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Abstract A novel virulent enterobacteria phage, 4MG,

which was isolated from soil near a sewer, belongs to the

family Myoviridae, as it possesses an isometric head and a

long contractile tail. The complete genome of 4MG con-

sists of a double-stranded DNA with a length of

148,567 bp, a G ? C content of 46.3 %, 271 open reading

frames (ORFs), and 21 tRNAs. Bioinformatic analysis

revealed that 4MG highly resembles ‘‘rV5-like viruses’’ but

can be separated, together with Salmonella phage PVP-SE1

and Cronobacter sakazakii phage vB_CsaM_GAP31, as

part of the subgroup ‘‘PVP-SE1-like phage’’.

In 2009, Lavigne and colleagues classified 102 Myoviridae

phages using Coregenes/CoreExtractor proteome compar-

ison techniques [1]. Many related phages were grouped

together to form specific subfamilies or genera, but several

phages with no apparent relatives were also identified as

singleton phages of the family Myoviridae. Until the

complete genome sequence of Salmonella phage PVP-SE1

supported the suggestion of a new genus denoted ‘‘rV5-like

viruses’’ [2, 3], Escherichia coli O157:H7-sepcific phage

rV5 was considered to be such a singleton Myoviridae

phage group. Recently, E. coli K-12-specific phage

vB_EcoM_FV3 (hereafter, FV3), Cronobacter sakazakii-

specific phage vB_CsaM_GAP31 (hereafter, GAP31),

avian pathogenic E. coli strain-specific phage phAPEC8,

and pathogenic E. coli strain-specific phage phi92 were

also assigned as members of the ‘‘rV5-like viruses’’ [4–7].

Although these myoviral rV5-like phages share similar

morphology and genomic contents, it is noticeable that rV5

and FV3 are closer to each other than the other related

phages PVP-SE1 and GAP31 and phAPEC8 and phi92 [3,

4, 6].

Using E. coli MG1655 as the host bacterium, we iso-

lated phage 4MG from soil near a domestic sewage drain in

Yongin-si, Gyeonggi-do, South Korea, according to

methods described elsewhere [8]. In a conventional double-

layer agar overlay assay with LB medium, 4MG formed

relatively small (*1 mm in diameter) clear plaques with

diffuse edges after overnight incubation at 37 �C. The

determination of host range through an overlay assay

revealed that 4MG infects many of the common laboratory

E. coli K-12 strains with various EOPs (efficiency of

plating), but not the B strains (Table S1 in the Online

Resource). Phage 4MG from a single plaque was propa-

gated with MG1655, and the phages were then precipitated

with 10 % (wt/vol) polyethylene glycol 6000 in 1 M NaCl

and subjected to CsCl density gradient ultracentrifugation

at 78,500 3 g and 4 �C for 2 h [8]. The opalescent phage

band was collected and dialyzed against dialysis buffer

(50 mM Tris-HCl [pH 8.0], 10 mM NaCl, and 10 mM

MgSO4). The purified and concentrated phage stock was
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used to analyze the morphology of phage 4MG by trans-

mission electron microscopy (LEO 912AB TEM; Carl

Zeiss, Jena, Germany) at 80 kV as described previously

[8]. As shown in Fig. 1a, 4MG is morphologically assigned

to the family Myoviridae because it possesses an isometric

head with an apical diameter of 94 nm and a long con-

tractile tail of 121 by 18 nm (n = 8) with five to six thin

tail fibers.

The nucleic acid of 4MG was manually extracted

from a phage stock using proteinase K/sodium dodecyl

sulfate [9] and subjected to pyrosequencing using a 454

Genome Sequencer FLX Titanium by Macrogen (Seoul,

South Korea). A single contig assembled with quality-

filtered reads was analyzed using the tools GeneMarkS

[10], Glimmer 3.02 [11], and FgenesB (Softberry, Inc.,

NY, USA) for prediction of open reading frames (ORFs),

BlastP [12], InterProScan [13], and NCBI Conserved

Domain Database [14] for annotation of the predicted

ORFs, and tRNAscan-SE [15] for searching tRNAs. The

complete genome of 4MG is composed of a double-

stranded 148,567-bp-long DNA with a G ? C content of

46.3 %. Approximately 73 % of the predicted ORFs (198

of 271 ORFs) showed no homologies with functional

proteins and were thus annotated as ‘hypothetical

Fig. 1 Transmission electron micrograph of enterobacteria phage

4MG and DNA-level alignment of the genomes of rV5-like viruses.

(a) Negatively stained (2 % uranyl acetate, pH 4.0) 4MG particles

were observed by TEM (31,5003 and 20,0003 for the left and right

panels, respectively). The scale bar at the bottom right corner

indicates 100 and 200 nm for the left and right panel, respectively.

(b) The whole genomes of 4MG (GenBank accession number

KF550303), PVP-SE1 (GU070616.1), GAP31 (JN882284.1), rV5

(DQ832317.1), FV3 (JQ031132.1), phi92 (FR775895.2), and phA-

PEC8 (JX561091.1) were compared at the DNA level using Easyfig.

The gray regions indicate high sequence similarity between the

genomes. The predicted functions of 4MG proteins are indicated by

different colors (a color figure is available online). Note that the

genome of GAP31 was rearranged to allow an easier comparison with

the others

3138 M. Kim et al.

123



protein’. Among them, 19 ORFs are unique for 4MG

(Table S2). The other 27 % ORFs encode putative

functional proteins that were assigned to the following

clusters (Fig. 1b): nucleotide metabolism (e.g., phospho-

ribosyl pyrophosphate synthetase [ORF093], thymidylate

synthase [ORF130], and ribonucleotide reductases

[ORF133, ORF134]), DNA replication (e.g., helicase

[ORF003], DNA polymerase [ORF013], and ATP-

dependent DNA ligase [ORF108]), DNA packaging

(terminase large subunit [ORF074]), morphogenesis (tail

fiber proteins [ORF039, ORF044, ORF049, ORF067],

baseplate component [ORF046], tail tape measure protein

[ORF055], and major capsid protein [ORF069]), and host

lysis (lysozyme [ORF139] and cell wall hydrolase SleB

[ORF270]) (Table S2). The absence of a lytic/lysogenic

control module (e.g., phage repressor, antirepressor, and

integrase) suggests that this clear plaque-forming phage

4MG is a virulent phage. Of the 21 tRNAs predicted in

the 4MG genome, 15 tRNAs (e.g., tRNA-Arg, -Lys,

-Pro, and -Thr) were found to be more frequently present

in the 4MG phage than in its E. coli host, suggesting

that these tRNA genes facilitate the translation of phage

mRNAs.

A whole-genome comparison at the DNA level using

Easyfig [16] suggested that 4MG highly resembles rV5-like

phages (Fig. 1b). The similar virion dimensions and genome

sizes of rV5-like phages also support the close relationship

between these phages and 4MG (Table S3). In particular, the

genomic contents and organization of 4MG were more

similar to those of the ‘‘PVP-SE1-like phages’’ (i.e., PVP-

SE1 and GAP31) than those of the other rV5-like phages

(i.e., rV5, FV3, phAPEC8, and phi92). A comparison at the

proteome level using CoreGenes3.0 [17] revealed that

201/244 (82.38 %) and 241/269 (89.59 %) proteins encoded

by PVP-SE1 and GAP31, respectively, are homologous to

those encoded by 4MG. Salmonella Typhimurium and its

lipopolysaccharide-deficient derivatives [18] as well as other

16 Salmonella ssp. were found to be completely insuscepti-

ble to 4MG, but C. sakazakii ATCC29544 and BAA-894

were susceptible (Table S1), indicating that 4MG is more

closely related to C. sakazakii phage GAP31 than to Sal-

monella phage PVP-SE1. In contrast, comparisons with rV5

or Phi92 revealed only 98/233 (42.06 %) or 68/250 (27.2 %)

shared proteins, respectively. However, a common feature of

the rV5-like viruses, i.e., the high percentage of small ORFs

(less than 100 residues) throughout the genome [2], was

Fig. 2 Neighbor-joining

phylogenetic tree analysis based

on the alignment of the amino

acid sequences of the major

capsid proteins from various

Myoviridae family phages from

GenBank. The bootstrap

probabilities are indicated at the

nodes
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observed in all of these phages. Although several introns and

homing endonucleases are often found in the genomes of

members of the family Myoviridae, including the rV5-like

phages, 4MG encodes only one, free-standing HNH endo-

nuclease (ORF119), which is homologous to that found in

GAP31 (ORF155), PVP-SE1 (ORF122), rV5 (ORF91), and

FV3 (ORF85).

Phylogenetic analysis of the conserved major capsid

protein (MCP) further demonstrated the evolutionary

relationships between these phages. The amino acid

sequences of the MCP from 4MG and other Myoviridae

family phages from GenBank were aligned and subse-

quently subjected used for construction of a phylogenetic

tree using MEGA5 [19]. Phage 4MG formed a separate

branch with GAP31 and PVP-SE1 in the resulting phylo-

genetic tree, whereas rV5 and FV3, phAPEC8, and phi92

generated markedly distinct clades (Fig. 2). Altogether, the

present study suggests that the enterobacteria phage 4MG

belongs to the subgroup ‘‘PVP-SE1-like phage’’ of the

‘‘rV5-like viruses’’.

Nucleotide sequence accession number

The complete genome sequence of 4MG is available at

GenBank under the accession number KF550303.
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