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Abstract VPMSI1 is a Vibrio parahaemolyticus lytic
phage isolated from a marine clam. The 42.3-kb genome
was predicted to encode 53 proteins. Comparison of the
VPMS1 DNA genome with known phage genomes
revealed no similarity; hence, it represents a new VP
phage, organized into three differently oriented modules.
The module for packaging covers 12 % of the genome, the
module for structure covers 31 %, and the module for
replication and regulation covers 48 %. The G + C content
was 44.67 %. The coding region corresponds to 91 % of
the genome, and 9 % apparently does not encode any
protein. Thirty genes, constituting 57 % of the genome, had
significant similarity to some reported proteins in the pro-
tein database; 23 genes, constituting 43 % of the genome,
showed no significant homology to any reported protein,
and these could be new proteins whose hypothetical
functions can be deduced from their position in the
genome.

Introduction
Vibrio parahaemolyticus (VP) is a Gram-negative marine

bacterium. It is an important food-borne pathogen that can
cause illness when improperly prepared seafood is
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consumed [1]. VP rapidly induces inflammatory gastroen-
teritis [2], wound infections, and sepsis [3] and can have
devastating effects on aquaculture, mainly on shrimp pro-
duction. Outbreaks in aquaculture have led to high mor-
tality and severe economic loss in all producing countries
[4]. Tts densities in the environment vary greatly by season
and location [5]. Its increasing incidence has become a
public-health problem [6]. The use of phages to control
undesirable pathogenic bacteria has gained importance in
recent years [7]. In this work, we describe the genomic
analysis of a highly Iytic phage able to control this path-
ogenic bacterium.

The VP strain corresponds to the 17802 strain in the
American Type Culture Collection; phage VPMSI1 was
obtained from a marine clam (Megapitaria squalida) and
showed strong lytic activity in VP cultures [8]. The phage
and host were propagated in 2216 culture media, in either
broth or agar overlays. The number of VPMSI1 particles was
determined by the agar double layer method [9]. The phage
was concentrated by polyethylene glycol (PEG 8000) pre-
cipitation [10] and negatively stained with 2 % (w/v) aque-
ous uranyl acetate at pH 4.0, on copper grids provided with
a carbon-coated Formvar film, and examined by transmis-
sion electron microscopy (TEM; EM10, Carl Zeiss) at an
accelerating voltage of 80 kV. For DNA analysis, the super-
natant was treated with DNAse I (100 U/mL), and RNase A
(50 pg/mL), and then with proteinase K (20 mg/mL). Phage
DNA was isolated using a modified phenol method [11] and
purified using a GENECLEAN Spin Kit (MP Biomedicals,
Santa Ana, CA). The identity of VPMS1 DNA was confirmed
using EcoRI and Pst I restriction enzymes. DNA quality and
quantity was determined on agarose gels and using a pho-
tometer (NanoPhotometer Implen, Munich, Germany). To
determine the size of the genome of the VPMSI phage,
purified DNA was treated with EcoRI, and the restriction
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fragments were resolved on agarose gels using lambda phage
DNA as a molecular weight reference (BioRad Laboratories,
Hercules, CA). The total size of the genomic DNA was
determined by adding the sizes of the fragments. DNA was
sequenced using a sequencer (Illumina GAIIx at 155x cov-
erage at Base-Clear in Leiden, The Netherlands). The
sequence was assembled using “de novo assembly”. Gene
sequences were determined with genomics software (CLC
Genomics Workbench 4.0, CLC bio, Aarhus, Denmark).
When genes overlapped, they were visually inspected, and in
some cases removed. Open reading frames (ORFs) were
confirmed using the ORF finder from NCBI, and with Sequin
software, using the bacterial genetic codes in both cases.
Genes were verified using the Heuristic GeneMarksS software
[12]. Amino acid sequences were compared to a non-redun-
dant database from NCBI, and search results were visually
inspected. Results were taken as significant when e-values
were under 0.01. Promoter candidates were determined using
the BPROM 0.3.2 software (Softberry, Mount Kisco, NY).
A CD search to identify members of protein families was
conducted with the NCBI database, and with the Pfam 26.0
software of the Sanger Institute [13]. tRNA scan-SE 1.21 [14],
Aragorn v1.2 [15], and tRNA finder (Greengene, University
of Massachusetts Lowell) programs were used to search for
tRNA genes in the genome.

Results and discussion

Morphological analysis by TEM showed that VPMS1 had
an isometric head (60 nm) and a short tail (10 nm), indi-
cating that it belongs to the family Podoviridae, order
Caudovirales (Fig. 1). The nucleotide sequence of VPMS1

Fig. 1 Electron micrograph of the Vibrio parahaemolyticus phage
VPMSI1. The bacteriophage preparation was negatively stained with
2 % uranyl acetate (pH 4.0). Scale bar, 100 nm; Magnification,
50,000
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has a total size of 42,314 bp (42.3 kb), which is about the
average size for Vibrio bacteriophages described on the
EMBL-EBI Genome Phage page. The G 4+ C content was
44.67 % — a relatively low value when compared to those
found in previously described bacteriophages, but very
close to that for VP (45 %) [16]. Comparison of the
VPMS1 DNA genome with phage genomes in the NCBI
database showed no discernible DNA sequence similarity
to any of them; the best match for similarity was about
1 %. Therefore, phage VPMSI has been designated a new
bacteriophage (vibriophage). Analysis of the VPMSI
genome identified 53 putative ORFs; the coding region
corresponds to 91 % of the genome and 9 % apparently
does not encode any genes. In the genome, 30 genes,
constituting 57 % of the genome, showed significant sim-
ilarity to some proteins reported in the NCBI protein
database (Table 1); 23 genes, constituting 43 % of the
genome, had no significant homology to reported proteins
with known functions (e-values > 0.01). These could be
new proteins whose hypothetical functions can be deduced
from their position in the genome. Non-repetitive ends
(significant) were found at the extremes of the nucleotide
sequence, which is important because alignment of repe-
ated regions by NGS is difficult and may lead to errors. In
most cases (65 %), coincident genes corresponded to
phages infecting Gram-negative bacteria. The presence of
tRNAs is important because they facilitate a more rapid
overall translation rate; however, they are not found in all
phage genomes [17]. For example, the VPMS1 genome
does not contain any. Several promoter regions were found
and are summarized in Table 1. The VPMSI1 genome is
organized into three modules, which can be easily identi-
fied because some of the genes within them have signifi-
cant similarity to previously identified genes in the
GenBank database (Fig. 2). It is interesting that the ori-
entation of the genes in the VPMSI genome seems to
follow a very specific pattern for grouping. This peculiar
gene-oriented organization is not easily seen in phages
described in the literature because most of them have
indistinct orientations within the modules composing the
phage genomes. Previous studies have used the endonu-
clease gene for phylogenetic analysis [18]; therefore, a
phylogenetic analysis was performed using the protein
sequence and the genetics analysis software MEGA 5.1. A
phylogenetic tree was constructed with the amino acid
sequences of endonucleases of some selected phages using
neighbor-joining analysis and the maximum composite
likelihood model. The results showed a close similarity of
VPMSI1 to phages infecting enterobacteria, rather than
members of the genus Vibrio (Fig. 3). It is worth men-
tioning that we found a lysogeny-related gene. It is known
that temperate phages have a lysogeny module in their
genome that contains integrase, repressor, and lysogenic
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Table 1 General features of putative genes of phage VPMS1 and homology to proteins in the databases. Hypothetical proteins with no
conserved domains or promoter sequences are not included

Gene Size Start End Promoter Conserved ~ NCBI match e-value Homologous
(a.a.) sequence domain (accession no.) protein and phage

MS02 58 620 796 AAGTAAACT ACL77960.1 5.00E—03 Helicase (Enterobacteria phage JSE)

MS03 48 814 960 ADM?73619.1 1.00E—03 Primase (Lactococcus phage 949)

MS05 549 1592 3241 TAATAAAAT PHA02533 YP_006590034.1 3.00E—70 Terminase large subunit (Moraxella
catarrhalis 103P14B1)

MS06 175 3204 3731 pfam 13518 AEI70910.1 2.00E—03 Terminase small subunit (EBPR podovirus 2)

MS07 56 3712 3882 TTGTACTCT AFQ22623.1 3.20E—02 Head completion protein (Stenotrophomonas
phage IME13)

MS09 380 4870 6012 CGCTAAAAT pfaml13252 YP_002922722.1 1.00E—08 Major capsid protein (Burkholderia phage
BceeplL02)

MS10 147 6066 6509 CGCTAGCAT YP_006590002.1 2.00E—04 Rz lysis protein (Burkholderia phage DC1)

MS11 49 6529 6678 GAGTACACT NP_050556.1 1.80E—02 Hypothetical protein (Enterobacteria phage
933 W)

MS13 101 7477 7782 TTGTATAAT NP_073694.1 1.70E—02 Lower collar protein (Bacillus phage GA-1)

MS14 268 7783 8589 YP_004327242.1 1.20E—02 Primase/helicase (Pseudomonas phage
PAK_PI1)

MS16 630 8792 10684 pfam-B YP_002922735.1 6.00E—15 Hypothetical protein (Burkholderia phage

6762 BceepIL02)

MS17 46 10681 10821 CBH95067.1 1.00E—03 Tail component (Enterobacteria phage phi80)

MS18 164 10821 11315 PHA00672  ADJ39877.1 4.00E—12 Fiber adhesin (Enterobacteria phage T4T)

MS19 196 11297 11887 YP_003344928.1 2.00E—03 DNA injection protein (Xylella phage
Xfas53)

MS21 615 13602 15449 pfam-B 372 YP_002922718.1 3.00E—08 Portal protein (Burkholderia phage
BceeplIL02)

MS23 61 18334 18519 TAATAAAAT YP_003335800.1 1.90E—02 Tail fiber assembly protein (Escherichia
phage D108)

MS24 421 18598 19863 CAD54902.1 6.00E—04 Lysogenic conversion protein
(Enterobacteria phage P2-EC46)

MS25 764 19903 22197 CBX44498.1 4.80E—02 Tail tubular protein (Erwinia amylovora
phage Eal00)

MS28 109 23208 23537 pfam 08774 ADV02564.1 3.00E—07 Endonuclease (Liberibacter phage SC2)

MS29 302 23524 24432 cd07896 YP_004508627.1 3.00E—44 DNA ligase (Synechococcus phage
S-CRMO1)

MS30 396 24432 25622 pfam04851 NP_803332.1 2.00E—12 Helicase (Staphylococcus phage phi 12)

MS31 61 25619 25804 ¢d00093 NP_597807.1 5.00E—04 DNA binding protein (Streptococcus phage
Sfi21)

MS33 281 26062 26907 pfam12705 YP_004508485.1 9.90E—07 Nuclease (Synechococcus phage S-CRMO1)

MS34 176 27058 27588 pfam- YP_001294904.1 1.00E—21 Hypothetical protein (Burkholderia phage

B_19917 BeepNY3)

MS35 189 27588 28157 cd11530 ABF574717.1 3.00E—11 DNA repair protein NTP-PPase
(Corynebacterium phage P1201)

MS36 270 28150 28962 cd00351 YP_005102473.1 2.00E—39 Thymidylate synthase (Bacteroides phage
B124-14)

MS37 623 29151 31022 pfam00476  YP_001467864.1 4.00E—18 DNA polymerase I (Thermus phage P23-45)

MS38 140 31098 31520 TCTTAGATT YP_006886.1 1.00E—04 Hypothetical protein (Enterobacteria phage
T5)

MS39 217 31666 32319 DUF2815 NP_813756.1 7.00E—05 DNA binding protein (Pseudomonas phage
gh-1)

MS40 346 32429 33469 TATTAAATT pfaml13589 AEKO07458.1 8.00E—03 Hypothetical protein (Mycobacterium phage
513)

MS42 154 33768 34232 pfam03013  NP_049733.1 5.00E—17 Endonuclease V (Enterobacteria phage T4)
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Table 1 continued

Gene Size Start End Promoter Conserved ~ NCBI match e-value Homologous
(a.a.) sequence domain (accession no.) protein and phage
MS43 447 34441 35784 pfam13604 YP_239000.1 2.00E—19 Dda DNA helicase (Enterobacteria phage
RB43)
MS44 748 36007 38253 TIGRO1613 YP_002321451.1 8.00E—06 Primase (Stenotrophomonas phage S1)
MS46 182 38368 38916 ¢d00569 YP_004251021.1 8.00E—05 Endonuclease HTH_Hin (Vibrio phage ICP1)
MS50 187 40490 41053 ADX87518.1 7.00E—03 Lysozyme (Vibrio phage ICP3_2009_B)
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Fig. 2 Genetic and physical organization of the VPMSI genome.
Predicted genes are represented by arrows. Color indicates function
(green is the packaging module, brown is the structural module, blue

Fig. 3 Phylogenetic tree for
selected phages constructed
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indicated (color figure online)
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conversion genes [19]. In this case, the lysogeny-related
gene was located among the tail fiber genes, which is
interesting because we have not seen any reports with a
similar lysogeny-related gene organization. However, gene
24 matched the lysogenic conversion protein with low
similarity. Also, the integrase gene, which is required for
the lysogenic cycle, was not found in the genome. Gene 1
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1;‘_|:Enterobacteria phage RB69
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Vibrio phage VPMS1

was our candidate for integrase, given that it is located
before the helicase and primase genes, but the sequence did
not match for integrase. In short, the lysogeny module is
not present. The lysogenic conversion protein gene was
found, but it is highly improbable that it could be expres-
sed, since there were no integrase or repressor genes. Thus,
we conclude that VPMSI is a lytic phage. The accession
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number for the complete genome sequence of the VPMS1
phage at NCBI GenBank is JX880072.
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