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Type VI secretion system (T6SS) has been discovered 
in a variety of gram-negative bacteria as a versatile 
weapon to stimulate the killing of eukaryotic cells or 
prokaryotic competitors. Type VI secretion effectors 
(T6SEs) are well known as key virulence factors for 
important pathogenic bacteria. In many Burkholderia 
species, T6SS has evolved as the most complicated se-
cretion pathway with distinguished types to translocate 
diverse T6SEs, suggesting their essential roles in this 
genus. Here we attempted to detect and characterize 
T6SSs and potential T6SEs in target genomes of plant-
associated and environmental Burkholderia species 
based on computational analyses. In total, 66 potential 
functional T6SS clusters were found in 30 target Burk-
holderia bacterial genomes, of which 33% possess three 
or four clusters. The core proteins in each cluster were 
specified and phylogenetic trees of three components 
(i.e., TssC, TssD, TssL) were constructed to elucidate 
the relationship among the identified T6SS clusters. 
Next, we identified 322 potential T6SEs in the target 
genomes based on homology searches and explored the 
important domains conserved in effector candidates. 
In addition, using the screening approach based on the 
profile hidden Markov model (pHMM) of T6SEs that 
possess markers for type VI effectors (MIX motif) (MIX 
T6SEs), 57 revealed proteins that were not included in 
training datasets were recognized as novel MIX T6SE 

candidates from the Burkholderia species. This ap-
proach could be useful to identify potential T6SEs from 
other bacterial genomes.
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Secretion in bacterial species is a critical mechanism for 
survival and adaptation to their natural surrounding envi-
ronmental stresses (Abby et al., 2016; Alfano and Collmer, 
2004; Russell et al., 2014a). Many bacteria have evolved 
different secretion pathways termed from type I to type IX 
secretion systems to deliver effector molecules such as pro-
teins, enzymes or toxins from a bacterial cell to its exterior 
(Abby et al., 2016; Tseng et al., 2009). Among them, the 
type VI secretion system (T6SS) is involved in both bacte-
rial-host and inter-bacterial interactions, by delivering anti-
eukaryotic or anti-bacterial effectors, respectively (Filloux 
et al., 2008; Russell et al., 2014a). The type VI secretion 
effectors (T6SEs) in plant-associated bacteria have been 
demonstrated to operate various functions such as inter-
bacterial competition, quorum sensing, stress response, 
biofilm formation, and symbiosis (Bernal et al., 2017b; 
Cianfanelli et al., 2016; Hachani et al., 2016; Russell et al., 
2014a; Ryu, 2015). Anti-bacterial effectors usually have 
corresponding immune proteins to help self-protect bac-
teria from the toxicity of their own secreted effectors. No-
tably, many components of T6SSs such as Hcp and VgrG 
proteins may serve as specialized effectors with toxic ex-
tension domains delivered into target cells along with cargo 
effectors (Cianfanelli et al., 2016; Hachani et al., 2016). 

The T6SS were initially identified as imp genes in Rhizo-
bium leguminosarum (Bladergroen et al., 2003), and then 
as evpA-H genes in Edwardsiella tarda (Rao et al., 2004). 
In 2006, structures of T6SS were elucidated in Vibrio chol-
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era and Pseudomonas aeruginosa with 13 core proteins 
(Mougous et al., 2006; Pukatzki et al., 2006). So far, three 
main T6SS types including T6SS-i, T6SS-ii, and T6SS-iii 
have been discovered, in which the T6SS-i was classified 
into the distinct subtypes T6SS-i1, i2, i3, i4a, i4b, and i5, 
based on the organization and phylogenetic relationship 
of its core components (Barret et al., 2011; De Maayer et 
al., 2011; Li et al., 2015; Russell et al., 2014b). The T6SS-
i type has been identified in a wide range of proteobacteria 
with 13 core components from TssA to TssM (Bingle et al., 
2008; Russell et al., 2014a), whereas the T6SS-ii type has 
just been discovered in Francisella species with 17 core 
components (Broms et al., 2012; de Bruin et al., 2011). 
The T6SS-iii type was discovered later in Flavobacterium 
species with 12 core components (De Maayer et al., 2011; 
Russell et al., 2014b). Nowadays the mechanism and func-
tion of T6SS clusters among plant pathogenic and com-
mensal bacteria have obtained much attention because of 
their important role to help bacteria getting advantages in 
adaptation and settlement through inter-bacterial and plant-
bacterial interactions (Bernal et al., 2017b; Ryu, 2015).

The Burkholderia genus belongs to the β-subclass of pro-
teobacteria with approximately over 60 species dwelling in 
diverse niches (Coenye and Vandamme, 2003; Compant 
et al., 2008). Of the plant pathogenic Burkholderia species, 
B. glumae, B. gladioli, and B. plantarii are emergent repre-
sentatives that cause essential rice diseases such as panicle 
blight, sheath rot, and seedling blight (Estrada-de los San-
tos et al., 2013; Ham et al., 2011; Jeong et al., 2003; Solis 
et al., 2006; Ura et al., 2006). Besides, some Burkholderia 
species have been recently discovered as plant-associated 
beneficial bacteria (e.g., B. phytofirmans PsJN, Burkhold-
eria sp. KJ006, B. phenoliruptrix BR3459a) that may pro-
mote plant-growth, enhance disease resistance, or foster 
nitrogen fixation in plants (Estrada-de los Santos et al., 
2013; Mitter et al., 2013). In many Burkholderia species, 
the T6SS machinery has evolved as the most complicated 
system with distinct types; remarkably, it has specialized 
functions and can transport exclusively specific effectors 
(Burtnick et al., 2011; Schell et al., 2007; Schwarz et al., 
2010), suggesting its essential role in this genus. However, 
the lack of apparent information regarding determinants of 
passage substrates through the T6SS apparatus and the fact 
that this secretion pathway may be suppressed under stan-
dard laboratory conditions (Bernard et al., 2010; Silverman 
et al., 2011), have caused difficulties in both the experi-
mental and computational identification of novel T6SEs. 
So far, several bioinformatics approaches have been pro-
posed to recognize T6SEs based on heretical methods and 
sequence homology searching (Li et al., 2015; Russell et 

al., 2012; Salomon et al., 2014). 
In this report, we attempted to detect and characterize 

T6SS clusters and T6SE candidates in target genomes of 
plant-associated or enviromental Burkholderia species 
based on computational analyses. The component proteins 
of each cluster were manually checked in detail and phylo-
genetic trees of three components (TssC, TssD, and TssL) 
were established to elucidate the relationship among an-
notated T6SS clusters. The potential T6SEs in the bacterial 
genomes of Burkholderia species were inferred based on 
homology searching. Furthermore, we attempted to reveal 
a T6SEs containing marker for type six (MIX T6SEs) us-
ing a screening approach based on the profile hidden Mar-
kov model (pHMM) method. 

Materials and Methods

Annotation of Type VI Secretion Systems. Annotations 
of available T6SS clusters and their components in some 
bacterial genomes were obtained from the SecreT6 data-
base (http://db-mml.sjtu.edu.cn/SecReT6/) (Li et al., 2015). 
To annotate T6SS clusters in the remaining uncharacterized 
genomes, we extracted nucleotide sequences from the pub-
lic sequence database at National Center for Biotechnology 
Information NCBI (https://www.ncbi.nlm.nih.gov/ge-
nome/) and utilized the CD-easy tool in SecReT6 to anno-
tate the open reading frames (ORFs) along with their corre-
sponding amino acid sequences. Next, the T6SS-BLASTP 
program with default values in SecreT6 was used to detect 
the T6SS component proteins in target genomes and loci 
with at least five components were considered as potential 
T6SS clusters. The component genes of all clusters were 
then manually checked in detail. Furthermore, we com-
pared the T6SS clusters obtained here with those detected 
by using TXSScan MacSyFinder program (Abby et al., 
2016; Abby and Rocha, 2017), to carry out the optimized 
validation for potential functional systems. In final, the 
clusters that either were detected by both programs or con-
tained at least 10 core components explored by SecReT6 
were further used in distribution and phylogenetic analyses 
because of their highly confident presence and functional 
ability in genomes. Three important component proteins 
(e.g., TssB, TssC, TssL) were utilized for constructing phy-
logenetic trees to elucidate the phylogenetic relationship 
among the detected T6SS clusters. Protein sequences were 
aligned using the ClustalW algorithm (Thompson et al., 
1994) in MEGA6 (http://www.megasoftware.net/) (Tamura 
et al., 2013), and phylogenetic trees were constructed based 
on the Neighbor-Joining (NJ) method (Saitou and Nei, 
1987) with 1000 bootstrap replicates and other default pa-
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rameters (phylogenetic reconstruction, substitution type: 
amino acids, model/ methods: Jones-Taylor-Thornton (JTT) 
model (Jones et al., 1992), rates among sites: uniform rates 
and gap missing data treatment: partial deletion). 

Prediction of type VI secretion effectors based on ho-
mology search. The complete sequenced genomes and 
protein sequences of Burkholderia and other reference spe-
cies were downloaded from the NCBI genome database. 
In total, 105 experimentally verified T6SEs in different 
bacterial species were extracted from the integrated data-
base SecReT6 and existing literature (Bernal et al., 2017a; 
Li et al., 2015). The evidential effectors were then used as 
query sequences to recover homologous proteins from the 
complete genomes of Burkholderia bacterial strains using 
BLASTP search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
(Altschul et al., 1990) with identity ≥ 30% and E-value 
< 10-6. Next, the amino acid sequences of the collected 
proteins were checked manually. Proteins with length less 
than 100 residues or containing a signal peptide checked 
by the SignalP program (http://www.cbs.dtu.dk/services/
SignalP/) (Petersen et al., 2011) were removed. To avoid 
overlapping results obtained from the similarity of short 
domains, we also checked the length skew between query 
sequences and the identified protein sequences in all hits; 
hits with a length skew greater than 200 amino acids were 
then eliminated. For hits with identity ranging from 30% 
to lower than 50%, only proteins that were detected in at 
least three hits by three different query effectors or having 
an annotation related to type VI effectors (i.e., Hcp, VgrG, 
Rhs/YD-repeat, PAAR, phospholipase) were retained. 
The TMHMM server (Krogh et al., 2001) and Conserved 
Domain Database CDD (https://www.ncbi.nlm.nih.gov/
cdd/) (Marchler-Bauer et al., 2011) were used to explore 
the transmembrane (TM) regions and conserved domains 
in potential T6SE sequences.

Detection of MIX T6SEs using profile hidden Markov 
model. To reveal MIX T6SEs, we built profile HMM mod-
els for MIX-containing effectors and used these models 
to scan all target genomes. In total, 217 T6SS-associated 
effector proteins that contained MIX motifs were extracted 
from a recent study by Salomon et al (2014). These T6SEs 
were divided into five groups as MIX I, MIX II, MIX 
III, MIX IV, and MIX V – containing proteins (named as 
dataset 1 to dataset 5 in this study), including six eviden-
tial T6SEs (i.e., VP1388, VPA1263, IdsD, BTH_I2691, 
VCA0020, V12G01_02265). These input protein sequenc-
es were aligned using the MUSCLE 3.8 program with de-
fault parameters (Multiple Sequence Comparison by Log-

Expectation) (Edgar, 2004). Next, the HMMER (http://
hmmer.janelia.org/) (Finn et al., 2011), particularly the 
basic function of building a profile HMM from a dataset of 
sequences (hmmbuild), was used to establish five pHMMs 
for the five datasets of aligned sequences. The function of 
searching a profile HMM against a database (hmmsearch) 
in HMMER was then used to screen the trained pHMMs 
against protein sequences, to identify matched proteins 
that were considered MIX T6SE candidates. The E-value 
along with sequence score for whole sequence searching of 
matched proteins was valid based on the results of search-
ing evidential MIX T6SEs and matched proteins with a sig-
nal peptide checked by SignalP (Petersen et al., 2011) were 
eliminated. To assess the ability of each pHMM to recog-
nize potential MIX T6SEs, we performed cross-searching 
using five built pHMMs against all 217 collected T6SEs in 
the five training datasets. The detection rate of five models 
against non-T6SE datasets was also tested. The test datasets 
were extracted from two negative datasets of SecretomeP 
program, one from Gram-negative bacteria (196 proteins) 
and another from Gram-positive bacteria (1084 proteins). 
Next, to evaluate the ability of recognizing MIX T6SE can-
didates from separate bacterial genomes, we implemented 
a search of pHMMs against reference genomes of bacte-
rial strains containing the known MIX T6SEs and some 
bacteria (e.g., Escherichia and Pseudomonas strains) with 
well-characterized T6SSs (Cascales and Cambillau, 2012; 
Cianfanelli et al., 2016; Filloux et al., 2008). Finally, we 
applied the pHMM-based screening approach described 
above to detect MIX T6SE candidates in bacterial genomes 
of the Burkholderia species. To explore the relationship 
among the revealed candidates, their amino acid sequences 
were aligned using the ClustalW algorithm (Thompson 
et al., 1994) and a phylogenetic tree was then constructed 
based on the Neighbor-Joining (NJ) method (Saitou and 
Nei, 1987) with 1000 bootstrap replicates and other default 
parameters in MEGA6 (http://www.megasoftware.net/) 
(Tamura et al., 2013). In addition, the available neighboring 
T6SS components of MIX T6SE candidates on the genome 
were checked manually. The conserved domains of the 
proteins were detected using the CDD program (Marchler-
Bauer et al., 2011) and transmembrane (TM) regions were 
explored using the TMHMM server (Krogh et al., 2001). 

Results and Discussion

Annotation of T6SS clusters. A large amount of attention 
has been given to studies regarding mechanisms of T6SSs 
and their components because they are involved in both 
inter-bacterial and bacterial-host interactions (Bingle et 
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al., 2008; Cascales and Cambillau, 2012; Cianfanelli et al., 
2016). In this work, the potential function T6SS clusters 
in representative genomes of target Burkholderia strains 
which are plant-associated pathogenic and beneficial bacte-
ria, biocontrol bacteria, or isolated from environment were 
annotated (Table 1). In total, 86 potential T6SS clusters 
were found in 30 target genomes of Burkholderia strains 
and the components of each cluster were screened manu-
ally (Supplementary Table 1). Of those, 66 clusters (mean 
number of clusters per strain is 2.2) were found to contain 

at least 10 components out of the 13 core components 
(TssA – TssM) (Table 1). All these clusters were also de-
tected by TXSScan models as single-loci with exception 
of one cluster in Burkholderia sp. CCGE1002 due to strict 
requirements regarding number of predicted core proteins 
by TXSScan models which requires more than 11 core 
proteins over 14 full componnents (TssA-TssM, and evpJ 
proteins) (Abby et al., 2016; Abby and Rocha, 2017). 

The plant pathogens (e.g., B. glumae, B. gladioli, B. 
plantarri strains) generally possessed at least two or three 

Table 1. Distribution of T6SS loci with at least 10 components identified in Burkholderia species genomes

Bacterial strain Number of  
T6SS locus

Potential T6SS subtype

i1 i2 i3 i4a i4b
Plant-associated pathogenic bacteria
B. glumae BGR1 4 - 1 1 1 1
B. gladioli BSR3 3 - - 2 - 1
B. glumae LMG 2196 3 - 1 1 - 1
B. glumae PG1 3 - - 2 - 1
B. plantarii ATCC 43733 3 - - 2 - 1
B. cepacia ATCC 25416 2 - - 1 - 1
B. gladioli ATCC 10248 2 - - 1 - 1
B. gladioli KACC 11889 2 - - 1 - 1
Plant-associated beneficial bacteria
Burkholderia sp. CCGE1002 3 - 1 1 1 -
B. phenoliruptrix BR3459a 2 - 1 - - 1
B. phytofirmans PsJN 2 - - 1 - 1
B. pyrrocinia DSM10685 2 - 1 - - 1
Burkholderia sp. KJ006 2 - 1 - - 1
Burkholderia sp. CCGE1001 2 - - 1 - 1
Burkholderia sp. CCGE1003 2 - - 1 - 1
Burkholderia sp. RPE67 2 1 - 1 - -
Burkholderia sp. RPE64 1 1 - - - -
B. vietnamiensis LMG 10929 1 - - - - 1
B. vietnamiensis G4 1 - - - - 1
Environmental bacteria or biocontrol agent
B. ambifaria MC40-6 4 - 1 2 - 1
Burkholderia sp. YI23 4 1 1 2 - -
B. cepacia JBK9 3 1 - 1 - 1
Burkholderia lata sp. 383 3 - - 2 - 1
B. ambifaria AMMD 2 - - 1 - 1
B. cepacia GG4 2 - - 1 - 1
B. phymatum STM815 2 - - 1 1 -
B. cenocepacia HI2424 1 - - - - 1
B. cenocepacia MC0-3 1 - - - - 1
B. cepacia DDS 7H-2 1 - - - - 1
Burkholderia sp. Ch1-1 1 - - - - 1

Total (%)
 66 4 8 26 3 25

 100%    6%  12% 39%    5% 38%
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potential functional T6SS clusters whilst most of represen-
tative plant growth-promoting bacteria (e.g., B. phytofir-
mans PsJN, Burkholderia sp. KJ006, B. vietnamiensis G4, 
B. vietnamiensis LMG 10929), symbionts (e.g., Burkhold-
eria sp. CCGE1001, Burkholderia sp. CCGE1003) or nod-
ule bacteria (e.g., Burkholderia sp. RPE64, Burkholderia 
sp. RPE67) contained around one or two clusters (Table 
1). This suggested that in plant-pathogenic Burkholderia 
species, the type VI systems would be related to opera-
tions functioning in plant-bacterial harmful interactions. 
Beside encouraging the inter-bacterial competitive inter-

actions (Bernal et al., 2017b; Ryu, 2015), the pathogens 
seem have evolved these multiple systems to facilitate their 
colonization in plant host cells. In addition, we compared 
the result of T6SS prediction in the collected Burkholderia 
strains with that in other reference Burkholderia species 
including human pathogens. The mean number of potential 
functional T6SS clusters per strain in plant-associated or 
environmental Burkholderia bacteria (approximately 2.2) 
was lower than human pathogenic Burkholderia species 
(approximately 4.1) (Supplementary Table 1).

Next, to assess the phylogenetic relationship among 

Fig. 1. Distribution of putative T6SEs 
and annotated T6SS clusters. The 
number of T6SS loci ranges from 1 to 
5, existing in all 30 analyzed genomes, 
and the number of T6SE candidates 
ranges from 4 to 20 in which the mean 
numbers of type VI effectors for three 
groups of plant-associated pathogenic 
bacteria, plant-associated beneficial 
bacteria, environmental bacteria and/
or biocontrol agent were 14.5, 7.1, and 
11.6, respectively. 
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T6SS clusters, we constructed phylogenetic distributions 
of three proteins (i.e., TssC, TssD, and TssL) which are 
important components and are also found in most of the 
assigned T6SS clusters (Supplementary Fig. 1-3). Proteins 
that belong to the same annotated T6SS subtypes (i.e., i3, 
i4b, i2, i1, i4a) were mainly grouped together, strongly 
indicating that the T6SS clusters could be classified based 
on the phylogenetic relationship of their components. 
Therefore, we assigned specific subtypes for T6SS-N/
A clusters, which were not annotated availably based on 
the groups depicted in the phylogenetic trees. Remark-
ably, the assigned T6SS subtypes obtained from all three 
phylogenetic trees of TssC, TssD, and TssL proteins were 
the same and are specified as an inferred T6SS subtype in 
Supplementary Table 1. The predicted subtype number of 
the collected Burkholderia strains was presented in Table 
1, with the highest proportions in the T6SS-i3 (39%) and 
T6SS-i4b (38%) subtypes, indicating the important role of 
these subtypes especially in plant-pathogenic Burkholderia 
species. 

Homology-based prediction of Type VI secretion effec-
tors. The detection of T6SEs in bacterial species may help 
in developing efficient strategies to inhibit or promote their 
competition with other neighboring bacteria dwelling in the 
same niches. Here, the experimental effectors were used 
as query sequences to search for homologous proteins in 
the bacterial genomes of Burkholderia species, in order to 
infer potential type VI effectors. At first, hits with identity 
≥ 30%, E-value < 10-6, and a length skew less than 200 
amino acids were collected. The proteins revealed in hits 
with lengths less than 100 residues or containing a signal 
peptide inside were then eliminated. Next, for hits with 
identity ranging from 30% to lower than 50%, only pro-

teins with at least three hits or having a functional annota-
tion related to type VI effectors were retained. Overall, a 
total of 322 potential T6SE proteins were inferred based on 
the homology search of the 30 genomes of Burkholderia 
species. Of these, 215 (66.8%) proteins were predicted as 
non-classically secreted proteins (NCSPs) by the Secre-
tomeP program (Bendtsen et al., 2004) and only 17 pro-
teins (5.3%) were found to contain at least one TM domain 
based on the TMHMM program (Krogh et al., 2001). The 
number distribution of the T6SE candidates along with the 
T6SS clusters in the analyzed Burkholderia bacterial strains 
are presented in Fig. 1. The plant-pathogenic Burkholderia 
strains obtained the highest average number 14.5 of puta-
tive T6SEs, followed by the group of environmental bac-
teria or biocontrol agent with 11.6, and the group of plant-
associated beneficial bacteria got around 7.1. Clearly, the 
type VI effectors in Burkholderia plant pathogens would be 
associated with the ability of toxic infecting on their plant 
host cells. However, there seems to be no clear relationship 
between the number of T6SS clusters and number of T6SE 
candidates when considering them in all bacterial strains. 
The GenBank accession numbers of all induced T6SE pro-
teins and related annotations can be found in Supplemen-
tary Table 2. 

Domains or motifs may provide biologically meaningful 
features in the characterization of putative type 6 effectors 
and could be related to processes that connect the cargo 
effectors with the component effectors (Cianfanelli et al., 
2016; Russell et al., 2014a). Based on the CDD program 
with concise results, conserved domains in the putative 
T6SEs induced in Burkholderia species were assigned 
with an E-value < 10-4. The distribution of domain types is 
depicted in Fig. 2, showing the highest fractions of VgrG-
related domains (i.e., VgrG, T6SS_Vgr, VI_Rhs_Vgr) 
and Hcp-related domains (i.e., T6SS_HCP, VI_effect_
Hcp1) with 40% and 15%, respectively. Lower fractions 
were observed for COG4253 (13%) and DUF2345 (8%), 
which are unknown functional domains usually found in 
type VI associated proteins that could be involved in the 
transport of putative effector islands (Ma et al., 2013). The 
Rhs – related domain type (i.e., RhsA, RHS, PAAR_RHS) 
also showed the fraction of up to 13% in total. Important 
domains like the Phospholipase D domain, included in 
the type VI secretion phospholipase D effectors targeting 
both eukaryotes and prokaryotes (Jiang et al., 2014), and 
especially the HNH super family comprising the conserved 
AHH, WHH, HNHc, and/or Tox-SHH domains that play 
an important role in the toxicity of proteins (Veluchamy et 
al., 2009) were also observed. The remaining domains (i.e., 
DUF3274, Cls, DUF2235, Ntox8 superfamily, PAAR, 

Fig. 2. Distribution of conserved domains in putative T6SEs 
identified in Burkholderia species. 
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Table 2. Putative MIX T6SE proteins detected from the genomes of Burkholderia species

Bacterial strain Locus_tag Detection model Specify

B. ambifaria AMMD Bamb_0209 pHMM5 Non-training
B. ambifaria AMMD Bamb_3481 pHMM1-4 Non-training
B. ambifaria MC40-6 BamMC406_1283 pHMM1-4 Non-training
B. ambifaria MC40-6 BamMC406_6438 pHMM2-4 Non-training
B. cenocepacia HI2424 Bcen2424_3748 pHMM1,2,3 Non-training
B. cenocepacia MC0-3 Bcenmc03_3775 pHMM1-4 Non-training
B. cenocepacia MC0-3 Bcenmc03_4489 pHMM5 Non-training
B. cenocepacia MC0-3 Bcenmc03_2204 pHMM2-4 Training
B. cepacia ATCC 25416 APZ15_13810 pHMM1,3 Non-training
B. cepacia ATCC 25416 APZ15_27370 pHMM2-4 Non-training
B. cepacia ATCC 25416 APZ15_10550 pHMM5 Non-trainingH

B. cepacia GG4 GEM_2121 pHMM2-4 Non-training
B. cepacia GG4 GEM_3886 pHMM2-4 Non-training
B. cepacia GG4 GEM_5241 pHMM1-4 Non-training
B. cepacia GG4 GEM_2081 pHMM5 Non-trainingH

B. cepacia JBK9 P350_09635 pHMM1,3,4 Non-training
B. cepacia JBK9 P350_21025 pHMM2-4 Non-training
B. cepacia JBK9 P350_26890 pHMM2-4 Non-training
B. cepacia JBK9 P350_29000 pHMM2-4 Non-training
B. cepacia sp. DDS 7H-2 DM42_5101 pHMM5 Non-training
B. cepacia sp. DDS 7H-2 DM42_351 pHMM5 Non-trainingH

B. gladioli ATCC10248 BM43_1116 pHMM2-4 Non-training
B. gladioli ATCC10248 BM43_4700 pHMM2-4 Non-training
B. gladioli ATCC10248 BM43_5800 pHMM2-4 Non-training
B. gladioli ATCC10248 BM43_6466 pHMM2-4 Non-training
B. gladioli BSR3 bgla_1g00120 pHMM5 Non-training
B. gladioli BSR3 bgla_1g35960 pHMM2-4 Non-training
B. gladioli BSR3 bgla_2g09490 pHMM5 Non-training
B. gladioli BSR3 bgla_2g21270 pHMM2-4 Training
B. gladioli KACC11889 CEJ98_19680 pHMM2-4 Non-training
B. gladioli KACC11889 CEJ98_33410 pHMM2-4 Non-training
B. gladioli KACC11889 CEJ98_36770 pHMM2-4 Non-training
B. gladioli KACC11889 CEJ98_26495 pHMM2-4 Non-training
B. glumae BGR1 bglu_2g11010 pHMM2-4 Non-training
B. glumae BGR1 bglu_2g21110 pHMM1-4 Training
B. glumae LMG 2196 KS03_3815 pHMM1,3,4 Non-training
B. glumae LMG 2196 KS03_4819 pHMM2-4 Non-training
B. glumae LMG 2196 KS03_1707 pHMM1,3 Non-training
B. glumae PG1 BGL_1c07750 pHMM5 Non-training
B. glumae PG1 BGL_1c13450 pHMM5 Non-training
B. glumae PG1 BGL_1c34860 pHMM5 Non-training
B. glumae PG1 BGL_2c15480 pHMM5 Non-training
B. lata 383 Bcep18194_B0989 pHMM5 Non-training
B. lata 383 Bcep18194_C7607 pHMM1-4 Training
B. phenoliruptrix BR3459a BUPH_02104 pHMM5 Non-training
B. phenoliruptrix BR3459a BUPH_03923 pHMM2-4 Training
B. phymatum STM815 Bphy_4426 pHMM1 Non-training
B. phymatum STM815 Bphy_7020 pHMM1-4 Training
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Pput2613-deam superfamily, SCP1201-deam, TVP38, and 
YadA_anchor superfamily) were pooled with others and 
hence were gathered together in term of other domain. The 
results suggested that these domains of type VI effectors in 
Burkholderia species are important in the secretion process 
or function in plant host cells, being consistent with find-
ings from recent studies regarding the type VI effector – 
related domains (Flaugnatti et al., 2016; Jiang et al., 2014). 

Detection of MIX T6SE candidates based on profile 
HMM. Five profile hidden Markov models (termed as 
pHMM1 to pHMM5) were generated separately for the 
five datasets of T6SE candidates (Supplementary Table 3). 
The number of T6SEs in the training datasets recognized 
by pHMMs through cross-searching are presented in Sup-
plementary Table 4, showing the ability of each pHMM to 
reveal potential MIX T6SEs. As expected, all five pHMMs 
could recognize most of the proteins in their own train-
ing datasets (diagonal values, from 96.7% to 100%). The 
pHMM5 seemed to be the most unique model, mainly 
recognizing proteins in dataset 5. The pHMM3 was found 
to be the most effective model in the recognition of candi-
dates of all three datasets 2-4, in which it could recognize 
proteins in dataset 2 and 4 with high fractions of 96.7% and 
97.1%, respectively. Despite this, we used all three models 
of pHMM2, pHMM3, pHMM4 along with pHMM1 and 
pHMM5 for further detection of potential MIX T6SEs to 

obtain comprehensive results. In addition, in the tests to 
assess the false positive rates of pHMMs against nega-
tive datasets, only one protein (Q81J59) out of 1280 non-
T6SE proteins was carried out by pHMM2 with E-value  
< 0.001 (Supplementary Table 4). Particularly, it got a 
quite low sequence-score of 15.5, suggesting that the 
proteins detected with higher cores would be more con-
fident candidates of MIX T6SEs. Next, matched proteins 
obtained in the process of searching pHMMs against the 
reference genomes were determined (Supplementary Table 
5), comprising all known MIX T6SEs along with four 
candidates included in the training datasets. Remarkably, 
two of the inferred MIX T6SE candidates, which were not 
included in the training datasets, were recently discovered 
to be experimental type VI effectors (EC042_4534 and 
BTH_I2698) (Flaugnatti et al., 2016; Russell et al., 2013) 
and two others (V12G01_01565 and BTH_I2701) shared 
significant similarity with known effectors (VP1388 and 
BTH_I2698) when checked by a BLASTP search (E-value 
< 10-6 and identity ≥ 70%). EC042_4534 and BTH_I2698 
were explored only by the pHMM5 model, and have been 
indicated as belonging to the Tle1 (type VI lipase effector) 
family, one of the five divergent families (Tle1-5), suggest-
ing that the T6SEs recognized by this model (pHMM5) 
are highly related to the Tle1 effector family (Russell et al., 
2013). These results demonstrated that the pHMM-based 
screening approach could be useful to reveal potential MIX 

Table 2. Continued

Bacterial strain Locus_tag Detection model Specify

B. phytofirmans PsJN Bphyt_0008 pHMM2-4 Non-training
B. phytofirmans PsJN Bphyt_0012 pHMM2-4 Non-training
B. phytofirmans PsJN Bphyt_0454 pHMM5 Non-training
B. phytofirmans PsJN Bphyt_5928 pHMM1 Non-training
B. plantarii ATCC43733 bpln_1g07570 pHMM5 Non-training
B. plantarii ATCC43733 bpln_1g07910 pHMM5 Non-training
B. plantarii ATCC43733 bpln_1g13180 pHMM5 Non-training
B. plantarii ATCC43733 bpln_1g33820 pHMM5 Non-training
B. plantarii ATCC43733 bpln_2g16180 pHMM5 Non-training
B. pyrrocinia DSM10685 ABD05_27150 pHMM2-4 Non-training
B. vietnamiensis G4 Bcep1808_0439 pHMM2-4 Training
B. vietnamiensis G4 Bcep1808_1196 pHMM2-4 Training
B. vietnamiensis LMG 10929 AK36_2702 pHMM2-4 Non-training
B. vietnamiensis LMG 10929 AK36_380 pHMM2-4 Non-training
Burkholderia sp. Ch1-1 BCh11DRAFT_01156 pHMM1 Non-training
Burkholderia sp. Ch1-1 BCh11DRAFT_04532 pHMM2-4 Training
Burkholderia sp. KJ006 MYA_1124 pHMM2-4 Non-training
Burkholderia sp. YI23 BYI23_C000120 pHMM2,3,4 Non-training

Hindicates a protein that shared significantly high similarity with at least one evidential T6SE.
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Fig. 3. Phylogenic tree of 66 MIX T6SE candi-
dates detected in Burkholderia bacterial species. 
The tree was constructed in MEGA6 using the 
Neighbor-Joining method with 1000 bootstrap 
replicates. Branches corresponding to partitions 
reproduced in less than 50% bootstrap replicates 
were collapsed. All positions with less than 95% 
site coverage were eliminated. The evolutionary 
distances were computed using the JTT matrix-
based method and are in the units of the number 
of amino acid substitutions per site. Two main 
groups were observed on the inferred tree; group 
I covered most proteins inferred by one or more 
models of pHMM1-4 and group II covered 
20 proteins that were all recognized by only 
pHMM5.
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T6SEs from separate bacterial genomes and was therefore 
applied to the bacterial genomes of Burkholderia species. 

MIX T6SE candidates inferred in the plant-associated 
or enviromental Burkholderia bacterial strains were then 
obtained using the pHMM-based screening approach 
described above, comprising 66 proteins in total (Table 
2). Impressively, 20 of those proteins (~30.3%) were rec-
ognized by only pHMM5 and thus these proteins may 
belong to the Tle1 effector family, the anti-effectors afore-
mentioned. It is also notable that we found no any MIX 
T6SE candidate inferred from genomes of some plant-
associated beneficial bacteria including Burkholderia sp. 
CCGE1001, Burkholderia sp. CCGE1002, Burkholderia 
sp. CCGE1003, Burkholderia sp. RPE64, and Burkhold-
eria sp. RPE67 in the screening process. Of the novel can-
didates, 3 proteins that were not included in the training da-
tasets, shared significantly high similarity with at least one 
of the evidential T6SEs when checked by BLASTP search 
(E-value < 10-6 and identity ≥ 70%) (Table 2). Addition-
ally, a larger number were found to have T6SS component 
proteins located in their proximity (Supplementary Table 5). 
This corresponded with the discovery that MIX-containing 
type VI effectors usually reside near components of T6SSs 
on the genome map (Hachani et al., 2016; Russell et al., 
2014a). The phylogenetic tree of all 66 candidates clearly 
manifested two main groups of which group I covered 
most MIX T6SE candidates detected by one or more mod-
els from pHMM1-4 and group II covered all 20 MIX T6SE 
candidates that were recognized by pHMM5 alone (Fig. 
3). The relationship presented in the phylogenetic distribu-
tion could provide hinders of translocating ability among 
close T6SEs in different Burkholderia bacterial strains. 
The conserved domains were founded in only 27 out of 66 
candidates in which the fraction of DUF2235 domains (un-
characterized alpha/beta hydrolase domain) was the highest 
(~69%), followed by lower fraction of UhpC superfamily 
domain (~10%) (Supplementary Fig. 4). A considerable 
fraction (~62%) of potential T6SE sequences was found 
to contain at least one transmembrane region inside based 
on the TMHMM program results, in which the number of 
proteins with 3 TM domains received the highest propor-
tion (~36.4%) (Supplementary Table 5). The results are in 
agreement with recent findings about domains associated 
with MIX motif - containing type 6 effector candidates 
(Cianfanelli et al., 2016; Flaugnatti et al., 2016; Salomon et 
al., 2014). 

In conclusion, we focused on the detection and charac-
terization of T6SS clusters and potential T6SEs at genome-
scale in plant-associated pathogenic and beneficial Bur-
kholderia bacteria based on computational analyses. 66 

potential functional type VI systems were found in 30 col-
lected Burkholderia strains, showing the higher number of 
the systems for plant pathogens compared with that of plant 
beneficial bacteria. Furthermore, the phylogenetic trees of 
important components (i.e., TssC, TssD, TssL) showed 
the close relationship of species that have close lifestyles, 
besides the distribution based on specific subtypes of T6SS 
clusters. Also 322 potential T6SEs in the analyzed ge-
nomes based on the homology search method were identi-
fied and their important conserved domains were explored. 
In addition, using the screening approach based on profile 
hidden Markov models of such MIX T6SEs, 57 proteins 
that were not included in training datasets were recognized 
as novel MIX T6SE candidates in Burkholderia species. 
Our findings of potential T6SS along with its effectors in 
Burkholderia species could provide useful hinders contrib-
uting to managing the inter-bacterial interactions of this 
genus, in order to repress the infection of phytopathogens 
on their host plants through encouraging the competitive 
ability of beneficial bacterial strains in the same niches. 
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