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We characterized two newly isolated myoviruses, Bp8p-C and Bp8p-T, infecting the ginger rhizome rot disease pathogen Bacil-
lus pumilus GR8. The plaque of Bp8p-T exhibited a clear center with a turbid rim, suggesting that Bp8p-T could transform into
latent phage. Lysogeny assays showed that both the two phages could form latent states, while Bp8p-T could form latent phage at
a higher frequency and stability than Bp8p-C. The genomes of Bp8p-C and Bp8p-T were 151,417 and 151,419 bp, respectively;
both encoded 212 putative proteins, and only differed by three nucleotides. Moreover, owing to this difference, Bp8p-C encoded
a truncated, putative actin-like plasmid segregation protein Gp27-C. Functional analysis of protein Gp27 showed that Gp27-T
encoded by Bp8p-T exhibited higher ATPase activity and assembly ability than Gp27-C. The results indicate that the difference
in Gp27 affected the phage lysogenic ability. Structural proteome analysis of Bp8p-C virion resulted in the identification of 14
structural proteins, among which a pectin lyase-like protein, a putative poly-gamma-glutamate hydrolase, and three proteins
with unknown function, were firstly identified as components of the phage virion. Both phages exhibited specific lytic ability to
the host strain GR8. Bp8p-C showed better control effect on the pathogen in ginger rhizome slices than Bp8p-T, suggesting that
Bp8p-C has a potential application in bio-control of ginger rhizome rot disease.

Bacteriophages (phages) are viral predators of bacteria that
propagate by infecting the host (1) and, based on the mode of

replication of the phage genome, they are classified as lytic or
lysogenic phages. To maintain the lysogenic state, phage gene ex-
pression is regulated by the phage lysogenic regulatory system.
The lytic switch mechanism of the temperate phage � has been
well studied (2), which illustrates the classical lysogen conversion
mechanism of � and similar phages. Several other strategies for
phage lysogenic conversion have also been observed. For example,
a single nucleotide mutation in the LexA-binding site of phage
SPC32H induces phage SPC32H to maintain the lysogenic state
(1). According Yoshihiko et al., a temperate phage, c-st, with a
linear genome can transform into a circular plasmid prophage in
the host, Clostridium botulinum, which provides phage c-st the
ability to exhibit unstable lysogeny (3). Meanwhile, the TubZ-like
plasmid segregation system protein encoded by c-st is essential for
partition of the prophage plasmid (4).

Plasmid segregation systems are essential for accurate partition
of large and essential plasmids to daughter cells during cell divi-
sion (5). The plasmid segregation system typically consists of three
components: a centromere-like DNA region, a small DNA-bind-
ing adaptor protein, and a nucleotide-driven motor protein with
NTPase activity. Based on the nature of the motor proteins, three
major classes of segregation systems have been identified to date
and can be described as ParA-like system (type I, ParABS system),
ParM-like system (type II, ParMRC system), and TubZ-like sys-
tem (type III). Among the three classes of plasmid segregation
systems described above, type III segregation system has been
studied in detail in phage c-st (4). A tubulin protein encoded by
phage 201�2-1 can form a spindle-like array in vivo, which facil-
itates the phage genome to locate the center of the cell and opti-
mizes phage reproduction (6). The ParMRC system is currently
the most well-characterized plasmid segregation system and has
been identified in numerous plasmids in Gram-positive and
Gram-negative bacteria (7); however, to our knowledge, no Par-
MRC system has been characterized in phages to date.

Bacillus pumilus, a Gram-positive bacterium belonging to the
B. subtilis group (8), has been widely used as a plant growth-pro-
moting rhizobacterium to prevent plant disease caused by patho-
genic bacteria and fungi (9). However, numerous B. pumilus
strains have also been reported to cause several human and plant
diseases (10, 11). B. pumilus strain, such as MB2 and MB4, isolated
from Egypt, can cause leaf blight of mango trees (12), and another
B. pumilus strain was found to be a pathogen of Asian pear tree leaf
and twig dieback (13). B. pumilus also causes some human disease
(10), such as acting as a bloodstream pathogen during infancy
(11). B. pumilus strain GR8 isolated from Shandong Province of
China was identified as an opportunistic pathogen of the ginger
rhizome rot disease (14) and causes serious losses of ginger pro-
duction in Shandong Province. Due to the ability of phages and
phage-derived endolysin in controlling bacterial pathogens,
phages are regarded as potential agents for plant disease control.
Before 1981, more than 33 different phages were reported to infect
B. pumilus, and a few more have been characterized since (15). In
addition, the genome of 10 B. pumilus phages have been charac-
terized to date (16, 17); however, the structural proteome of the
phage virion has not yet been analyzed.
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In this study, we characterized two newly isolated myoviruses,
Bp8p-C and Bp8p-T, infecting B. pumilus GR8, the pathogen
causing ginger rhizome rot disease (14), by physiological analysis,
genome sequencing, and structural proteomic analysis. Further,
we clarified the effect of actin-like plasmid segregation-associated
protein on phage lysogeny and revealed a direct relationship be-
tween the actin-like protein of the plasmid segregation system and
the lysogenic ability of phage.

MATERIALS AND METHODS
Phage isolation and genome DNA purification. B. pumilus strain GR8, a
ginger rhizome rot-causing pathogen, was isolated at our laboratory (14)
and was cultured in Luria-Bertani (LB) broth at 30°C. Soil samples were
collected from Shandong Province, China, where ginger rhizome rot dis-
ease is prevalent. Phage isolation, purification, and the efficiency-of-plat-
ing test were carried out by double-agar overlay assay as previously
described (18) with some modifications. B. pumilus strain GR8 was incu-
bated overnight, and a 0.1-g soil sample or rotted ginger rhizome sample
was added to the culture. After incubation for 8 h, the supernatant was
collected by centrifugation at 8,000 � g at 4°C for 30 min and filtered
through a 0.22-�m-pore-size filter. Next, a 100-�l sample, 200 �l of log-
phase B. pumilus GR8, and 4 ml of semisolid LB medium were mixed and
overlaid onto an LB agar plate. After several rounds of plaque purification,
a phage sample forming consistent plaques was regarded as pure. The
phage obtained was propagated by washing off the plaques formed on the
semisolid plate with SM buffer (0.58% [wt/vol] NaCl, 0.2% [wt/vol]
Mg2SO4, 50 mM Tris-HCl [pH 7.5]). The phage genome was purified by
phenol-chloroform extraction with protease K-sodium dodecyl sulfate
(SDS) treatment (19). For other analyses, the phage was purified by su-
crose density gradient centrifugation as previously described (20).

Electron microscopy. The purified phage suspension was deposited
on cuprum grids with carbon-coated Formvar film and stained with 2%
potassium phosphotungstate (pH 7.2) (21). After air drying, the sample
was observed using a transmission electron microscope (H-7000FA; Hi-
tachi, Tokyo, Japan) at an acceleration voltage of 100 kV.

One-step growth curve. A one-step growth curve and burst size assay
were carried out as previously described, with some modifications (22).
The phage was incubated with log-phase B. pumilus GR8 at a multiplicity
of infection (MOI) of 1.0, at 30°C for 30 min for phage adsorption. The
nonadsorbed phage was removed by centrifugation at 10,000 � g for 1
min, and the pellet was resuspended in 50 ml of LB broth. The phage titer
in the culture was determined every 30 min. The phage burst size was
determined, as previously described (22). To analyze the effect of different
MOIs on bacterial growth, B. pumilus GR8 was infected with phage at
different MOIs (0.01, 0.1, 1.0, and 10), and the absorbance of the culture
was determined at 600 nm every 30 min. All experiments were carried out
in triplicate.

Phage stability assay during storage. The purified phage was stored at
�80, 4, and 30°C, and the phage titer was determined by double-agar
overlay assay immediately and every week after storage.

Phage genome sequencing and bioinformatics analysis. The ends of
the phage genomes were analyzed by digestion with exonuclease III and
BAL 31 nuclease (TaKaRa, Shiga, Japan) (23). The genome was sequenced
using a GS FLX system (Roche, Basel, Switzerland) and assembled into
contigs using a GS de novo Assembler (Roche). The remaining gaps be-
tween the contigs of the phage genomes were filled-in via primer walking.
The coding sequences (CDSs) of the phage genomes were predicted using
the FGENE SV software (Softberry) and by visual inspection. The putative
function of each gene was predicted by performing a search in the Na-
tional Center for Biotechnology Information nonredundant (NR) and
CDD databases (24) using the basic local alignment search tool (BLAST).
The motif and functional domain composition of the predicted protein
were analyzed by searching the Pfam database (25) and by using HHpred
(26). Phage genome annotation was visualized by using CGview (27). The
COG (Cluster of Orthologous Groups) classifications of the proteins en-

coded by the phages were classified by using COGnitor (28). The genes
encoding the putative tRNAs were analyzed using tRNAScan (29). Tan-
dem repeat and insert sequences in the phage genome were analyzed by
using Tandem Repeat Finder (30) and ISfinder (31), respectively. Com-
parative genome analysis of the phages was carried out using Gepard (32),
Mauve (33), EMBOSS Stretcher (http://emboss.bioinformatics.nl/cgi-bin
/emboss/stretcher), and CoreGenes 3.0 (34). Genes with scores above 75
were regarded as core genes. The phylogenetic trees in the present study
were constructed using Mega 5.0 (35).

Lysogeny assay. To evaluate whether the phage could convert to the
latent state, B. pumilus strain GR8 was infected with the phage at an MOI
of 1.0. After incubation for 96 h, the culture was boiled at 85°C for 30 min
to remove vegetative cells and phage (36). The spore concentration was
determination by agar plate dilution method, and the positive spores con-
taining latent phage was identified by amplification of the gene orf27 in the
phage genomes.

Expression, purification, and functional analyses of gene orf27.
DNA manipulation was performed as previously described (37). Gene
orf27 from both phages, Bp8p-C and Bp8p-T, were amplified and inserted
into plasmid pET28a to construct recombinant plasmids. The primers
used were ORF27T-F/BamHI (5=-TAGGATCCATGTGCCCGGGGAGC
TAC-3=) and ORF27-R/SalI (5=-ATGTCGACCTAGCCCCCATAATGATC
AGC-3=) to amplify orf27-T from phage Bp8p-T and ORF27C-F/BamHI (5=-
TGGGATCCATGATCACAGTAGAGCATG-3=) and ORF27-R/SalI (5=-
ATGTCGACCTAGCCCCCATAATGATCAGC-3=) to amplify orf27-C
from phage Bp8p-C. The recombinant plasmids were transformed into
Escherichia coli strain BL21 to produce recombinant E. coli strains. The
proteins were expressed by induction with 0.4 mM IPTG (isopropyl-�-D-
thiogalactopyranoside) and the protein was purified by nickel-nitrilotri-
acetic acid chromatography (Ni-NTA columns; Qiagen, Dusseldorf, Ger-
many) and buffer exchanged into 25 mM Tris (pH 7.5), 300 mM NaCl,
5% glycerol, and 1 mM �-mercaptoethanol (38). The ATPase activity of
the proteins was determined by using an phosphate assay kit (E-6646)
from Life Technologies (Carlsbad, CA) according to the manufacturer’s
instructions. The polymerization ability of the proteins was determined
by analyzing the precipitation of the proteins as previously described (39).
Briefly, MgCl2 and ATP (Sigma, Milpitas, CA) were added to the protein
to final concentrations of 5 and 2 mM, respectively. After incubation at
30°C for 30 min and centrifugation at 10,000 � g for 20 min, the super-
natant and pellet fractions were separated by SDS–15% PAGE. A Western
blot was carried out with the protein using mouse monoclonal antibody
anti-His6 (2) (Roche) as previously described (40). ATPase activity assay
and determination of polymerization ability were carried out in triplicate.

Proteome analysis. Phage purified by source density gradient centrif-
ugation was resuspended in loading buffer (1% [wt/vol] SDS, 6% [wt/vol]
sucrose, 100 mM 1,4-dithiothreitol, 10 mM Tris-HCl [pH 6.8], 0.0625%
[wt/vol] bromophenol blue) and boiled at 90°C for 3 min (41). After
separation by SDS–12% PAGE, the gel was stained with Coomassie blue
and destained with water. A single visible band on the gel was excised, and
the protein was digested in situ with trypsin, followed by peptide elution,
chromatography, and MALDI-TOF-TOF MS (matrix-assisted laser de-
sorption ionization–tandem time of flight mass spectrometry) on an Ul-
traflex MALDI-TOF-TOF mass spectrometer (Bruker, Karlsruhe, Ger-
many) as described previously (42). The MS data were analyzed using
Mascot software, version 2.3.01, and Sequest software, version 1.2.0.208,
against a local database of all possible phage proteins.

Phage therapy for ginger rhizome rot disease caused by B. pumilus
infection. To study the efficiency of phages to control ginger rhizome rot
disease caused by B. pumilus GR8, each phage was tested at a concentration
range from 104 to 109 PFU/ml. The LaiWu Big ginger rhizome initiated
from sterile tissue culture was cut into 3-mm slices and placed onto sterile,
moistened filter-paper in a petri dish and inoculated with 100 �l of 108

CFU/ml, log-phase, bacterial suspension along with 100 �l of phage sus-
pension at different concentrations. After incubation at 30°C for 24 h,
disease severity ratings were evaluated as previous standards, where 1

Yuan et al.

340 aem.asm.org January 2015 Volume 81 Number 1Applied and Environmental Microbiology

http://emboss.bioinformatics.nl/cgi-bin/emboss/stretcher
http://emboss.bioinformatics.nl/cgi-bin/emboss/stretcher
http://aem.asm.org


denotes healthy tissue, 2 denotes slight (up to 20%) rot (slight discolor-
ation), 3 denotes moderate (up to 50%) rot (discoloration and tissue
breakdown), 4 denotes severe rot (50 to 75% of slice is affected), and 5
denotes complete rot (up to the entire slice is affected) (14). Sterile water
served as negative control, while bacterial suspension alone added to the
ginger rhizome slice was used as positive control. For each treatment, five
ginger rhizome slices were used, and the experiment was carried out in
triplicate.

Nucleotide sequence accession numbers. The genome of phages
Bp8p-C and Bp8p-T were deposited in GenBank database under acces-
sion numbers KJ010547 and KJ010548, respectively.

RESULTS
Isolation and identification of B. pumilus phages. Five samples
of rot ginger rhizomes and nine samples of surrounding soil were
collected from Shandong Province of China to isolate B. pumilus
GR8 phage. No phages were obtained from the rot ginger rhizome
samples in the present study; however, two phages with different
plaque morphology were isolated from the same soil sample. Of
these, one phage, named Bp8p-C, formed relative clear, 2-mm
plaques (Fig. 1A), while the other phage, named Bp8p-T, formed
plaques with clear center of �2 mm and a turbid rim (Fig. 1B).
The plaque features of phage Bp8p-T suggested that the phage
might be temperate phage.

Based on the morphology of the two phages examined by trans-
mission electron microscopy (Fig. 1C and D), Bp8p-C and Bp8p-T
were classified as members of the Myoviridae family. Each of the two
phages had an isometric head with a diameter of 88 nm, a 189-
nm-long contractile tail, a 60-nm-long tail needle, and a 20-nm-
long and 46-nm-wide baseplate. To date, a few phages of B. pumi-
lus have been isolated (17), while only one B. pumilus phage from
the Myoviridae family has been morphologically characterized
(16).

One-step growth curve and infective activity of phages
Bp8p-C and Bp8p-T. The one-step growth curve and infective
activity of phage Bp8p-C and Bp8p-T were determined (Fig. 2).
For Bp8p-C, the latent period was about 60 min, and calculated
burst size was about 91, which was higher than that of other
phages proposed for bacterial pathogen control (23), but lower
than that of the B. pumilus phage phiAGATE. In addition, the
multiplication period reached a plateau at about 180 min (Fig.
2A). For Bp8p-T, the latent period was also about 60 min as well,
while the calculated burst size was 11, which was significantly
lower than that of Bp8p-C. The phage titer of Bp8p-T after 240
min of infection was approximately equal to that of Bp8p-C at 180
min after infection, suggesting that the lysis of host strain infected

FIG 1 Morphology of phage plaques and virions. Morphology analyses show the morphology of plaques formed by Bp8p-C (A) and Bp8p-T (B) on double-agar
overlay plates and the virion morphology of phages Bp8p-C (C) and Bp8p-T (D). The phage virions were stained with potassium phosphotungstate and observed
using transmission electron microscopy.
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by Bp8p-T might be delayed (Fig. 2B). The infective activity assay
showed that the growth of host bacterium was obviously inhibited
with an increase in phage concentration, even at the lowest MOI
(Fig. 2C and D) for both phages. B. pumilus GR8 showed scarce
growth when the MOI values of Bp8p-C and Bp8p-T were higher
than 1.0 and 10, respectively. In addition, the optical density of the
bacterial cultures decreased at 150 min after phage infection due
to cell lysis triggered by phage release.

Host range and storage stability of phages Bp8p-C and Bp8p-T.
The host range of the two phages was tested on B. thuringiensis
strain CS-33, B. subtilis strain 168, B. cereus strain 411A, and B.

anthracis strain 63605 (19), in addition to 14 different B. pumilus
strains. The results showed that phages Bp8p-C and Bp8p-T could
only infect 7 of the 14 B. pumilus strains tested and exhibited the
same host range (see Table S1 in supplemental material). Neither
phage could infect strains from the other bacterial species. Due to
this specificity of Bp8p-C and Bp8p-T to infect B. pumilus, they
exhibit potential as agents for controlling ginger rhizome rot dis-
ease. A comparison of the properties between phage Bp8p-C and
Bp8p-T is shown in Table 1.

The storage stability assay revealed that phage Bp8p-C and
Bp8p-T was stable at 30°C for up to 14 days of storage, but the titer

FIG 2 One-step growth curve and infective activity of phages Bp8p-C and Bp8p-T. One-step growth curves of phages Bp8p-C (A) and Bp8p-T (B) were
determined. The infective activity of phages Bp8p-C (C) and Bp8p-T (D) on host strain B. pumilus GR8 was determined.

TABLE 1 Comparison of the characteristics between phage Bp8p-C and Bp8p-T

Phage name Plaque morphology Host range
Lysogenic
ability

Genome size
(bp) CDS no.

Gp27

Length
(aa)a

ATPase
activity

Assembly
ability

Bp8p-C Clear 7 B. pumilus isolates Low 151,417 212 197 Low Low
Bp8p-T Clear center, turbid rim 7 B. pumilus isolates High 151,419 212 248 High High
a aa, amino acids.
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quickly decreased thereafter. Although the stability at 30°C was
low, these two phages could maintain a high titer at 4°C after 4
months of storage, and 	90% of the phage exhibited infective
activity after 4 months of storage at �80°C.

Genomic characteristics of two new B. pumilus phages. Both
phages Bp8p-C and Bp8p-T showed a circular genome with a
G
C content of 41.15%, and the genome sizes were 151,417 and
151,419 bp, respectively. Genome analysis revealed that the ge-
nomes of the two phages were highly similar, except for two gua-
nine nucleotides inserted at positions 15999 to 16000 and one
mutation causing a nucleotide change from thymine to cytosine at
position 148412 in the Bp8p-T genome. A comparison of the ge-
nome characteristics between phage Bp8p-C and Bp8p-T is shown
in Table 1. Considering their high similarity, we have described
the genome characteristics of phage Bp8p-C only in detail. The
genome of phage Bp8p-C had 212 putative coding sequences
(CDSs) with an average length of 614 bp (Fig. 3; see Table S2 in

supplemental material). The average distance between consecu-
tive CDSs was 102.8 bp. Most of the CDSs were transcribed in
reverse, and 29 were transcribed in the forward direction, in which
26 were clustered. A comprehensive search of the NR database for
homologs of the 212 CDSs returned 180 significant matches (E-
value � 10�3), in which 44 CDSs only exhibited similarity to the
genes of B. pumilus Myovirus phiAGATE. ORFans is a cluster of
genes that are found in the genome of only one specific organism
or showing orthology with genes from a closely related organism
(43). We found 76 genes (35.8% of CDSs) that were specific for
Bp8p-C or only homologous with genes of phiAGATE, which
could be classified as ORFans and might provide Bp8p-C with
unique features.

To determine whether the proteins encoded by Bp8p-C ge-
nome fit with the intracellular environment of the host strain, the
predicted molecular mass and isoelectric point (pI) of the putative
proteins encoded by Bp8p-C genome were analyzed (Fig. 4A). The

FIG 3 Genome structure and comparative genome analysis of Bp8p-C. The outermost ring presents the CDSs of the circular Bp8p-C genome (blue) and the
adjacent two rings shows BLASTN homology between Bp8p-C and phiAGATE (pink), as well as between Bp8p-C and phiNIT (light green). The middle ring
indicates the G
C content (black), and the innermost ring represents the GC skew of Bp8p-C genome. The predicted functions of the CDSs are indicated.
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results showed that most of the putative proteins (72.6% of the
encoded CDSs) maintained a pI range between 4.0 and 7.0 with a
molecular mass of �60 kDa. Proteomic analysis of B. pumilus
revealed that B. pumilus intracellular proteins mainly exhibited a
pI range from 4.0 to 7.0 (44). The distribution of theoretical phage
protein pI fitted with the intracellular environment of the host
strain, which was critical for phage infection and propagation.
COG classification of the predicted phage proteins was performed
(Fig. 4B). Besides the proteins with unknown functions, the ma-
jority of the annotated proteins were associated with phage struc-
ture (16 CDSs), DNA replication, recombination and repair (14
CDSs), and transcription (7 CDSs), as well as nucleotide transport
and metabolism (5 CDSs). In addition, 19 putative proteins (9.0%
of the encoded CDSs) were involved in DNA processing (includ-
ing replication, repair, transcription, and nucleotide metabolism).
ORF172 in the Bp8p-C genome was annotated to encode a pectin
lyase-like protein, which could lyse the cell wall of the plant and
was associated with pathogenicity of the plant bacterial pathogen
(45). However, a previous report has indicated that a protein sim-
ilar to Gp172 encoded by phages might disrupt bacterial biofilms
and increase infective activity of the phage in bacteria (46). Based
on these studies, subsequent experiments need to be conducted to
evaluate the safety of phage-mediated plant pathogen control. The
host lysis associated protein-encoding genes (endolysin-encoding
gene orf155 and holin gene orf58), which are usually clustered
together and synergistically lyse the host cell wall to release mature
phages (47), were scattered in the Bp8p-C genome.

Phage Bp8p-C contained more tRNAs than some other phages
from the Myoviridae family (48). Five tRNAs, encoding tRNAMet,
tRNAHis, tRNAGly, tRNAPhe, and tRNAAsn were found in the in-
tergenic region of the Bp8p-C genome, while 2 of these overlapped
each other (Fig. 3; see Table S3 in supplemental material). In ad-
dition, eight insertion sequences, which belonged to the families

of IS3, IS4, and Tn3, as well as five tandem repeat sequences were
also found in the Bp8p-C genome (see Tables S4 and S5 in sup-
plemental material).

Comparative genome analysis. The genome similarities of the
Myoviridae phages from the Bacillus genus were analyzed, and the
results showed that phage Bp8p-C only exhibited high similarity
to phage Bp8p-T (99.99%) and phiAGATE (62.5%). The genome
of phage Bp8p-C also exhibited similarity to phage SIOphi
(47.8%), phiNIT (47.4%), and Grass (47.4%), while the similarity
to other Bacillus phages was low (Fig. 5A). A long terminal repeat
sequence was found in the genome of phage Bp8p-C and
phiAGATE by dot plot analysis of the genomes (see Fig. S1 in
supplemental material).

To analyze the evolutionary relationship, a phylogenetic tree
based on the whole genome sequence of 21 Myoviridae phages
from the Bacillus genus was constructed (Fig. 5B). The phyloge-
netic tree revealed that Myoviridae phages of the Bacillus genus
could be grouped into six clusters. Among these, phage Bp8p-C,
Bp8p-T, phiAGATE, SIOphi, phiNIT, and Grass were grouped
together as cluster 2. The dot plot and phylogenetic tree results
were consistent. The phages in cluster 2 exhibited higher similarity
than those in other clusters.

The proteomes of cluster 2 phages were analyzed using CoreGenes
3.0 software, and 89 proteins were found to be conserved in all six
phages of cluster 2 (Fig. 5C). The functions of these proteins were
mainly related to phage structure and DNA replication and repair, as
well as host lysis, which are essential to the phage life cycle. Although
phage Bp8p-C and phiAGATE exhibited high genome similarity at
62.5% and baseplate associated genes were found in both genomes,
the structure of the baseplate was only observed for phage Bp8p-C
virion (Fig. 1C) and not for phiAGATE (16).

Structural proteome analysis of phage Bp8p-C. The virion
proteins of Bp8p-C were separated using SDS-PAGE, and 32 vis-

FIG 4 Features of the proteome from Bp8p-C. (A) Theoretical molecular weight (Mw) and pI of putative phage proteins calculated by using the tool Compute
pI/Mw. Each point indicates the predicted pI and Mw of a single protein. (B) COG classifications of the predicted proteins encoded by Bp8p-C genome. The phage
structural associated proteins are indicated as phage structural protein.
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ible bands on the gel were analyzed by MALDI-TOF-TOF MS
resulting in the identification of 24 bands (Table 2; see Fig. S2 in
the supplemental material). Fourteen proteins were identified
from the 24 bands (Table 2), while the other eight bands showed
no corresponding protein encoded by the phage genome. Differ-
ent bands on SDS-PAGE were found to corresponding with the
same protein, this might be due to the degradation of phage pro-
teins. Among the bands identified, bands 19, 21, and 22 were an-
notated as hypothetical proteins (Gp126, Gp62, and Gp138). The

encoding genes of Gp126 and Gp138 were found in the genomes
of the Bacillus myovirus phages with high similarity, and these two
genes were found in phage Bp8p-C genome region that encoded
the phage structural protein. The identification of Gp62, Gp126,
and Gp138 on Bp8p-C virions suggested that these proteins were
phage structural proteins with unknown functions. Bands 7 and 9,
with the highest intensity from SDS-PAGE, were identified as the
tail sheath protein (Gp122) and the major capsid protein (Gp129),
respectively, which are major components of the phage virion

FIG 5 Comparative genome analysis of phage Bp8p-C. (A) Dot plot analysis of the Myoviridae family phages genome from Bacillus phages prepared using
Gepard. The genome sequences of 22 Bacillus phages are used, and the locations of phage genomes are indicated on each axis. The linearity regions between the
phage genomes are showed as a black line. (B) Phage phylogenetic tree based on the whole genome sequences of 21 Myoviridae phages of Bacillus. Phages
belonging to different clusters are indicated. (C) Core-genome analysis of the six phages belonging to cluster 2. The numbers of core genes for the six phages are
indicated in the central circle, and the numbers of core genes between adjacent phages are indicated in the cross regions.
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with high copy numbers. Gp172, which was annotated as pectin
lyase-like protein, was first identified from the phage virions. This
protein was the virulence factor of the plant pathogen and took
part in the infection of bacteria (45). The pectin lyase-like protein
was also reported to facilitate the phage infection (46). The iden-
tification of Gp172 on the phage virion made the use of phage
Bp8p-C in the control of ginger rhizome rot disease controversial,
and the function of Gp172 needs to be further studied. Another
protein, Gp173, which was annotated as poly-gamma-glutamate
hydrolase, was also first identified as the structural protein of
phage. Poly-gamma-glutamate hydrolase can hydrolyze extracel-
lular poly-gamma-glutamate produced by bacteria and facilitate
phage infection (49).

Phage lysogeny. The plaques formed by phage Bp8p-T exhib-
ited a clear center and a turbid rim (Fig. 1B), suggesting that
Bp8p-T could convert to lysogenic state after infection. To evalu-
ate the lysogenic converting ability of phage Bp8p-C and Bp8p-T,
strain GR8 was separately infected with the two phages at an MOI
of 1.0. After incubation for 4 days, the spores were quantified, and
the lysogenic conversion rate was determined by PCR amplifica-
tion of gene orf27, which revealed that orf27 was present in both
phage genomes but not in the genome of GR8 (Fig. 6A). Com-
pared to the control strain GR8, the spore concentrations of strain
GR8 infected by the two phages were visibly decreased, and the
spore concentration of strain GR8 infected by phage Bp8p-T was
higher than that by phage Bp8p-C. PCR amplification of phage
gene orf27 showed that the number of positive spores (2.1 � 106

spores/ml) from the Bp8p-T-infected strain was also visibly higher
than that from Bp8p-C-infected strain (3.83 � 104 spores/ml)
(Fig. 6B). The results suggest that both phages could show latency
in GR8, whereas Bp8p-T had higher lysogenic conversion ability
than Bp8p-C.

To determine the stability of the lysogenic state, strain GR8
isolates, GT32 with latent Bp8p-T and GC7 with latent Bp8p-C,
were selected. After incubation for 8 h, plaques from the GT32
supernatant were turbid, while that from the GC7 supernatant
were clearer. In contrast, no phage was detected from the super-
natant of GR8 (Fig. 6C). The plaque morphology from GT32 and
GC7 supernatants were similar to that formed by phages Bp8p-T
and Bp8p-C, respectively. The growth curves of stains GR8, GT32,

and GC7 were assayed (Fig. 6D). The lysogen GT32 and GC7 grew
more slowly and weakly than GR8. Compared to GR8, the expo-
nential phase of strain GT32 was delayed about 60 min, but for
strain GC7 no typical growth curve was observed, and a slight
increase in biomass was observed from 150 to 240 min postinfec-
tion. After 240 min, the release of the newly propagated phage
Bp8p-C caused the lysis of GC7, while Bp8p-T exhibited higher
stability as a lysogenic phage.

Functional analysis of phage-encoding ParM-like proteins.
Two proteins, Gp27-C and Gp27-T, encoded by the genomes of
phage Bp8p-C and Bp8p-T, respectively, were annotated as ParM-
like protein, which was similar to the plasmid segregation actin-
like motor protein in bacteria. Compared to Gp27-T, two missing
guanine nucleotides led to a frameshift mutation of GP27 and
encoded a truncated Gp27-C (see Fig. S3 in the supplemental ma-
terial). Although the genes encoding ParM-like proteins were
found in the Bacillus phage genomes with high similarity (Fig. 7A),
the exact function of the protein was still unknown. To analyze the
function of Gp27-C and Gp27-T, the two proteins were expressed
and purified. ATPase activity assay revealed that the Gp27-T had
5-fold-higher ability than Gp27-C to hydrolyze ATP (Fig. 7B),
while sedimentation analysis demonstrated that the assembly abil-
ity of Gp27-T was also higher than that of Gp27-C (Fig. 7C; Table
1). These results suggest that the truncation of Gp27 resulted in
reduction of the ATPase and polymerization abilities, while the
truncation of Gp27-C allowed phage Bp8p-C to convert easily
from latent to lytic phase and resulted in a change in phage phe-
notype (Fig. 1A and B). The ParMRC plasmid segregation systems
of bacteria requires a DNA-binding protein that tethers the plas-
mid to the motor protein to mediate partition (5). A small gene
orf26 encoding a putative protein containing the helix–turn-helix
(HTH) motif that is present in DNA-binding protein (50) was
found upstream of orf27 with a 77-bp overlap (Fig. 7D). Based on
the location, the small encoding product (110 amino acid resi-
dues), and the existence of HTH motif, Gp26 was a possible can-
didate as a ParR adaptor for Gp27.

Phage therapy for B. pumilus infection. Due to the specificity
of Bp8p-C and Bp8p-T to infect GR8, they exhibit potential to
control ginger rhizome rot disease. To evaluate the ability of the
two phages to control ginger rhizome rot disease caused by B.

TABLE 2 Characteristics of the Bp8p-C virion-associated protein identified by MALDI-TOF-TOF MSa

Gene product Band no.
Molecular mass
(kDa)

No. of
peptides

Coverage
(%) Predicted function

Gp62 21 43.2 6 17.0 Hypothetical protein
Gp99 1, 2, 4, 5 121.9 48 54.3 Tail protein
Gp101 23 52.3 2 5.4 Baseplate protein
Gp103 24 25.9 2 6.5 Baseplate protein W
Gp108 20 22.1 3 6.3 Minor structural protein 2
Gp111 17 21.0 2 15.8 Tail lysin 1
Gp112 3 132.0 5 4.9 Tail lysin 2
Gp122 7, 8, 12-15 62.1 38 64.1 Tail sheath protein
Gp126 19 31.6 3 9.3 Hypothetical protein
Gp129 9, 10-12, 16, 18, 19 52.1 20 53.0 Major capsid protein
Gp132 10 62.6 2 5.4 Portal protein
Gp138 22 19.9 2 12.0 Hypothetical protein
Gp172 4, 6 58.4 4.3 9.0 Pectin lyase-like protein
Gp173 21 22.07 4 33.7 Poly-gamma-glutamate hydrolase
a For each gene product (Gp), the corresponding band number(s), the molecular mass, the number of peptides identified, the coverage of the identified peptides against the protein
sequence, and the putative protein function are listed in Fig. S3 in the supplemental material.
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pumilus GR8, the phages were added onto the ginger rhizome
slices infected by GR8. The disease severity ratings of the ginger
rhizome slices decreased with an increase in phage concentration
(Fig. 8). Only mild rot symptom was observed when the concen-
trations reached 108 PFU/ml for phage Bp8p-C and 109 PFU/ml
for Bp8p-T. The control effect by Bp8p-C on rotting of ginger
rhizome slices was higher than that by Bp8p-T when the phages
were used at the same concentration. Based on the results, phage
Bp8p-C might be more effective in the control of ginger rhizome
rot disease than phage Bp8p-T.

DISCUSSION

In this study, we characterized the physiology, genome sequences,
structural proteome, and lysogenic ability of two phages, Bp8p-C
and Bp8p-T, as well as explored the mechanism of actin-like pro-
tein affecting phage unstable lysogeny. Although the two phages
exhibited different phenotypes in the plaque morphology, there
were only three different nucleotides between their genomes. One
nucleotide, located upstream of the long terminal repeat region,
had no impact on any proteins encoded or regulatory systems. The
deletion of two guanine nucleotides in the Bp8p-C genome led to
a truncated Gp27, which is a putative plasmid segregation-associ-
ated actin-like protein.

The plasmid segregation system is essential for the segregation
of some essential plasmids and some plasmids with low copy
numbers. In prokaryotes, the actin-like filamentous proteins al-
low accurate distribution of the plasmids in daughter cells during
cell division (51). Actin-like proteins have also been found in sev-

eral phage genomes such as that of C. botulinum phage c-st (3),
B. megaterium phage G (52), Pseudomonas chlororaphis phage
201�2-1 (6), and B. pumilus phage phiAGATE (16). The actin-like
protein encoded by c-st genome belongs to the type III plasmid
segregation system and has been regarded as one of the factors
causing unstable lysogeny. However, no experimental data have
been reported about the role of the protein in regulating lysogeny
in phage c-st. Based on the statistical relationship between the
temperate feature and the existence of the parA and parB genes,
one study on mycobacteriophages has also led to the speculation
that the existence of plasmid segregation-associated protein was
responsible for phage lysogeny (53). In that study, the difference
between the putative plasmid segregation-associated actin-like
proteins, Gp27-C and Gp27-T, encoded by phage Bp8p-C and
Bp8p-T, respectively, led to different phenotypes of phage lysog-
eny. Based on previous reports and the results of the present study,
the actin-like protein encoded by phage can regulate the life cycle
of the phage. We speculated that the putative plasmid segregation
system encoded by phage genome was helpful in leading the phage
genomes to distribute into daughter cells as phage-plasmids. This
strategy for phage genome will interdict the process of phage par-
ticle synthesis and finally lead to “pseudolysogeny” (3). The trun-
cation of the putative actin-like plasmid segregation-associated
protein encoded by Bp8p-C genome caused a reduction in protein
function, and the phage genomes were packed into the phage cap-
sid with a higher frequency. The experimental data demonstrate a
direct relationship between the actin-like protein and the phage
lysogenic ability. The finding that the truncated putative actin-like

FIG 6 Assay of lysogeny converting ability of the phage. (A) Detection of orf27 in genomes of strain GR8 and strains infected with phages Bp8p-C or Bp8p-T by
PCR amplification. Sterile water was used as control. (B) Determination of lysogeny converting ability of phages Bp8p-C and Bp8p-T. After infection by the
phage, the number of spores formed and the calculated number of strains with latent phage were evaluated. The experiment was carried out in triplicate and
average values are indicated. (C) Plaques formed by adding the supernatants of GT32, GR8, and GC7. Gradient dilutions of 8-h culture supernatants of GR8,
GC7, and GT32 were tested. For each spot, a 1-�l sample was added. GT32 and GC7 indicate phage-infected strain GR8, infected by latent phage Bp8p-T and
Bp8p-C, respectively. (D) Growth curves of bacteria. The small graph shows the growth curves from 150 to 300 min by magnifying the vertical axis. GR8 indicated
the growth curve of uninfected strain GR8, and T32 and C7 indicated the growth curves of strains GT32 and GC7 with phages Bp8p-T and Bp8p-C latent,
respectively.
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plasmid segregation-associated protein affected the phage lyso-
genic ability revealed a conceivable novel unstable lysogenic
mechanism for the phage.

Lytic phages propagate by infecting bacteria and causing lysis
of the host cells, whereas lysogenic phages can remain latent
within the host cells (1). The constituents of phage, mainly com-
posed of proteins and nucleic acids, result in its instability (54). As
the viral predator of bacteria, species conservation of the host
strain is essential for phage survival. By converting to the lysogenic
state, the phage can achieve species conservation by replicating as
part of the host chromosome or as individual plasmid. One im-
portant characteristic of Bacillus strains is the formation of spores
for survival during adverse growth conditions. Because of its abil-
ity to convert into latent phage, the Bacillus phage can achieve
species conservation by incorporating itself into the host spore.
The putative plasmid segregation protein is widely found in the
genome of Bacillus myovirus (16, 55) and might be a common
survival mechanism of the Bacillus myovirus. A further functional
analysis of the putative phage-encoding plasmid segregation pro-
tein in vivo will illustrate how the protein regulates the state of
phage genome, whether the phage genomes are packaged into
phage capsids or distribute into daughter cells as phage-plasmid
during cell division.

FIG 7 Functional analysis of ParM-like proteins encoded by phage Bp8p-C and Bp8p-T genomes. (A) Phylogenetic tree based on the amino acid sequences of
ParM-like proteins from Bacillus phages. (B) Determination of ATPase activity of GP27-C and GP27-T. A final concentration of 0.5 �M protein was used, with
buffer serving as a control. (C) Sedimentation analysis of Gp27-C and Gp27-T assembly. After assembling for 30 min and centrifugation, the supernatant (S) and
the pellet (P) of the proteins were separated and analyzed by Western blotting. Proteins without ATP (noATP) were used as controls, and the percentages of
protein in pellet fractions are indicated. (D) Gene organizations of the putative plasmid segregation associate systems found in Bp8p-C and Bp8p-T genome. The
predict promoters (P27L) are indicated with curved arrows, while mutations of orf27 are indicated in gray. The locations of the mutation site in orf27 are indicated
between two black vertical lines.

FIG 8 Therapy of ginger rhizome slices rot with Bp8p-C and Bp8p-T. Each
ginger rhizome slice was and later infected with 100 �l of log-phase B. pumilus
GR8 cell suspension at a concentration of 108 CFU/ml for 5 min and subse-
quently 100 �l of phage suspension at different concentrations. For the blank
control (indicated as Con), 100 �l of sterile water and 100 �l of SM buffer were
added.
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Phages encode certain proteins to facilitate infection. In the
present study, two proteins were identified in the virion proteome
of Bp8p-C that could possibly have similar functions. One was a
poly-gamma-glutamate hydrolase, which has been reported to
cause hydrolysis of the extracellular poly-gamma-glutamate pro-
duced by the bacterium (49), and the other was a pectin lyase-like
protein, which can disrupt the bacterial biofilm by degrading the
matrix polysaccharides (46). Despite the function of pectin lyase-
like protein as virulence factor of plant-pathogenic bacteria, both
proteins may facilitate the infection of the phage. Similar proteins
are also found to be encoded by several other phages (16), suggest-
ing that these two genes are extensively found in the genome of
Bacillus phages, and this might be an adaptive mechanism for the
Bacillus phages to infect their host strains.

The annotation of ORFs with unknown function is one of the
major challenges of phage molecular biology. Three proteins
(Gp62, Gp126, and Gp138) with unknown functions were found
to be the components of phage virion by proteomic analysis, sug-
gesting that these three proteins were potential phage structural
proteins. Although the exact function of the three proteins are still
unclear, our proteomic analysis here has provided useful informa-
tion for their functional annotation.

Due to the ability to lyse plant-pathogenic bacteria with high
specificity, several phages are regarded as promising agents for
plant disease control. Phages Bp8p-C and Bp8p-T exhibited high
activity in controlling ginger rhizome rot disease. Compared to
other phages used for bacterial pathogen control (56), Bp8p-C
showed a larger burst size, which would benefit its application in
ginger rhizome rot disease control. However, the identification of
a pectin lyase-like protein on the phage virions made the use of
these two phages controversial. With respect to the bacterium, a
pectin lyase-like protein-encoding gene carried by the phage
might enhance the fitness of the host strain by serving as a bacterial
virulence factor to increase the infection ability of the host strain
(57), but from the vantage point of the phage, pectin lyase-like
protein might enhance the infection by the phage. Studies on the
function of pectin lyase-like protein will illustrate whether these
two phages are suitable for direct application without further ma-
nipulation or a genetic modification of the phage will help over-
come this challenge.
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