using the double-layer agar method. To determine pH 
sensitivity, phage solutions were incubated in SM buffers 
with pH values of 2–13 at room temperature in the dark 
for 6 h. Phage infectivity was assessed using the double-
layer agar method. Each condition was tested in tripli-
cates. The data were analyzed using SPSS 21.0 statistical 
software, and all values are expressed as mean ± standard 
deviation (SD). Statistical differences between treatments 
were assessed using one-way analysis of variance (One-
Way ANOVA) and Duncan’s multiple range test, with 
a significance level set at P < 0.05. Graphs were created 
using Origin 2024 software.

Results
Phage morphological characteristics
In this study, phages vB_VcaP_R24D and vB_VcaP_R25D 
(hereafter referred to as R24D and R25D) were isolated 
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from seafood farm wastewater samples collected at the 
Xiashang Seafood Market and Bashi Seafood Market, 
Xiamen, China, using V. campbellii LMG 11216T as the 
host. Both phages produced clear circular plaques, vis-
ible within approximately 4 h, with a diameter of approxi-
mately 1  mm. Over time, the plaques expanded, with 
R24D achieving a final diameter of 4–5 mm at an expan-
sion rate of approximately 0.2 mm h− 1 over 24 h. R25D 
plaques were slightly smaller, with a final diameter of 
3–4 mm and an expansion rate of approximately 0.15 mm 
h− 1 over 24 h. The plaques were clear with a surrounding 
translucent halo, indicating strong lytic activity (Fig. 1A). 
The results of the TEM analysis showed that both R24D 
and R25D are podoviruses, consisting of an icosahedral 
head (R24D: 60 ± 2.87  nm long and 69 ± 1.23  nm wide; 

R25D: 58 ± 2.67  nm long and 57 ± 2.16  nm wide) and 
a short, non-contractile tail with abundant tail fibres 
(Fig.  1B). Chloroform sensitivity tests revealed no sig-
nificant differences in plaque morphology, size, or clarity 
across various chloroform concentrations. These indicate 
that both phages are chloroform-resistant and lack lipid-
containing structures in their capsids.

One-step growth curve
The one-step growth curves revealed that both phages 
had a latency period of > 10  min, indicating that they 
achieved complete replication and assembly within the 
host cells quickly to rapidly lyse them (Fig. 2). During the 
release phase, the progeny phage particles of R24D (32 ± 2 
PFU cell⁻¹) were consistently higher than those of R25D 

Fig. 1  Morphological characteristics of phages R24D and R25D. (A) Time-course images showing plaque development of phages R24D and R25D on 
Vibrio cultures at different time points (0 h, 4 h, 7 h, and 24 h). Scale bar, 10 mm; (B) Transmission electron microscopy images of phages R24D and R25D. 
Phage R24D measures 60 ± 2.87 nm in length and 69 ± 1.23 nm in width, while phage R25D measures 58 ± 2.67 nm in length and 57 ± 2.16 nm in width. 
Both phages exhibit a short, non-contractile tail. Scale bar, 100 nm
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(17 ± 1 PFU cell⁻¹) (P < 0.01), with R24D’s lytic capacity 
nearly twice that of R25D. Summarily, both phages exhib-
ited a short latency period and a low burst size strategy, 
with R24D demonstrating higher lytic activity than R25D.

Host range
The host range tests in this study included various Vibrio 
species commonly found in aquaculture environments, 
such as V. campbellii, V. alginolyticus, V. parahaemolyti-
cus, V. harveyi, V. anguillarum, V. owensii, V. brasilensis, 
V. fluvialis, V. hepatarius, V. neocaledonicus, and V. plan-
tisponsor, covering different habitats such as aquaculture 
water and fish tissues. The results of host range testing 
indicated that both phages R24D and R25D exhibited a 
narrow lytic range, primarily infecting the isolated host 
V. campbellii LMG 11216T, demonstrating strong host 

specificity for both phages (see additional file 1). How-
ever, this study could not rule out the possibility that 
these two phages could infect other untested hosts.

Genomic features of the phages
Phages R24D and R25D possessed linear double-
stranded DNA genomes, with total lengths of 44,258 bp 
and 43,376 bp and G + C contents of 43.69% and 43.74%, 
respectively. PhageTerm analysis indicated that both 
phages utilize the Cohesive End Sites packaging strat-
egy, with R24D exhibiting a direct terminal repeat of 
357  bp and R25D showing a direct terminal repeat of 
334 bp. The ORF prediction conducted using GeneMarkS 
revealed that R24D contained 51 ORFs, with only the first 
ORF located on the negative strand and the remaining 50 
on the positive strand. BLAST analysis annotated 24 of 
these ORFs (47.05%) based on their predicted functions. 
In contrast, R25D comprised 48 ORFs, all situated on the 
positive strand, with 22 ORFs (45.83%) annotated with 
predicted functions (see additional file 2). The annotated 
genes of both phages were categorised into functional 
groups, including structural proteins, DNA metabolism, 
DNA assembly, host lysis, and auxiliary metabolism-
related genes, whereas the remaining genes were classi-
fied as hypothetical proteins (Fig. 3). Notably, none of the 
phages contained tRNA, virulence factors, or antibiotic 
resistance-related genes.

Through comparative analysis of the functional genes 
of the two phage strains, we identified specific similari-
ties and differences between them. Approximately 26% 
of annotated functional genes were associated with 
DNA metabolism. These include genes encoding pro-
teins such as T7-like RNA polymerase, RecA-like heli-
case (related to Escherichia coli bacteriophage T7 Gp4D 

Fig. 3  Complete genomic maps of phages R24D and R25D. ORFs are depicted by arrows indicating the direction of transcription, with different func-
tional categories color-coded, as shown at the bottom. The map was depicted using Operon software. Differential genes are highlighted within the 
dashed boxes. ORFs, open reading frames

 

Fig. 2  One-step growth curves of phages R24D and R25D. Each data 
point represents the mean ± standard error of three biological replicates
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helicase), DNA polymerase I, DNA ligase, 5’-3’ exo-
nuclease, and endonuclease VII. Approximately 50% of 
the genes were associated with structural and assembly 
functions, including various structural proteins such as 
head-tail connecting protein, head scaffolding protein, 
capsid and scaffold protein, tail tubular protein, tail pro-
tein, internal virion protein, and tail fibre protein. Most 
of these structural genes were related to the tail structure 
of phages. Regarding host lysis, both phages contained 
genes encoding cell-wall hydrolases, specifically ORF 48 
in R24D and ORF 45 in R25D. Both genomes include a 
699  bp gene that encodes a protein with a lysozyme 
domain (ORF 37 of R24D, ORF 35 of R25D). Additionally, 
the genomes featured auxiliary metabolic genes associ-
ated with host metabolism, including proteins from the 
acetyltransferase (GNAT) family and acetyl-CoA acetyl-
transferase (R24D: ORF 29, ORF 43, and ORF 44; R25D: 
ORF 27, ORF 40, and ORF 41). Phage R25D possesses a 
unique functional gene predicted to encode a PrgI family 
protein (ORF 4). In contrast, R24D contains three unique 
functional genes (ORF 4, ORF 25, and ORF 40) annotated 

as SAM-dependent methyltransferases, phosphomeval-
onate kinases, and holins.

Phylogenetic and taxonomic analysis
Based on NCBI BLASTN analysis, 11 phages showed high 
sequence identity with R24D and R25D (see additional 
file 3). Notably, the V. alginolyticus phage VEN, isolated 
from Greece (GenBank accession number NC_047903.1), 
exhibited the highest similarity to R24D and R25D, with 
sequence identities of 92.32% and 92.17%, and coverage 
rates of 85% and 88%, respectively. Phylogenetic analy-
sis using VICTOR further confirmed that R24D, R25D, 
and VEN clustered together, indicating a close evolu-
tionary relationship among the three phages (Fig.  4A). 
All three phages were isolated from environments asso-
ciated with aquaculture and seafood sales, with the dif-
ference being that the hosts for phages R24D and R25D 
were V. campbellii, and the host for phage VEN was V. 
alginolyticus (Fig. 4A). Genomic similarity analysis using 
VIRIDIC revealed that R24D and R25D had 80.4% and 
82.9% intergenomic similarity with VEN, respectively, 
whereas the similarity between R24D and R25D was 

Fig. 4  Phylogenetic analysis and whole-genome comparison of phages. (A) A phylogenetic tree illustrating the relationship between R24D, R25D, and 
other closely related phages, constructed using the VICTOR web service; (B) A heatmap displaying pairwise intergenomic distances between each pair 
of phages, constructed using the VIRDIC web service. (C) Comprehensive genomic comparisons among R24D, R25D, and VEN using Clinker. ORFs with 
high similarities are denoted by arrows of the same colour, with the darkness of blocks representing the degree of similarity. ORFs, open reading frames
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90.7%. This indicates that all three phages belong to the 
genus Trungvirus within the family Autographiviridae 
(intergenomic similarity > 75%) but represent different 
species within this genus (intergenomic similarity < 95%) 
(Fig.  4B). Comparative genomic analysis of the whole 
genomes of phages R24D, R25D, and VEN revealed that 
their genomes could be divided into functional categories 
related to structural proteins, DNA metabolism, DNA 
assembly, host lysis, and auxiliary metabolism. The genes 
associated with DNA metabolism and tail structure pro-
teins showed high homology among the three phages 
(91.58–99.45%) (Fig. 4C).

Comparative whole-genome analysis of the closely 
related phages R24D, R25D, and VEN revealed a high 
degree of sequence homology in genes encoding RNA 
polymerase, DNA primase, DNA polymerase, 5’-3’ 
exonuclease, and recombination endonuclease VII, 

suggesting that these phages share conserved DNA 
metabolism processes and pathways. Furthermore, genes 
associated with the head-tail connecting protein and tail 
tubular protein exhibited significant homology across all 
three phages, indicating structural similarities in their 
tail assemblies. All three phages harboured genes encod-
ing cell wall hydrolases and lysozyme domain-containing 
proteins, supporting their classification as virulent. Nota-
bly, a gene encoding holin was identified in the genomes 
of R24D and VEN, whereas it was absent in the corre-
sponding genomic region of R25D.

Lytic activity
The lytic activities of phages R24D and R25D against the 
host V. campbellii LMG 11216T under different MOI 
conditions are shown in Fig.  5. After adding phages 
R24D, R25D, or their mixture to the host bacterial 

Fig. 5  Bactericidal effects of R24D and R25D. (A) Lytic activity of R24D against V. campbellii LMG 11216T at various MOIs over 24 h, with measurements 
taken at 30-min intervals. (B) Lytic activity of R25D against V. campbellii LMG 11216T at various MOIs over 24 h, with measurements taken at 30-min inter-
vals. (C) Lytic activity of a 1:1 mixture of R24D and R25D against V. campbellii LMG 11216T at various MOIs over 24 h, with measurements taken at 30-min 
intervals. (D) Lysis efficiency after 6 h of co-culture in different systems. Each treatment was conducted with six replicates, and the data are presented as 
the mean ± standard deviation. MOIs, multiplicity of infection

 



Page 9 of 13Ding et al. BMC Microbiology           (2025) 25:99 

culture during the exponential growth phase, all treat-
ments rapidly lysed the host cells. Higher MOI levels 
correlated with a stronger lytic effect, effectively main-
taining the OD600 of the host bacteria below 0.4 during 
the initial incubation phase (Fig. 5A–C). After 6 h of co-
culturing, the lytic effects of phages R24D and R25D and 
the phage mixture on the growth of host bacteria peaked, 
with a bactericidal efficiency of approximately 90% under 
all MOI conditions tested (MOI ranging from 0.001 to 
10) (Fig.  5D). Further analysis revealed that at MOIs of 
0.001–0.1, phages R24D and R25D exhibited slightly 
higher bactericidal efficiency compared with higher 
MOIs (0.1–10), indicating that a small amount of R24D 
could achieve a significant bactericidal effect quickly. 
Notably, when both phages were mixed and added to the 
host during the exponential growth phase, the lytic effect 
was not significantly different from that of the individual 
phages, suggesting that combining these two phages did 
not enhance their overall bactericidal efficiency.

Thermal stability and pH sensitivity
The environmental stability results for phages R24D and 
R25D are shown in Fig.  6. For thermal stability, both 
phages maintained high activity (survival rate > 90%) 
within the temperature range of 4–35  °C. Their activity 
significantly decreased at 55  °C (Fig.  6A). Phage R24D 
became completely inactive at 65  °C, whereas phage 
R25D retained some activity (survival rate > 4.5%) at 
65  °C and only became completely inactive at 75  °C. 
Overall, phages R24D and R25D exhibited good stability 
within the temperature range of 4 °C to 45 °C. However, 
R24D exhibited an increased sensitivity to high tempera-
tures and was more susceptible to temperature fluctua-
tions than R25D. For pH sensitivity, both phages showed 

optimal stability between pH 7 and 8, with survival rates 
ranging from 95.56 to 111.1%. They remained highly 
active (survival rate > 80%) in the pH range of 4–10 but 
completely lost activity at a pH of < 3 or > 11. Data analy-
sis revealed no significant difference in survival rates 
between the two phages within the pH range of 3–10. 
However, at pH 11, the survival rate of R25D was signifi-
cantly higher than that of R24D (P < 0.05), indicating that 
R25D has a stronger tolerance to alkaline conditions.

Discussion
The high organic content and suitable temperature in 
seafood market wastewater and sewage create favour-
able conditions for Vibrio colonisation, resulting in a high 
abundance of these bacteria. This rich nutritional envi-
ronment and high Vibrio density contribute to the high 
abundance and easy isolation of vibriophages [26]. In 
this study, two virulent phages, vB_VcaP_R24D and vB_
VcaP_R25D, were isolated from aquaculture wastewater 
from a seafood market in Xiamen, China, using V. camp-
bellii LMG 11216T as a host. Both phages rapidly pro-
duced clear plaques, with only a few resistant Vibrio cells 
remaining unlysed, indicating a strong lytic ability against 
the host [27]. Genomic analysis has revealed that both 
R24D and R25D possess genes encoding lysozymes (ORF 
37 of R24D and ORF 35 of R25D) and cell wall hydrolases 
(ORF 48 of R24D and ORF 45 of R25D), enabling phages 
to effectively degrade the Vibrio cell wall and facilitate 
infection and lysis [28]. Furthermore, the absence of lyso-
genic genes for both phages, indicates that they did not 
enter the lysogenic cycle during infection. Instead, lytic 
genes ensure efficient host lysis, thereby reducing the 
risk of horizontal gene transfer. Predictions derived from 
Phage AI software also confirmed that both phages had 

Fig. 6  Environmental stability of phages. (A) Survival rates of phages R24D and R25D under temperature conditions ranging from 4 °C to 75 °C; (B) Sur-
vival rates of phages R24D and R25D at pH levels ranging from 2 to 13. Each data point represents the mean ± standard error of three biological replicates
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100% lytic potential. The lytic capability of these phages is 
a prerequisite for their application in disease treatment. 
When applied in phage therapy, highly lytic phages can 
rapidly and effectively kill host bacteria, control pathogen 
populations, limit the spread of infections, and acceler-
ate pathogen clearance. In contrast to lysogenic phages, 
purely lytic phages reduce the likelihood of resistance 
mutations, provide more effective pathogen control, 
lower the risk of resistance, and significantly improve the 
therapeutic outcomes in aquaculture environments [29].

Both phages showed a short latent period and a small 
burst size, which aligned with the “Fast-low strategy” in 
the r-strategy [30]. Such phages exhibit a rapid lifecycle 
and low reproductive output, leading to the rapid lysis of 
host cells during infection. Because of small burst size, 
they possess strong local infectivity without extensive 
dissemination, thereby restricting the development of 
phage mutations and bacterial resistance. Phages with the 
“Fast-low strategy” have significant application poten-
tial in rapidly mitigating the pathogens without inducing 
excessive immune responses or disrupting the stability of 
existing microbial communities [31, 32]. Numerous stud-
ies have identified phages with short latent periods and 
small burst sizes. For instance, V. parahaemolyticus phage 
R16F has a latent period of > 10 min and a burst size of 13 
PFU cell⁻¹ [33]. Six V. parahaemolyticus phages isolated 
from seafood samples by Tan et al. exhibited short latent 
periods and small burst sizes, with latent periods rang-
ing from 10 to 20 min and burst sizes ranging between 17 
and 51 PFU cell⁻¹ [34]. Phages R24D and R25D have rela-
tively small genomes (44,258 bp for R24D and 43,376 bp, 
for R25D) and contain genes encoding lysozymes and cell 
wall hydrolytic enzymes, as well as a rich array of tail pro-
teins. Previous studies indicated that highly specific tail 
fibres can rapidly recognise and bind to host bacterial 
receptors while puncturing proteins or tail spike struc-
tures that swiftly penetrate the cell wall to inject phage 
DNA. The diversity and functionality of tail proteins 
ensure precise DNA injection, and the smaller genome 
size shortens the time required for phage DNA injec-
tion into the host cell as well as for the production and 
assembly of progeny phage DNA. Efficient host recogni-
tion, rapid cell penetration, and synergistic action with 
lytic proteins ultimately accelerate the lysis process [35, 
36]. The strategy of short latent periods and small burst 
sizes enables phages to rapidly lyse pathogenic bacteria 
within a short timeframe, showing a strong application 
potential for aquaculture environments where vibriosis 
is prevalent, particularly in high-density Vibrio environ-
ments. This approach can rapidly control pathogen abun-
dance and prevent disease spread [37]. Although the two 
bacteriophages have a narrow host range, this charac-
teristic can also minimize off-target effects on beneficial 

microbial communities in aquaculture environments, 
thereby preserving beneficial microbial communities.

According to the whole-genome comparative analysis, 
the three unique functional genes (ORF4, ORF25, and 
ORF40) found in R24D may play a significant role in its 
higher burst size and larger plaque. ORF4 has been anno-
tated as a S-adenosyl-L- methionine-dependent meth-
yltransferase involved in DNA modification processes, 
particularly methylation. This function helps the phage 
resist the restriction modification system of the host cell 
by protecting its genome from degradation, thus enabling 
R24D to maintain higher levels of phage production [38]. 
ORF25 was annotated as a phosphomevalonate kinase, 
an enzyme associated with the isoprenoid biosynthetic 
pathway. This enzyme is involved in the production of the 
phage envelope components and other molecular precur-
sors. By enhancing the synthesis efficiency of lipids and 
small molecules, ORF25 may optimise the assembly effi-
ciency of structural proteins and the formation of phage 
particles, thereby increasing burst size. Such metabolic 
advantage would likely allow R24D to produce more 
progeny phages within a shorter period [39]. ORF 40 is 
annotated as holins, which form pores in the cell mem-
brane, allowing lysozymes (such as endolysins) to pass 
through the membrane into the periplasmic space, where 
they degrade the cell wall, ultimately leading to cell lysis 
and promoting the release of progeny phages [40]. Plaque 
formation can be viewed as a competition between bac-
teriophage-induced bacterial lysis and bacterial lawn 
development. Several factors can contribute to larger 
plaque formation. For example, a higher burst size would 
promote a more effective infection and lysis of bacteria, 
leading to accelerated plaque growth [41]. Phage R24D’s 
higher burst size than R25D is likely responsible for its 
larger plaques. Summarily, the unique genomic features 
of R24D, particularly the presence of methyltransfer-
ases, phosphomevalonate kinases, and holin, enhanced 
genome protection, metabolic efficiency, and infection 
efficiency, thereby promoting higher progeny phage pro-
duction and plaque expansion, resulting in a significantly 
larger burst size and slightly larger plaques than those in 
R25D [27, 42].

Assessing the genetic safety of vibriophages is a crucial 
prerequisite for their use in aquaculture to treat vibriosis. 
Genetic safety not only impacts the effectiveness of phage 
therapy but also concerns the environmental health and 
cultured organisms. The genomes of vibriophages used 
in aquaculture do not contain any toxin genes or patho-
genic factors that could be harmful to aquatic animals 
to prevent severe toxicity in cultured species if toxins 
are released into the aquatic environment. Additionally, 
phage genomes should not harbour antibiotic resistance 
genes (ARGs) to avoid enhancing the antibiotic resistance 
of pathogenic bacteria during treatment. Furthermore, 
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phages should not carry integrative genetic elements, 
such as integrase genes or transposons, which can facili-
tate the integration of phage genes into the host bacte-
rial genome, potentially increasing genetic variation in 
the host bacteria and promoting horizontal gene transfer, 
thereby posing an evolutionary risk to pathogens [29, 43]. 
Genomic analysis indicated that neither R24D nor R25D 
contained virulence factors, ARGs, or integrative genetic 
elements, such as integrases, suggesting that these phages 
have promising genetic safety profiles for application.

The lysis curves demonstrated the significant poten-
tial of these phages for use in aquaculture to treat vib-
riosis. Both phages exhibited strong lytic activity against 
Vibrio hosts, making them suitable for phage therapy. 
They effectively control the abundance of Vibrio in the 
early stages, providing a means to prevent and manage 
vibriosis [44]. The phages showed the highest lytic effi-
ciency when co-cultured with the host Vibrio for 6  h, 
achieving up to 90% lysis at various MOIs. Additionally, 
the short latent period of these phages allowed them to 
significantly suppress the growth of Vibrio during the 
logarithmic phase, maintaining the OD600 of the host 
Vibrio below 0.4. Efficient lysis offers a clear advantage 
for preventing vibriosis. In laboratory studies with pure 
strains, although phage-resistant Vibrio can re-grow 
in later culture stages, other microbial populations or 
probiotics can replace the resistant strains and become 
dominant. Therefore, the combined use of phages and 
probiotics should be considered as a strategy for effective 
microbial control in aquaculture systems. Phages R24D 
and R25D did not show significant synergistic effects in 
the mixed systems, likely because of their similar bio-
logical characteristics, causing competition between the 
two phages. Given the narrow host range of the phages, 
combining these two phages with other complementary 
phages could potentially broaden their lytic range and 
enhance their overall application potential. These find-
ings offer valuable insights for future researches on phage 
cocktail formulations for Vibrio control, emphasising the 
need to consider interactions and synergistic dynamics 
among phages when designing phage cocktails. Cocktails 
containing phages with diverse life histories, infection 
strategies, and host lysis profiles should be prioritized to 
optimize host control. For instance, combining a phage 
with a rapid lysis cycle and one with a longer latent 
period but strong diffusion capability can achieve both 
rapid infection control and sustained long-term protec-
tion [45–48].

The temperature stability and pH tolerance results indi-
cated that both phages have good stability in aquaculture 
environments. Both phages maintain high activity (sur-
vival rate > 90%) below 35 °C and only become completely 
inactive at temperatures above 55–65 °C. They also exhib-
ited activity over a broad pH range of 3–11, with optimal 

pH levels between 7 and 8. Interestingly, R24D exhibited 
higher sensitivity to thermal stress (65  °C) and alkaline 
conditions (pH 11) compared to R25D. Genomic analy-
sis revealed that R24D harbors a unique SAM-dependent 
methyltransferase gene (ORF4), which is involved in the 
modification of nucleic acids or proteins. This enzyme 
may influence the stability of structural components such 
as the phage capsid or tail proteins, potentially making 
R24D more vulnerable to degradation under extreme 
conditions. In contrast, R25D possesses a unique gene 
encoding a PrgI family protein (ORF4), which is typically 
involved in stabilizing membrane-associated proteins 
and may confer additional structural robustness to R25D. 
These findings suggest that the genomic differences 
between R24D and R25D may contribute to their distinct 
environmental resilience. Further studies, such as protein 
structure and expression analyses, are warranted to con-
firm these hypotheses.

Before using these phages in aquaculture, it is impor-
tant to consider factors such as the preparation process, 
storage conditions, transportation, and environmental 
conditions during use. High environmental tempera-
tures or pH fluctuations can affect phage activity and 
the effectiveness of phage therapy [47, 48]. The suitable 
temperature range for aquaculture water is between 
24  °C and 30  °C, and the pH range is between 7.5 and 
8.5. Furthermore, the observed stability aligns with the 
requirements of aquaculture across diverse geographic 
regions and climates. For example, in tropical aquacul-
ture systems, water temperatures can approach the upper 
limits of the optimal range, while in temperate regions, 
seasonal variations might bring temperatures closer to 
the lower limits [49, 50]. Similarly, fluctuations in water 
quality parameters, such as pH, may occur in intensive 
aquaculture systems [51]. The ability of these phages to 
retain high activity under these variable conditions high-
lights their robustness and broad applicability. These 
findings also provide practical guidance for the produc-
tion, preparation, transportation, storage, and application 
of these phages. Ensuring appropriate handling protocols 
to mitigate extreme temperature or pH conditions dur-
ing storage and use will be essential for maximizing their 
efficacy in controlling Vibrio infections. This comprehen-
sive understanding of environmental stability enhances 
the potential for these phages to be effectively deployed 
in aquaculture systems globally.

Conclusion
Vibriophages vB_VcaP_R24D and vB_VcaP_R25D exhib-
ited significant attributes, including robust lytic activity, 
short latent periods, favourable genetic safety profiles, 
effective bactericidal action, and substantial environmen-
tal stability. These characteristics underscore their high 
feasibility and considerable potential for application in 
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treating Vibrio diseases in aquaculture systems. Given the 
diversity of Vibrio strains found in these environments, 
future research should focus on exploring the broad-
spectrum lytic capabilities of these phages against vari-
ous Vibrio strains, including additional untested strains, 
and developing phage cocktails. Additionally, exploring 
the combined use of phages with probiotics and other 
complementary products could further enhance thera-
peutic effectiveness. Long-term field trials would also 
be essential to validate the safety and effectiveness of 
these phages in aquaculture settings. This study provides 
strong evidence supporting the practical application of 
phage therapy and offers scientific guidance for develop-
ing green and sustainable aquaculture strategies, while 
emphasizing the need for ecological compatibility.
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