
As a step towards discovering novel pathogenesis-
related proteins, we performed a genome scale compu-
tational identification and characterization of secreted 
and transmembrane (TM) proteins, which are mainly 
responsible for bacteria-host interactions and interac-
tions with other bacteria, in the genomes of six repre-
sentative Burkholderia species. The species comprised 
plant pathogens (B. glumae BGR1, B. gladioli BSR3), 
human pathogens (B. pseudomallei K96243, B. cepacia 
LO6), and plant-growth promoting endophytes (Bur-
kholderia sp. KJ006, B. phytofirmans PsJN). The pro-
portions of putative classically secreted proteins (CSPs) 
and TM proteins among the species were relatively 
high, up to approximately 20%. Lower proportions 
of putative type 3 non-classically secreted proteins 
(T3NCSPs) (~10%) and unclassified non-classically 
secreted proteins (NCSPs) (~5%) were observed. The 
numbers of TM proteins among the three clusters 
(plant pathogens, human pathogens, and endophytes) 
were different, while the distribution of these proteins 
according to the number of TM domains was con-
served in which TM proteins possessing 1, 2, 4, or 12 
TM domains were the dominant groups in all species. 
In addition, we observed conservation in the protein 
size distribution of the secreted protein groups among 
the species. There were species-specific differences in 
the functional characteristics of these proteins in the 
various groups of CSPs, T3NCSPs, and unclassified 

NCSPs. Furthermore, we assigned the complete sets 
of the conserved and unique NCSP candidates of the 
collected Burkholderia species using sequence similar-
ity searching. This study could provide new insights 
into the relationship among plant-pathogenic, human-
pathogenic, and endophytic bacteria.
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Secreted and transmembrane (TM) proteins are crucial 
agents that initiate communication between bacteria and 
the outside environment, as well as mediating infection of 
host cells or other bacterial competitors, participating in 
both harmful and beneficial interactions (Collmer, 1998; 
Costa et al., 2015; Tseng et al., 2009). In gram-negative 
bacteria, the main determinant factors of pathogenesis are 
the effector proteins, which are usually secreted through 
non-classical pathways of the type I, III, IV, and VI secre-
tion systems (named as T1SS, T3SS, T4SS, and T6SS, re-
spectively) (Büttner and He, 2009; Feng and Zhou, 2012; 
Schell et al., 2007). When the effectors encounter plant 
or human cells, they are capable of promoting virulence 
through breaking up and repressing the cells’ immune sig-
nals. These effectors are typically categorized as non-clas-
sically secreted proteins (NCSPs), which have no signal 
peptides, and contain uncommon or diverse patterns of 
the amino acids in their corresponding sequence regions 
(Arnold et al., 2009; Bendtsen et al., 2004; Kampenusa 
and Zikmanis, 2010). By contrast, the proteins secreted 
through the general secretion (Sec) or twin-arginine trans-
location (Tat) pathways of the type II, V, VII secretion 
systems (termed as T2SS, T5SS, and T7SS, respectively), 
and sometimes the T4SS, are categorized as classically 
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secreted proteins (CSPs) (Nielsen and Krogh, 1998; Saier, 
2006; Tseng et al., 2009). These proteins utilize Sec or Tat 
signal peptides to penetrate their inner cell membrane via 
the Sec or Tat translocons, respectively. Signal peptides 
are normally found at the N-terminus, greater than 11 res-
idues, started by a positively charged n-region, followed 
by a core hydrophobic region, and a c-region (Nielsen 
and Krogh, 1998; Petersen et al., 2011). Besides secreted 
proteins, TM proteins also perform various functions vital 
to the survival of microorganisms, and are involved in the 
initial microbe-host interaction. TM proteins usually rep-
resent a high fraction of the total proteins of bacterial ge-
nomes (Chiba et al., 2008; Engel and Gaub, 2008; Saier, 
2006).

The Burkholderia genus includes over 60 species, 
which are found in a variety of ecological niches, includ-
ing humid areas and industrial zones (Estrada-de los 
Santos et al., 2013; Weisskopf et al., 2011). According to 
the phylogenetic analyses, this genus can be divided into 
two large clusters, in spited of its wide range, including 
the cluster of plant or human pathogens, and the cluster 
of plant-associated species pathogens (Estrada-de los 
Santos et al., 2013; Weisskopf et al., 2011). Of the plant 
pathogens, two species B. glumae and B. gladioli are 
emergent agents that cause serious diseases on rice, such 
as seedling blight, panicle blight, grain rot, and sheath rot, 
resulting in heavy yield losses in many countries world-
wide (Ham et al., 2011; Lee et al., 2016; Nandakumar et 
al., 2009; Ura et al., 2006). While B. pseudomallei and B. 
cepacia have been well-known as important representa-
tive species of human pathogens because they are oppor-
tunistic pathogens that are common agents of hospital-
associated infections, which act by repressing the immune 
system of animals and humans, causing melioidosis (by B. 
pseudomallei) and cystic fibrosis disease (by B. cepacia) 
(Govan and Deretic, 1996; Wiersinga et al., 2006). Of 
the latter cluster, some recently discovered Burkholderia 
species are non-pathogenic bacteria termed endophytes, 
which possess the ability to not only promote the growth 
and development of plants by enhancing their adaption to 
environmental changes, but also protect them from other 
pathogenic bacteria (Reinhold-Hurek and Hurek, 2011; 
Santoyo et al., 2016). The genomes of many endophytes 
have been sequenced recently; however, only a small 
number of them have been reported two species of B. 
phytofirmans PsJN and Burkholderia strain KJ006 (Mitter 
et al., 2013; Santoyo et al., 2016). The aiiA gene-produc-
ing Burkholderia sp. KJ006 can attenuate the mechanisms 
of quorum sensing and virulence of B. glumae; therefore, 
Burkholderia sp. KJ006 might represent a promising bio-
control agent to repress the plant pathogens (Cho et al., 
2007). For these reasons, six Burkholderia species of B. 

glumae, B. gladioli, B. pseudomallei, B. cepacia, B. phy-
tofirmans PsJN, and Burkholderia sp. KJ006 have been 
chosen as representatives for our comparative analyses 
among plant pathogens, human pathogens, and endo-
phytes.

Increasing the productivity of crops, together with pro-
tecting the plants from pathogens, are important tasks in 
the field of plant science; however, they are still challeng-
es to researchers because of the quick and complicated 
evolution of virulence-transferring secretion systems of 
bacteria, as well as climate changes leading to unhealthy 
environments for plants (Costa et al., 2015; Naughton et 
al., 2016; Park et al., 2014). The protection or damage 
mediated by endophytic and pathogenic bacteria on host 
cell, respectively, have been observed phenotypically; 
however, the details of the molecular interaction mecha-
nisms, especially the proteins directly involved in host-
bacterial interactions are still not fully understood or are 
often analyzed separately. 

In this study, we performed the computational iden-
tification and comparative analysis of putative secreted 
proteins and TM proteins on genome-scale in six different 
Burkholderia species. The data allowed us to study the 
relationship between Burkholderia plant pathogenic and 
human pathogenic or plant-growth promoting bacterial 
species Burkholderia, to gain a better understanding of 
their interaction mechanisms, and to identify further novel 
pathogenesis-related proteins. The protein sequence data 
collected for analysis were for six Burkholderia genomes 
representing plant pathogens, human pathogens, and the 
plant-growth promoting endophytes.

Materials and Methods

Bacterial strains. The representative Burkholderia strains 
analyzed in this study comprised two plant pathogens (B. 
glumae BGR1, B. gladioli BSR3), two human pathogens 
(B. pseudomallei K96243, B. cepacia LO6), and two non-
pathogenic endophytes (B. phytofirmans PsJN, Burkhold-
eria sp. KJ006). The whole genome sequences of these 
strains were extracted from the RefSeq database at the 
National Center for Biotechnology Information (NCBI) 
website (http://www.ncbi.nlm.nih.gov/). All duplicated 
proteins in the downloaded datasets were removed. In-
formation concerning the secretion systems existing in 
each Burkholderia strain was also examined, based on 
the available annotations of individual proteins and bacte-
rial secretion systems on Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway database (http://www.
genome.jp/kegg/pathway.html).

Prediction and characterization of proteins. Three pro-
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grams, SignalP (http://www.cbs.dtu.dk/services/SignalP/), 
TatP (http://www.cbs.dtu.dk/services/TatP/), and LipoP 
(http://www.cbs.dtu.dk/services/LipoP/) (Bendtsen et al., 
2005; Juncker et al., 2003; Petersen et al., 2011), with 
default cutoff values, were used to predict signal peptides 
in the bacterial proteins. Secreted proteins that do not 
contain any clear signal peptide at their N-terminus are 
termed the NCSPs, which are mostly secreted through the 
one-step non-conventional secretion pathways such as 
T1SS, T3SS, T4SS, and T6SS. To identify these proteins, 
we utilized the SecretomeP server, which is used widely 
to predict secreted proteins, especially the NCSPs. with 
an S-score ≥ 0.5 (http://www.cbs.dtu.dk/services/Secre-
tomeP/) (Bendtsen et al., 2004). In addition, the Effec-
tiveT3 (Arnold et al., 2009) and T3SS_prediction (Löwer 
and Schneider, 2009) servers were used to recognize 
potential type 3 effectors, which are NCSPs that are pos-
sibly secreted through the T3SS pathway, and are termed 
as type 3 non-classically secreted proteins (T3NCSPs). 
The TMHMM program (http://www.cbs.dtu.dk/services/
TMHMM/), which is considered as the best algorithm 
to recognize TM proteins with a hidden Markov model 
(HMM), through performing the prediction of TM do-
mains and topology of proteins, was used to eliminate 
the potential TM proteins among the putative secreted 
proteins and to recognize potential TM proteins in the rest 
of the genomes (Krogh et al., 2001; Möller et al., 2001). 
All predicted secreted proteins that possessed at least two 
potential TM domains were moved into the TM protein 
group; those that contained one potential TM domain 
remained in the secreted proteins group if the location of 
the TM domain overlapped with or was next to the posi-
tion of the predicted signal peptide, otherwise they were 
also moved into the TM protein group. The distribution 
of TM proteins according to number of TM domains was 
also established. 

Sequence analysis. The orthologous proteins among 
six genomes of the Burkholderia species were extracted 
by scanning BLASTp search (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) against the non-redundant proteins of six 

genomes in which the coverage and identity were set up 
to 50% and the E_value was set up to E-10 to obtain the 
orthologs with high confidence. The distributions of or-
thologs in various groups of predicted secreted and TM 
proteins were examined. The protein sizes of putative 
secreted proteins in various groups were analyzed and 
compared among the six Burkholderia strains. The DcGO 
prediction server (http://supfam.org/SUPERFAMILY/
dcGO/) was utilized to assign the Gene Ontology (GO) 
functions of the secreted proteins, according to three cat-
egories of molecular function (MF), cellular component 
(CC), and biological process (BP) (Fang and Gough, 
2013). The BLASTp server was also used to infer the 
conserved and unique putative NCSPs among the six rep-
resentative Burkholderia species, in which two proteins 
were considered as homologs if they shared a statistically 
significant similarity with an identity ≥ 30% and an E_
value < E-5 (Altschul et al., 1990). 

Results and Discussion

General characteristics of the genomes. The genome 
information of the six Burkholderia strains used in this 
study is shown in Table 1. Two strains of plant pathogens 
comprised B. glumae BGR1 isolated from grain and B. 
gladioli BSR3 isolated from the sheath parts of rice in 
Korea (Lim et al., 2009; Seo et al., 2011). The B. cepacia 
LO6 strain was recovered from an infected cystic fibro-
sis patient, and belongs to the B. cepacia genomovar VI, 
a new member of the B. cepacia complex (Belcaid et 
al., 2015). B. pseudomallei K96243 was isolated from a 
melioidosis patient in Thailand in 1996 and its genome 
was sequenced completely in 2004 (Holden et al., 2004). 
Burkholderia sp. KJ006 is an endophytic bacterium of 
rice with antifungal activity (Kwak et al., 2012) and B. 
phytofirmans PsJN can produce the beneficial effects on 
plants such as tomato, potato, cucumber, and grape (Mitter 
et al., 2013; Weilharter et al., 2011).

The possible secretion systems existing in the target 
Burkholderia strains were investigated according to the 
available information of bacterial secretion systems at the 
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Table 1. Genome information for the six Burkholderia strains used in this study

Organism Size (Mb) GC (%) Host/isolation source Geographic 
location Reference

B. glumae BGR1 7.28 67.93 Rice Korea Lim et al., 2009
B. gladioli BSR3 9.05 67.41 Rice Korea Seo et al., 2011
B. pseudomallei K96243 7.25 68.05 Human melioidosis Thailand Holden et al., 2004
B. cepacia LO6 6.42 67.00 Pulmonary/cystic fibrosis Thailand Belcaid et al., 2015
B. phytofirmans PsJN 8.21 62.32 Surface-sterilized onion root Canada Weilharter et al., 2011
Burkholderia sp. KJ006 6.63 67.19 Rice root Korea Kwak et al., 2012
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KEGG PATHWAY database (Kanehisa et al., 2006) and 
in the literature (Holden et al., 2004; Mitter et al., 2013; 
Seo et al., 2015). The information concerning the secre-
tion systems in B. cepacia LO6 was derived based on the 
annotations of the individual proteins in its whole genome 
(Table 2). Besides the conventional secretion pathway 
T2SS, the Tat and Sec translocons are usually found in 
most gram-negative bacteria. The non-conventional se-
cretion pathways of T3SS and T6SS, which have been re-
ported to transport the virulence determinants of bacterial 
pathogens into the host cell (Alfano and Collmer, 2004; 
Schell et al., 2007), were also found in all six collected 
bacterial strains. Among these bacteria, the B. pseudo-
mallei strain might have the most complicated secretion 
systems observed so far: three T3SS clusters and six evo-
lutionally distinct T6SSs, which are potentially involved 
in intra-macrophage growth, have been discovered in this 
species (Schell et al., 2007; Shalom et al., 2007). In ad-
dition, some studies have shown that T6SS appears com-
monly and T3SS is extremely rare in most of the identi-
fied endophytes (Reinhold-Hurek and Hurek, 2011; Xia et 
al., 2015); however, according to our examination, T3SS 
is present in both rice endophytes, B. phytofirmans PsJN 
and Burkholderia sp. KJ006. This suggested that T3SS 

might play a significant role in promoting plant growth, 
as well as in interactions with other pathogenic or endo-
phytic bacteria in the same host. 

Computational identification of secreted and TM 
proteins. The total numbers of putative secreted pro-
teins were determined from the full datasets of the non-
redundant proteins of the six Burkholderia genomes and 
were classified into various groups (Table 3). The CSP 
group comprised secreted proteins that contained a sig-
nal peptide predicted by at least one of the three servers 
(SignalP, TatP, and LipoP). The average proportion of 
putative CSPs obtained from the six genomes was signifi-
cantly high (20.7 ± 0.8%). The two plant pathogens had 
relatively similar proportions of putative CSPs (19.7% for 
B. glumae BGR1; 20.3% for B. gladioli BSR3), despite 
of their different genome sizes. The two human patho-
gens had the highest percentages of CSPs (21.9% for B. 
cepacia LO6 and 21.3% for B. pseudomallei K96243). 
The two remaining endophytes, B. phytofirmans PsJN and 
Burkholderia sp. KJ006, had intermediate levels of CSPs, 
at 20.1% and 20.8%, respectively. In addition, among the 
predicted CSPs, the proteins recognized only by the TatP 
program (CSP1-T) were dominant (7.8 ± 0.7%) compared 
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Table 2. The possible secretion systems in the Burkholderia strains 

Secretion pathway B. glumae  
BGR1

B. gladioli  
BSR3 

B. pseudomallei 
K96243 

B. cepacia  
LO6

B. phytofirmans 
PsJN 

Burkholderia sp. 
KJ006

T1SS Yes Unclear Unclear Yes Unclear Unclear
T2SS Yes Yes Yes Yes Yes Yes
T3SS Yes Yes Yes Yes Yes Yes
T4SS Yes Unclear Unclear Yes Yes Yes
T5SS Unclear Unclear Unclear Unclear Unclear Unclear
T6SS Yes Yes Yes Yes Yes Yes
Tat translocon Yes Yes Yes Unclear Yes Yes
Sec translocon Yes Yes Yes Yes Yes Yes

Tat, twin-arginine translocation; Sec, general secretory.

Table 3. Putative secreted and TM proteins in the Burkholderia strains

Group B. glumae  
BGR1

B. gladioli  
BSR3

B. pseudomallei 
K96243

B. cepacia
LO6

B. phytofirmans 
PsJN

Burkholderia sp. 
KJ006

CSP 1,161 (19.7) 1,492 (20.3) 1,222 (21.3) 1,213 (21.9) 1,426 (20.1) 1,165 (20.8)
T3NCSP 660 (11.2) 795 (10.8) 574 (10.0) 520 (9.4) 804 (11.3) 535 (9.6)
Unclassified NCSP 314 (5.3) 292 (4.0) 268 (4.7) 256 (4.6) 346 (4.9) 244 (4.4)
TM protein 1,075 (18.3) 1,331 (18.1) 1,112 (19.4) 1,051 (19.0) 1,415 (20.0) 1,126 (20.2)

Values are presented as number (%). % values refer to the fraction of proteins in each group compared with total non-redundant 
proteins in the whole genome.
TM, transmembrane; CSP, classically secreted protein; T3NCSP, type 3 non-classically secreted protein; NCSP, non-classically 
secreted protein.
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with those recognized only by either SignalP (0.9 ± 0.2%) 
or LipoP (1.7 ± 0.1%). The CSP1-T levels were lowest in 
the endophytes (6.9% for B. phytofirmans PsJN; 7.6% for 
Burkholderia sp. KJ006), followed by the plant pathogens 
(7.3% for B. gladioli BSR3; 8.1% for B. glumae BGR1), 
and were highest in the human pathogens (8.5% for B. 
cepacia LO6; 8.6% for B. pseudomallei K96243) (Table 
4). The high fractions of putative Tat proteins in all six 
Burkholderia species suggested that the Tat translocation 
system could be essential, and that the Tat secreted pro-
teins might play an important role in the interactions and 
pathogenic processes of these bacteria. 

The T3NCSPs, which are NCSPs that are possibly se-
creted through the non-conventional T3SS pathway, com-
prised proteins that were predicted to be potential type 3 
effectors by either the EffectiveT3 or the T3SS_prediction 
servers. The fractions of putative T3NCSPs recognized by 
combining results of both prediction servers in all strains 
were significantly high (10.4 ± 0.8%), in which the two 
plant pathogens, B. glumae BGR1 and B. gladioli BSR3, 
had similar percentages at 11.2% and 10.8%, respective-
ly; the endophyte B. phytofirmans PsJN had the highest 
percentage (11.3%), and the human pathogen B. cepacia 
LO6 had the lowest percentage (9.4%) (Table 3). It is 
notable that the average proportion of T3NCSPs was ap-
proximately two times the average fraction of the predict-
ed remaining NCSPs (4.6 ± 0.5%), which were predicted 
to be secreted proteins only by the SecretomeP program. 
Their specific secretion systems are unknown and they 
were thus named as the unclassified NCSP group (Table 3). 
For these these NCSP proteins, B. glumae BGR1 had the 
highest proportion (5.3%), while B. gladioli BSR3 had 
the lowest proportion (4%); the two human pathogens had 
similar proportions (4.7% for B. pseudomallei K96243; 
4.6% for B. cepacia LO6). The two endophytes, B. phy-
tofirmans PsJN and Burkholderia sp. KJ006, had propor-

tions of 4.9% and 4.4%, respectively.
The six Burkholderia genomes also received the con-

siderable proportions of TM proteins (19.1 ± 0.9%) 
recognized out of fully non-redundant proteins in whole 
genomes (Table 3). Remarkably, the percentages of TM 
proteins within the plant pathogens, human pathogens, 
and endophytes were quite similar, in which the two 
plant pathogens had the lowest percentages (18.3% for B. 
glumae BGR1; 18.1% for B. gladioli BSR3), two human 
pathogens had higher percentages (19.4% for B. pseudo-
mallei K96243; 19.0% for B. cepacia LO6), and the two 
endophytes had the highest percentages (20.0% for B. 
phytofirmans PsJN; 20.2% for Burkholderia sp. KJ006). 
However, these TM protein proportions (18.1–20.2%) 
were clearly lower than ones predicted in many other bac-
terial genomes (24–31%) (Stevens and Arkin, 2000). The 
explanation plausible for this could come from moving 
collectively some proteins predicted by TMHMM pro-
gram into CSP group. These proteins were recognized to 
have a TM domain and a signal peptide, simultaneously, 
but have the TM domain overlapping with or standing 
next to the signal peptide at N-terminal sequence parts. In 
particular, these proportions of such these proteins ranged 
from 3.6% to 4.4% for six genomes. 

In addition, to get a more comprehensive insight about 
gene contents of Burkholderia species, the orthologs 
which were considered as core proteins in this study were 
carried out of six genomes with around 2,448 proteins. 
B. cepacia LO6 and Burkholderia sp. KJ006 received the 
highest ratios of core protein in their genomes of 44.2% 
and 43.8%, respectively. Next the B. glumae BGR1 got 
41.5% and B. pseudomallei got 42.5% of core proteins 
in their genomes. Finally, two species B. gladioli BSR3 
and B. phytofirmans PsJN gained the lowest proportions 
of 33.2% and 34.5%, due to large sizes of their genomes. 
The distributions of the core proteins in groups of CSPs, 
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Table 4. Classically secreted proteins (CSPs) predicted in the Burkholderia strains 

Organism B. glumae  
BGR1

B. gladioli  
BSR3 

B. pseudomallei 
K96243 

B. cepacia  
LO6

B. phytofirmans 
PsJN 

Burkholderia sp. 
KJ006

CSP3 217 (4.0) 297 (4.0) 243 (4.2) 209 (3.8) 260 (3.7) 204 (3.7)
CSP2 320 (5.4) 480 (6.5) 346 (6.0) 366 (6.6) 489 (6.9) 380 (6.8)
CSP1-S 49 (0.8) 58 (0.8) 50 (0.9) 73 (1.3) 66 (0.9) 51 (0.9)
CSP1-T 477 (8.1) 538 (7.3) 493 (8.6) 469 (8.5) 487 (6.9) 423 (7.6)
CSP1-L 98 (1.7) 119 (1.6) 90 (1.6) 96 (1.7) 124 (1.7) 107 (1.9)
Total CSPs 1,161 (19.7) 1,492 (20.3) 1,222 (21.3) 1,213 (21.9) 1,426 (20.1) 1,165 (20.8)

Values are presented as number (%).
CSP3 and CSP2 are the CSPs that were predicted to contain a signal peptide by all three and two prediction tools, respectively. 
CSP1-S, CSP1-T, and CSP1-L refer to the CSPs that were predicted to have a signal peptide by only one of three servers (SignalP, 
TatP, or LipoP) respectively.
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T3NCSPs, unclassified NCSPs, and TM proteins of six 
Burkholderia species were found to be quite similar in 
overall (Supplementary Fig. 1). The ratios of core pro-
teins in B. gladioli BSR3 and B. phytofirmans PsJN were 
still lower in all groups and approximately equal in two 
groups of CSP and TM protein, but unequal in two groups 
of T3NCSP and unclassified NCSP. 

The distribution of TM proteins. The TM domains ap-
pearing in each TM protein were identified based on the 
TMHMM program, except some TM proteins recognized 
by only the LipoP program without specific TM domain 
number. We found that the distribution of TM proteins 
based on the number of TM domains in all six collected 
Burkholderia species was somewhat conserved, in spite 
of their different lifestyles (Fig. 1). The fractions of TM 
proteins that possess one or two TM domains were the 
highest, especially for B. glumae BGR1. Additionally, the 
proportions of TM proteins that contained four, five, six, 
or twelve TM domains were also higher than the other 
TM proteins: B. cepacia LO6 had the highest proportion 
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Fig. 1. The distribution of transmembrane (TM) proteins ac-
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Fig. 2. Length distribution of three secreted protein groups 
consisting of putative classically secreted proteins (CSPs), type 
3 non-classically secreted proteins (T3NCSPs), and unclassi-
fied non-classically secreted proteins (NCSPs) obtained from 
six Burkholderia strains. The vertical axis shows the number 
of secreted proteins with the corresponding length scale on the 
horizontal axis in each group.
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of TM proteins that possessed 12 TM domains.

Length distribution of secreted proteins. Fig. 2 shows 
the distribution of putative secreted proteins in the six 
Burkholderia strains according to the lengths of various 
groups, including CSPs, T3NCSPs, and unclassified NC-
SPs. Conservation of length distributions was observed 
in each group of secreted proteins, although the proteins 
belonging to different groups of plant pathogens, human 
pathogens, and endophytes varied in length. The largest 
unclassified NCSP group had lengths varying from 100 to 
200 residues (around 35%), the second group varied from 
0 to 100 residues (around 20–25%), and the third group 
varied from 201 to 300 residues (around 15%). Among 
the T3NCSP proteins, the largest group varied from 200 
to 300 residues (around 35%), and lower proportions 
were observed for the groups of 100 to 200 residues, and 
from 300 to 400 residues (around 20%). Finally, in the 
CSP group, the numbers of proteins whose lengths varied 
from 101 to 200, from 201 to 300, and from 302 to 400 
residues were the highest (around 20%). 

Functional analysis of putative secreted proteins. The 
distributions of GO terms characterizing MF, CC, and BP 
for the CSPs, T3NCSPs, and unclassified NCSPs in six 

Burkholderia genomes are shown in Fig. 3–5, respective-
ly. The horizontal bars represent the ratios of the secreted 
proteins assigned each GO term to the total number of 
putative secreted proteins in the corresponding group, as 
annotated by the dcGO program at the “general” level 
(http://supfam.org/SUPERFAMILY/dcGO/). 

In the MF assessment, the terms oxidoreductase ac-
tivity and anion binding were dominant for all three 
secreted protein groups, while the terms nucleic acid 
binding, transferase activity, transferring phosphorus-
containing group and ligase activity were dominant for 
the T3NCSPs and unclassified NCSPs. In addition, some 
functional terms were highly represented in one of three 
groups: transporter activity, receptor activity, and signal 
transducer activity terms in the CSP group; small mol-
ecule binding and nucleoside phosphate binding terms 
in the T3NCSP group; and structural molecule activity 
term in the unclassified NCSP group. In addition, species-
specific differences were observed in the MF terms: B. 
glumae BGR1 T3NCSPs were associated predominantly 
with transferase activity and transferring phosphorus-
containing group; its NCSP proteins were associated with 
nucleic acid binding, enzyme regulator activity and recep-
tor activity terms. In addition, there were less significant 
associations with receptor activity and transporter activ-

154

0

Molecular function

Cellular component

Biological process

Nucleoside phosphate binding

Small molecule binding

Nucleic acid binding

Signal transducer activity

Transferase activity, transferring phosphorus-containing groups

Receptor activity

Anion binding

Oxidoreductase activity

Transporter activity

Cytoskeletal part

Endomembrane system

Endoplasmic reticulum

Mitochondrion

Neuron part

Organelle membrane

Nuclear lumen

Cell projection part

Intrinsic to membrane

Plasma membrane part

Aromatic compound biosynthetic process

Lipid metabolic process

Regulation of transport

Single-organism biosynthetic process

Carbohydrate derivative metabolic process

Phosphate-containing compound metabolic process

Single-organism transport

Nucleobase-containing small molecule metabolic process

Organic acid metabolic process

Cellular protein modification process

Organic substance catabolic process

Cellular catabolic process

50

CSP (%)

BGR1
BSR3
K96243
LO6
PsJN
KJ006

40302010
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sis of putative classically secreted 
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the ratios (%) of proteins specified 
in each term to the total CSPs anno-
tated by the dcGO program (at the 
“general” level) of six Burkholderia 
strains. The GO terms with low per-
centages were eliminated.
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ity terms for the CSP group and with the anion-binding 
term in the T3NCSP group compared with those of other 
species. In B. gladioli BSR3, the association with trans-
porter activity in the unclassified NCSP group was stron-
ger than that in other species. B. pseudomallei K96243 
CSP proteins were more significantly associated with 
oxidoreductase activity, transferase activity, transferring 
phosphorus-containing group, and nucleic acid binding 
terms compared with those of other species. B. cepacia 
LO6 CSP proteins showed high associations with trans-
porter activity, receptor activity, and signal transducer 
activity terms; the T3NCSP group was highly associated 
with receptor binding; and the NCSP group was highly 
associated with the structural molecule activity term. 
B. phytofirmans PsJN CSP proteins were highly associ-
ated with transporter activity, receptor activity and signal 
transducer activity terms; the T3NCSP group were highly 
associated with the small molecule binding and nucleo-
side phosphate binding terms; and NCSP group was asso-
ciated with oxidoreductase activity. Finally, Burkholderia 
sp. KJ006 T3NCSP proteins were highly associated with 
anion binding, nucleoside phosphate binding, and small 
molecule binding terms; and the unclassified NCSP group 
was associated with anion binding.

In the CC assessment, the CSP group attained the 
highest fractions of some CC terms (i.e., plasma mem-
brane part and intrinsic to membrane in B. phytofirmans 
PsJN) up to approximately 45%, which was significantly 
higher than those of the T3NCSP and unclassified NCSP 
groups (approximately 30%). All three groups of secreted 
proteins were significantly associated with the plasma 
membrane part terms. The CSP group was significantly 
associated with the intrinsic to membrane and cell projec-
tion part terms, while the T3NCSP and unclassified NC-
SPs groups were both associated with the nuclear lumen, 
mitochondrion, and organelle membrane terms. In the BP 
assessment, the terms of cellular catabolic process, or-
ganic substance catabolic process, and organic acid meta-
bolic process were significantly associated with all three 
groups of secreted proteins. In addition, we observed 
that the terms cellular protein modification process and 
nucleobase-containing small molecule metabolic process 
were significantly associated with the CSP group, the nu-
cleic acid metabolic process was significantly associated 
with the unclassified NCSP group, while T3NCSP group 
was significantly associated with carbohydrate derivative 
metabolic process, organophosphate metabolic process, 
and nucleobase-containing small molecule metabolic pro-
cess terms. 

Overall, the distribution of significant GO terms ac-
cording to groups of secreted proteins was consistent for 
all collected bacterial strains. However, it was difficult to 

determine any conservation in the proportions of specific 
GO terms among six species and even between two spe-
cies with similar lifestyles (i.e., plant pathogen, human 
pathogen, and endophyte), especially in the MF and CC 
assessments. This indicated that the functional features of 
the secreted proteins in the Burkholderia species are most 
likely species-specific rather than lifestyle-specific, and 
thus would lead to distinct characteristics in their com-
munication process with the host cells. Another study also 
demonstrated that although virulent microorganisms and 
endophytes seem to possess genetically similar weaponry, 
their expression and regulatory mechanisms are different 
(Lòpez-Fernàndez et al., 2015; Xu et al., 2014). Further 
studies of the expressions of specific proteins in each spe-
cies and their interactions during communication with 
host cells might explain the differences between these 
pathogenic and mutualistic bacteria (Lòpez-Fernàndez et 
al., 2015; Seo et al., 2015). 

The conserved and unique type 3 effector candidates. 
The T3SS effectors play an essential role to many patho-
genic bacteria because these virulence genes can typically 
be inserted directly into host cells via the complicated 
T3SS, which commonly is constituted by 15 to 25 core 
genes including hrp (hypersensitive response and patho-
genicity) and hrc (hrp conserved) genes (Alfano and Col-
lmer, 2004; Feng and Zhou, 2012). The type III effectors 
in Pseudomonas syringae pathovars, the plant pathogens, 
have been discovered that can suppress both plant im-
mune system including pathogen-associated molecular 
pattern (PAMP)-triggered immunity (PTI) and effector-
triggered immunity (ETI) (Block and Alfano, 2011; Cun-
nac et al., 2009). Moreover, some studies have reported 
that T3SS effectors can be virulent for both plant and 
human hosts (Duarte et al., 2000; He et al., 2004; van 
Baarlen et al., 2007). To identify the T3SS effector candi-
dates with high confidence, we collected only the proteins 
that were recognized by both the EffectiveT3 and T3SS_
prediction programs among the previously predicted 
T3NCSPs (McDermott et al., 2011), and were termed 
T3NCSP-2 (Table 5). Using sequence similarity searching 
via BLASTp, the unique and conserved T3SS effectors 
were obtained from the collected Burkholderia species. 
In particular, the unique effectors had no homologous 
T3NCSP-2 proteins in the other five species, while the 
conserved effectors shared statistically significant similar-
ity (E_value < 1e-5, minimal identity 30%) with at least 
one T3NCSP-2 protein in the five remaining species. The 
number of conserved and unique T3SS effectors among 
the six Burkholderia species, along with the number of 
proteins conserved between separate query and subjec-
tive species are presented in Table 5. As expected, the two 
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plant pathogens B. glumae BGR1 and B. gladioli BSR3 
had the highest number of homologous T3SS effectors 
(79 for B. glumae BGR1 and 75 for B. gladioli BSR3). 
However, the number of homologs within the two human 
pathogens and within the two endophytes was not emer-
gent compared with their homologs found in the other 
remaining species. In particular, the human pathogen B. 
cepacia LO6 had a large number of homologous T3SS 
effectors (81 proteins) compared with the endophyte 
Burkholderia sp. KJ006 (79 proteins), regardless of their 
different lifestyles. This result was consistent with a study 
of genome comparisons between a human pathogen and 
an endophyte strain in which the authors reported that the 
endophyte strain caused mild virulence in a mouse model 
test system, while the human pathogen strain possessed 
the genes relevant for survival inside plants, such as those 
associated with nitrogen fixation, transport, protection 
against oxidative agents, and polysaccharide degradation 
(Fouts et al., 2008). 

The detailed list of these conserved putative T3SS ef-
fectors is shown in Table 6. These homologous proteins 
among six Burkholderia species have various functions 
of translation (i.e., 50S ribosomal protein L28), transport 
(i.e., ABC transporter ATP-binding protein, ATP-binding 
protein), regulation (i.e., AraC family transcriptional reg-
ulator, sigma-54 dependent regulatory protein, Fis family 
transcriptional regulator), enzymes (i.e., FMN-dependent 
NADH-azoreductase, cytidylate kinase, alkyl hydroper-
oxide reductase subunit C, protocatechuate 3,4-dioxygen-
ase subunit beta), and unknown function (i.e., hypotheti-
cal proteins). Of the putative conserved type 3 effectors, 
the alkyl hydroperoxide reductase (peroxiredoxin) protein 
was found as the extracellular protein regulated by HrpB 
transcriptional activator (Kang et al., 2008). We found 
no any homolog between these proteins with the experi-
mented type 3 effectors of T3SEdb database (Tay et al., 
2010). It is possible come from the feature that the type 3 

effector usually have distant sequences and have no any 
clear motif or signal peptide in N-terminal or C-terminal 
sequences to be recognized (Kang et al., 2008; Tay et al., 
2010). However, considering that these Burkholderia spe-
cies belong to three various lifestyles, the putative type 3 
effectors conserved across in all species may play the role 
in important common functions.

The conserved and unique unclassified NCSP candi-
dates. Due to the essential role of NCSPs in term of inter-
actions between bacteria and host (Bendtsen et al., 2004; 
Schell et al., 2007; Tseng et al., 2009), besides the results 
of T3NCSP groups we also extracted the unique and 
conserved proteins among the unclassified NCSP groups 
of six Burkholderia species by using sequence similarity 
searching via BLASTp. Similarly, the unique proteins had 
no any homologous protein in the other five species, while 
the conserved proteins shared statistically significant 
similarity (E_value < 1e-5, minimal identity 30%) with at 
least one protein in the five remaining species. The ratios 
of conserved proteins in these groups were clearly higher 
than those of T3NCSP groups (Table 7). B. phytofirmans 
PsJN and B. cepacia LO6 received the lowest proportions 
of 14% and 15%, respectively, while Burkholderia sp. 
KJ006 got the proportion up to 23% out of putative un-
classified NCSPs. In addition, the number of unique pro-
teins that could be the reason to make the species-specific 
differences, along with the number of proteins conserved 
between separate query and subjective species, were also 
presented in Table 7. Of such the unique proteins, while 
three strains of B. glumae BGR1, B. gladioli BSR3, and B. 
phytofirmans PsJN got the close proportions (47%, 46%, 
46%), the Burkholderia sp. KJ006 had remarkably less 
ratio (28%).

In conclusion, the results of this study could lead to a 
better understanding of the general features of secreted 
and TM proteins, and the relationships among Burkhold-
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Table 5. Conserved and unique type 3 effector candidates in six Burkholderia strains

Query  
strain T3NCSP-2 Conserved 

proteins*
Proteins conserved in subjective strains Unique  

proteinsBGR1 BSR3 K96243 LO6 PsJN KJ006

BGR1 197 11 (5.6) - 79 47 58 40 53 87 (44.2)
BSR3 233 12 (5.2) 75 - 53 51 54 55 110 (47.2)
K96243 164 11 (6.7) 46 46 - 48 35 44 77 (47.0)
LO6 141 13 (9.2) 52 51 51 - 42 81 38 (27.0)
PsJN 228 16 (7.0) 42 54 42 45 - 50 134 (58.8)
KJ006 149 16 (10.7) 54 59 50 79 46 - 41 (27.5)

Values are presented as number only or number (%).
*The proteins were conserved in the query strain and in all five remaining studied strains. 
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Table 6. Conserved type 3 effector candidates in six Burkholderia strains

Protein name Definition Locus ID

B. glumae BGR1
WP_004186391.1 MS: 50S ribosomal protein L28 bglu_1g28680
WP_012734522.1 FMN-dependent NADH-azoreductase bglu_1g04330
WP_012734950.1 Cytidylate kinase bglu_1g08790
WP_015875283.1 ABC transporter bglu_1g12300
WP_015875291.1 AraC family transcriptional regulator bglu_1g12380
WP_012734097.1 Sigma-54-dependent Fis family transcriptional regulator bglu_1p1190
WP_012733828.1 AraC family transcriptional regulator bglu_2g10410
WP_012733977.1 Protocatechuate 3,4-dioxygenase subunit beta bglu_2g12060
WP_015877421.1 Alkyl hydroperoxide reductase subunit C bglu_2g13670
WP_015877449.1 Peptide ABC transporter ATP-binding protein bglu_2g13960
WP_015877795.1 Hypothetical protein bglu_2g17740

B. gladioli BSR3
WP_013696521.1 FMN-dependent NADH-azoreductase bgla_1g04700
WP_013696998.1 Cytidylate kinase bgla_1g09630
WP_013697336.1 AraC family transcriptional regulator bgla_1g13140
WP_013697551.1 Fis family transcriptional regulator bgla_1g15580
WP_013698566.1 AraC family transcriptional regulator bgla_1g26190
WP_004186391.1 MS: 50S ribosomal protein L28 bgla_1g32050
WP_013690079.1 MS: alkyl hydroperoxide reductase subunit C bgla_2g13050
WP_013690224.1 Protocatechuate 3,4-dioxygenase subunit beta bgla_2g14510
WP_013691065.1 MS: hypothetical protein bgla_2g23080
WP_013691078.1 ABC transporter bgla_2g23220
WP_013691620.1 MS: alkyl hydroperoxide reductase subunit C bgla_2g28810
WP_013691697.1 ABC transporter bgla_2g29570

B. pseudomallei K96243
YP_106977.1 Fis family transcriptional regulator BPSL0350
YP_107543.1 50S ribosomal protein L28 BPSL0916
YP_108790.1 AraC family transcriptional regulator BPSL2195
YP_109070.1 Sigma-54 dependent regulatory protein BPSL2475
YP_109112.1 Cytidylate kinase BPSL2516
YP_109327.1 AraC family transcriptional regulator BPSL2731
YP_109651.1 ACP phosphodiesterase BPSL3056
YP_110488.1 Putrescine ABC transporter ATP-binding protein BPSS0466
YP_110513.1 Alkyl hydroperoxide reductase BPSS0492
YP_110726.1 Hypothetical protein BPSS0712 BPSS0712
YP_111309.1 Protocatechuate 3,4-dioxygenase BPSS1300

B. cepacia LO6
WP_006399806.1 MS: peroxiredoxin -
WP_006764866.1 MS: cytidylate kinase -
WP_006765287.1 MS: FMN-dependent NADH-azoreductase -
WP_006765678.1 MS: hypothetical protein -
WP_006766507.1 MS: AraC family transcriptional regulator -
WP_006767319.1 MS: AraC family transcriptional regulator -
WP_035973621.1 MS: sigma-54-dependent Fis family transcriptional regulator -
WP_035973986.1 MS: protocatechuate 3,4-dioxygenase subunit beta -
WP_035976167.1 MS: AraC family transcriptional regulator -
WP_045552239.1 MS: nitrate ABC transporter ATP-binding protein -
WP_045552403.1 MS: transporter -
WP_045552421.1 MS: nitrate ABC transporter ATP-binding protein -
WP_004186391.1 MS: 50S ribosomal protein L28 -
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Table 6. Continued

Protein name Definition Locus ID

B. phytofirmans PsJN
WP_012426127.1 Transcriptional regulator Bphyt_4230
WP_012426304.1 ABC transporter ATP-binding protein Bphyt_4412
WP_012426718.1 ATP-binding protein Bphyt_4841
WP_012427269.1 Peroxiredoxin Bphyt_5403
WP_012428554.1 Protocatechuate 3,4-dioxygenase subunit beta Bphyt_6760
WP_012432154.1 AraC family transcriptional regulator Bphyt_1112
WP_012432584.1 AraC family transcriptional regulator Bphyt_1557
WP_012433284.1 AraC family transcriptional regulator Bphyt_2287
WP_012433486.1 AraC family transcriptional regulator Bphyt_2493
WP_012433835.1 Phosphate ABC transporter ATP-binding protein Bphyt_2855
WP_012433975.1 Cytidylate kinase Bphyt_3002
WP_012434114.1 50S ribosomal protein L28 Bphyt_3149
WP_012434141.1 ABC transporter ATP-binding protein Bphyt_3178
WP_012434224.1 Hypothetical protein Bphyt_3263
WP_012434453.1 FMN-dependent NADH-azoreductase Bphyt_3502
WP_041759656.1 Propionate catabolism operon regulatory protein PrpR -

Burkholderia sp. KJ006
WP_011880598.1 MS: DNA-binding response regulator MYA_5939
WP_011881944.1 MS: peroxiredoxin MYA_4577
WP_011882749.1 MS: mannosyltransferase MYA_0030
WP_011883277.1 MS: arginine ABC transporter ATP-binding protein MYA_0581
WP_014722373.1 MS: FMN-dependent NADH-azoreductase MYA_0441
WP_014722679.1 MS: cytidylate kinase MYA_0937
WP_014723245.1 MS: AraC family transcriptional regulator MYA_1840
WP_014723441.1 MS: nitrate ABC transporter ATP-binding protein MYA_2172
WP_014723792.1 MS: putrescine/spermidine ABC transporter ATP-binding protein MYA_2751
WP_014725036.1 MS: protocatechuate 3,4-dioxygenase subunit beta MYA_4482
WP_014725142.1 MS: hypothetical protein MYA_4630
WP_014725322.1 MS: nitrate ABC transporter ATP-binding protein MYA_4860
WP_014726065.1 MS: DNA-binding response regulator MYA_5736
WP_034194145.1 MS: phosphate ABC transporter ATP-binding protein -
WP_045579647.1 MS: sigma-54-dependent Fis family transcriptional regulator -
WP_004186391.1 MS: 50S ribosomal protein L28 -

MS, multispecies.

Table 7. Conserved and unique unclassified non-classically secreted protein (NCSP) candidates in six Burkholderia strains

Query  
strain

Unclassified 
NCSPs

Conserved 
proteins*

Proteins conserved in subjective strains Unique  
proteinsBGR1 BSR3 K96243 LO6 PsJN KJ006

BGR1 314 57 (18.2) - 123 97 112 91 107 149 (47.5)
BSR3 292 58 (19.9) 126 - 98 97 94 98 133 (45.5)
K96243 268 55 (20.5) 101 101 - 98 101 102 105 (39.2)
LO6 256 38 (14.8) 105 93 100 - 102 91 93 (36.3)
PsJN 346 50 (14.5) 102 103 113 115 - 103 159 (46.0)
KJ006 244 57 (23.4) 107 94 103 127 113 - 68 (27.9)

Values are presented as number only or number (%).
*The proteins were conserved in the query strain and in all five remaining studied strains. 
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eria species, which comprised harmful bacteria and bac-
teria that benefit their plant or human host. Most of the 
studied bacterial strains possessed the determinant secre-
tion systems for pathogenesis, especially T3SS and T6SS. 
The numbers of putative CSPs and TM proteins obtained 
from all species were significantly high, reaching approxi-
mately 20%; however, there were lower numbers of puta-
tive T3NCSPs (~10%) and unclassified NCSPs (~5%). 
The proportions of TM proteins among the three groups 
of plant pathogens, human pathogens, and endophytes 
were different; however, the distribution of such proteins 
according to number of TM domains was likely con-
served. In addition, we observed conservation in the pro-
tein size distribution of the secreted protein groups among 
the species. There were also species-specific differences 
in the functional characteristics of the secreted proteins 
in the various groups (i.e., CSPs, T3NCSPs, unclassified 
NCSPs), together with distinct features among the groups. 
Finally, the complete sets of conserved and unique T3SS 
effector candidates in the selected Burkholderia species 
were assigned based on sequence similarity searching. 
To the best of our knowledge, this is the first report of a 
genome-scale comparative analysis of secreted and TM 
proteins among plant-pathogenic, human-pathogenic, and 
plant-growth promoting endophytic bacteria of genome-
sequenced Burkholderia species.
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