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Comparative genome analysis of rice-pathogenic
Burkholderia provides insight into capacity to
adapt to different environments and hosts
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Abstract

Background: In addition to human and animal diseases, bacteria of the genus Burkholderia can cause plant
diseases. The representative species of rice-pathogenic Burkholderia are Burkholderia glumae, B. gladioli, and
B. plantarii, which primarily cause grain rot, sheath rot, and seedling blight, respectively, resulting in severe reductions
in rice production. Though Burkholderia rice pathogens cause problems in rice-growing countries, comprehensive
studies of these rice-pathogenic species aiming to control Burkholderia-mediated diseases are only in the early stages.

Results: We first sequenced the complete genome of B. plantarii ATCC 43733T. Second, we conducted comparative
analysis of the newly sequenced B. plantarii ATCC 43733T genome with eleven complete or draft genomes of B.
glumae and B. gladioli strains. Furthermore, we compared the genome of three rice Burkholderia pathogens with those
of other Burkholderia species such as those found in environmental habitats and those known as animal/human
pathogens. These B. glumae, B. gladioli, and B. plantarii strains have unique genes involved in toxoflavin or tropolone
toxin production and the clustered regularly interspaced short palindromic repeats (CRISPR)-mediated bacterial
immune system. Although the genome of B. plantarii ATCC 43733T has many common features with those of
B. glumae and B. gladioli, this B. plantarii strain has several unique features, including quorum sensing and
CRISPR/CRISPR-associated protein (Cas) systems.

Conclusions: The complete genome sequence of B. plantarii ATCC 43733T and publicly available genomes of
B. glumae BGR1 and B. gladioli BSR3 enabled comprehensive comparative genome analyses among three
rice-pathogenic Burkholderia species responsible for tissue rotting and seedling blight. Our results suggest that
B. glumae has evolved rapidly, or has undergone rapid genome rearrangements or deletions, in response to the
hosts. It also, clarifies the unique features of rice pathogenic Burkholderia species relative to other animal and
human Burkholderia species.
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Background
The genus Burkholderia contains over 40 species, which
occupy diverse niches and are found in a range of envir-
onmental habitats, including soil and water, and even in
the hospital setting. Burkholderia organisms act as path-
ogens, endophytes, and symbionts [1,2]. Although many
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members of the genus are plant pathogens and soil bac-
teria, the most comprehensive characterizations of Bur-
kholderia species have been conducted on those organisms
that are opportunistic human pathogens [3]. One of two
major human-infectious Burkholderia groups comprises B.
mallei and B. pseudomallei, the causative agents of glan-
ders and melioidosis, respectively. The other major group
of Burkholderia human pathogens is B. cepacia complex
bacteria, which are associated with severe infections in in-
dividuals with cystic fibrosis. Recently, increasing numbers
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of Burkholderia species have been reported as plant-
associated bacteria.
Burkholderia species can be free-living in the plant

rhizosphere, or can reside within plants as endophytes
or symbionts. Some Burkholderia strains are known to
aid plants by enhancing disease resistance, improving ni-
trogen fixation, and enabling adaption to environmental
stresses [4-6]. However, there is little information re-
garding plant-pathogenic (phytopathogenic) Burkhol-
deria species, with the exception of B. glumae. B.
glumae causes grain rot in rice, and is used as a model
system of quorum sensing (QS) mechanisms in gram-
negative phytopathogenic bacteria [7-10]. Two other im-
portant phytopathogenic Burkholderia species, B. gladi-
oli and B. plantarii, are pathogenic to rice and are
primarily responsible for sheath rot and seedling blight,
respectively [11,12]. Under the right environmental con-
ditions, these three pathogenic Burkholderia species can
cause severe damage to rice crops in various develop-
mental stages.
In addition to occupying remarkably diverse niches,

the genomes of Burkholderia species range greatly in
size, from ~3.75 to 11.29 Mbp. Among Burkholderia or-
ganisms, B. rhizoxinica (a bacterial endosymbiont of the
fungus Rhizopus microsporus) harbors the smallest gen-
ome (~3.75 Mbp), and the soil bacterium B. terrae has
the largest genome (~11.5 Mbp). The first Burkholderia
rice pathogen to have its complete genome sequenced
was B. glumae BGR1 [13], and the genome of B. gladioli
BSR3 was subsequently sequenced [14]. The genomes of
B. glumae and B. gladioli both consist of two chromo-
somes and four plasmids, with genome sizes of 7.09
Mbp and 9.05 Mbp, respectively. Recently, comparative
Table 1 General features of genomes in B. glumae, B. gladioli

Organ Accession Chromosome

Number Number

B. plantarii ATCC 43733T 2

B. glumae PG1 GCA_000835205 2

B. glumae BGR1 GCA_000022645 2

B. glumae LMG 2196 GCA_000300755 NDb

B. glumae 3252-8 GCA_000365245 ND

B. glumae AU6208 GCA_000300395 ND

B. glumae 336gr GCA_000503955 ND

B. glumae NCPPB3923 GCA_000801065 ND

B. gladioli BSR3 GCA_000194745 2

B. gladioli 3848 s-5 GCA_000365265 ND

B. gladioli UCD-UG_CHAPALOTE GCA_000757585 ND

B. gladioli NBRC 13700 GCA_000739755 ND
aIndicates “completed”.
bIndicates “not determinant”.
cIndicates “uncompleted”.
genome analysis of two B. glumae strains from different
geographic regions showed high degree of genomic vari-
ation [15] and genetic differences between B. glumae
and B. gladioli were investigated by comparative analysis
of their complete genomes, along with four draft ge-
nomes from these two species [16]. These differences
can lead to identification of specific virulence factors
among strains.
In the present study, we sequenced the genome of the

rice-pathogenic B. plantarii ATCC 43733T strain in
order to compare its genome organization with that of
B. glumae BGR1 and B. gladioli BSR3, and identify com-
mon and unique genes amongst these three Burkhol-
deria rice pathogens. In addition, we compared the
genome of these Burkholderia rice pathogens with the
complete or draft genomes of other Burkholderia spe-
cies, such as those found in different environmental hab-
itats and those that are known to be pathogenic to
animals and humans. Our comparative genome analysis
demonstrates close relationships between the three rice
pathogens and rice resulting in unique features of rice
pathogenic Burkholderia species relative to other animal
and human Burkholderia species.

Results and discussion
Genome sequencing and comparison
For comparative genome investigations of rice-pathogenic
Burkholderia strains causing grain rot, sheath rot, or seed-
ling blight, we examined the complete genome sequences
from strains of B. glumae [13], B. gladioli [14], and B.
plantarii (sequenced in the present study), along with
publicly available complete or draft genomes from nine
other Burkholderia strains (Table 1). The genomes ranged
, and B. plantarii

Plasmid Size Gene G + C
content

Status Origin

Number (bp) Number

1 8081051 6463 68.55 Ca Rice

0 7896538 6561 68.77 C

4 7284636 5773 67.93 C Rice

ND 5814128 5173 67.23 UCc Rice

ND 6190126 5996 67.23 UC Rice

ND 4957917 4361 67.31 UC Human

ND 6511812 6565 68.38 UC Rice

ND 6663988 6067 68.29 UC

4 9052299 7410 67.4 C Rice

ND 7915969 7408 67.67 UC Rice

ND 8527129 7264 67.76 UC Corn

ND 8762606 7345 67.73 UC
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4.9–9.0 Mbp in size, with a G +C content of 67.2–68.7%,
and the number of predicted coded proteins was in the
range of 4300–7400. Among the seven Burkholderia
strains, the genome sizes were highly variable among and
within species, although the G + C contents were very
similar (Table 1). In the case of B. glumae, strain AU6208,
harbored the smallest genome of ~4.9 Mbp, whereas
strain BGR1 harbored the largest genome of ~7.2 Mbp. B.
glumae, strain AU6208 was originally isolated from an in-
fant patient with granulomatous disease and was patho-
genic to rice. These findings suggest that B. glumae has
evolved substantially, or has undergone rapid genome re-
arrangements or deletions, under different environments
and hosts.
To better understand the interactions between rice-

pathogenic Burkholderia species, comparative analysis
was performed among the complete genome sequences
of B. glumae BGR1, B. gladioli BSR3, and B. plantarii
ATCC 43733T (Table 2). Based on the Illumina HiSeq
2000 results, the genome of B. plantarii ATCC 43733T

was 8.08 Mbp and consisted of two chromosomes and
one plasmid. Chromosome 1 contained 4,140,040 bp
(68.4% G+C content) and 3,456 predicted coding sequences
(CDS), while chromosome 2 contained 3,743,649 bp (69.1%
G +C content) and 2,862 CDS; the plasmid bgla_1p con-
tained 197,362 bp (62.4% G +C content) and 145 CDS.
Although B. glumae BGR1 and B. gladioli BSR3 both have
a genome comprising two chromosomes and four plas-
mids, the genome of B. plantarii ATCC 43733T consists of
two chromosomes and one plasmid. Multiple genome
alignment for these three Burkholderia strains revealed a
genome inversion in the middle of chromosomes 1 and 2
in B. glumae BGR1 when compared to the genomes of B.
gladioli BSR3 and B. plantarii ATCC 43733T (Figure 1A
and B). The genome organization of B. plantarii ATCC
43733T in the chromosome is much more similar to that of
B. gladioli BSR3 than to that of B. glumae BGR1 (Figure 1A
and B). MUMmer analysis and the size of the chromosome
genome (Additional file 3: Figure S1 and Table 2) revealed
a high number of genome deletions in chromosome 2 of
B. glumae BGR1. Consistent with the observation of
Table 2 Comparison of genome organization among the com

B. glumae BGR1 B. gladiol

Chr. 1 bglu_1g (3,906,507 bp, 3,495 genes) bgla_1g (4

Chr. 2 bglu_2g (2,827,333 bp, 2,286 genes) bgla_2g (3

Plasmid 1 bglu_1p (133,579 bp, 144 genes) bgla_1p (2

Plasmid 2 bglu_2p (141,792 bp, 121 genes) bgla_2p (1

Plasmid 3 bglu_3p (141,067 bp, 143 genes) bgla_3p (1

Plasmid 4 bglu_4p (134,369 bp, 115 genes) bgla_4p (4

Total 7,284,636 bp, 6,304 genes 9,052,299
highly variable genome sizes in other B. glumae strains
(Table 1), the genome of B. glumae appeared to be much
more active than that of B. gladioli and B. plantarii.

Genome comparison, pan-genome analysis, and
core-genome analysis
To obtain better understanding of the genomic charac-
teristics of Burkholderia rice pathogens as compared to
a wider variety of Burkholderia strains, we conducted
pan-genome analysis of 106 Burkholderia genomes
(listed in Additional file 1: Table S1), including those
from animal/human pathogens and those isolated from
environmental habitats. Overall, 78,782 orthologs were
identified in all organisms, constituting the pan-genome
of these 106 Burkholderia strains (Additional file 4:
Figure S2). Among the 78,782 pan-genome genes, 587
genes were highly conserved among the 106 Burkhol-
deria genomes, constituting the core genome. Interest-
ingly, the omission of the B. glumae LMG 2196 and B.
glumae AU6208 strain genomes increased the number
of genes in the core genome dramatically, to 848 genes.
Thus, these two B. glumae strains may have rapidly
evolved under the given environmental conditions.
The new genome sequence of B. plantarii ATCC

43733T identified in the present study was combined
with two full genomes of B. gladioli BSR3 and B. glumae
BGR1, and four draft genomes in B. glumae and B.
gladioli strains (Table 1) to identify a total of 12,758
orthologs that comprised the pan-genome of B. gladioli,
B. glumae, and B. plantarii. Among these 12,758 genes,
1,908 genes were highly conserved and constituted the
core genome of these seven Burkholderia strains (Figure 2).
In addition, we identified 1,260 B. glumae-specific and
1,520 B. gladioli-specific genes. Among the seven B. glu-
mae strains, the size of the strain-specific genome was
~340–840 genes (Figure 2), with the exception of B. glu-
mae BGR1, which has only 233 strain-specific genes. As
there were larger numbers of dispensable genes in B. glu-
mae BGR1 than in other B. glumae strains, the B. glumae
BGR1 genome could have stabilized or could be an ori-
ginal genome among these B. glumae strains.
plete genome of three rice pathogenic Burkholderia

i BSR3 B. plantarii ATCC 43733T

,413,5616 bp, 3,964 genes) bpln_1g (4,140,040 bp, 3,586 genes)

,700,833 bp, 3,006 genes) bpln_2g (3,743,649 bp, 2,973 genes)

76,215 bp, 208 genes) bpln_p (197,362 bp, 157 genes)

29,399 bp, 111 genes)

28,650 bp, 96 genes)

03,586 bp, 372 genes)

bp, 7,757 genes 8,081,051 bp, 6,716 genes



Figure 1 Multiple genome alignment for three Burkholderia strains: Burkholderia glumae BGR1, B. gladioli BSR3, and B. plantarii ATCC 43733T. The
chromosome 1 (A) and chromosome 2 (B) sequences were aligned. The top, middle, and bottom sequences represent B. gladioli BSR3, B. plantarii
ATCC 43733T, and B. glumae BGR1, respectively. Fine, colored lines represent rearrangements or inversions relative to the B. plantarii genome.
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Bacterial secretion system
Diverse metabolites and proteins can be secreted into
the environment or into host cells through bacterial se-
cretion systems [17,18]. Each bacterial system has its
own unique function, including conjugation, and these
systems sometimes share functions such as pathogen-
icity. The 12 Burkholderia strains within B. glumae, B.
gladioli, and B. plantarii species (listed in Table 1) have
different numbers and types of secretion systems in their
genomes. Genes involved in secretion-signal recognition
particle (Sec-SRP) and twin arginine targeting (Tat) sys-
tems were highly conserved among all seven Burkhol-
deria strains. The type III secretion system (T3SS) genes
are also highly conserved in all 12 Burkholderia strains,
except for deletion of sctQ, sctR, and sctS in the B. glu-
mae LMG_2196 and AU6208 strains. Furthermore, with
the exception of the partial sequence homology of hrpW
in B. gladioli BRS3, the genes involved in the T3SS are
nearly identical among B. glumae BGR1, B. gladioli
BRS3, and B. plantarii ATCC 43733T (Additioanl file 1:
Table S2).
Evaluation of secretion system gene divergence re-
vealed that all seven Burkholderia strains within the glu-
mae group have one conserved type II secretion system
(T2SS) on chromosome 1. However, B. plantarii ATCC
43733T has an additional T2SS in chromosome 2, while
two B. gladioli strains have two additional partial T2SS.
Among the seven Burkholderia strains within the glu-
mae group, only B. glumae BGR1, B. glumae AU6208,
and B. plantarii ATCC 43733T have a type I secretion
system (T1SS), whereas only B. gladioli BSR3 and B.
plantarii ATCC 43733T have a type IV secretion system
(T4SS) in their genomes. Thus, T1SS and T4SS show
higher variability among the seven Burkholderia strains
within the glumae group, as species-dependent total de-
letion of T1SS or T4SS was observed.
When compared to other genera, Burkholderia has a

more diverse type VI secretion system (T6SS) with up to
six T6SS gene clusters. Because the T6SS system can de-
liver bacterial proteins into both eukaryotic and prokary-
otic cells, this secretion system is involved both in host
pathogenesis and in anti-microbial mechanisms [19,20].



Figure 2 Pan-genome analysis of seven strains within B. glumae, B. gladioli, and B. plantarii. Core, dispensable, and strain-specific genomes are
indicated in different colors.
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The T6SS apparatus structurally resembles an inverted
bacteriophage tail that functions by injecting effector
proteins directly into the cytosol of eukaryotic or bacter-
ial cells. In particular, human- and animal-pathogenic B.
pseudomallei and B. mallei have six T6SS gene clusters
in their genome, four of which exist in both B. pseudo-
mallei and B. mallei [21]. One T6SS is highly conserved
among all 12 Burkholderia strains within the glumae
group, which each harbor 2–4 T6SSs. Six T6SS groups
can be classified in Burkholderia strains, based on the
distribution of T6SS (Additional file 2: Table S3).
T6SS_group1 was conserved in all genome-sequenced
Burkholderia strains except for B. xenovorans, and was
highly conserved among the seven Burkholderia strains
within the glumae group. T6SS_group4 and T6SS_group5
were more specific to B. glumae or B. plantarii species:
T6SS_group4 was only conserved among B. glumae and
B. ambifaria; T6SS_group5 was only conserved among B.
glumae and B. plantarii; and T6SS_group6 was only con-
served among B. glumae, B. graminis, and B. plantarii.
Different numbers of T6SS and unique T6SS in each spe-
cies or strain indicate that T6SS could contribute to vari-
ous inter-species interactions, including pathogen-host
interactions and interactions with other microbes in the
Burkholderia genus.
QS systems
Bacterial QS is a form of cell-to-cell communication that
uses chemical signaling between bacterial cells to regu-
late biological processes in response to environmental
clues [22]. N-acylhomoserine lactone (AHL), the best
known QS chemical signal, plays a key role in the regu-
latory circuit composed of a signal producer designated
LuxI and a cognate receptor-regulatory protein desig-
nated LuxR [23]. Burkholderia glumae BGR1 QS uses a
TofI-TofR circuit, similar to the LuxI-LuxR circuit, to
regulate toxoflavin biosynthesis, flagella regulation, and
detoxification of reactive oxygen species (ROS) [8-10].
Remarkably, B. glumae BGR1 QS protects stationary-
phase cells from self-intoxication by altering cellular me-
tabolism through the production of oxalate [24].
In this study, we surveyed AHL synthase and regulator

in the genomes of 12 strains within B. glumae, B. gladi-
oli, and B. plantarii species (listed in Table 1). Overall,
16 paired AHL synthase-regulator circuits were identi-
fied in 12 strains (Table 3). One paired AHL synthase-
regulator circuit displayed high sequence homology in
all 12 strains except for B. gladioli NBRC 13700. An
additional paired AHL synthase-regulator circuit was
found in the genome of B. gladioli BSR3, residing in the
polyketide synthesis operon of the plasmid. Furthermore,



Table 3 Paired N-acylhomoserine lactone (AHL) synthase-regulator in Burkholderia gladioli, B. glumae, and B. plantarii

Strain Synthase Regulator (Putativea) Regulation class

B. gladioli BSR3 bgla_2g11050 bgla_2g11070 Toxoflavine synthesis I

bgla_1p1740 bgla_1p1760 (Putative) Polyketide synthesis II

B. glumae BGR1 bglu_2g14490 bglu_2g14470 Toxoflavine synthesis I

B. plantarii ATCC 43733T bpln_2g10770 bpln_2g10790 (Putative) Urea/amino acid regulation I

bpln_1g07720 bpln_1g07790 Tropolon synthesis III

bpln_2g04430 bpln_2g04440 (Putative) Thiopurine/polymyxin IV

B. glumae PG1 AJK49063.1 AJK49065.1 (Putative) Urea/amino acid regulation I

AJK45325.1 AJK45332.1 Tropolon synthesis III

AJK48489.1 AJK48490.1 (Putative) Thiopurine/polymyxin IV

B. gladioli 3848 s-5 bgla3848_2451lmp bgla3848_2453l I

B. gladioli NBRC ND ND

B. gladioli UCD WP_036034986.1 WP_025097948.1 I

B. glumae 3252-8 bglu3252_0759lmp bglu3252_0761l I

B. glumae LMG 2196 BGLMG_03131 not predicted I

B. glumae 336gr WP_015877501.1 WP_015877499.1 I

B. glumae NCPPB NCPPB3923_RS01185 NCPPB3923_RS01195 I

B. glumae AU6208 BGAU_02315 BGAU_02313 I
aPutative regulation is based on the location of synthase and regulator genes in the operon.
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B. plantarii ATCC 43733T and B. glumae PG1 had two
additional paired AHL synthase-regulator circuits; one
AHL circuit (bpln_2g10770-bpln_2g10790 and AJK
49063.1-AJK 49065.1) was located close to genes in-
volved in the urea/branched-chain amino acid, and the
other AHL circuit (bpln_2g04430-bpln_2g04440 and
AJK 48489.1-AJK 48490.1) resided near the genes in-
volved in thiopurine biosynthesis.
Without the AHL synthase pair, seven to twelve or-

phan AHL regulators existed in the genome of these 12
Burkholderia strains. Three orphan AHL regulators were
highly conserved in all 12 Burkholderia strains. Twelve
orphan AHL regulators were randomly distributed in
the genome of B. plantarii ATCC. Overall, B. plantarii
ATCC had the maximum number of AHL regulators
among the 12 Burkholderia strains, suggesting that this
strain synthesizes diverse auto-inducers and activates
complicated regulatory systems in response to bacterial
cell-to-cell communication.

Toxin production
Burkholderia toxin is a key virulence factor responsible
for diseases in plants. Toxoflavin is the most well-known
phytopathogenic Burkholderia toxin produced by B. glu-
mae, and is a host-nonspecific phytotoxin that is a very
effective electron carrier and generates ROS such as
hydrogen [8,10]. Genes involved in toxin biosynthesis
were surveyed in 12 strains within B. glumae, B. gladioli,
and B. plantarii species (listed in Table 1). Toxoflavin bio-
synthesis genes were distributed in all 12 Burkholderia
strains except for B. plantarii ATCC 43733T and B. glu-
mae PG1 (Table 4). All B. glumae and B. gladioli strains
harbored genes involved in the biosynthesis and trans-
port of toxoflavin, except for a deletion of toxI in the
genome of B. glumae AU6208. However, B. plantarii
ATCC 43733T only had the toxJ gene, a regulator of
toxin biosynthesis.
Instead of producing toxoflavin, B. plantarii is known

to produce tropolone as a phytotoxin and as a virulence
factor causing seedling blight. Rice seedlings exposed to
tropolone typically exhibit symptoms similar to those of
B. plantarii-mediated rice seedling blight [25]. When we
surveyed all publicly available Burkholderia strain ge-
nomes, the genes involved in tropolone biosynthesis
were only identified in the genome of B. plantarii ATCC
43733T and B. glumae PG1 (Additional file 1: Table S4).
Interestingly, one paired AHL synthase-regulator circuit
(bpln_1g07720-bpln_1g07790 and AJK 45325.1-AJK 45332.1)
resided within the tropolone biosynthesis operon. This
indicates that the regulation of tropolone biosynthesis
may be dependent on bacterial cell-to-cell communica-
tion in a manner similar to that of the paired AHL cir-
cuit (bglu_2g14490-bpln_2g14470) in B. glumae BGR1,
which regulates toxoflavin biosynthesis according to
bacterial cell density [10], although these AHL circuit
genes are not present in the toxoflavin biosynthesis
operon.
Genes involved in rhizotoxin biosynthesis were also

identified in the genome of B. plantarii ATCC 43733T.
Rhizotoxin is an antimitotic agent with antitumor activity



Table 4 Genes involved in toxoflavin biosynthesis in twelve strains within B. glumae, B. gladioli, and B. plantarii

Gene BGR1a bgluLMGb bglu3252c bgluAUd Bglu336gr bgluNCPPB BSR3e bgla3848f bglaNBRC bglaUCD bplng bgluPG1

toxJ bglu_2g06330 831/831h bglu3252_4487l 787/789 WP_012733464.1 NCPPB3923_
RS00965

bgla_2g09030 bgla3848_
0587lmp

WP_025099873.1 WP_036035589.1 bpln_2g08940 AJK48890.1

toxI bglu_2g06350 BGLMG_03249 bglu3252_6550lmp NDi 381/381 NCPPB3923_
RS00955

bgla_1g04520 1125/1128 WP_036052885.1 WP_036038556.1 bpln_2g04220 AJK47580.1

toxH bglu_2g06360 3092/3094 bglu3252_4548lmp 3086/3093 976/976 NCPPB3923_
RS00950

bgla_1g04530 bgla3848_
4122lmp

WP_036048419.1 WP_036030576.1 ND ND

toxG bglu_2g06370 BGLMG_03246 bglu3252_4547lmp BGAU_04306 WP_012733468.1 NCPPB3923_
RS00945

bgla_1g04540 bgla3848_
4123lmp

WP_036048416.1 WP_036030574.1 ND ND

toxF bglu_2g06380 BGLMG_02566 bglu3252_2104lmp BGAU_04308 WP_012733469.1 NCPPB3923_
RS00940

bgla_1g04550 bgla3848_
4124lmp

WP_036048413.1 WP_036030571.1 ND ND

toxR bglu_2g06390 BGLMG_02565 bglu3252_2105lmp BGAU_04309 WP_012733470.1 NCPPB3923_
RS00935

bgla_1g04560 bgla3848_
4125lmp

WP_025100566.1 WP_036030568.1 ND ND

toxA bglu_2g06400 BGLMG_02564 bglu3252_2107lp BGAU_04310 WP_012733471.1 NCPPB3923_
RS00930

bgla_1g04570 bgla3848_
4128lp

WP_036048410.1 WP_036030565.1 ND ND

toxB bglu_2g06410 BGLMG_02563 bglu3252_2108lmp 403/403 260/260 NCPPB3923_
RS00925

bgla_1g04580 bgla3848_
4129lmp

WP_013696509.1 WP_013696509.1 ND ND

toxC bglu_2g06420 BGLMG_02562 bglu3252_2109lmp 749/751 572/572 NCPPB3923_
RS00920

bgla_1g04590 bgla3848_
4130lmp

WP_036048408.1 WP_036030560.1 ND ND

toxD bglu_2g06430 BGLMG_02561 bglu3252_2110lmp BGAU_03159 WP_012733474.1 NCPPB3923_
RS00915

bgla_1g04600 bgla3848_
4131lmp

WP_036048407.1 WP_036030557.1 ND ND

toxE bglu_2g06440 BGLMG_02560 1141/1147 BGAU_03158 WP_035978132.1 NCPPB3923_
RS00910

bgla_1g04610 bgla3848_
4132lmp

WP_036052884.1 WP_036030777.1 ND ND

aIndicates “B. glumae BGR1”.
bIndicates “B. glumae LMG 2196”.
cIndicates “B. glumae 3252-8”.
dIndicates “B. glumae AU6208”.
eIndicates “B. gladioli BSR3”.
fIndicates “B. gladioli3848s-5”.
g Indicates “B. plantarii ATCC 43733T”.
hRepresents identities of nucleotide sequences.
iIndicates “not detected in the genome”.
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[26], isolated from a pathogenic plant fungus (Rhizopus
microsporus). Rhizotoxin also causes rice seedling blight
that results in the same symptoms as seedlings treated
with tropolone. Genes involved in rhizotoxin biosynthesis
have also been identified in several strains of bacteria, in-
cluding Xanthomonas oryzae pv. oryzae KACC10331 B.
JYP251, B. phymatum, B. phenoliruptrix , and B. glumae
PG1 (Additional file 1: Table S5).

Virulence-related enzymes
Genes encoding polygalacturonases, cellulases, lipases
and proteases are major virulence factors in diverse
pathogenic bacteria. These enzymes are related to the
virulence and their regulation in B. glumae has been
comprehensively summarized [7]. The characteristics,
regulation, and virulence function of polygalacturonases
in B. glumae was intensively investigated and pehA and
pehB encoding two isoforms of polygalacturonases, have
been discovered discovered [27]. The pehA locus was
mainly distributed in B. glumae strains, whereas the
pehB locus was detected in all B. glumae, B. gladioli, and
B. plantarii strains (Additional file 2: Table S7). The
roles of lipases have been studied, not only in plant
pathogenic strains but also in human pathogenic Bur-
kholderia strains with respect to the virulence [28,29].
The gene encoding the lipase LipA was detected in all B.
glumae, B. gladioli, and B. plantarii strains except for B.
glumae AU6208. These virulence-related enzymes in the
12 Burkholderia strains are summarized in Additional
file 2: Table S7.

Clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein (Cas)
The CRISPR-Cas system is a bacterial immune system
that protects bacteria from invading viruses and transfer-
ring plasmids [30,31]. Recent studies have indicated that
the CRISPR-Cas system acts as a barrier to horizontal
gene transfer and as a modulator of gene expression
[32]. The CRISPR-Cas immune system blocks stable
entry of foreign nucleic acids in three common steps:
adaptation, CRISPR RNA (crRNA) biogenesis, and tar-
geting [33,34]. During adaptation, viral or plasmid chal-
lenge stimulates the incorporation of short (24–48
nucleotide) invader-derived sequences between equally
short DNA repeats found in the CRISPR locus [33,35].
These unique sequences, which are known as spacers,
primarily match viruses and other mobile genetic ele-
ments [36].
We surveyed the CRISPR-Cas system in 106 Burkhol-

deria genomes (listed in Additional file 1: Table S1). Re-
markably, two B. plantarii ATCC 43733T , B. gladioli
USD UG_CHAPALOTE, B. glumae PG1, and B. glumae
3252–8 strains have one CRISPR-Cas system. The other
eight strains in the B. glumae and B. gladioli species
have only the CRISPR motif without Cas proteins. How-
ever, no clear CRIPSR motif was identified in pathogenic-
animal and human Burkholderia strains. The CRIPSR-Cas
system in B. plantarii ATCC 43733T had an internal
stop codon in the middle of the cas1 gene, leading to
two separate Cas1; thus, the cas operon was composed
of Cas1 (bpln_1g17440), Cas2 (bpln_1g17450), Cas3
(bpln_1g17460), Csy1 (bpln_1g17470), Csy2 (bpln_1g17480),
Csy3 (bpln_1g17490), and Csy4 (bpln_1g17500) (Figure 3A).
Among the 12 strains, B. gladioli, B. glumae, and B. plantarii
species had four types of CRIPSR repeats, with the B. plan-
tarii ATCC 43733T and B. glumae 3252–8 strains sharing
the common CRIPSR repeat (TTTCTAAGCTGCCTAC
ACGGCAGCGAAC). Interestingly, B. glumae 3252–8
contained the cas operon between two CRIPSR repeats.
Other five B. glumae strains had one or two CRISPR re-
peats without the cas operon (Figure 3B). These findings
suggest that the cas operon was present in B. glumae, but
was subsequently deleted in most B. glumae. Deletion
events of the cas operon may have occurred in many Bur-
kholderia strains; thus, we were only able to identify the
cas operon in B. plantarii ATCC 43733T, B. glaidioli USD
UG_CHAPALOTE, B. glumae PG1, and B. glumae 3252–
8 from the genome sequences of over 100 Burkholderia
strains.
We analyzed CRISPR targets, based on sequences of

the CRISPR spacers in B. plantarii ATCC 43733T and
B. glumae 3252–8, using Viroblast (http://indra.mul-
lins.microbiol.washington.edu/viroblast/viroblast.php) or
BLAST plasmid searches. The spacer/targeting sequences
revealed diverse phage targets, including Burkholderia
phages, other bacterial phages, and various types of plas-
mids (Additional file 2: Table S6). Interestingly, the
CRISPR repeat (TTTCTAAGCTGCCTACACGGCAGC-
GAAC) common to both B. plantarii ATCC 43733T and
B. glumae 3252–8 harbored the largest number of spacers.
Specifically, there were 21 spacers in B. plantarii ATCC
43733T and 12 spacers in B. glumae 3252–8. Three of 21
spacers in B. plantarii ATCC 43733T targeted several Bur-
kholderia phages, including phage BcepC6B, phage KS14,
and phage KL3, as well as plasmids of B. ambifaria
MC40-6, B. cenocepacia, B. multivorans, and B. vietna-
miensis with high sequence identities (Additional file 2:
Table S6). However, 2 spacers among 12 in B. glumae
3252–8 targeted different types of bacteriophages, includ-
ing Murine adenovirus 2 and Saccharopolyspora erythraea
NRRL2338 with high sequence identities, but did not tar-
get bacterial plasmids.

Conclusions
The complete genome sequencing of B. plantarii ATCC
43733T performed in this study, and publicly available
genomes of B. glumae BGR1 and B. gladioli BSR3, enabled

http://indra.mullins.microbiol.washington.edu/viroblast/viroblast.php
http://indra.mullins.microbiol.washington.edu/viroblast/viroblast.php


Figure 3 Diagram of the clustered regularly interspaced short palindromic repeats (CRISPR) with CRISPR associated proteins (Cas) system in
Burkholderia species. (A) CRISPR-Cas in B. plantarii ATCC 43733T. R, S represent the CRISPR repeat and CRISPR spacer, respectively. (B) CRISPR-Cas
in B. glumae 3252–8.
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comprehensive comparative genome analyses among
three rice-pathogenic Burkholderia species responsible
for tissue rotting and seedling blight. The genome
organization and chromosome structure in B. plantarii
ATCC 43733T are more similar to those of B. gladioli
BSR3, which is consistent with the finding that B. plan-
tarii ATCC 43733T and B. gladioli BSR3 are closely re-
lated based on 16S rRNA sequences. Genome analyses
of interesting gene clusters such as secretion system
genes, toxin production genes, bacterial QS genes, and
CRISPR-mediated immune system genes indicated that
B. plantarii ATCC 43733T has more diverse gene pairs
in the QS-mediated AHL synthase-receptor circuit and
in unique bacterial toxins such as tropolone and rhizo-
toxin. Interestingly, only the genomes of B. plantarii
ATCC 43733T, B. glaidioli USD UG_CHAPALOTE, B.
glumae PG1, and B. glumae 3252–8 harbored complete
CRISPR-Cas systems, among all genome-sequenced for
Burkholderia strains. Based on genome organization
and toxin production, B. glumae PG1 was more closely
related to B. plantarii ATCC 43733T than to the other
B. glumae strains. Better knowledge of the variability
and specificities of Burkholderia organisms could con-
tribute to an understanding of their capacity to adapt
to different environments, as well as their unique in-
teractions with the host during pathogenesis.
Methods
Genome sequencing of B. plantarii ATCC 43733T

Whole-genome shotgun DNA sequencing of B. plantarii
ATCC 43733T was conducted using an Illumina HiSeq
2000. In total, 200,106,179 paired-end reads were ana-
lyzed. The genomic shotgun sequence data were assem-
bled with an ABySS [37] assembler, and contig ordering
was confirmed by the 95,596 paired-end reads obtained
from the 8-kb insert library using the Roche/454 pyrose-
quencing method on a Genome Sequencer FLX system.
Gaps among contigs were closed by a combination of
primer walking on gap-spanning clones and direct se-
quencing of combinatorial PCR products.
Gene annotation of B. plantarii ATCC 43733T

Coding genes and pseudogenes across the genome were
predicted using Glimmer [38], GeneMarkHMM [39],
and Prodigal [40], and were annotated by comparison
with the NCBI-NR database [41]. Our annotation results
were verified using Artemis [42].
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Nucleotide sequence accession number of B. plantarii
ATCC 43733T

The sequences of B. plantarii ATCC 43733T chromosome
1, chromosome 2, and plasmid genome have been depos-
ited in GenBank under accession numbers CP007212,
CP007212, and CP007212, respectively.

Comparative and pan-genome analysis
A total of 111 Burkholderia genome sequences (with 37
complete and 74 draft genome sequences) were down-
loaded from NCBI. 16S ribosomal RNA sequences were
used to construct a phylogenetic tree using the unweighted
pair group method with arithmetic mean (UPGMA) with
MEGA6 software. Based on phylogenetic analysis, we di-
vided Burkholderia species into a glumae group, cepacia
group, mallei group, and outgroup (Additional file 5:
Figure S5). We discarded five Burkholderia species, in-
cluding B. rhizoxinica, because these species have higher
genome variation owing to occupying ecological niches
such as symbiosis. Overall, 12, 27, 49, and 18 species
belonged to the glumae group, cepacia group, mallei group,
and outgroup, respectively (Additional file 1: Table S1).
For annotation of the unfinished genome and to make
CDS prediction easier, all scaffolds for each strain were
linked into a pseudochromosome according to the coordi-
nates of ATCC_9150 with a piece of a random sequence.
The scaffold linker (NNN NNC ATT CCA TTC ATT
AAT TAA TTA ATG AAT GAA TGN NNN N) contains
stop and start codons in all six frames, so it could prevent
the protein-coding genes from extending from one scaf-
fold to the next [43]. Pan-genome analysis was per-
formed on a larger dataset of these 106 Burkholderia
genomes using the GeneFamily method in the pan-
genome analysis pipeline [44]. All proteins were filtered
with the criteria of 50% coverage, 50% identity, and a
1.0 × e−10 e-value, and ortholog clusters were generated
using MCL software [45].

CRISPR-Cas system
The CRISPRs Finder tool (http://crispr.u-psud.fr/Server/)
was used to search for CRISPR direct repeats and spacers
in the sequenced Burkholderia strains, which were then
compared to JGI (http://www.jgi.doe.gov) analysis results.
The CRISPR repeats were aligned in the genome and the
sequences and locations of spacers were identified. We
used Viroblast (http://indra.mullins.microbiol.washingto-
n.edu/viroblast/viroblast.php) and local BLAST analysis
against NCBI plasmid genomes (ftp://ftp.ncbi.nlm.nih.
gov/genomes/Plasmids/) to identify the targets of the
spacers.

Availability of supporting data
All supporting data are included within the article and
its additional files.
Additional files

Additional file 1: Table S1. Genome information regarding 106
Burkholderia species used for pan-genome analysis. Table S2. Genes
involved in Type III secretion among Burkholderia glumae BGR1, B. gladioli
BSR3, and B. plantarii ATCC 43733T. Table S4. Genes involved in tropolone
biosynthesis in B. plantarii ATCC 43733T. Table S5. Genes involved in
rhizotoxin biosynthesis among bacteria strains.

Additional file 2: Table S3. The type VI secretion system (T6SS) in
seven strains within B. glumae, B. gladioli, and B. plantarii species. Table S6.
Lists of CRISPR target viruses or plasmids based on spacer sequences.
Table S7. Distribution of genes encoding polygalacturonases,
celluases, lipases, and proteases that are involved in virulence among
Burkholderia strains.

Additional file 3: Figure S1. MUMmer analysis of each chromosome
between Burkholderia glumae BGR1, B. gladioli BSR3, and B. plantarii ATCC
43733T.

Additional file 4: Figure S2. Pan-genome and core-genome analysis
based on 106 genomes of Burkholderia strains (listed in Additional file 1:
Table S1). The blue box, violet box, green box, and pink box represent
the glumae group, cepacia group, mallei group, and outgroup, respectively.
Each group is designated in Additional file 1: Table S1 and Additional file 5:
Figure S3.

Additional file 5: Figure S3. Phylogenetic tree of 106 Burkholderia
species based on 16S rRNA sequences.
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