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T4-Like Phage Bp7, a Potential Antimicrobial Agent for Controlling
Drug-Resistant Escherichia coli in Chickens

Can Zhang, Wenli Li, Wenhua Liu, Ling Zou, Chen Yan, Kai Lu, Huiying Ren
College of Animal Husbandry and Veterinary Medicine, Qingdao Agricultural University, Qingdao, People’s Republic of China

Chicken-pathogenic Escherichia coli is severely endangering the poultry industry in China and worldwide, and antibiotic ther-
apy is facing an increasing problem of antibiotic resistance. Bacteriophages can kill bacteria with no known activity in human or
animal cells, making them an attractive alternative to antibiotics. In this study, we present the characteristics of a novel virulent
bacteriophage, Bp7, specifically infecting pathogenic multidrug-resistant E. coli. Phage Bp7 was isolated from chicken feces. Bp7
belongs to the family Myoviridae, possessing an elongated icosahedral head and contractile sheathed tail. It has a 168-kb double-
stranded DNA genome. For larger yields, its optimal multiplicity of infection (MOI) to infect E. coli was about 0.001. The latent
period was 10 to 15 min, and the burst size was 90 PFU/infected cell. It was stable both at pH 5.0 to 10.0 and at 40°C or 50°C for at
least 1 h. Bp7 could infect 46% of pathogenic clinical E. coli strains. Bp7 harbored 791 open reading frames (ORFs) and 263 pos-
sible genes. Among the 263 genes, 199 possessed amino acid sequence identities with ORFs of phage T4, 62 had identities with
other T4-like phages, and only one lacked any database match. The genome of Bp7 manifested obvious division and rearrange-
ment compared to phages T4, JS98, and IME08. Bp7 is a new member of the “T4-like” genus, family Myoviridae. Its wide host
range, strong cell-killing activity, and high stability to pH make it an alternative to antimicrobials for controlling drug-resistant

E. coli in chickens.

hicken colibacillosis is one of the main bacterial diseases and

severely endangers the poultry industry in China and world-
wide. Escherichia coli has been identified as a major pathogen (1).
Antibiotics are widely used to control chicken colibacillosis, but it
is very common for E. coli to be resistant to antibiotics (2, 3). In
recent years, nearly 80% of E. coli isolates from diseased animals
have manifested severe resistance to antimicrobial drugs (4, 5), so
antibiotic therapy is facing an increasing problem of antibiotic
resistance. Bacteriophages are now considered a good alternative
to antibiotics (6, 7).

However, there are many problems with phage therapy, and
not every phage strain is appropriate for such therapy. Based upon
their replication methods, phages are classified as either virulent
or lysogenic. Virulent phages replicate in their bacterial hosts and
destroy them in the process, but lysogenic phages insert their ge-
nomes into their hosts’ genomes (8). As it has turned out, both
lysogenic and virulent bacteriophages are actively involved in the
evolution of bacteria, including pathogens (9). A troubling possi-
bility is that there are virulence genes in some phages and these
genes can change the pathogenicity of their host bacteria. Lyso-
genic phages transfer genes that express toxin proteins or patho-
genic factors among bacterial species (8, 10). For safety reasons,
lysogenic phages are not allowed to be used in phage therapy, and
if a phage is permitted to be an alternative to antibiotics, clear
genome information is needed. Phages are reported to be the most
abundant and diverse forms of life on earth and are ubiquitous in
nature (8), but few of them have been sequenced completely.
There is still a lot of work to do in the process of phage therapy.

Here, we present an analysis of the biological characteriza-
tion and genome of phage Bp7, a T4-like phage with a wide host
range (4) isolated from chicken feces and related to phages JS98
(NC-010105) and IME08 (NC-014260). The analysis of its ge-
nome indicated that it was a new member of the “T4-like virus”
genus.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. All the strains were cultivated in Luria-Bertani
(LB) broth (Biocorp) at 37°C and stored in 30% glycerol in a freezer at
—80°C.

Isolation and identification of E. coli bacteriophages. E. coli bacte-
riophages were isolated from chicken feces in Shandong Province, China.
Feces samples were homogenized in saline and filtered through a sieve.
The supernatant from the feces was added to a mixture of 35 clinical E. coli
strains (Table 1) and incubated overnight at 250 rpm and 37°C. The su-
pernatant was clarified by centrifugation (10,000 rpm; 20 min) and then
passed through a 0.22-pm bacterial filter (Millipore). A double-layer agar
method was used to examine whether the filtrate contained phage (11).
Filtrate samples (50 1) were mixed with 0.1 ml of an overnight culture of
E. coli and 2.5 ml LB broth with 0.7% agar and then plated onto LB agar
plates and incubated overnight at 37°C. The 35 E. coli strains were used for
phage isolation on double-layer agar plates. A single phage plaque was
picked out with a sterile Pasteur pipette into 1 ml LB broth and stored at
4°C. Successive single-plaque isolations were performed at least three
times. Bacteriophage Bp7 was propagated on E. coli in LB broth.

Electron microscopy of phage Bp7. Phage Bp7 and culture liquid
from E. coli (EC041029A, serotype O78 [Table 1]) were mixed in fresh LB
broth with shaking at 250 rpm and 37°C. Aliquots were taken, and 2.5%
glutaric dialdehyde was added at different times in order to stop the re-
production of the phage. The cell pellet was harvested by centrifugation at
4,000 rpm for 10 min; 2.5% glutaric dialdehyde (20 times the volume of
the aliquot) was added for fixation for 4 h at 4°C. The specimens were
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TABLE 1 E. coli strains used for determination of the Bp7 host range

Strain no.” Strain Serotype Infectivity”
1 HL041025A 024 C
2 CHO041025A 015 N
3 ZC041025A 078 N
4 HO041027A 088 C
5 C041027A X C
6 EC041029A 078 C
7 EH041029B 078 C
8 C041029A 078 C
9 H041029 078 C
10 L041030A 078 N
11 7041030B 01 N
12 EZ041122A 073 C
13 EZ041030A 035 N
14 EZ041030B 078 N
15 L041030B 078 C
16 1041030C 078 N
17 C041101A 035 N
18 EC041101A 035 N
19 HO041103A 023 C
20 H041103D 088 C
21 H041103B 078 N
22 HO041104A 024 N
23 CK041105 078 N
24 H041108C 076 N
25 H041108B 078 N
26 7041108D 05 N
27 Z041108A 078 N
28 EH041110B 076 N
29 EHO041110D X C
30 ER041118B X C
31 G041126A 093 N
32 EHJJ041116A 078 N
33 ER041118C X C
34 ER041118B X C
35 ER041118A 0157 C
36 BL21 C
37 JM109 C
38 JM110 C
39 DH5a C

“ Strains 1 to 35 were isolated from diseased chicken organs and identified in 2004 and
are multiresistant to antibiotics at different levels. Strains 36 to 39 are laboratory E. coli
strains used widely in gene engineering.

b C, clear lysis; N, no lysis.

postfixed for 1 hat 4°Cin 1% osmium tetroxide in 0.1 M cacodylate buffer
and 4.8% uranyl acetate for 24 h at 4°C. The samples were dehydrated in
graded ethanol (70% to 100%) and embedded in Epon 812 (12). Ultrathin
sections were cut with glass knives and stained with uranyl acetate and
lead citrate, and the reproduction process of phage Bp7 was examined by
transmission electron microscopy (TEM) (JEM-1200EX; Japan Electron-
ics and Optics Laboratory [JEOL], Tokyo, Japan) at an accelerating volt-
age of 80 kV.

After the coculture of phage Bp7 and E. coli (EC041029A, serotype
078) was clear, the supernatant was clarified by centrifugation at 10,000
rpm for 10 min. Two times the volume of 2.5% glutaric dialdehyde was
added to it. A phage sample was negatively stained with 2% (wt/vol) aque-
ous uranyl acetate (pH 4.0) on a carbon-coated grid and examined with a
JEM-1200EX microscope (JEOL).

Host range analysis. The host range of phage Bp7 for 35 clinical E. coli
strains and 4 laboratory E. coli strains was determined by spotting 10°> PFU
of Bp7 onto freshly seeded lawns of bacteria on agar plates (13). Each test
was repeated three times.
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Optimal MOI of phage Bp7. The optimal multiplicity of infection
(MOI) of Bp7 was determined in a coculture of E. coli (EC041029A, sero-
type O78) in early exponential phase (5 X 107 CFU/ml) and phage in 10
ml of LB broth at different MOIs (0.001, 0.01, 0.1, 1, and 10). A culture of
bacteria without Bp7 was used as a control. The preparations were incu-
bated with shaking at 250 rpm and 37°C. Aliquots were taken at 0, 1, 2, 3,
and 4 h postinfection (p.i.) for determination of the optical density at 600
nm (ODy,). The supernatant of the coculture was collected at 4 h p.i. by
centrifugation (10,000 rpm/10 min). Phage titers were determined by the
double-layer agar method. The MOI resulting in the highest phage titer
within 4 h was considered the optimal MOI and used in subsequent large-
scale phage production.

One-step growth of Bp7 phage. The test of the one-step growth curve
was performed as described previously with some modifications (14, 15).
Briefly, 30 ml of an early-exponential-phase culture of E. coli
(EC041029A, serotype O78) was harvested by centrifugation (10,000 rpm;
30 s; 4°C) and resuspended in one-fifth of the initial volume of LB broth.
Phage Bp7 was added at the optimal MOI and allowed to adsorb for 10
min at 37°C with shaking at 250 rpm. The suspension was then centri-
fuged at 10,000 rpm for 30 s and resuspended in 30 ml of LB broth. Serial
dilutions of the suspension were made and incubated at 37°C. Aliquots
were taken at 5-min intervals, and the titers in the aliquots were immedi-
ately determined by the double-layer agar method. The assay was per-
formed in triplicate. The latent period was defined as the time interval
between adsorption (not including 10 min of preincubation) and the
beginning of the initial rise in the phage titer. The burst size was calculated
as the ratio of the final count of liberated phage particles to the initial
count of infected bacterial cells during the latent period (11).

Thermal/pH stability of phage Bp7. For the thermal-stability assay,
phage suspensions (4 X 10° PFU/ml) were incubated at 40°C, 50°C, 60°C,
70°C, and 80°C, and aliquots were taken after 20, 40, and 60 min of incu-
bation. For the pH stability assay, a phage suspension (3 X 10° PFU/ml)
was inoculated in a series of tubes containing fresh LB broth at pH 2.0, 3.0,
4.0, 5.0, 6.0, 7.0, 8.0,9.0, 10.0, 11.0, 12.0, and 13.0 and incubated at 37°C;
aliquots were taken at 1, 2, and 3 h p.i. Phage titers were determined with
E. coli (EC041029A, serotype O78) as host cells by the double-layer agar
method. All assays were performed in triplicate.

Sequencing and genomic analysis of Bp7 phage. CsCl density gradi-
ent-purified phage particles were subjected to phenol-chloroform extrac-
tion and ethanol precipitation. DNA for sequencing was extracted from
phage pellet suspensions using a High Pure PCR Template Preparation
Kit (Roche) and sent to Beijing Sunbiotech Co., Ltd., for commercial
sequencing. A random library of Bp7 phage was constructed by the shot-
gun library method and sequenced with an ABI Prism 3100-Avant genetic
analyzer (Applied Biosystems, Foster City, CA). Sequences were assem-
bled using the Phred-Phrap program (DNA Sequencing Facility, Univer-
sity of Cambridge, Cambridge, United Kingdom) to form the complete
genome of phage Bp7. The nucleotide sequences were compared to the
NCBI GenBank database. The potential open reading frames (ORFs) were
predicted using Microbial Genome Annotation Tools (http://www.ncbi
.nlm.nih.gov/genomes/MICROBES/glimmer_3.cgi). The basic prerequi-
sites for an ORF were ATG, TTG, or GTG as a possible start codon and a
minimum size of 30 codons. The putative functions of the ORFs were
analyzed by BLASTP search at NCBI and with the DNA Master program
(http://cobamide2.bio.pitt.edu/computer.htm). The genome map was
drawn using the VectorNTI program. Searching for tRNA genes was done
with the tRNAscan-SE program, version 1.21 (16). The genome of Bp7
was pairwise analyzed using the Artemis Comparison Tool (ACT) with T4
and the closest homologs, JS98 and IMEO08 (17).

Nucleotide sequence accession number. The sequence data were de-
posited at GenBank under accession number HQ829472.

RESULTS

Isolation and morphology of phage Bp7. Bacteriophage Bp7 was
isolated from chicken feces after continuous cultivation and
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FIG 1 Morphology and reproduction process of phage Bp7 examined with a
JEM-1200EX microscope (JEOL). (a to ¢) Different stages of phage reproduc-
tion. (a) E. coli cell and phage Bp7 in the adsorption phase (bar = 50 nm; the
arrow indicates the adsorption of phage Bp7). (b) Phage Bp7 in the maturity
phase (the arrows indicate the elongated head and tail; bar = 50 nm). (c) Phage
Bp7 in the release period (the arrow indicates phage released by host cells;
bar = 200 nm). (d) Transmission electron micrograph of a phage Bp7 virion
negatively stained with 2% uranyl acetate (bar = 50 nm; the arrow indicates
the phage with the elongated head and tail).

plaque purification. Its plaques averaged 1 to 2 mm in diameter
with a clear lytic zone. Electron microscopy confirmed that Bp7
belongs to the T4-like virus genus, order Caudovirales, family
Myoviridae (elongated icosahedral head and contractile sheathed
tails) according to the classification of Ackermann (18). Phage
Bp7 had a hexagonal head ca. 93 nm in length and ca. 73 nm in
diameter, a contractile tail of ca. 106 nm, and a tail sheath of ca. 22
nm (Fig. 1d). Different stages of phage reproduction are shown in
Fig. 1a, b, and c. The adsorption, maturity, and release phases
clearly existed, which was similar to phage T4.

Host range of phage Bp7. The host range of phage Bp7 was
determined by the double-layer agar method with 35 clinical
strains of E. coli we isolated and 4 laboratory E. coli strains as host
cells. Overall, 16 clinical strains and all 4 laboratory strains were
sensitive to phage Bp7. Among the 16 clinical strains, there were 6
known serotypes (023, 1 strain; 024, 1 strain; O73, 1 strain; O78,
5 strains; O88, 2 strains; and O157, 1 strain), while the serotypes of
the other 5 strains remained unknown (Table 1). The results
showed phage Bp7 had broad infectivity against pathogenic E. coli
strains (46%) and laboratory E. coli strains (100%); among the 11
phage-sensitive clinical strains with known serotypes, 45% were
serotype O78, which meant that O78 was the dominant serotype
as the host of Bp7.

Optimal MOI of phage Bp7. The curve of ODy, versus time
showed that the bacterial number increased continuously within 4
h of incubation, when there were no phage in the medium; phage
Bp7 caused reduction of the bacterial number (see Fig. SA1 in the
supplemental material). At MOIs of 0.001 and 0.01, the growth
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FIG 2 Stability of Bp7 under different temperature conditions. Bp7 could
keep its basic infectivity at 40°C or 50°C. With the increased temperature and
longer time, phage titers decreased.

curve increased slowly until 2 h p.i., which showed retarded bac-
terial growth compared to the control group, and afterwards de-
creased gradually. At MOIs of 0.1 and 1, the growth curve de-
creased from the beginning and reached 0 at 3 h p.i. For larger
yields, the optimal MOI of phage Bp7 was about 0.001 (data not
shown).

One-step growth and thermal/pH stability of phage Bp7. The
growth curve of Bp7 is shown in Fig. SA2 in the supplemental
material. The latent period was estimated to be approximately 10
to 15 min, and the average burst size of Bp7 was about 90 PFU/
infected cell. The stability of Bp7 was tested by recording phage
survival rates under different pH and temperature conditions. A
survival curve of the phage at different temperatures is shown in
Fig. 2. Bp7 could basically keep its infectivity for atleast 1 hat 40°C
or 50°C. With increased temperature and longer time, phage titers
decreased. Phage were almost inactivated after 1 h of incubation at
70°C or 80°C. In the range of pH 2.0 to 13.0, significant inactiva-
tion appeared at lower or higher pH values (Fig. 3). Little to almost
no reduction in PFU was observed in 1-, 2-, and 3-h incubation
assays at pH 7.0 or in 1 h between pH 5.0 and 10.0. Phage titers
decreased below the detection limit (20 PFU/ml) after 1 h of in-
cubation at pH 2.0 or pH 13.0 and after 2 h of incubation at pH 3.0
and pH 13.0 but could be detected between pH 4.0 and pH 11.0
after 3 h of incubation. The results suggested that extreme pH
conditions affected the stability of phage Bp7.

Characterization of the Bp7 genome sequence. A random li-
brary of Bp7 phage was constructed by a shotgun library method
and sequenced (10-fold coverage). According to the morphology,
phage Bp7 is a member of the T4-like virus genus. Bp7 has a linear
double-stranded DNA (dsDNA) of 168,066 bp, similar to those
of phages T4 (168,903 bp; NC_000866), JS98 (170,523 bp;
NC_010105), and IMEO08 (172,253 bp; NC_014260). Phages T4,
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1 2 3 4 5§ 6 7 8 9
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FIG 3 Stability of Bp7 under different pH conditions. In the range of pH 2.0 to
13.0, approximately neutral conditions had little or no effect on phage Bp7,
while extreme pH conditions affected the stability of phage Bp7.
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JS98, and IMEO8 belonged to the T4-like virus genus (19). The
G+C content of Bp7 was 39.49%, which is slightly higher than
that of T4 (34.50%) but similar to those of JS98 (39.51%) and
IMEO8 (39.59%). The highest G+C content in the Bp7 genome
was 57%, located in the gp38 tail fiber gene (positions 77,158 to
77,949). The genome sequence of Bp7 had more than 90% homol-
ogy with those of JS98 and IMEO08 but displayed lower query cov-
erage with T4 (4).

Phage Bp7 harbored 791 ORFs, and 263 possible genes were
predicted by homology analysis in the Protein Data Bank (see
Table SA1 in the supplemental material). The shortest ORF con-
tained only 36 codons. Most of the predicated ORFs had an ATG
initiation codon, 7 began with GTG, and 5 began with TTG (data
not shown). To determine the number of T4-like phages that had
a homologous ORF with Bp7, the predicated ORFs were analyzed
with the DNA Master program, and the protein sequence of each
OREF was searched by BLAST against the NCBI database. In the
phage Bp7 genome, there were 199 ORFs that shared protein se-
quence identities with phage T4; the average identity was only
76.56%, but the average identities with JS98, JS10, and IMEO8
were more than 94%. There were 64 ORFs in phage Bp7 with no
match in phage T4. Significantly, 50 of the 64 ORFs in phage Bp7
shared protein sequence identity with JS98, JS10 (NC_012741), or
IMEO08; 13 of them shared protein sequence identity with phage
vB_EcoM-VR7 (NC_014792), SP18 (NC_014595), or STML-198
(AFU64017.1) (all of these phages belong to the T4-like phages);
and 1 ORF (ORF101) shared protein sequence identity (47%)
with a hypothetical protein of Nectria haematococca mpV177-13-4
(NZ_ACJF00000000.1). Only one ORF (ORF56) lacked any
match in the GenBank database (see Table SA1 in the supplemen-
tal material). Moreover, the Bp7 genome showed a gene arrange-
ment different from those of T4, JS98, and IMEO0S. Based on the
ACT comparison result, the genome of Bp7 could be divided into
two parts (ORF1 to ORF136 and ORF137 to ORF263), which were
reversed (a large-scale genome translocation) from the ORF ar-
rangement of phages T4, JS98, and IMEOS (Fig. 4). ORF136 (rIIA)
and ORF137 (rIIB) were predicted to be protective against pro-
phage-induced early lysis and were adjacent to each other in Bp7
(Fig. 5) but were separated and located at the two ends of the T4,
JS98, and IME08 genomes (Fig. 4). This indicated that phage Bp7
was a new member of the T4-like virus genus.

The annotated genes were clustered into 3 functional groups,
as we described previously (4). Notably, the major structural genes
were mainly located in a tight genome cluster downstream and on
the negative strand. In contrast, the DNA replication genes were
randomly located in all genomes and mainly located on the posi-
tive strand (Fig. 5). Interestingly, no tRNA was detected. Concrete
gene information, such as the position, size, molecular weight,
and putative function of each ORF of Bp7, is shown in Table SA1
in the supplemental material.

DISCUSSION

Colibacillosis can cause high mortality in chickens and bring huge
economic loss (1) and is very common in chickens, especially
broilers, in China. Nearly 2 billion chickens are slaughtered each
year in Shandong Province, located in east China, accounting for
more than 50% of the chicken market of China. In 2004, 35 E. coli
strains were isolated from chickens with clinical symptoms in the
province and subjected to antimicrobial susceptibility testing (Ta-
ble 1). Most strains were multidrug resistant. For example, 97% of
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them were resistant to erythromycin, 80% to ciprofloxacin, 71%
to norfloxacin, 57% to streptomycin, and 29% to gentamicin (de-
tailed data not shown). Zhang et al. (5) surveyed the resistance of
avian E. coli in north China and found that the highest resistance
rates were 84.76% to tetracycline and 70.12% to doxycycline; the
lowest resistance rate was 4.88% to minocycline. Multiresistance
is a worldwide problem and endangers the health of humans and
animals. Despite great advances in antimicrobial therapy, the
problem of multiresistance is still very serious. Phages are viruses
that kill bacteria. They are plentiful in nature, with no known
activity in human or animal cells, making them an attractive al-
ternative to antibiotics. Phage therapy is attracting more and more
attention, and it seems to be highlighted in the headlines of re-
search subjects recently (20, 21). The process of phage therapy for
pathogen control is largely dependent upon broad-range virulent
phages with rapid adsorptive properties and strong cell-killing
activity; furthermore, the phages must be capable of being mass
produced and stable during preparation and storage; third, the
phages must be safe and effective upon application (22).

Phage Bp7 was isolated from chicken feces and showed a wide
host range among pathogenic E. coli strains (46%). All 35 E. coli
strains used in the host range assay were isolated from different
chicken farms at different times and manifested different drug
resistance properties. Bp7 could infect several serotypes of E. coli,
such as 023, 024, 073, 078, 088, and 0157 (Table 1). O78 is a
main serotype of E. coli prevalent in chickens in China. Yang et al.
(23) verified that O78 was the most common serogroup identified
(63%) among the chicken E. coli isolates. Our study showed that
078 was the dominant serotype as the host of Bp7, because 45% of
the serotypes of the phage-sensitive clinical strains were O78, so
phage Bp7 should be effective in controlling chicken colibacillosis
in China. Phage Bp7 was identified as virulent for E. coli strains
because of the lytic effect at an MOI of 0.001. Bp7 exhibited rapid
adsorption (>99% adsorbed within 5 min [data not shown]), a
large burst size (90 PFU per cell), high stability at a wide range of
pH values, and lytic activity toward a broad range of E. coli strains
with different serotypes. Moreover, in our former research work,
28 E. coli strains were isolated from normal chicken intestines and
were tested for phage infectivity, and the results showed that all
but 1 strain revealed resistance to phage Bp7 (data not shown).
Since the receptors of phages on the bacterial cell wall are mainly
virulence factors (8), a phage-resistant bacterium would be less
virulent. It seemed that phage Bp7 could distinguish pathogenic E.
coli from nonpathogenic E. coli and had little influence on the
microbial flora of the animal body. Overall, phage Bp7 was remark-
able enough to be developed as an alternative to antimicrobials to
control the occurrence and spread of chicken colibacillosis.

In this study, the classification of Bp7 was analyzed. The clas-
sification of enterobacterial phages (especially T4-like viruses) was
first suggested by morphological similarity and later confirmed by
genomic comparison (24, 25). Phages with tails belong to the or-
der Caudovirales and are classified into three families: Myoviridae,
Siphoviridae, and Podoviridae (26). The T4-like viruses have been
morphologically described (25). Bp7 has an elongated icosahedral
head and contractile sheathed tails, which indicate that it is a T4-
like phage and is classified in the order Caudovirales and family
Mpyoviridae (19). The process of phage Bp7 host invasion was ob-
served by TEM, which showed an infecting mechanism similar to
that of T4 (Fig. 1). A genomic comparison was also used in phage
classification. About 40 T4-like phages have been sequenced and
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FIG 4 Comparison of the Bp7 genome with those of JS98, IME08, and T4. Regions with similarity are highlighted by connecting red or blue lines between the
genomes; red lines indicate homologous blocks of sequence, and blue lines indicate inversions. The gray bars represent the forward and reverse strands. Gene
arrangements and orientations were highly conserved among phages JS98, IME08, and T4, but the genome of Bp7 showed a large-scale genome translocation and
can be divided into two parts that are the reverse of the arrangement of phages JS98, IME08, and T4. As seen by the large red blocks connecting both genomes,

there is a smaller degree of similarity between Bp7 and T4.

annotated in the last several years. These phages were grouped
into 23 different types by the ORF composition of the T4 genome
(27). Lavigne et al. (25) identified four distinct subtypes with
>70% protein similarity among T4-like viruses, i.e., T4-type,
44Rr-type, RB43-type, and RB49-type viruses. The genome of Bp7
is about 168 kb, which is similar to those of other T4-like phages in
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size (25). Homology analysis of the Bp7 genome showed the high-
est similarity to phage IMEO8, followed by JS98 and JS10, which all
belong to the T4-like phages (28, 29). Genome analysis of Bp7 at
the amino acid level displayed a high degree of identity to genes
encoding structural function, DNA replication, and metabolism
from T4-like phages. Of 263 predicted genes of phage Bp7, a total
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FIG 5 Annotated genome map of bacteriophage Bp7. The genome can be read
from left to right and from top to bottom. ORFs with right arrows or left
arrows are genes on the positive or negative strand, respectively. The predicted
genes were classified into three groups based on their different functions, as
shown by different patterns: solid, phage structure and packaging gene;
hatched, DNA replication-, transcription-, and translation-related gene; cross-
hatched, host lysis gene; open, genes with unknown functions. The tRNA
coding region was not found. The numbers (1 to 263) show predicted ORFs
listed in Table SA1 in the supplemental material.

of 199 had amino acid identity with those of T4 (see Table SA1 in
the supplemental material). Based on these results, Bp7 was
closely related to phage T4 by genetic, as well as morphological,
characteristics and might have similar phage DNA metabolism
and morphogenesis systems.

We also tried to find the reason why Bp7 had such a wide host
range by genome analysis. The host interaction-associated genes
of Bp7 were analyzed. A BLAST search for lysis-associated genes of
Bp7 determined that the e, 111, sp, and ¢ (rIIA and rIIB) genes were
similar to those of T4 (73% to 93.9%), but the rI gene was not
found in Bp7. Bp7 contained three sets of T4-like fiber structures
with distinct functions: wac (whisker antigen control protein), tail
fiber (long tail fiber and short tail fiber), and base plate. These
structural genes indicated that Bp7 was closely related to the T4
phage (30). Phage-host interaction genes of T4 have been re-
ported. In these reports, the ac, gt, dam, pin, stp, and gol genes
appeared in the T4 genome but were not found in Bp7 (see Table
SA1 in the supplemental material). Since the Mpyoviridae are
mainly influenced by vertical evolution rather than by horizontal
gene transfer (25), how phage Bp7 evolved into a virus with a
broad host range remains unknown.
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The genome of Bp7 was compared with those of JS98, IMEQS,
and T4 in this study. Interestingly, phage Bp7 showed genome
division and rearrangement compared to phages T4, JS98, and
IMEO8. There was an obvious division located at position 67880.
The rIIA and rIIB genes were adjacent to each other in Bp7 (Fig. 5)
but were separated and located the two ends of the T4, JS98, and
IMEO8 genomes (Fig. 4). According to the Bp7 sequence, a pair of
primers (forward, 5'-TTA TGC TGA AGC CTT AGA CG; reverse,
5'-GCC AAT AGT AAC TTC AAC GG) were designed to test and
verify the division. A 581-bp fragment including position 67880
was amplified, which strongly verified that there was no error in
our sequencing results. The reason the Bp7 genome is arranged in
this way is unknown, but the arrangement of the genome makes it
functional. There was a report about a similar division and rear-
rangement phenomenon in the T4-like bacteriophage phiAS5
(31). The Bp7 genome analysis showed that it is a new member of
the T4-like virus genus, family Myoviridae.

Phages of the family Myoviridae have been successfully used in
phage therapy study (8, 32). The wide host range of phage Bp7
suggests its polyvalent nature and signifies its importance as an
alternative to antimicrobials for controlling drug-resistant E. coli
in chickens.
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