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Abstract

Vibrio alginolyticus is a Gram-negative bacterium commonly associated with mackerel poisoning. A bacteriophage that spe-
cifically targets and lyses this bacterium could be employed as a biocontrol agent for treating the bacterial infection or improv-
ing the shelf-life of mackerel products. However, only a few well-characterized V. alginolyticus phages have been reported
in the literature. In this study, a novel lytic phage, named ®ImVa-1, specifically infecting V. alginolyticus strain ATCC
17749, was isolated from Indian mackerel. The phage has a short latent period of 15 min and a burst size of approximately
66 particles per infected bacterium. ®ImVa-1 remained stable for 2 h at a wide temperature (27-75 °C) and within a pH
range of 5 to 10. Transmission electron microscopy revealed that @ImVa-1 has an icosahedral head of approximately 60 nm
in diameter with a short tail, resembling those in the Schitoviridae family. High throughput sequencing and bioinformatics
analysis elucidated that ®@ImVa-1 has a linear dsSDNA genome of 77,479 base pairs (bp), with a G+ C content of ~38.72%
and 110 predicted gene coding regions (106 open reading frames and four tRNAs). The genome contains an extremely large
virion-associated RNA polymerase gene and two smaller non-virion-associated RNA polymerase genes, which are hallmarks
of schitoviruses. No antibiotic genes were found in the ®ImVa-1 genome. This is the first paper describing the biological
properties, morphology, and the complete genome of a V. alginolyticus-infecting schitovirus. When raw mackerel fish flesh
slices were treated with ®ImVa-1, the pathogen loads reduced significantly, demonstrating the potential of the phage as a
biocontrol agent for V. alginolyticus strain ATCC 17749 in the food.

Key points

o A novel schitovirus infecting Vibrio alginolyticus ATCC 17749 was isolated from Indian mackerel.
o The complete genome of the phage was determined, analyzed, and compared with other phages.

e The phage is heat stable making it a potential biocontrol agent in extreme environments.

Keywords Vibrio alginolyticus - Bacteriophage - Genome - Schitoviridae - Bioinformatics - Food poisoning - Biocontrol -
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Introduction

Vibrios are Gram-negative curved-rod shape bacteria widely
inhabiting aquatic environments, with many species highly
pathogenic to aquatic organisms (Thompson et al. 2004).
Amongst the species, Vibrio alginolyticus is of global
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concern, infecting fish (Arias et al. 1995), shrimp (Austin
et al. 2003), shellfish (Panicker et al. 2004), sea cucumbers,
and seahorses (Balcazar et al. 2010). Thus, vibriosis caused
by V. alginolyticus has huge economic impacts on fisheries
and aquaculture industries. Notably, this bacterium can also
infect humans, leading to peritonitis (Taylor et al. 1981),
intracranial infection (Opal and Saxon 1986), osteomyelitis
(Barbarossa et al. 2002), otitis media (Feingold and Kumar
2004), and ocular infections (Li et al. 2009). Many cases of
food poisoning in humans have been reported upon consum-
ing seafoods contaminated with V. alginolyticus (Ji 1989;
Smolikova et al. 2001; Xie et al. 2005). This poses menace
to global food safety and public health.
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In the late 1950s and early 1960s, food poisoning cases
due to consumption of mackerel were frequently reported in
many localities along the Pacific coast of Japan (Miyamoto
et al. 1961). The causative agent, V. alginolyticus strain
ATCC 17749, was isolated from a spoiled horse mackerel by
Nakamura on 7 August 1959 (Hugh and Sakazaki 1975). This
strain is now widely used as a reference in studies involving
V. alginolyticus, and its complete genome of 5,146,637 base
pairs (bp) has been determined by Liu et al. (2015). Tetro-
dotoxin, a neurotoxin produced by V. alginolyticus ATCC
17749, has been demonstrated to kill mice when injected
intraperitoneally (Simidu et al. 1987).

Mackerel is commonly found in tropical and temperate seas
around the world (Collette et al. 2001). The fish is rich in
omega-3 fatty acids and is intensively sought after by humans
as food (Tridge 2020). The worldwide production of mackerel
reached 5 million metric tons in 2018 (Tridge 2020). How-
ever, the flesh of mackerel spoils easily if the fish is not stored
and processed immediately (Goulas and Kontominas 2005;
Hardy and Smith 1976), causing food poisoning as a result.
V. alginolyticus ATCC 17749, which causes food poisoning,
is commonly isolated from mackerel (Liu et al. 2015; Molito-
ris et al. 1985). Thus, it is of interest to isolate a phage that
infects this strain specifically. Such a specific phage could be
applied as an agent of biopreservation or biocontrol targeting
V. alginolyticus ATCC 17749, either to extend the shelf-life
of mackerel products or as a treatment of vibriosis in humans
caused by the strain, during which the phage is expected to
cause minimal disturbance to the normal microbiota.

Before a phage can be applied as a biocontrol agent, a
complete characterization of its genome and biological activ-
ities is of utmost importance to analyze the presence of anti-
biotic resistance genes, as well as the mode of host lysis. In
the National Center for Biotechnology Information (NCBI)
Genome database, as of 26 May 2022, only one schitovirus
(accession: MZ447858.1), one podovirus (NC_023605.1),
two inoviruses (MN719123.1, MN690600.1), and six myo-
viruses (NC_048747.1, NC_042100.1, NC_048779.1,
NC_055862.1, NC_028829.1, NC_049477.1) infecting V.
alginolyticus have been reported. In this study, we report
the biological and genomic characterizations of a novel lytic
phage, named ®ImVa-1, resembling members of the family
Schitoviridae. This phage was isolated from Indian mackerel
obtained from a local wet market in Malaysia, with V. algi-
nolyticus strain ATCC 17749 as the phage host.

Materials and methods
Bacterial host and culture conditions

V. alginolyticus strain ATCC 17749 (Sakazaki 1968) was
obtained from the Faculty of Agriculture, Universiti Putra

@ Springer

Malaysia. The bacterium was grown in Luria—Bertani (LB)
broth [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.4 M
NaCl and 10 mM CacCl,, pH 7.5] at 35 °C with agitation
at 180 rpm. Thiosulfate citrate bile sucrose (TCBS) agar
(Difco, MI, USA) was used to culture the Vibrio sp.

Bacteriophage isolation

The fish samples, Indian mackerel, collected from a local
wet market in Selangor, Malaysia, were homogenized with
SM buffer [100 mM NaCl, 10 mM MgSO,, 50 mM Tris—HCI
(pH 7.5), and 0.01% (w/v) gelatin] and enriched with mid-
log phase culture of V. alginolyticus for 18 h at 35 °C with
agitation. The enriched sample was centrifuged at 3000 X g
for 15 min, and the supernatant was filtered using a syringe
filter (0.2 um; Sartorius, Gottingen, Germany). The phage,
named ®ImVa-1, was then isolated using the agar overlay
assay (Adams 1959), in which equal volume of mid-log
phase host culture and filtrate were added to molten agar
[0.6% (w/v); 3 ml], vortexed and spread uniformly onto the
surface of solid LB agar [1.5% (w/v)]. The solidified agar
was then incubated for 8 h at 35 °C. Agar overlay assay was
repeated for at least three times to obtain a homogenous
plaque formation. The phage ®ImVa-1 is available from the
corresponding author upon request.

Preparation of high titer bacteriophage suspension
and purification of bacteriophage

An isolated plaque was picked and inoculated into a mid-
log phase of V. alginolyticus culture (5 ml) and incubated at
35 °C, 180 rpm until cell lysis was observed. The mixture
was centrifuged, filtered, and further used for high titer phage
amplification. The filtrate was added to a mid-log phase V.
alginolyticus culture (50 ml) at the multiplicity of infection
(MOI) 0.1, and incubated at 35 °C with gentle agitation until
lysis was observed. The mixture was then centrifuged at
7000 % g for 15 min at 4 °C, and the supernatant was filtered
using a syringe filter (0.2 um). The high titer phage lysate was
subsequently precipitated with polyethylene glycol (PEG)
8000 [10% (w/v); Amresco, Solon, USA] and purified using
cesium chloride (CsCl) density gradient ultracentrifugation
for 1 h at 209,700 x g, at 4 °C. The titer of ®ImVa-1 was
determined with an agar overlay assay (Chang et al. 2013).

Transmission electron microscopy

A drop of phage suspension with a titer of ~ 10> pfu/ml
was placed on a carbon-coated copper grid, and negatively
stained with uranyl-acetate [2% (w/v), pH 4.0]. The grid
was then observed under a transmission electron microscope
(Hitachi H-9500, Hitachi High Technologies America, Inc.,
Schaumburg, IL, USA).
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Examination of phage host range

The host range of ®ImVa-1 was determined using the spot
test as described in Kutter and Sulakvelidze (2004), in which
200 pl of mid-log phase bacterial culture (ODgy,=0.6,
and ~ 108 cfu/ml) was prepared as an overlay to a plate con-
taining a bottom layer of solid LB agar, and 10 ul phage
suspension (~ 107 pfu/ml) was aliquoted on top of the over-
lay agar. The agar plate was incubated at 35 °C for 8 h and
examined for spot formation. Host sensitivity to the phage
was determined by analyzing the lytic capabilities of the
phage which formed a clear lytic spot on the plate.

Optimal multiplicity of infection

The optimal ratio of infection between ®ImVa-1 and V. algi-
nolyticus strain ATCC 17749 was determined by inoculating
the log phase bacterial culture with different dilutions of phage
suspensions to give multiplicities of infection of 0.01, 0.1, 1,
10, and 100. Phage-free suspensions were used as controls in
the experiment. The population of bacteria was enumerated
at every 1-h intervals for 8 h, in which each suspension was
serially diluted in a solution containing peptone [0.1% (w/v)]
and NaCl [0.5% (w/v)], after that aliquots (0.1 ml) were plated
onto LB agar plates. The plates were incubated at 37 °C for
18 h. All assays were performed in triplicate.

Phage adsorption and one-step growth curve

The mid-log phase culture of V. alginolyticus was mixed
with ®ImVa-1 at MOI of 0.1. Aliquots of the suspension
(100 ul) were collected every 2 min and transferred to
microfuge tubes containing chloroform [2% (v/v)], vor-
texed and centrifuged at 12,000 x g, 4 °C, for 5 min. The
supernatant was then used for the determination of unad-
sorbed phage titer using the agar overlay assay. The one-step
growth curve was also performed to determine the latency
period and burst size of the isolated phage. The mixture
of phage suspension and mid-log phage culture at MOI of
0.1 was incubated for 10 min at room temperature to allow
phage attachment. The mixture was then diluted 25 times
in LB medium and incubated at 35 °C. Aliquots (1 ml) of
the culture were taken at indicated intervals at every 5 min
for 50 min consecutively, and the phage titer in the clari-
fied samples was then determined by the double-layer assay
(Wong et al. 2014).

Effects of temperature and pH on the phage-host
interaction

The pelleted mid-log phase bacterial culture (~ 10% cfu/ml)
was resuspended in LB broth (10 ml) at pH 7, and infected
with the phage suspension (~ 107 pfu/ml; 10 ml) at MOI of

0.1. The mixture was incubated at different temperatures (27,
37,45, 55, 65,75, 85, and 100 °C) with agitation at 180 rpm.
Initial concentrations of phage and bacteria at 0 min were
determined. Phage-free suspension was used as a control
along the experiment and incubated under the same condi-
tions as the phage-bacteria mixture suspension. The adsorp-
tion assay was conducted to determine the unadsorbed phage
titer according to the maximum adsorption rate based on the
result of the one-step kinetic growth curve. Concurrently,
the phage-bacteria suspension was continued incubating for
2 h until the bacteria lysed. Bacteria titer at 2 h was used to
determine the reduction of host bacteria from phage-free and
phage-bacteria suspensions.

The effect of different pH conditions on the phage-host
interactions was determined using the above mentioned
method with some modifications, in which the pelleted mid-
log phase culture was resuspended in LB broth (MOI 0.1)
of different pH values ranging from 2 to 12 and incubated
at 35 °C with agitation at 180 rpm (Wong et al. 2014). In
the present study, the phage was considered stable when its
titer reduced by 2 log,,. This quantitative standard was used
in several studies reported previously (Merabishvili et al.
2013; Sofy et al. 2021; Wen et al. 2022; Yazdi et al. 2018;
Zhang et al. 2021).

Extraction of phage nucleic acid

The nucleic acid of the purified ®ImVa-1 was extracted
using the phenol chloroform method as described in Wong
et al. (2014). The nucleic acid in the aqueous layer was pre-
cipitated with sodium acetate [3 M, pH 5.2; 25% (v/v)] and
absolute ethanol (2 volumes). Following the centrifugation
at 12,000 X g for 10 min at 4 °C, the pellet was washed twice
with ethanol [70% (v/v)]. The air-dried pellet was then resus-
pended in TE buffer [10 mM Tris—HCI (pH 8.0) and 1 mM
EDTA; 50 pl]. The quality and concentration of nucleic
acid were determined with a NanoDrop spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA).

Pulsed field gel electrophoresis and whole genome
sequencing

Pulsed field gel electrophoresis (PFGE) was used to estimate
the genome size of ®ImVa-1 as described in Herschleb et al.
(2007). PFGE plugs were prepared, and the gel was elec-
trophoresed at 6.0 V/cm for 20 h at 14 °C, with an initial
switch at 5 s and a final switch at 60 s. The whole genome
sequencing of ®ImVa-1 was performed using Illumina HiSeq
(Apical Scientific, Malaysia), with a paired-ends approach of
2% 150 bp. Paired end [llumina sequences were first removed
of sequence adapters, and the reads with low quality score
and/or poor quality bases were trimmed using BBduk of
the BBTools Packages (https://jgi.doe.gov/data-and-tools/
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bbtools) (Bushnell et al. 2017). Reads were then assembled
de novo using the Spades genome assembler v.3.11 (https://
cab.spbu.ru/software/spades/) (Bankevich et al. 2012). The
quality assessment of the assembled ®ImVa-1 genome was
determined by use of QUAST (http://quast.sourceforge.net/)
(Gurevich et al. 2013). Filtered raw reads were also analyzed
with PhageTerm (https://galaxy.pasteur.fr/) (Garneau et al.
2017) to determine the phage termini and the possible pack-
aging mechanism. All tools were used in their default settings,
except for BBduk and Spades, which were customized for
the data.

Sequence analysis

Putative genes of ®ImVa-1 were determined and selected by
use of RASTtk in phage mode, through the PATRIC website
(https://rast.ampdr.org/) (Brettin et al. 2015), GATU (https://
4virology.net/virology-ca-tools/gatu/) (Tcherepanov et al.
2006), and Vgas (http://guolab.whu.edu.cn/vgas/) (Zhang
et al. 2019). The results were both manually verified and
further improved in Clone Manager 10 (Sci-Ed) software
(https://www.scied.com/dl_cm10.htm). Functional inferences
for candidate gene products were obtained through searches
conducted using various tools: protein BLAST (http://blast.
ncbi.nlm.nih.gov) (Johnson et al. 2008), Pfam (http://pfam.
xfam.org) (Sonnhammer et al. 1997), InterProScan (https://
www.ebi.ac.uk/interpro/) (Apweiler et al. 2001), and HHpred
(https://toolkit.tuebingen.mpg.de/#/tools/hhpred) (So6ding
et al. 2005) server, which utilized the built-in HHpred tools
against a variety of database choices offered, namely PDB_
mmCIF70_11_Oct, SCOPe70_2.07, COG_KOG_v.1.0, Pros-
ite, and NCBI_Conserved_Domains (CD)_v3.16.

Given that the tools RASTtk, Vgas, and GATU were
used to predict the genes within the phage proteome, and
in order to consolidate the results, those of RASTtk were
used as the base for the annotation. If there was a disagree-
ment between RASTtk and the other two tools (GATU and
Vgas), the functional details of the annotations were studied
from the literature/database, and if they were related, then
a general description common across the tools was used.
Those that were labeled as hypothetical (or simply phage
protein) by RASTtk, but were annotated with a function
by the other two, precedence was given to the functional
curation. The gene prediction was complemented with addi-
tional functional annotation for the genes using BLASTp
(e-value threshold of 0.05), HHpred (best hits with e-value
0f <0.05), Pfam (e-value threshold of 0.05), and InterPro,
where applicable. Hypothetical proteins with a significant
hit from any of these tools with functional information
were tagged as part of the gene annotation, in the format
“hypothetical: < function >.”

Screening for antibiotic resistance genes was performed by
use of ABRicate (available at https://usegalaxy.eu/; https:/github.
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com/tseemann/abricate) (Jia et al. 2017) against the Compre-
hensive Antibiotic Resistance Database (CARD) (Alcock et al.
2020). Additionally, the phage was screened for cleavage sites
of reported restriction enzymes using the BLAST service on
the REBASE web-server (http://rebase.neb.com/rebase) (Rob-
erts et al. 2015), with selection criteria: alignment score of > 40,
e-value of <0.05, and percentage identity of >30% (above the
twilight zone). The molecular weight of the predicted ORFs
was estimated using the batch protein molecular weight deter-
mination function of the Sequence Manipulation Suite (SMS2;
http://www.bioinformatics.org/sms2/protein_mw.html) (Stothard
2000). The presence of transfer RNA (tRNA) genes was investi-
gated by use of tRNAscan-SE (http://lowelab.ucsc.edu/tRNAs
can-SE/) (Lowe and Eddy 1996) and ARAGORN (http://www.
ansikte.se/ARAGORNY/) (Laslett and Canback 2004).

Comparative genomics

Linear genomic comparison maps of ®ImVa-1 against
closest homologs, BUCT194 (MZ447858.1) and pVco-5
(NC_055717.1), were created with pairwise tBLASTx
(thresholds: e-value of 1 x 10~'° and a minimum of 50 amino
acids alignment length) between ®ImVa-1 and BUCT194,
and between ®ImVa-1 and pVco-5, to determine all pos-
sible, significant ORF (protein) homologs. These were then
shortlisted by cross-checking with Expasy’s (https://www.
expasy.org/) (Gasteiger et al. 2003) Translate tool, whereby
only ORFs exhibiting a start codon were selected, even if it
was preceding the aligned match region and that the start
codon may not be the first residue of the ORF. The short-
listed homologs were then visualized with EasyFig 2.2.5
(https://mjsull.github.io/Easyfig/) (Sullivan et al. 2011). The
whole genome sequence (DNA) comparison of phages in
NCBI Entrez Nucleotide (nt) database against ®ImVa-1 was
visualized with Circoletto (http://tools.bat.infspire.org/circo
letto/) (Darzentas 2010) for BLASTn matches with e-value
selection threshold of 1 x 1071°.

Phylogenetic trees were constructed based on the amino
acid sequence of the major capsid protein, portal protein,
terminase large subunit, and DNA polymerase of ®ImVa-1
compared against other prophages of the family Schito-
viridae available in protein (nr) database, identified via a
BLASTp search (default parameters, except maximum tar-
get sequence set to 250). Hits were selected for species that
exhibited a significant match (e-value less than 0.05) to all
the four query proteins. All such hits were downloaded as
“FASTA (complete sequence).”

Tree generation and visualizations were performed by use of
the Molecular Evolutionary Genetic Analysis (MEGA) software
version 7.0, with the neighbor-joining method as the tree con-
struction algorithm, and the robustness of the trees was assessed
through bootstrapping (1000) (Kumar et al. 2016). MUSCLE
(https://www.drive5.com/muscle/) (Edgar 2021) was used for
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multiple sequence alignment of each protein, which were manu-
ally inspected for any misalignment using BioEdit (https://bioed
it.software.informer.com/7.2/) (Hall et al. 2011), and corrected
where applicable. All tools were used in their default settings,
unless otherwise stated such as for EasyFig and Circoletto.

Accession number

The complete nucleotide sequence of the ®ImVa-1 genome
was deposited to NCBI GenBank (accession no: ON042477).

Measuring Inactivation of V. alginolyticus strain ATCC
17749 in raw mackerel fish flesh slices using ®ImVa-1

A raw mackerel fish was purchased from a local supermar-
ket in Serdang, Malaysia. The fish was then aseptically cut
into small slices of equal weight (2 g) and rinsed with 5 ml
of SM buffer for 3 times, and sanitized by exposure to ger-
micidal UV lamp for 10 min. V. alginolyticus strain ATCC
17749 (2% 10° cfu) was spread on the fish slices, and dried
for 10 min in a laminar flow hood. The fish slices without
addition of any bacteria were used as a negative control.
®ImVa-1 (2x 10* pfu in SM buffer) was then dropped on
the contaminated fish slices to achieve an MOI of 0.1. SM
buffer (100 pl) was added to the contaminated fish slices
as a positive control. The samples were incubated at room
temperature (25 °C) for 2, 3, and 4 h. The samples were then
homogenized in 5 ml of high salt lysogeny broth [1% (w/v)
tryptone, 0.5% (w/v) yeast extract, 0.4 M NaCl, 10 mM
CaCl,] using pellet pestles. Homogenized mackerel samples
(100 pl) were plated on TCBS agar, and incubated overnight
at 37 °C for enumeration of viable V. alginolyticus.

Statistical analysis

Statistical analysis was performed by use of the IBM SPSS
statistics software version 23 (IBM, Armonk, NY, USA).

Fig. 1 Plaque and virion
morphologies of ®ImVa-1. (a)
Plaque morphology of ®ImVa-1
with V. alginolyticus strain
ATCC 17749 on Luria—Bertani
(LB) double-layer agar plate
after incubating at 35 °C for

8 h. (b) Transmission elec-

tron micrograph of negatively
stained ®ImVa-1 virions with
2% (w/v) uranyl acetate. Inset at
the bottom shows the enlarged
®ImVa-1 morphology with a
black scale bar (50 nm). The
white arrow indicates the short
tail

The effects of pH and temperatures on phage-host interac-
tion, variations in the adsorption rate and reduction of Vibrio
titer at different pH and temperatures, as well as inactiva-
tion of Vibrio using ®ImVa-1 as a biocontrol agent were
analyzed with the one-way analysis of variance (ANOVA).
Significant differences in the experiments were determined
using the Duncan’s multiple-range tests, in which p values
of <0.01 were considered as significant.

Results
Plaque and virion morphologies

®ImVa-1, isolated from Indian mackerel, produced clear
and round plaques of approximately 1-2 mm in diam-
eter (Fig. 1a) with V. alginolyticus strain ATCC 17749
as its host. Transmission electron microscopic analysis
of negatively stained ®ImVa-1 revealed an icosahedral
head with a diameter of approximately 60 nm and a short
tail (Fig. 1b). The tail structure is similar in appearance
with that of bacteriophage vB_VspP_pVa$5, a N4-like
lytic bacteriophage infecting Vibrio splendidus (Kath-
arios et al. 2017), which was proposed to be grouped
in the family of Schitoviridae (Wittmann et al. 2020).
Generally, the morphology of ®ImVa-1 resembles that of
bacteriophages in the family Schitoviridae (Walker et al.
2021; Wittmann et al. 2020).

Phage host range

Phage lysis test was carried out using the spot test on sev-
eral different Vibrio species and strains to determine the
host range of ®ImVa-1 (Table 1). Out of the 26 differ-
ent Vibrio species and strains tested, ®ImVa-1 exhibited
a narrow host spectrum, and only specifically infected V.
alginolyticus strain ATCC 17749, and none of the other
species and strains was lysed.
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Table 1 Host range determination of ®ImVa-1

Species Strain Reference Host range
Vibrio alginolyticus ATCC 17749 Sakazaki 1968 +
Vibrio alginolyticus PKGL12 MN253146.1 —
Vibrio alginolyticus PKL13 MN253173.1 -
Vibrio alginolyticus PKGS29 MN253155.1 -
Vibrio alginolyticus PKS12 MN253171.1 -
Vibrio alginolyticus PKGK21 MN253152.1 -
Vibrio alginolyticus PKS15 MN253176.1 —
Vibrio alginolyticus NK26 MN253204.1 -
Vibrio alginolyticus PKGLI15 MN253150.1 —
Vibrio alginolyticus PKK15 MN253177.1 -
Vibrio parahaemolyticus ATCC 17802 CP014046.2 —
Vibrio parahaemolyticus PB1937 CP022243.1 -
Vibrio parahaemolyticus PKK14 MN253384.1 —
Vibrio parahaemolyticus PKK?24 MN253388.1 —
Vibrio communis PKL18 MN253305.1 -
Vibrio communis NS14 MN253310.1 —
Vibrio communis NL30 MN253318.1 —
Vibrio communis NS28 MN253317.1 -
Vibrio harveyi NCIMBI1280 NR_043165.1 -
Vibrio harveyi PIK21 MN253329.1 —
Vibrio harveyi PJS28 MN253330.1 -
Vibrio vulnificus NL15 MN253453.1 -
Vibrio vulnificus PJS19 MN253428.1 —
Vibrio tubiashii PIK19 MN253418.1 —
Vibrio anguillarium ATCC 43313 X71817.1 -
Vibrio mytili LS23 MN253340.1 -

(+) Bacteria were lysed; (—) bacteria were not lysed

Optimization of MOI

The optimal MOI ratio of ®ImVa-1 was 0.1, in which the
host was reduced by 4.40 log;, cfu/ml at 8-h incubation
(Fig. 2). Conversely, MOI ratio of 1 had the lowest reduction
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Fig.2 Inactivation of Vibrio
alginolyticus strain ATCC
17749 by ®ImVa-1 at different
MOI ratios. The titers of the
bacteria were determined after
being infected with ®ImVa-1 at
different interval time periods.
The bacteria culture in the
absence of the phage was used
as a control. Error bars repre-
sent the standard deviations of
three replicates of plate counts
per MOIL
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of host by only 1.61 log,, cfu/ml at 8-h incubation. At higher
MOI ratios of 10 and 100, the host only reduced by 1.89 and
2.80 log,, cfu/ml, respectively, at 8-h incubation.

Burst size, latent period, and phage adsorption rate

The time required for 95% of ®ImVa-1 to adsorb and infect the
host, V. alginolyticus strain ATCC 17749, was approximately
12 min (Fig. 3a). From the one-step growth curve of ®ImVa-1,
the latent period was approximately 15 min with an average
burst size of 66 virions per cell at MOI of 0.1 (Fig. 3b).

Effect of pH and temperature on phage-host
interaction

The ®ImVa-1 phage was stable within pH 5-10, in which
the titer of free phage after incubation for 2 h was within 2
log,,pfu/ml as compared with the initial phage titer (Fig. 4a).
However, at pH 3—4 and pH 11, the phage titer reduced sig-
nificantly. The phage was inactivated at pH 2 and 12. Fig-
ure 4b shows that ®ImVa-1 was stable at 27, 37, 45, 55, 65,
and 75 °C, in which a reduction of less than 1 log,, pfu/ml
was observed after 2 h of incubation. However, the phage
titer reduced dramatically at 85 °C with 2.91 log,, cfu/ml
and inactivated at 100 °C.

The adsorption rate of ®ImVa-1 varied at different pH
range, in which the phage displayed high adsorption rate at
pH 7-9 (Fig. 5a). However, its adsorption rate was signifi-
cantly affected at pH 3—6 and pH 10-11. The highest reduc-
tion of the Vibrio host cell by ®ImVa-1 was at pH 7 with
approximately 7.29 log,, cfu/ml.

In general, ®ImVa-1 adsorbed well to V. alginolyti-
cus strain ATCC 17749 at 27 °C, 37 °C, and 45 °C with
an adsorption rate of ~75.17%,~81.71%, and ~75.95%,
respectively (Fig. 5b). However, at higher temperatures, the
adsorption rate reduced significantly to~69.83%, ~ 68.43%,
and~57.15% at 55 °C, 65 °C, and 75 °C, respectively.
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Fig.3 Biological characterization of phage ®ImVa-1. (a) The
adsorption rate of ®ImVa-1 to V. alginolyticus strain ATCC 17749
was assessed at every 2-min interval for 14 min consecutively at
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Fig.4 Thermal and pH stability of ®ImVa-1. The phage was incu-
bated at different pHs (a) and temperatures (b) for 2 h, and its sur-
vivability was determined using the agar overlay assay. Error bars

Enumeration of Vibrio host cell titer revealed that ®ImVa-1
reduced the highest amount of Vibrio host cell at 37 °C and
45 °C, with reduction rates of 8.44 log,, cfu/ml and 8.01
log,, cfu/ml, respectively. However, ®ImVa-1 showed the
lowest reduction rate of host bacteria at 27 °C, which was
approximately 3.42 log,, cfu/ml.

Genome size estimation and whole genome
sequencing of ®ImVa-1

The genome size of ®ImVa-1 was approximately 75 kbp
as analyzed using PFGE (Fig. 6). Whole genome sequenc-
ing revealed that ®ImVa-1 comprised of 77,479 bp with a
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35 °C, at an MOI of 0.1. (b) A one-step growth curve of ®ImVa-1
with V. alginolyticus strain ATCC 17749 as its host. Error bars repre-
sent the standard deviations of three independent experiments
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represent the standard deviations of three independent experiments.
* represents significant difference (p <0.01) between the phage titer
incubated at O h and 2 h

G + C content of ~38.66%. The genome’s termini and the
possible packaging mechanisms were predicted accord-
ing to the in silico determination method, PhageTerm
(Garneau et al. 2017), which predicted that ®ImVa-1 has
a linear dsDNA with short direct terminal repeats of 569
bases.

Characteristics of the Vibrio phage ®ImVa-1 genome
The genome of ®ImVa-1 harbors 110 candidate predicted
gene regions (106 ORFs plus four putative tfRNA genes),

20 of which were leftward-directed, and 90 were right-
ward-directed (Table 2). Of these, 19 were determined to
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Fig.5 The adsorption rate of ®ImVa-1 onto V. alginolyticus strain
ATCC 17749 and the reduction of its host cell at different pHs (a)
and temperatures (b). Error bars represent the standard deviations of

have a predicted (putative) function, and 91 were classi-
fied as hypothetical proteins. The genes with a predicted
function were clustered into seven functional categories:
virion structural and assembly proteins (5), viral protein
synthesis (4), DNA transcription (3), nucleotide metabo-
lism (3), DNA replication (2), cell lysis (1), and others (1)
(Fig. 7). The majority (91) of the genes were predicted
as hypothetical proteins and merit further investigation
of their functional role(s). Nonetheless, possible function
was annotated for 15, whereby an inference could be made
from a search across functional databases (InterPro/Pfam/
HHpred/BLASTD).

In the phage genome, as many as four putative tfRNA
genes, which are categorized herein under “viral protein
synthesis” (Fig. 7), were identified by RASTk for three
of the amino acids, named proline (Pro-TGT), aspara-
gine (Asn-GTT), and arginine (Arg-TCT), and a tRNA
suppressor (Sup-TTA). Except for tRNA-Sup-TTA, the
three fRNA genes for the amino acids were in congruence
with the tools ARAGON and tRNAscan-SE. Separately,
screening against the CARD database indicated that the
genome does not encode gene products associated with
antibiotic resistance. The phage was evaluated for its
involvement in the restriction modification system (RM).
None of the computationally annotated ORFs indicated
methyltransferase or endonuclease function. As for the
restriction enzyme cleavage sites, the database showed
that V. alginolyticus strain ATCC 17749 coded for three
type I and two type II RM system enzymes. However,
only the cleavage site for type I putative N6-adenine
DNA methyltransferase was provided (recognition site:
GATC), which was observed at various locations in the
phage genome.
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three independent experiments. The values which are marked by dif-
ferent letters are significantly different (p <0.01)

Comparative genomic analyses

Similarity search of the full genome of ®ImVa-1 with
nucleotide BLAST (blastn instead of megablast and low
complexity regions filter turned off) returned the best
match to Vibrio phage BUCT194 with a high sequence
similarity and high length coverage (~85.09% sequence
identity and ~ 88% query coverage); the earliest noted date
for BUCT194 in the database record was 21 June 2021.
The second-best match was to Vibrio phage pVco-5 with
a high sequence similarity (~71.57% identity), but low
query coverage (~23%). Of the 106 predicted ORFs of
®ImVa-1, 94 were similar to 92 ORFs of BUCT194, with
a few of the former aligned to the same ORFs of the lat-
ter (Supplementary Table S4). In contrast, only 30 of the
®ImVa-1 ORFs were similar to pVco-5, aligning to 32
ORFs (Supplementary Table S5). Of the 19 ORFs with
putative functions, 10 (ORF 82, virion-encapsulated RNA
polymerase; ORF 70, DNA polymerase; ORF 72, phos-
phoribosyl-ATP pyrophosphohydrolase; ORF 76, AAA
domain protein; ORF 59, membrane protein TerC; ORF
88, major capsid protein; ORF 91, portal protein; ORF
95, long tail fiber distal subunit; ORF 97, terminase large
subunit; and ORF 68, metallopeptidase domain protein)
were common to both ®ImVa-1 and BUCT194 genomes
(Fig. 7). Similarly, nine of the putative ORFs were com-
mon between ®ImVa-1 and pVco-5 genomes, where six
(ORF 70, ORF 76, ORF 82, ORF 88, ORF 91, and ORF
97) were also shared with BUCT194 and three were differ-
ent (ORFs 27 and 28, DNA-directed RNA polymerase; and
ORF 38, N-acetylmuramoyl-L-alanine amidase).

The genome of ®ImVa-1 phage was further compared
with those of the four most closely related Vibrio phages
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Fig.6 Pulsed field gel electrophoresis (PFGE) of ®ImVa-1 genome.

Lane M: lambda-ladder PFG marker. Lane 1: ®ImVa-1

(identified through BLASTn against Nucleotide database;
sequence identity >72%) (Fig. 8). Both ®ImVa-1 (coordinates:
73,596-73,752) and BUCT194 (54,048-54,207) genomes
shared sequence identity (~84% and~87%) only to a limited
region of phi50-12 (GenBank MN584918.1) that was 156 bp
(coordinates: 2227-2071) and 159 bp long (coordinates:
2227-2068), respectively. The phi50-12 showed no discernible
DNA sequence similarity to phage pVco-5 and phi 1 (GenBank
NC_028799.1). However, phi 1 showed sequence similarity to
®ImVa-1 with ten sequence homolog regions. Therefore, the
genome of ®ImVa-1 is highly similar to the recently deposited
BUCT194, and both differ significantly at the nucleotide level
from the previously reported Vibrio phage pVco-5 genome. Phy-
logenetic analysis of ®ImVa-1 protein sequences (DNA poly-
merase, Fig. 9; major capsid protein, Supplementary Fig. S1;
portal protein, Supplementary Fig. S2; and terminase large subu-
nit, Supplementary Fig. S3) with homologs from other reported
members of the Caudovirales order (including BUCT194)
revealed that ®ImVa-1 was closely related to BUCT194, fol-
lowed by pVco-5 (Fig. 9, Fig. S1-Fig. S3). Although BUCT194
has been classified as a member of Schitoviridae in NCBI, no
information is available on its biological properties and mor-
phology in the literature. As for pVco-5, it is a schitovirus infect-
ing Vibrio coralliilyticus.

Inactivation of V. alginolyticus strain ATCC 17749
in raw mackerel fish flesh slices using ®ImVa-1

The feasibility of ®ImVa-1 as a biocontrol agent for V. algi-
nolyticus strain ATCC 17749 in raw mackerel fish flesh was
examined. The bacteria were spiked on the surface of fish
flesh slices, and the phage at an MOI of 0.1 was applied to
the contaminated fish slices as this is the optimal MOI ratio of
the phage to the bacterium. When the fish slices were left at
room temperature (25 °C) without the addition of ®ImVa-1,
1013 and 1817 cfu/g (p <0.01) of bacteria were detected at
3 and 4 h, respectively (Fig. 10). When the fish slices were
treated with ®ImVa-1, the pathogen loads reduced dramati-
cally to 213 and 450 cfu/g (p <0.01) at 3 and 4 h, respectively,
demonstrating the potential of ®ImVa-1 as a biocontrol agent
for V. alginolyticus strain ATCC 17749 in raw mackerel fish.

Discussion

In this study, we have isolated and characterized the com-
plete genome of the phage @ImVa-1, which exhibits a narrow
host range and specific lytic activity against V. alginolyticus
ATCC 17749. Transmission electron microcopy revealed that
®ImVa-1 is related to Schitoviridae family with an icosahedral
head and a short tail. The classification of ®ImVa-1 in this
family was further supported by the results of comparative
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genomic analyses using the complete genome sequence of the
phage. Host range analysis using 26 Vibrio species showed
that ®ImVa-1 has a very narrow host spectrum, infecting only
V. alginolyticus strain ATCC 17749, which was used as a host
for isolation of the phage. Other Vibrio phages with a very
narrow host range have also been reported previously, such as
VpVs (Comeau et al. 2006), VEN (Kokkari et al. 2018), ®H2,
®HS8, ®H20, ®S4-7, PS4-18, and P2E-1 (Tan et al. 2014).
The narrow host range is attributed to specific interactions
between a phage receptor binding protein (RBP) with a single
receptor present on a host cell during the initial stage of phage
infection (Abdelsattar et al. 2021). The optimal MOI ratio of
®ImVa-1 to V. alginolyticus strain ATCC 17749 was 0.1, and
the host did not develop resistance against the phage within
the experimental period (8 h).

The ®ImVa-1 phage adsorbed rapidly to its host in
approximately 12 min, indicating an efficient binding of
the phage to host receptors. Thereafter, the phage propa-
gated rapidly in the host with a latent period of 15 min
and a burst size of 66 particles per cell. The latent period
and burst size of phage ®ImVa-1 are significantly shorter
and smaller than those of other V. alginolyticus phages:
BUCTS549 (30-40 min, 141 pfu/cell; Li et al. 2021a), vB_
ValP_IME234 (60 min, 390 pfu/cell; Li et al. 2021b), and
Vp670 (30 min, 84 pfu/cell; Luo et al. 2018). A shorter
latent period is normally associated with a smaller burst
size because a shorter time period is used for the synthesis
of phage nucleic acids and proteins, as well as the assembly
of phage progenies before lysis of a host (Shao and Wang
2008). The ®ImVa-1 remained active with variations within
1.55 log; pfu/ml after being incubated for 2 h at 35 °C from
pH 5 to 10 and stayed stable even at 75 °C.

The ®ImVa-1 has a linear dsDNA genome of 77,479 bp,
including short direct terminal repeats of 569 bases. These
genomic features are consistent with phages in Schitoviridae
family, comprising of a genome ranging from 59 to 80 kb and
including terminal repeats (Wittmann et al. 2020). The genome
does not encode gene products associated with antibiotic resist-
ance as per the screening of the CARD database. Further,
none of the phage ORFs was predicted to exhibit methyltrans-
ferase or endonuclease activity. Additionally, only one RM
system enzyme cleavage site for type I putative N6-adenine
DNA methyltransferase was observed in the phage genome.
Restriction endonuclease and methyltransferase are part of the
RM system, which protects the host genome against foreign
DNA (Enikeeva et al. 2010). The absence or limited number
of cleavage sites in a phage genome offers the phage advan-
tage in terms of evading the restriction enzyme systems of the
host bacteria, thereby potentially increasing not only the sur-
vival ability, but also the chance to infect other bacteria. Little
is known on the specific role of adenine methyltransferase
(DAM), whether expressed in the host or the phage, in the life
cycle regulation of bacteriophages (Bochow et al. 2012).
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The hallmark of schitoviruses is the presence of an
extremely large virion-associated RNA polymerase (VRNAP)
gene, along with two smaller non-virion-associated RNA
polymerase (nvRNAP) genes (Wittmann et al. 2020). As for
®ImVa-1, ORFs 27 and 28 potentially encode nvRNAPs,
which show high similarity with the hypothetical proteins
of BUCT194 (GenBank acc. no. UAWO01195.1,~94.17%
sequence identity; GenBank acc. no. UAWO01197.1,~98.55%
sequence identity, respectively). The largest ORF of ®ImVa-1
(ORF 82) potentially encodes vVRNAP, which shared high
similarity with homologs from BUCT194 (GenBank acc. no.
UAWO01149.1,~82.44% sequence similarity) and pVco-5 (Gen-
Bank acc. no. YP_010089972.1,~37.39% sequence similarity).
Schitovirus VRNAP is introduced into the bacteria at the begin-
ning of infection for the transcription of early genes (Falco et al.
1980; Rothman-Denes and Schito 1974). Consequently, the
viral middle and late genes are transcribed by the two nvRNAPs
(Carter et al. 2003; Willis et al. 2002). The ®ImVa-1 ORF25
hypothetically encodes a ssDNA-binding RNA polymerase
cofactor (Drc), similar to that of Pseudomonas phage LUZ7
(6QLC_A, based on HHpred database, ~99.55% probability
in percent). Drc is suggested to interact with unwound single-
stranded promoters and recruit the phage RNA polymerase for
transcriptions (Boon et al. 2020).

The ®ImVa-1 is a lytic phage; thus, it should express
lysis proteins that disrupt the bacterial cell wall compris-
ing of peptidoglycan and membrane. ORF 38 encodes a
putative endolysin N-acetylmuramoyl-L-alanine amidase
(MurNAc-LAA; InterPro: IPR002508; Pfam: PF01520.18;
HHpred: ¢d02696; ~98.45% probability), which showed
high similarity with alanyl-tRNA synthetase encoded by
BUCT194 (GenBank acc. No. UAW01210.1,~96.57%
sequence identity). ORF 46 encodes a hypothetical outer
membrane murein-binding lipoprotein Lpp (HHpred:
COG4238;~97.1% probability). The presence of this ORF
in ®ImVa-1 genome is peculiar given the bacterial origin
of Lpp, with no homolog in any other viruses. Separately,
its location in ®ImVa-1 genome, within the lysis cassette,
possibly suggests that it could affect the efficiency or timing
of the host lysis during the release of phage progenies. Addi-
tionally, ORF 48 encodes a hypothetical spanin (HHpred:
P39503; ~97.36% probability), which is equivalent to phage
lambda Rz/Rz1-like protein, disrupting the host outer mem-
brane during cell lysis (Summer et al. 2007).

The ®ImVa-1 ORF 59 potentially codes for an integral mem-
brane protein, TerC (BLASTp, HHpred, and InterPro), involved
in tellurite resistance (Burian et al. 1998). This ORF shared high
similarity with TerC family metal homeostasis membrane protein
of BUCT194 (GenBank acc. no UAW01125.1,~93.81% sequence
identity). A cluster of 7er genes that confers tellurite resistance has
been discovered in many pathogenic bacteria, including Escheri-
chia coli O157:H7, Staphylococcus aureus, and Vibrio cholerae
(Donovan and van Netten 1995; Zadik et al. 1993). In this present
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Table 2 Genes predicted within

Gene Start Stop Strand  Gene annotation
the Vibrio phage ®ImVa-1
genome. The molecular weight ORF 1 120 320 Hypothetical protein
of each ORF, predicted by ORF 2 470 655 Hypothetical protein
use of SMS2, is provided in ORF 3 793 936 Hypothetical protein
Table S1 ORF 4 923 1045 Hypothetical protein
ORF 5 1509 1850 Hypothetical protein
ORF 6 2275 2448 Hypothetical protein
ORF 7 2445 2609 Hypothetical protein
ORF 8 2597 2797 Hypothetical protein
ORF 9 2785 3024 Hypothetical protein

ORF10 3171 3389
ORF 11 3376 3588
ORF 12 3585 3794
ORF 13 3799 4578
ORF 14 4777 4950
ORF 15 4947 5144
ORF 16 5206 5358
ORF 17 5345 5551
ORF 18 5541 5663
ORF 19 5665 5877
ORF 20 5887 6000
ORF 21 6140 6343
ORF 22 6334 6543
ORF 23 6702 6875
ORF 24 6875 7105
ORF 25 7232 7507
ORF 26 7575 7916
ORF 27 7967 9256
ORF 28 9301 10,548
ORF 29 10,600 10,794
ORF 30 10,952 11,092
ORF 31 11,168 11,371
ORF 32 11,447 11,728
ORF 33 11,719 11,904
ORF 34 12,033 12,278
ORF 35 12,413 12,598
ORF 36 12,665 12,877
ORF 37 12,855 13,211
ORF 38 13,738 13,208
ORF 39 13,760 14,068
ORF 40 14,068 14,553
ORF 41 14,944 15,156
ORF 42 15,437 15,586
ORF 43 15,658 15,864
ORF 44 15,979 16,776
OREF 45 16,826 17,026
ORF 46 17,031 17,729
ORF 47 17,738 18,031
ORF 48 18,079 18,363
ORF 49 18,356 18,511
ORF 50 18,508 18,801
ORF 51 18,804 18,995
tRNA-1 19,052 19,125
tRNA-2 19,134 19,205
tRNA-3 19,307 19,380
ORF 52 19,407 20,039
tRNA-4 20,388 20,502

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical: plasmid maintenance system killer protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical: ssDNA binding RNA polymerase cofactor
Hypothetical protein
DNA-directed RNA polymerase
DNA-directed RNA polymerase
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

T T S S S T T T T e i T i e e S S S S S S S S S S T T T

Hypothetical protein

N-acetylmuramoyl-L-alanine amidase
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical: outer membrane murein-binding lipoprotein
Hypothetical protein

Hypothetical: spanin

Hypothetical protein

Hypothetical protein

Hypothetical protein

tRNA-Pro-TGG

tRNA-Asn-GTT

tRNA-Arg-TCT

Hypothetical protein

tRNA-Sup-TTA

S S S S S S S S T T i T S e S S S
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Table 2 (continued) Gene Start Stop Strand  Gene annotation

ORF 53 20,640 22,079 + Hypothetical protein

ORF 54 22,347 22,925 + Hypothetical: dihydrofolate reductases
ORF 55 22,922 23518  + Hypothetical protein

ORF 56 24,220 24,882 + Hypothetical: TerD domain protein
ORF 57 24,930 25,610 + Hypothetical: TerD domain protein
ORF 58 25,610 26,029 + Hypothetical: TerB family protein
ORF 59 26,062 27,081 + Integral membrane protein TerC

ORF 60 27,186 27,611 + Hypothetical: TerB family protein
ORF 61 27,611 27,865 + Hypothetical protein

ORF 62 27,881 28,075 + Hypothetical protein

ORF 63 28,075 28,398 + Hypothetical: SaV protein

ORF 64 28,398 28,562 + Hypothetical protein

OREF 65 28,572 29,264 4+ Hypothetical protein

ORF 66 34,126 29,363 - Hypothetical: L-shaped tail fiber protein p132
ORF 67 34286 35449 + ATPase

ORF 68 35,500 36,732+ Metallopeptidase domain protein
ORF 69 36,775 37215  + Hypothetical protein

ORF 70 37,215 40,025 + DNA polymerase

ORF 71 40,124 40,315 + Hypothetical protein

ORF 72 40,385 40,843 + Phosphoribosyl-ATP pyrophosphohydrolase
ORF 73 40,830 41,831 + Hypothetical: RecB family exonuclease
ORF 74 41,842 44,001 + Hypothetical: DNA replication licensing factor; primase C terminal 1
ORF 75 44,005 44,220 + Hypothetical protein

ORF 76 44,220 44,954 + AAA domain protein

ORF 77 45,034 45,750 + ssDNA binding protein

ORF 78 45,757 45,948 + Hypothetical protein

ORF 79 45938 46,063 + Hypothetical protein

ORF 80 46,094 46,483 + Hypothetical: endodeoxyribonuclease RusA
ORF 81 46,480 47,223 + Hypothetical protein

ORF 82 56,442 47,254 - Virion-encapsulated RNA polymerase
OREF 83 57,749 56,451 - Hypothetical protein

ORF 84 58,158 57,760 - Hypothetical protein

OREF 85 60,329 58,155 - Hypothetical protein

ORF 86 61,482 60,391 - Hypothetical protein

ORF 87 61,984 61,487 - Hypothetical protein

ORF 88 63,352 62,036 - Major capsid protein

ORF 89 64,524 63,370 - Hypothetical protein

ORF 90 64,884 64,528 - Hypothetical protein

ORF 91 66,991 64,877 - Portal protein

ORF 92 67,266 67,030 - Hypothetical protein

ORF 93 67,580 67,263 - Hypothetical protein

ORF 94 68,170 67,649  — Hypothetical protein

ORF 95 72,137 68,157 - Long tail fiber distal subunit

ORF 96 72,820 72,134 - Hypothetical protein

ORF 97 74,415 72,823 - Terminase large subunit

ORF 98 74,671 74,402 - Hypothetical protein

ORF 99 75,348 74,671 - Hypothetical: terminase small subunit
ORF 100 75,400 75,588 + Hypothetical protein

ORF 101 75,683 75,865 + Hypothetical protein

ORF 102 75,862 76,062 + Hypothetical protein

ORF 103 76,212 76,397 + Hypothetical protein

ORF 104 76,535 76,678  + Hypothetical protein

ORF 105 76,665 76,787  + Hypothetical protein

ORF 106 77,251 77,382 + Hypothetical protein
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hypothetical protein DNA transcription

‘ cell lysis

DNA replication

- nucleotide metabolism

Fig.7 Genome organizations and location of homologous proteins of
(A) ®ImVa-1, (B) BUCT194 (Table S2), and (C) pVco-5 (Table S3)
phages. Arrows indicate transcriptional orientation of genes; while
rectangles indicate orientation of tRNAs. Selected predicted (puta-
tive and hypothetical) protein functions are indicated by colored
arrows according to the legend. The numbers on the arrows refer to

BUCT194

Fig.8 Comparison of Vibrio phage ®ImVa-1 with other Vibrio
phages. Similarities were based on all against all nucleotide BLAST
search. Similarities are reflected by the ribbons connecting ideo-
grams. Their colors reflect the scale of similarities between phage
genome part; the color signifies “score/max” ratio with blue <0.25,
green <0.50, orange <0.75, and red >0.75. Green and orange rectan-
gles at the ends of the ideogram reflect the beginning and end of the
phage genome, respectively

study, ®ImVa-1 hypothetical 7er genes are clustered from ORFs
56 to 60: TerD domain proteins (ORFs 56 and 57) and TerB fam-
ily proteins (ORFs 58 and 60). The ORFs 56 and 57 show high
similarities to TerD domain proteins of BUCT194 (GenBank acc.
no. UAW01123.1,~99.09% sequence identity) and Chitinophaga
eiseniae (GenBank acc. no. WP_(078671465.1,~35.71% sequence
identity), respectively. The ORFs 58 and 60 shared high similar-
ity with TerB family proteins of BUCT194 (GenBank acc. no
UAWO01124.1,~94.24% sequence identity; GenBank acc. no.
UAWO01126.1,~97.16% sequence identity, respectively).

virion structural and asse

mbly

Vibrio phage BUCT194
73,099 bp

Vibrio phage ®ImVa-1
77,479 bp

Vibrio phage pVco-5
74,325 bp

locus tags, i.e., ORF XXX, where X refer to gene numbers in Table 2.
The lines connecting phage sequence arrows reflect protein sequence
similarity according to the scale. The genes located in the genomes
of ®ImVa-1, BUCT194, and pVco-5 are provided in Supplementary
Tables S1, S2, and S3, respectively

Generally, the packaging and assembly machineries of
tailed dsDNA phages consist of terminase, portal, capsid,
and tail fiber proteins. After the viral DNA replication,
the resulting concatemeric DNA is digested into genome-
sized lengths by the terminase and subsequently pack-
aged into the preassembled capsid using the ATPase. The
terminase contains two subunits: terminase large (TerL)
and terminase small (TerS) subunits (Yang et al. 2017).
A predicted @ImVa-1 TerL (ORF 97) shared high simi-
larity with homologs from BUCT194 (GenBank acc. no.
UAWO01163.1,~97.92% sequence identity) and pVco-5
phage (GenBank acc. no. YP_010089985.1,~74.91%
sequence identity). The ®ImVa-1 TerS is hypothetically
encoded by ORF 99 (HHpred: 6W7T_B; ~96.82% prob-
ability), which is closely located to ORF 97, encoding
TerL. The icosahedral head of schitoviruses is made up
of capsid proteins that protect the viral DNA from outer
environment. The ®ImVa-1 ORF 88 potentially codes for
a major capsid protein, which has a significant degree of
similarity to homologs from BUCT194 (GenBank acc. no.
UAWO01155.1,~96.35% sequence identity), pVco-5 (Gen-
Bank acc. no. YP_010089978.1, 63.49% sequence identity),
and Enterobacteria phage N4 (HHpred: Q859Q5,~97.81%
probability). Portal proteins play important roles in DNA
packaging and ejection of tailed phages (Prevelige and
Cortines 2018). The ®ImVa-1 ORF 91 codes for a puta-
tive portal protein, which shared ~94.60% and ~64.02%
sequence identity with homologs from BUCT194 (Gen-
Bank acc. no. UAWO01158.1) and pVco-5 (GenBank acc.
no. YP_010089981.1), respectively. The short tail compo-
nent of schitoviruses recognizes and adsorbs on cell sur-
face receptors and injects DNA into the host (Maffei et al.
2021). The ®ImVa-1 ORF 66 hypothetically encodes a tail
fiber protein sharing high similarity with L-shaped tail fiber
protein p132 (HHpred: Q7Y5D9,~97.11% probability) of
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Fig.9 A phylogram constructed
using the DNA polymer-

ase protein of Vibrio phage
®ImVa-1, which was compared
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0.10

Enterobacteria phage T5 (Zivanovic et al. 2014). The gene
encoding for the putative long tail fiber distal subunit (ORF
95) shared ~ 83.20% sequence identity with a homolog from
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NP 049662.1 Escherichia virus T4

BUCT194 (GenBank acc. no. UAWO01161.1). The C-termi-
nal end of this subunit contains a chaperone of endosiali-
dase domain (InterPro: IPR030392; Pfam: PF13884), which
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Fig. 10 ®ImVa-1 as a biocontrol agent of V. alginolyticus strain
ATCC 17749 in raw mackerel fish flesh slices. V. alginolyticus strain
ATCC 17749 was spread on mackerel fish flesh slices. The fish slices
without addition of any bacteria were used as a negative control.
®ImVa-1 was then dropped on the contaminated fish slices to achieve
an MOI of 0.1. SM buffer was added to the contaminated fish slices
as a positive control. The samples were incubated at room tempera-
ture (25 °C) for 2, 3, and 4 h. The samples were then homogenized,
plated on TCBS agar, and incubated overnight at 37 °C for enumera-
tion of viable V. alginolyticus. Error bars represent the standard devi-
ations of three independent experiments

degrades poly a2,8-sialic acid of encapsulated pathogenic
bacteria during the phage infection process (Stummeyer
et al. 2005).

In relation to nucleotide metabolism functions,
®ImVa-1 potentially encodes three putative ATPase/
AAA proteins: ATPase (ORF 67; InterPro: IPR027417;
Pfam: PF12775), phosphoribosyl-ATP pyrophosphohy-
drolase (ORF 72), and AAA domain protein (ORF 76),
as well as a dihydrofolate reductase (ORF 54), based on
BLAST/InterPro/Pfam matches. The putative ATPase
(DNA dependent) exhibits a significant sequence simi-
larity with several hypothetical proteins from different
Vibrio phages, such as BUCT194 (UAW01132.1: ~98.97%
similarity), phi 1 (YP_009198571.1: ~57.33% simi-
larity), JA-1 (YP_008126798.1: ~58.92% similarity),
JSF3 (YP_009876285.1: ~59.51% similarity), pVco-5
(YP_010089949.1: ~57.85% similarity), and phi50-12
(YP_010105139.1: ~40.16% similarity). The ORF 67 is
predicted to belong to the P-loop containing nucleoside
triphosphate hydrolase superfamily (InterPro: IPR027417),
having AAA_7 and CbbQ/NirQ/NorQ domains, which are
known to be involved in ATP-dependent protein packaging/
binding mechanisms. Such AAA ATPase enzymes (P-loop
NTPase superfamily) have been reported to be molecular
motors, which catalyze the packaging of the viral genome in
an energy-dependent manner (Kedzierska 2006; Leipe et al.
2003). The putative phosphoribosyl-ATP pyrophosphohy-
drolase (InterPro: IPR021130; Pfam: PF01503.17) encoded
by ORF 72 potentially catalyzes the second step in the his-
tidine biosynthesis pathway. The protein exhibits ~94.74%

sequence identity with a homolog from BUCT194 (Gen-
Bank acc. no. UAW01138.1). The ®ImVa-1 ORF 76 is pos-
tulated to belong to the AAA + superfamily, with a AAA_24
(OF13479) Rossmann fold p-loop containing alpha/beta
structure (HHpred: best hit; PDB 1C9K_A, ~91.89% prob-
ability). The protein has ~97.95% sequence identity with
the AAA domain protein of BUCT194 (GenBank acc.
no. UAWO01142.1). The ®ImVa-1 ORF 54 hypothetically
encodes dihydrofolate reductase (InterPro: IPR012259;
Pfam: PF00186), the key enzyme in folate metabolism,
with ~92.71% sequence identity to dihydrofolate reduc-
tase of BUCT194 (GenBank acc. no. UAWO01121.1). This
enzyme catalyzes the NADPH-dependent reduction of dihy-
drofolate to tetrahydrofolate, which can be used for de novo
synthesis of certain amino acids and for DNA precursor syn-
thesis (Trimble et al. 1988).

Concerning viral replication, ORF 70 potentially
encodes a DNA polymerase (InterPro: TPR002298;
Pfam: PF00476.20; HHpred: COG0749, ~93.79% prob-
ability), which shared ~96.26% and ~ 60.54% sequence
identity with homologs from BUCT194 (GenBank
acc. no UAWO01136.1) and pVco-5 (GenBank acc. no.
YP_010089956.1), respectively. Two potential domains
are detected within the gene: DNA-directed DNA poly-
merase, family A, palm domain (InterPro: IPR001098) and
3'-5' exonuclease domain (InterPro: IPR002562), which
catalyze the accurate replication of DNA and the hydroly-
sis of unpaired or mismatched nucleotides, respectively
(Jung et al. 1987; Lehman 2003). This gene is also associ-
ated with 3 other superfamilies: DNA/RNA polymerase
superfamily (InterPro: IPR043502), ribonuclease H-like
superfamily (InterPro: IPR12337), and ribonuclease H
superfamily (InterPro: IPR036397). The ®ImVa-1 ORF
77 potentially encodes the single-stranded DNA binding
(SSB) protein, which acts as an architectural transcription
factor by providing an active promoter confirmation for
VvRNAP binding (Cho et al. 1995). The putative ORF 77
SSB protein shared ~ 88.70% and ~40.49% sequence iden-
tity, respectively, with homologs from BUCT194 (Gen-
Bank acc. no. UAWO01143.1) and JA-1 (GenBank acc. no.
YP_008126814.1), which play a role in DNA repair and
reorganization, and activate the DNA polymerase and heli-
case. Sequence comparison showed that ORF 73 encodes
a hypothetical RecB exodeoxyribonuclease V exonuclease
(InterPro: IPRO11604; HHpred: COG2887,~99.2% proba-
bility), potentially classified as a member of the phage-type
exonucleases superfamily, consisting of a common core
fold at the C-terminus that is closely related in sequence
and structure with a homolog in the phage lambda (Kovall
and Matthews 1997). The exonuclease of phage lambda
facilitates DNA recombination through a double-strand
break repair and single-strand annealing pathways; it is also
important for the late, rolling-circle mode of the viral DNA
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replication. The ORF 74 hypothetically encodes a protein
that is similar to the DNA replication licensing factor
protein, also known as putative minichromosome mainte-
nance complex component 7 (MCM?7) (HHpred: 6RAW_7,
98.65% probability), which forms a heterohexameric ring
that hydrolyzes ATP and provides the motor function for
DNA unwinding complex (Iyer et al. 2005). MCM as a
DNA helicase is found in both eukaryotes and archaea
(Ausiannikava and Allers 2017; Bochman and Schwacha
2009). It is suggested to serve as a host factor that regulates
viral genome replication (Kawaguchi and Nagata 2007),
and several phages have been reported to possess an MCM-
like gene (Bochman and Schwacha 2009). The C-terminal
end of the protein contains a primase C terminal 1 (Pfam:
PF08708) of alpha helical domain (655-717 aa) (Iyer et al.
2005). It is likely that ORF 80 encodes a hypothetical Hol-
liday junction resolvase RusA-like endodeoxyribonuclease
(InterPro: IPR008822; HHpred: COG4570, ~90.98% prob-
ability), which is involved in ®ImVa-1 replication. The
RusA protein of E. coli is a DNA endonuclease that can
resolve Holliday intermediates and correct the defect in
genetic recombination and DNA repair during DNA repli-
cation (Macmaster et al. 2006).

The ®ImVa-1 genome harbors four putative tRNA genes
involved in viral protein synthesis: tRNA-Pro-TGT, tRNA-
Asn-GTT, tRNA-Arg-TCT, and tRNA-suppressor-TTA.
Bailly-Bechet et al. (2007) indicate that tRNAs present
in phage genomes are those that are rare in hosts, which
allow the phages to gain an absolute advantage over their
competitors by producing their proteins more efficiently.
The tRNA-suppressor-TTA can recognize a stop codon,
and instead of termination, it inserts an amino acid at the
position in the polypeptide chain. In phages, suppressor
tRNASs have been shown to alleviate nonsense mutations,
which facilitate restoration of normal phenotypes, albeit
altered by an amino acid substitution (Gesteland et al.
1967; Model et al. 1969). Whether the tRNA-suppressor-
TTA of ®ImVa-1 serves a similar or different purpose, it
requires further investigation.

In conclusion, this study has provided insights into the
biological and genomic properties of the phage ®ImVa-1,
a novel schitovirus that specifically infects V. alginolyticus
ATCC 17749. The ®ImVa-1 adsorbed rapidly to its host
and lysed the cell in 15 min. Moreover, ®ImVa-1 was stable
within pH 5 to 10 and demonstrated thermal stability up
to 75 °C, enabling its use in different environments. The
®ImVa-1 significantly reduced the pathogen loads in mack-
erel fish flesh slices, demonstrating the potential of the phage
as a biocontrol agent for V. alginolyticus strain ATCC 17749
in the food. Genomic analysis of ®ImVa-1 revealed diverse
gene functions and their possible underlying mechanisms,
which significantly contributed to our current knowledge
about schitoviruses infecting V. alginolyticus.
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