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Abstract
Phage Vp_R1 belongs to the family Podoviridae and has a C3 morphotype, with an elongated head with a diameter of 
190 ± 1.1 nm and an ultrashort tail with a length of 9 ± 1.2 nm. The double-stranded DNA genome is 112.1 kb long, has a 
mol% G + C content of 40.3, contains 129 ORFs, and encodes four tRNAs. Phylogenetic analysis suggests that phage Vp_R1 
is a novel member of the genus Kuravirus.

Bacteriophages with the C3 morphotype are characterized 
by very long heads that exceed their width by several times. 
This morphotype is extremely rare among members of the 
family Podoviridae, and phages of this type constitute only 
0.5% of over 5,500 phages that have been examined using 
electron microscopy [1, 2]. The majority of C3 phages 
have been characterized by transmission electron micros-
copy (TEM), but only six of them have been completely 
sequenced and phylogenetically placed within the genus 
Kuravirus. This genus typically is found growing on Gram-
negative enterobacteria and includes the Escherichia coli 
phages phiEco32 [23], KBNP1711 (KM044272), ECMP2 
(submitted as KBNP135 in GenBank, NC_018859.1), Sal-
monella phage 7–11, E. coli phage NJ01 and E. coli phage 
SU10 [13, 18, 19]. phiEco32 is the best-characterized 
member of this group. The only phage of the C3 type from 

Gram-positive bacteria is Lactococcus lactis phage KSY1, 
whose genome has been sequenced and analyzed and shows 
no similarity to the other C3 phages [6, 24].

Vibrio parahaemolyticus is a zoonotic pathogen that is 
commonly found in marine animals, seabed sediments, and 
coastal environments [3]. It can infect numerous types of 
organisms, including fish, shellfish, and sea cucumbers, and 
this has caused enormous economic losses in the aquaculture 
industry [21]. Simultaneously, with the growing popularity 
of consuming raw or uncooked seafood, V. parahaemolyticus 
has become the leading source of food poisoning in Asia [5, 
11, 16], causing acute gastroenteritis [25]. Lytic bacterio-
phages have been used as natural agents to kill pathogens 
and are potentially applicable for use in aquaculture [7, 20]. 
To date, no genome sequences of C3-like Vibrio phages have 
been reported. Here, we describe the genomic characteristics 
of Vibrio phage Vp_R1 and its relationships to phiEco32-
like viruses.

The bacterial strain chosen as a host (VP-ABTNL) was 
isolated from diseased sea cucumbers that were grown in 
Dalian Bay (Dalian, China) in 2017. Phages were isolated 
from the same host sample and then propagated in 2216E 
medium containing the host. Phage genomic DNA was 
extracted from a high-titer preparation of phage particles 
(1010 PFU/ml) using the phenol–chloroform isoamyl–alco-
hol method as described by Sambrook et al. [22]. Phage 
genomic DNA sequencing was then performed using an 
Illumina high-throughput sequencing platform (Illumina 
Hiseq™ 2000, Shenzhen, China).

Morphological observation of phage particles was 
done using a modification of the protocols described by 
Goodridge et al. [10]. Purified phage suspensions (≥ 1010 
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PFU/ml) were adsorbed onto carbon-coated copper grids 
for 10 min, stained with 0.5% (w/v) uranyl acetate, and then 
examined using a JEOL-1200EX transmission electron 
microscope (JEOL USA, Inc., Peabody, MA, USA).

Phage Vp_R1, which was designated as “vB_VpaP_VP-
ABTNL-1”, produced clear plaques on a lawn of the host. 
The plaques had a turbid halo and a diameter of 3.5 mm. 
Like other C3-like phages, the head exhibited a flattened 
oval shape. The capsid length of Vp_R1 appeared to be 
longer than that of phiEco32, 190 ± 1.1 nm, vs. 145 nm, and 
the tail was a little shorter (9 ± 1.2 nm) (Fig. 1).

Phage Vp_R1 was found to have a linear double-stranded 
DNA genome with a length of 112,127 bp (40.32% GC con-
tent). Using the GeneMark server (http://topaz​.gatec​h.edu/
GeneM​ark/genem​arks.cgi), we identified 129 ORFs, the 
majority of which (94, 73%) showed no sequence similarity 
to other viral proteins in the NCBI database. The putative 
protein functions of the ORFs were annotated by searching 
against the non-redundant protein database with BLAST-p 
(http://blast​.ncbi.nlm.nih.gov/). Using ARAGORN, Vp_R1 
was found to contain four predicted tRNA genes: tRNA-Met 
(CAT), tRNA–Ile (GAT), tRNA–Arg (CCT), and tRNA-Arg 
(TCT), ranging from 41,660 to 43,740 bp [15]. A second-
ary structure visualization was made using forna (http://rna.
tbi.univi​e.ac.at/forna​/) (Fig. S1). Phieco32-like viruses all 
have an arginyl tRNA (AGA), which is considered rare in 
E. coli [4] (Table 1), and this might allow efficient transla-
tion of phage mRNA in the absence of sufficient amounts 
of the corresponding cellular tRNA could play a subtle role 
in gene expression [23]. Like in phiEco32, most ORFs of 

Vp_R1 start with an AUG codon (92.2%), with eight ORFs 
starting with GUG (6.2%) and two ORFs starting with UUG 
(1.6%). The three stop codons were present in different pro-
portions, with UAA being the most common (78 ORFs, 
60.5%), followed by UAG (28 ORFs, 21.7%), and UGA (23 
ORF, 17.8%). In phiEco32, however, the number of ORFs 
ending with UAG (14 ORFs) is less than the number ending 
with UGA (32 ORFs).

Of the 129 ORFs, only 35 (27.1%) had functions that 
could be assigned after sequence alignment with BLASTx 
in a search against the NR database (Table 2). BLASTn 
analysis showed a low degree of similarity between Vibrio 
phage Vp_R1 and other phages, but Vp_R1 showed similar-
ity to predicted genes from the C3-like phages. Furthermore, 
the genome also comprised four basic segments, including 
genes coding for structural proteins, DNA metabolism and 

Fig. 1   Morphology of phage 
Vp_R1. (A) Plaques of Vp_R1. 
The scale bar represents 
50 mm. (B) Transmission 
electron micrograph of Vp_R1 
negatively stained with 2% w/v 
uranyl acetate. Black arrows 
indicate phage tails. The scale 
bar represents 100 nm

Table 1   Predicted tRNAs in phage Vp_R1 and the phiEco32-like 
viruses, identified using ARAGORN

Phage Number 
of tRNAs

tRNA type Anticodon

Vp_R1 4 Arg, Arg, Met, Ile TCT, CCT, CAT, GAT​
phiEco32 1 Arg TCT​
172-1 2 Arg, Sup TCT, TTA​
SU10 1 Arg TCT​
NJ01 1 Arg TCT​
ECB2 1 Arg TCT​
KBNP1711 2 Arg, Arg TCT, TCT​

http://topaz.gatech.edu/GeneMark/genemarks.cgi
http://topaz.gatech.edu/GeneMark/genemarks.cgi
http://blast.ncbi.nlm.nih.gov/
http://rna.tbi.univie.ac.at/forna/
http://rna.tbi.univie.ac.at/forna/
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modification, nucleotide salvage and modification, and other 
functional genes (Fig. 2). Vp_R1 codes for an assortment 
of structural proteins, namely portal protein (ORF 91), 

scaffolding protein (ORF 92), major head protein (ORF 
93), tail fiber proteins (ORF 99, ORF 102, ORF 105), phage 
tail protein (ORF 100), fibritin neck whisker protein (ORF 

Table 2   Predicted functions of phage Vp_R1 proteins

ORF Nucleotide position Start codon Putative function and best match Identity E-value Accession number

7 1953–2345 ATG​ Protein of unknown function (DUF3268) (Vibrio phage 
VvAW1)

38% 2e-15 YP_007518376.1

10 3072–3821 ATG​ Phosphate starvation-inducible protein PhoH, predicted ATPase 
(plasmid) (Pseudomonas phage GP100)

52% 1e-73 SOY26936.1

12 4571–5512 ATG​ Ribonucleotide reductase of class Ia (aerobic), beta subunit 
(Vibrio phage vB_VspP_pVa5)

72% 2e-171 APC46037.1

13 5557–7326 TTG​ Ribonucleotide reductase of class Ia (aerobic), alpha subunit 
(Vibrio phage vB_VspP_pVa5)

76% 0.0 APC46027.1

16 8386–9339 ATG​ DNA ligase (Proteus phage vB_PmiP_Pm5460) 48% 5e-86 YP_009209218.1
23 11260–11913 ATG​ Thymidylate synthase complementing protein (Vibrio phage 

1.025.O._10 N.222.46. B6)
56% 9e-82 AUR82528.1

27 13224–13682 ATG​ NTP pyrophosphohydrolase-like domain (Vibrio phage) 53% 2e-47 AUR92816.1
29 13991–14830 TTG​ Ribose-phosphate pyrophosphokinase (Klebsiella phage vB_

KpnM_BIS47)
44% 3e-59 ARB12579.1

37 19393–19929 ATG​ DNA polymerase (Cronobacter phage vB_CsaP_GAP52) 52% 2e-53  YP_006987717.1
38 20011–21801 ATG​ DNA primase/helicase (Salmonella phage SE131) 63% 0.0 AVJ48198.1
51 27997–29625 ATG​ glutamine transaminase (Cronobacter phage vB_CsaP_GAP52) 29% 8e-30 YP_006987731.1
52 29642–30733 ATG​ L-glutamine-D-fructose-6-phosphate aminotransferase-like 

protein (Escherichia phage KBNP1711)
34% 9e-32 YP_009008781.1

58 34637–35119 GTG​ Membrane lipoprotein (Vibrio phage 1.187.O._10 N.286.49. 
F1)

40% 5e-23 AUR93385.1

70 45606–44650 ATG​ SPFH protein domain (Vibrio phage vB_VspP_pVa5) 61% 4e-116 APC46038.1
71 45823–46605 ATG​ Coil-containing protein (Vibrio phage 1.026.O._10 N.222.49.

C7)
63% 7e-70 AUR82659.1

90 64655–66178 ATG​ Terminase large subunit (Cronobacter phage vB_CsaP_
GAP52)

69% 0.0 YP_006987652.1

91 66194–68356 ATG​ Portal protein (Salmonella phage 7-11) 50% 2e-77 YP_004782380.1
92 68594–69694 ATG​ Scaffolding protein (Salmonella phage 7-11) 50% 3e-47 YP_004782382.1
93 69816–70745 ATG​ Major head protein (Salmonella phage 7-11) 71% 3e-112 YP_004782383.1
99 74650–75474 ATG​ Tail fiber (Erwinia phage vB_Eam-MM7) 39% 1e-04 AEJ81300.1
100 75484–78393 ATG​ Phage tail protein (Pseudomonas fragi) 31% 1e-116 WP_095031324.1
101 78386–78697 ATG​ Fibritin neck whisker protein (Serratia phage CHI14) 37% 0.010 ARW57588.1
102 78832–79452 ATG​ Tail fiber protein (Burkholderia phage BcepNazgul) 47% 1e-05 NP_918975.1
104 81740–84037 ATG​ Tail tubular protein (Vibrio phage VPp1) 59% 2e-11 AII27501.1
105 84190–84909 ATG​ Tail fiber protein (Vibrio phage vB_ValP_IME271) 31% 1e-13 ASR73865.1
106 84922–86718 ATG​ Constituent protein (Vibrio phage VPp1) 43% 1e-145 AII27499.1
113 93054–99698 ATG​ Virion-encapsulated RNA polymerase (Vibrio phage phi 1) 25% 0.025 YP_009198592.1
114 100463–100999 ATG​ Putative polynucleotide 5’ kinase/3’ phosphatase (Escherichia 

phage ECBP5)
62% 4e-56 YP_009146400.1

115 101002–101319 ATG​ GTP cyclohydrolase II (Vibrio phage PWH3a-P1) 57% 5e-26 YP_007676007.1
117 101970–102734 ATG​ Calcineurin-like phosphoesterase (Vibrio phage 

1.293.O._10 N.261.52. E1)
52% 4e-74 AUS01819.1

120 103797–104846 ATG​ 5’-3’ exonuclease (Salmonella phage 7-11) 38% 2e-61 YP_004782420.1
121 105521–104874 ATG​ RNA polymerase ECF sigma factor 30% 0.004 EHO41271.1
125 107369–107845 ATG​ Putative ATP-binding protein (Pectobacterium phage PM1) 40% 2e-16 YP_009021808.1
128 110072–110470 ATG​ HNH endonuclease (Vibrio phage CHOED) 48% 5e-36 YP_009021706.1
129 110532–112043 ATG​ DNA polymerase (Cronobacter phage vB_CsaP_GAP52) 55% 4e-178 YP_006987700.1
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101), tail tubular protein (ORF 104), and constituent pro-
tein (ORF 106). Six proteins were predicted to be related to 
phage DNA metabolism and modification, including DNA 
ligase (ORF 16), DNA polymerase (ORF 37, 129), DNA 
primase/helicase (ORF 38), 5’-3’ exonuclease (ORF 120), 

and HNH endonuclease (ORF 128). Five proteins were pre-
dicted to be related to RNA manipulation, including class 
Ia ribonucleotide reductase (aerobic) beta subunit (ORF 
12), class Ia ribonucleotide reductase (aerobic) alpha subu-
nit (ORF 13), ribose-phosphate pyrophosphokinase (ORF 

Fig. 2   Annotated genome map of Vp_R1. The 129 ORFs are repre-
sented as arrows; the direction of each arrow represents the direction 
of transcription. Proposed modules are based on hypothetical func-
tions predicted from bioinformatic analysis. Green arrows represent 

the phage structural proteins. Blue arrows represent phage DNA 
metabolism and modification proteins. Grey arrows represent addi-
tional and hypothetical proteins
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29), virion-encapsulated RNA polymerase (ORF 113), and 
RNA polymerase ECF sigma factor (ORF 121). ORF 113 
is a large virion-encapsulated RNA polymerase with 6,645 
amino acids that is responsible for early gene transcription 
and may establish the transcription independence of the 
phage [17]. Interestingly, Vp_R1 has two ribonucleotide 

reductase proteins, which are likely used by the phage to 
sustain host metabolism [8]. The Vp_R1 genome encodes 
an RNA polymerase ECF sigma factor, which has also been 
found in phage phiEco32 and phage 7-11, and its holoen-
zyme could recognize promoters of middle or late genes of 
the virus. 

Fig. 3   Neighbor-joining phylogenetic tree based on the scaf-
folding proteins, showing the relationship between Vp_R1 
and other C3 phages. The optimal tree with the sum of branch 
lengths = 594.07812500 is shown. The percentage of replicate trees 
in which the associated taxa clustered together in the bootstrap test 

(1000 replicates) is shown next to the branches. The analysis included 
10 amino acid sequences of C3 phages. All ambiguous positions were 
removed for each sequence pair. Evolutionary analyses were con-
ducted in MEGA X

Fig. 4   Multiple alignments of Vp_R1 and other C3 phages using the progressive Mauve algorithm
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Vp_R1 codes for at least five proteins related to nucleo-
tide salvage and modification: thymidylate synthase com-
plementing protein, ribose-phosphate pyrophosphokinase, 
putative polynucleotide 5’ kinase/3’ phosphatase, cal-
cineurin-like phosphoesterase and L-glutamine-D-fruc-
tose-6-phosphate aminotransferase-like protein. Notably, 
ORF 10 encodes a phosphate-starvation-inducible protein 
(PhoH), which exist in nearly 40% of the marine phage 
genomes to regulate phosphate uptake and metabolism 
under low-phosphate conditions, while only 4% of non-
marine phage genomes contain this gene, including the C3 
phages phiEco32, ECBP2 and SU10 [9]. In addition, holin 
and lysozyme genes were not found in Vp_R1. Nearly all of 
the structural proteins are well conserved among C3 phages, 
especially the scaffolding proteins [19].

Comparisons were made between phage Vp_R1 and 
other C3-like viruses. Neighbor-joining phylogenetic 
trees were constructed using MEGA version X [14] 
based on the amino acid sequences of the phage scaf-
fold protein and major head protein (ORF 93). The trees 
revealed two major clades, with the phage Vp_R1 sister to 
KSP100, whose host is Serratia marcescens [12] (Fig. 3). 
Although Vp_R1 showed a high level of sequence iden-
tity to predicted proteins of C3 phages, including ter-
minase large subunit, portal protein, scaffolding protein, 
major head protein and DNA polymerase, it showed very 
limited regions where the whole phage DNA sequences 
were similar, as shown in multiple alignments using the 
progressive Mauve algorithm (Fig. 4). Interestingly, the 
tail-related proteins of Vp_R1 had no similarity to those 
of other C3 phages, and the tail proteins also differed 
among the other known C3 phages. This suggests that 
receptor recognition evolves fast in order to allow a wider 
host range [23]. 

Based on morphological and genomic analyses, we pro-
pose that phage Vp_R1 should be included as a new C3 
phage of the genus Kuravirus.

Nucleotide sequence accession number  The GenBank 
accession number for phage Vp_R1 is MG603697.
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