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Abstract

In this study, we report a rapid cloning strategy for large native plasmids via a contig linkage map by BAC libraries.
Using this method, we cloned a large plasmid pBMB165 from Bacillus thuringiensis serovar tenebrionis strain
YBT-1765. Complete sequencing showed that pBMB165 is 77,627 bp long with a GC-content of 35.36%, and
contains 103 open reading frames (ORFs). Sequence analysis and comparison reveals that pBMB165 represents a
novel plasmid organization: it mainly consists of a pXO2-like replicon and mobile genetic elements (an inducible
prophage BMBTP3 and a set of transposable elements). This is the first description of this plasmid organization
pattern, which may result from recombination events among the plasmid replicon, prophage and transposable
elements. This plasmid organization reveals that the prophage BMBTP3 may use the plasmid replicon to maintain its
genetic stability. Our results provide a new approach to understanding co-evolution between bacterial plasmids and
bacteriophage.
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Introduction

The Bacillus cereus sensu lato (Bc) group are rod-shaped
gram-positive bacteria that are ubiquitous in the natural
environment. The strict B¢ group includes Bacillus anthracis,
Bacillus cereus, and Bacillus thuringiensis. Since the Bc group
bacteria are highly genetically homogeneous, the plasmids,
especially large ones, usually carry pathogenicity-related and
other functional genes, and play very important roles because
of their different phenotypic properties [1].

As a mammalian pathogen, the ability of B. anthracis to
cause anthrax originates from two large plasmids. The 182 kb
plasmid pXO1 encodes the anthrax toxin genes, edema factor,
lethal factor, and protective antigen, while the gene products
from pXO2 (95 kb) synthesize an antiphagocytic poly-D-
glutamic acid capsule [2]. B. cereus is well known as an
important food contaminant, which can induce an emetic or a
diarrheal type of food-associated illness [3]. It has been shown
that the 24 kb cereulide synthetase gene cluster, which
synthesizes the cereulide toxin that causes the emetic illness,
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is located on a large plasmid, pCER270 [4]. B. thuringiensis
produces insecticidal crystals during its sporulation phase, and
these crystal proteins are toxic to insect larvae, nematodes,
mites, and protozoa [5]. Most of the reported crystal protein
genes (cry) are located on large plasmids, except cry55Aat
and cry6Aa2, which are located on a 17.7 kb plasmid,
pBMB0228 [6,7]. The gene clusters that synthesize
Thuringiensin and Zwittermicin A are also located on large
plasmids in B. thuringiensis [8-10]. Therefore, large plasmids
are key components of the Bc group genome that usually
enhance their hosts, pathology-associated bacteria, with the
ability to acclimate and develop their environment [11].

With completed cloning and sequencing, researchers have
found many more pathogenicity-related genes on the plasmid
pBtoxis [12]. Whole sequence analysis has shown that several
plasmids in different pathology-associated Bc group bacteria,
with hosts ranging from humans to insects, have a high degree
of similarity with the virulence plasmids pXO1 and pXO2 from
B. anthracis. This reveals the widespread distribution of pXO1-
and pXO2-like plasmids in the environment. pXO2 has an
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active evolutionary process, which may help in understanding
the origin and evolution of the plasmids among Bc group
bacteria [1,13,14]. These findings indicate that complete
cloning and sequencing of large plasmids is especially
important for studies on pathogenic bacteria.

Previously, we identified a 20 kb fragment harboring the
replicon ori165 of the plasmid pBMB165 from B. thuringiensis
serovar tenebrionis YBT-1765. This is homologous to the
pAMB1 family replicons, especially the pXO2 replicon [15].
Differing from the typical pXO2-like plasmids pXO2, pAW63
and pBT9727, the 20 kb fragment of pPBMB165 belongs entirely
to a mobile genetic element. The density of transposon genes
around the replicon indicates that pBMB165 may be a special
pXO2-like plasmid. Here, we present a genomic BAC cloning
strategy for complete cloning and sequencing of the large
plasmid pBMB165. BAC clones provided an efficient way to
completely clone, link and sequence the contigs. The complete
sequence of pBMB165 showed a completely different
organization to other plasmids. It consists of mobile genetic
elements, including a 50 kb inducible prophage BMBTP3 and a
23 kb region rich in transposable elements, as opposed to the
virulence and conjugation genes carried by other pXO2-like
plasmids. This novel organization of pBMB165 provides a new
outlook for understanding the origin and flexibility of bacterial
plasmids and prophages during the process of evolution.

Materials and Methods

Bacterial artificial chromosome (BAC) library
construction

The construction of the total plasmid and genomic BAC
libraries of YBT-1765 were carried out as previously reported,
and the average effective insert fragment was approximately
60 kb [16].

DNA restriction enzyme digestion and Southern
hybridization

The phage DNA extraction, digestion and Southern
hybridization were performed according to the methods
described by Smeesters and colleagues [17], and Sambrook
and Russell, respectively, using the Roche DIG High Prime
DNA labeling and detection starter kit | [18].

Sequencing and analysis

Terminal sequencing of the clones and sub-clone
sequencing were performed in Beijing AuGCT Biotechnology
Co., Ltd by Sanger sequencing on a 3730XL DNA Analyzer
system (Applied Biosystems). Genes and proteins were
predicted and annotated by the Prokaryotic Genomes
Annotation Pipeline (PGAAP) software packages from NCBI
(http://www.ncbi.nlm.nih.gov/genomes/static/Pipeline.html).
Plasmid comparison was performed by the Easyfig program
[19]. The insert sequence (IS) analysis was performed by IS-
FINDER (https://www-is.biotoul.fr/).
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Figure 1. Circular representation of plasmid pBMB165 and
graphical representation of the annotation and the
structure of the prophage BMBTP3. The inner circle
represents the GC bias [(G - C)/(G + C)], with positive and
negative values in reddish brown and cobalt blue, respectively;
the second circle represents the GC-content, with positive and
negative values in grey and black, respectively; and the outer
circle represents the predicted genes on the reverse and
forward arrows. The pXO2-like replicon is highlighted with a
green arching frame. Regions of transposon and prophage
BMBTP3 are annotated beside the corresponding arrows and
separated by straight lines. The main functional genes of
BMBTP3 are annotated above the extended corresponding
arrows at the bottom. Different structural and functional regions
are annotated and separated by vertical lines. Color coding for
the genes is as follows: olive green, plasmid replication; deep
green, prophage replication; deep yellow, plasmid stabilization
system; orange, regulatory; red, a predicted camelysin; blue,
mobile DNA; purple, phage related; grey, hypothetical protein.
The outer scale is marked in kilobases.

doi: 10.1371/journal.pone.0081746.g001

Nucleotide sequence accession number

The full-length 77,627 bp pBMB165 sequence and
annotation (Figure 1) has been deposited in the GenBank
database under accession number CP002178.

Results and Discussion

Complete cloning of pBMB165 with a contig linkage
map by BAC libraries

B. thuringiensis YBT-1765 has three plasmids, and the
largest one is pBMB165 (Table 1, [15]). Previously, we
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constructed the total plasmid and genomic BAC libraries of
YBT-1765, and obtained a 20 kb replication-related fragment
[15]. To completely clone the plasmid, we designed a set of
PCR primers according to the BAC clones (Table S1), and
screened the libraries. After three rounds of screening we
obtained 16 BAC clones, including five plasmid BAC clones
and 11 genomic BAC clones (Table 1). By comparing the
BamHI| and/or Hindlll restriction profiles of the inserted
fragments, we constructed their linked overlapping relationship,
and subsequently created a physical map of pBMB165 (Figure
S1). Finally, we selected two clones for DNA sequencing,
pBMB165B8 and pBMB165B11, with insert DNA sizes of 69 kb
and 35 kb, respectively, which covered the entire pBMB165
plasmid. After sequencing and assembling, the clones
pBMB165B8 and pBMB165B11 covered the entire genome of
pBMB165 (77,627 bp).

As large plasmids always have a low copy number and
contain many repeat sequences, we used the BAC clones to
construct the linked scaffolds and finally completely cloned the
large plasmid pBMB165. The entire sequence of pBMB165
could also be accurately assembled by sequencing the BAC
clones. This method of cloning using a whole genome BAC
library is not limited to cloning large plasmids, but can also be
used to clone other large fragments, such as lysogenic phage
[20], the biosynthetic gene cluster of Zwittermicin A [10], and
Thuringiensin [9]. Using the selected BAC clones, we validated
the function of the biosynthetic gene cluster of Zwittermicin A
[10] and Thuringiensin [9].

In this work, we found that the genomic BAC library showed
a better coverage than the plasmid library. This is due to that
we did not extract a high quality total plasmid DNA of B.
thuringiensis YBT-1765. As in theory, the plasmid library with a
high quality of plasmid DNA must be better than the total
genomic DNA library for the plasmid cloning. Even there are
some excellent works which described B. thuringiensis plasmid
extraction [21,22], in our previous work we suffered that
extraction of complete and total plasmids from B. thuringiensis
is a hard work, especially from those B. thuringiensis strains
with many plasmids and large plasmids (data not shown).
Considering the complication of the B. thuringiensis plasmid
content and for the researchers who cannot prepare a high
quality total plasmid DNA, the genomic BAC library would
taken as an alternative method for the large plasmid cloning
despite a possible lower frequency of screening.

Sequence analysis revealed pBMB165 consists of
abundant mobile genetic elements

Sequence analysis showed that pBMB165 is a circular
77,627 bp plasmid with a GC-content of 35.36%, which is
similar to the genome of the Bc group. It encodes 103 open
reading frames (ORFs), with an average ORF length of 754 bp
(Figure 1). There are 71 predicted ORFs that have similarity to
proteins with known functions. Our previous work
demonstrated that the replicon of pBMB165 consists of a
replication initiation protein (Rep165, ORF005), an origin of
replication (ori165), and a region of iterons, which belongs to
the pAMB1 family with high homology to the pXO2 replicon.
ORF015 and ORF020 were shown to be involved in plasmid
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Table 1. Bacterial strains and plasmids used in this study.

Insert
Fragment Library

Strains Organism Plasmids Size (kb) Type Reference
pBMB165,
pBMB175 and a
YBT-1765 L . [15,31]
thuringiensis  uncharacterized
plasmid
Total
EMB165A1  E. coli pBMB165A1 16 This work
plasmid
Total
EMB165A2 E. coli pBMB165A2 20 . This work
plasmid
Total
EMB165A3 E. coli pBMB165A3 42 . This work
plasmid
Total
EMB165A4 E. coli pBMB165A4 52 This work
plasmid
Total
EMB165A5 E. coli pBMB165A5 58 . This work
plasmid
Total
EMB165B6 E. coli pBMB165B6 58 This work
genome
Total
EMB165B7  E. coli pBMB165B7 55 This work
genome
Total
EMB165B8 E. coli pBMB165B8 69 This work
genome
Total
EMB165B9 E. coli pBMB165B9 25 This work
genome
Total
EMB165B10 E. coli pBMB165B10 15 This work
genome
Total
EMB165B11 E. coli pBMB165B11 35 This work
genome
Total
EMB165B12 E. coli pBMB165B12 27 This work
genome
Total
EMB165B13 E. coli pBMB165B13 35 This work
genome
. Total X
EMB165B14 E. coli pBMB165B14 35 This work
genome
Total
EMB165B15 E. coli pBMB165B15 25 This work
genome
: Total i
EMB165B16 E. coli pBMB165B16 40 This work
genome

doi: 10.1371/journal.pone.0081746.t001

stability [15]. Interestingly, as well as the replicon, pBMB165
consists of abundant mobile genetic elements, divided into two
parts (Figure 1). The first part consists of an approximately 50
kb prophage-related region, named BMBTP3 (76 ORFs,
ORF035-410), and the second part is a nearly 23 kb mobile
region that gathers around the replication region (27 ORFs,
ORF005-030, and ORF430-540).

The BMBTP3 region has 47 ORFs that are predicted to be
phage-related proteins (Table S2). 16 ORFs encode structure-
related proteins, and thus form a “morphogenesis” module
(Figure 1). This module includes the minor structural protein
(ORF040), tail fiber protein (ORF045), tail tape measure
protein (ORFO050), structural protein (ORF060), head-tail
adaptor (ORFO075), scaffold protein (ORF095), minor head
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protein (ORF0110) and portal protein (ORF115). The “DNA
packaging” module consists of the large and small terminase
subunits (ORF120-125); and the ‘“replication and lysogeny”
module consists of 49 ORFs with functions in replication,
transcription, regulation and recombination. The “lysis” module
encodes three proteins involved in cell lysis (ORFs 390-405),
two integrases (ORF035 and ORF410) and an insertion
sequence element IS5 (ORF395). This shows that the
BMBTP3 region contains all the integral components of a
phage, and implies that it might be functional (Figure 1).

In the replicon and transposon region, 16 ORFs belonged to
the transposon family, including 5 IS elements (Table S3) and
a cluster of four ORFs (ORFs 425-440), which have 99%
identity with the class Il transposable element Tn5401, in
addition to two 53 bp terminally inverted repeats (Table S2: the
four ORFs correspond to tnpA, tnpl, orf1, and orf2, respectively
[23]). This region also includes some transcriptional regulators
and DNA/RNA binding proteins, and a putative pathogenic
factor camelysin (ORF470, Table S2), which may enhance the
toxicity of the Cyt proteins [24,25]. The existence of camelysin
indicates that pBMB165 may play an important role in the
toxicity of B. thuringiensis YBT-1765.

Comparative analysis reveals that pPBMB165 is a
special pX02-like plasmid

As mentioned above, the replicon of pBMB165 has
homology with the plasmids pX02, pAW63 and pBT9727 [15],
but the ORF annotation shows that there is a high density of
transposon genes around the replicon of pBMB165, making it
significantly different to pXO2-like plasmids. Whole plasmid
comparative analysis shows that in the public databases,
pBMB165 has a homologous transposon region to the large Bc
plasmid pBc239 (Figure 2B), and the BMBTP3 region is almost
identical to three reported homogenous Siphoviridae family
bacteriophages, SpaA1, BceA1 and MZTP02 (Figure 2A). As
the phages SpaA1 and BceA1 all have a mosaic genome
within another phage MZTPO02 [26], the ORF annotation and
the comparison both show that BMBTP3 has the same
structure as these phages in the morphogenesis and DNA
packaging modules, but a totally different structure in the
replication, lysogeny and lysis modules (Figures 1 and 2A).
This implies that the large plasmid pBMB165 is not an ordinary
pXO2-like plasmid, but has a novel organization consisting of a
pXO2-like family replicon, a prophage BMBTP3 region, and a
series of widespread transposons carrying some functional
genes.

This indicates that the commonly descended plasmids may
have adopted exogenetic DNA during their long evolutionary
history. Alternatively, the plasmids may actively influence the
parasitic hosts to maintain a better existence. Although they
share the same replication origin, pXO2 carries pathogenic
factors [2], and pAW63 and pBT9727 are both conjugative
[27,28]; however, these phenotypes are directly or indirectly
necessary to ensure the widespread of the plasmids
throughout the population. In the case of plasmid pBMB165, it
remains unclear how the transposable elements and prophage
help to stabilize the plasmid during the evolutionary process,
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Figure 2. Comparison of pBMB165 and homologous
plasmids and phages by Easyfig alignment. Coding
Sequences (CDSs) are represented by colored arrows.
Predicted functions/homologies are indicated by the color key
featured below. The pXO2-like replicon is highlighted with a
green frame. Color coding for the genes is as follows: olive
green, plasmid replication; deep green, prophage replication;
deep yellow, plasmid stabilization system; orange, regulatory;
red, a predicted camelysin; blue, mobile DNA; purple, phage
related; grey, hypothetical protein; midnight blue, conjugation-
related proteins; wine, capsule synthesis related proteins; and
brown, other determinants. Highly conserved segments of the
plasmids and phages are paired by shaded regions, with the
darker shading reflecting a greater amino acid identity, from
66% (A) or 63% (B) to 100%. The regions outside the shaded
regions lack homology between plasmids and phages. The
outer scale is marked in kilobases.

doi: 10.1371/journal.pone.0081746.g002

but these different kinds of mobile elements may be beneficial
for efficient horizontal gene transfer in the host genome.

The inducible prophage integrated in pPBMB165 reveals
a novel plasmid organization pattern

To discover whether the integrated prophage BMBTP3 is
functional or not, we used mitomycin C to induce the phage
from B. thuringiensis YBT-1765, and subsequently extracted
the genomic DNA of the induced phage. Upon performing
pulsed field gel electrophoresis, we found that there are at least
two components to the DNA at about 40 kb (data not shown).
To determine whether the pBMB165 prophage is inducible, we
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performed Southern hybridization. The total plasmid DNA and
the induced phage genomic DNA from YBT-1765 were used as
templates, after digestion by Hindlll, Hincll, Hpal and EcoRV.
Two specific probes were designed based on a plasmid
replication-associated protein gene (ORFO015, probe-rep,
located on 3806-5420,) and a phage terminase gene (ORF120,
probe-term, located on 23551-24099, Figure 3C). The
predicted sizes of the restriction fragments containing the
probes are shown as a schematic in Figure 3C. As BMBTP3
has a very similar DNA packaging module to SpaA1, we found
a 9 bp region (nucleotides 25704-25712, 5-TGGAGGAGG -3’)
adjacent to the DNA packaging module that has up to 100%
homology with the single-stranded cohesive (cos) ends of
phage SpaA1 [26], which has been annotated “predicted cos
site”.

When using probe-rep, all the plasmid-template lanes
showed hybridized positive signal bands, with the main bands
at 6.8 kb, 3.3 kb and 11.4 kb as predicted by the sequence
restriction site analysis, while the phage-template lanes did not
(Figure 3A). Using the probe-term, both template lanes have
positive bands, and lane 3 showed two positive bands (Figure
3B). It is thought that the linear phage DNA with cos end sites
would form a circular molecule. As the predicted cos site of
BMBTP3 was inside the Hindlll digested fragment and flanked
the probe-term, the two signal bands on the Southern blot
could result from the linear-induced BMBTP3 DNA, giving a
band size of 3.6 kb, and the circular-induced BMBTP3 DNA
resulting from adhesion with the cos site, giving a band size of
8.2 kb (Figure 3C). In other words, the 3.6 kb signal band
caused by the “cos” site confirmed that the positive signals
were due to the DNA of the induced phage BMBTP3, and not
contamination by plasmid DNA. This result shows that
BMBTP3 is an inducible prophage, and uses the same site-
specific mechanism as SpaA1 for packaging.

Plasmids and bacteriophage can contribute important
biological properties to their bacterial hosts, and therefore are
the motive force for horizontal gene transfer among bacteria.
However, there is not a direct intersection between them:
almost all of the reported bacteriophage usually integrate into
the host chromosome, and only a few have been reported that
do not integrate, but exist as circular or linear plasmids called
“phagemids” [17,29]. While some plasmids have been shown
to carry some integrase homology and other phage-related
genes, these genes are involved with the replication and
transmission of the plasmid, and not integration of the
prophage [30]. After conducting analysis using public
databases, we did not find any other plasmid from the Bacillus
sp. that carries a complete prophage-integrated region.

Here, we describe a novel pattern of plasmid organization,
where the characteristic pXO2-like plasmid pBMB165 is
integrated by an inducible prophage BMBTP3, and the rest of
the plasmid is abundant in transposable elements. As this
novel plasmid organization consists of three different kinds of
mobile element, including the plasmid replicon, prophage and
transposable elements (Figure 2A and 2B), it suggests that the
large plasmid pBMB165 may be an intermediate product of
recombination events: after the phage BMBTP3 infected the Bt
host YBT-1765 and entered the lysogenic state, it degenerated
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Figure 3. Identifying BMBTP3 among the total induced

phage DNA from B. thuringiensis strain YBT-1765. A.
Southern hybridization with a replication-associated protein
gene specific probe (probe-rep). Lane 1, the total plasmid DNA
extracted from YBT-1765; Lane 2, digested total plasmid DNA
by Hindlll; Lane 3, digested total induced phage DNA by
Hindlll; Lane 4, digested total plasmid DNA by Hincll; Lane 5,
digested total induced phage DNA by Hincll; Lane 6, digested
total plasmid DNA by Hpal; Lane 7, digested total induced
phage DNA by Hpal. B. Southern hybridization with a phage
terminase large subunit gene specific probe (probe-term). Lane
1, the total plasmid DNA extracted from YBT-1765; Lane 2,
digested total plasmid DNA by Hindlll; Lane 3, digested total
induced phage DNA by Hindlll; Lane 4, digested total plasmid
DNA by EcoRV; Lane 5, digested total induced phage DNA by
EcoRV. The sizes of the signal bands are labeled with arrows.
In each lane for total plasmids and digested products we
loaded 0.7 ug plasmid DNA (lanes 1, 2, 4, 6 in Figures 3A and
1, 2, 4 in Figure 3B), and for the purified phage DNA and
digested products, we loaded 1.3 ug in each lane (lanes 3, 5, 7
in Fig. 3A and 3, 5 in Fig. 3B). C. The schematic drawing
shows the structure of the restriction fragments with the
ORFO015 (probe-rep), ORF120 (probe-term) and the predicted
cos site. The dashed line denotes the DNA of pBMB165, and
the sizes of fragment digested by the restriction enzymes and
the predicted cos site.

doi: 10.1371/journal.pone.0081746.g003

or was inhibited during the co-evolutionary process with the
host and did not develop into a free self-replicated phagemid,
while the recombination event that occurred between the
pXO2-like replicon and some transposons offered appropriate
sites for the integration of the degenerated phage BMBTP3. As
the pXO2-like replicon is functional, the final recombination
among the three mobile elements benefited the phage
BMBTP3 and allowed it to recover genetic stability as a
temperate prophage via the large plasmid pBMB165.
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Compared with other induced phages of YBT-1765, the
lower abundance of the inducible prophage BMBTP3 also
suggests that the novel recombined composition of pBMB165
has a young evolutionary history, and could evolve further,
either to lose the function of the pXO2-like replicon and be a
real “phagemid” or to be a pure plasmid integrated into a
degenerated prophage.

In conclusion, we cloned a large native plasmid pBMB165
with a novel organization pattern, which reveals that some
prophages may use the plasmid replicon to maintain genetic
stability. Our findings provide new information that updates our
understanding of co-evolution between bacterial plasmids and
bacteriophage.

Supporting Information

Figure S1. The circular physical contig linkage map of
plasmid pBMB165. The area denoted with an arrow is the
replication region of plasmid pBMB165. The inner, circular
double line is the plasmid pBMB165, and restriction enzyme
sites Hindlll and BamHI are indicated with dotted lines. The
dashed line arcs, which are denoted (1) to (5), are the
pBMB165A1-A5 clones (in numerical order) from the total
plasmid BAC library. The long dashed line arcs, which are
denoted (6) to (16), are the pBMB165B6-B16 clones (in
numerical order) from the genomic BAC library. The solid line
arcs, denoted (8) and (11), are clones pBMB165B8 and
pBMB165B11.
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