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1  | INTRODUC TION

The genus Burkholderia harbors Gram‐negative, rod‐shaped, mo‐
tile, non‐spore forming bacterial species, and belong to class β‐
Proteobacteria. It comprises a versatile group of species, adapted 
to a wide diversity of niches, ranging from free‐living to plant‐ and 

animal‐associated organisms, some of them widely studied as human 
pathogens (e.g Burkholderia cenocepacia group) (Eberl & Vandamme, 
2016). Several reports based on phylogenetic analysis have demon‐
strated that these members are divided in two groups: one contain‐
ing mainly human, plant, and animal pathogens, while the second 
group consists of plant‐associated beneficial and environmental 
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Abstract
Burkholderia harbors versatile Gram‐negative species and is β‐Proteobacteria. 
Recently, it was proposed to split the genus in two main branches: one of animal and 
plant pathogens and another, Paraburkholderia, harboring environmental and plant‐
beneficial species. Currently, Paraburkholderia comprises more than 70 species with 
ability to occupy very diverse environmental niches. Herein, we sequenced and ana‐
lyzed the genome of Paraburkholderia kururiensis type strain KP23T, and compared to 
P. kururiensis M130, isolated in Brazil, and P. kururiensis susbp. thiooxydans, from 
Korea. This study focused on the gene content of the three genomes with special 
emphasis on their potential of plant‐association, biocontrol, and bioremediation. The 
comparative analyses revealed several genes related to plant benefits, including bio‐
synthesis of IAA, ACC deaminase, multiple efflux pumps, dioxygenases, and degrada‐
tion of aromatic compounds. Importantly, a range of genes for protein secretion 
systems (type III, IV, V, and VI) were characterized, potentially involved in P. kururien‐
sis well documented ability to establish endophytic association with plants. These 
findings shed light onto bacteria‐plant interaction mechanisms at molecular level, 
adding novel information that supports their potential application in bioremediation, 
biofertilization, and biocontrol of plant pathogens. P. kururiensis emerges as a promis‐
ing model to investigate adaptation mechanisms in different ecological niches.
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species (Estrada‐De Los Santos, Rojas‐Rojas, Tapia‐García, Vásquez‐
Murrieta, & Hirsch, 2016; Estrada‐De Los Santos, Vinuesa, Martínez‐
Aguilar, Hirsch, & Caballero‐Mellado, 2013; Gyaneshwar et al., 
2011). Sawana and collaborators have proposed a reclassification of 
the second group, composed mainly of plant growth‐promoting bac‐
teria (PGPB) as Paraburkholderia, based on new molecular markers 
(Sawana, Adeolu, & Gupta, 2014).

Besides promoting plant growth, PGPB species can also improve 
nutrient uptake, increased stress tolerance, induction of systemic re‐
sistance, and confer protection against plant pathogens (Segura, De 
Wit, & Preston, 2009; Vitorino & Bessa, 2017). Therefore, the novel 
genus has gained considerable importance owing to their promising 
potential in biocontrol of plant pathogens, biofertilization, biore‐
mediation, and their low capacity of to infect humans (Angus et al., 
2014; Estrada‐De Los Santos et al., 2016; Sawana et al., 2014).

The first Paraburkholderia species that gained attention due to 
their ability to promote benefits to plants were P. vietnamiensis (Trân 
Van, Berge, Ngô Kê, Balandreau, & Heulin, 2000) and P. kururiensis, 
the latter formerly named B. brasilensis (Baldani, Caruso, Baldani, Goi, 
& Dobereiner, 1997; Baldani, Oliveira et al., 1997) and B. kururiensis 
(Estrada‐De Los Santos, Bustillos‐Cristales, & Caballero‐Mellado, 
2001; Mattos et al., 2008) The number of species described within 
the genus has increased rapidly with genome sequencing data, 
thus highlighting the importance of plant‐bacteria interaction of 
Paraburkholderia (Eberl & Vandamme, 2016; Suarez‐Moreno et al., 
2010). For example, P. phytofirmans PsJN stimulates the plant growth 
and reduce plant disease severity caused by a virulent strain of 
Pseudomonas syringae pv tomato in Arabidopsis plants (Timmermann 
et al., 2017). Potential new species of Paraburkholderia were isolated 
from Brazilian Atlantic Forest (Mata Atlântica) and Cerrado soils. 
These species are characterized by their ability of nodulate and fix 
nitrogen (Bournaud et al., 2017; Dall'Agnol et al., 2016, 2017). The 
beneficial interaction between plant and bacteria is critical to agricul‐
ture and could improve soil fertility, crop yield, and therefore reduce 
the negative impacts of fertilizers on the environment. Important de‐
terminant factors to strong plant‐bacteria interaction are the ability 
to produce antimicrobial compounds, secondary metabolites, detoxi‐
fication of reactive oxygen species (ROS), excreted siderophores, and 
effector proteins that modulate the host through protein secretion 
systems (Brader, Compant, Mitter, Trognitz, & Sessitsch, 2014).

Beneficial plant‐bacteria interactions have been studied for 
several years, and the knowledge about different interaction mech‐
anisms has increased exponentially with the advent of next gener‐
ation sequencing techniques. However, in the case of endophytic 
beneficial diazotrophic bacteria, such as P. kururiensis, very little is 
known about the molecular mechanisms involved in the plant‐bac‐
teria cross‐talk. Thus, this work was focused at sequencing and an‐
notating the genome of P. kururiensis KP23T, the type strain isolated 
from an aquifer polluted with trichloroethylene (TCE) in Japan, and 
comparing it to P. kururiensis M130, isolated from the roots of rice 
plants in Brazil, and P. kururiensis susbp. thiooxydans, isolated from 
rhizosphere soil of tobacco plant in Korea. Accordingly, phyloge‐
netic analysis based on the 16S rRNA gene sequence and Multilocus 

Sequence Analysis (MLSA) demonstrated that these three strains 
are inserted into the environmental clade (Depoorter et al., 2016; 
Estrada‐De Los Santos et al., 2013, 2016). Characterizing these 
three P. kururiensis isolates from different sources and geographic 
locations by comparative genomic analyses revealed the presence 
of important genes in the process of colonization and adaptation in 
plants, such as flagella, multidrug efflux pumps, and dioxygenases. 
Importantly, a range of gene clusters for protein secretion systems 
(type III, IV, V, and VI) were observed and analyzed, some of which 
are potentially involved in P. kururiensis well documented ability to 
establish endophytic association with plants and its protective effect 
against pathogens. These findings shed light onto P. kururiensis‐plant 
interaction mechanisms at molecular level, and add unprecedented 
information to support the potential application of P. kururiensis in 
bioremediation, biocontrol of plant pathogens and biofertilization.

2  | MATERIAL AND METHODS

2.1 | Bacterial culture

Bacterial strain P. kururiensis strain KP23T (LMG19447), originally 
isolated from a trichloroethylene‐polluted site in Japan (Zhang et al., 
2000), was stored until use in Lysogeny Broth (LB; 10 g/L Tryptone, 
5 g/L Yeast Extract, 5 g/L NaCl; Sigma‐Aldrich, St. Louis, USA) sup‐
plemented with 20% (v/v) glycerol, at −80°C. Components of storage, 
culture, and production media were obtained from Sigma‐Aldrich 
(St. Louis, USA). The strain was grown at 30°C in Lysogeny Broth for 
24 hr, with agitation (200 rpm) for genomic DNA purification.

2.2 | Genomic DNA preparation

The DNA genomic was extracted with the Blood and Cell Culture 
DNA Maxi Kit (Qiagen, Hilden, Germany), according to the manufac‐
turer's instructions. DNA concentration was estimated by measuring 
the absorbance at 260 nm, samples with A260/A280 ratio of 1.7–2.0 
were regarded as pure.

2.3 | Genome sequencing of P. kururiensis KP23T

Genomic DNA was sequenced at Eurofins Genomics (Louisville, 
USA), using paired‐end sequencing on a MiSeq Illumina platform. 
The sequencing resulted in 2,979,894 reads with 100× coverage. 
The reads were assembled using SPAdes, with default k‐mer sizes 
(21, 33, 55, 77) (Bankevich et al., 2012). The quality control of the 
sequence was performed with QUAST (Gurevich, Saveliev, Vyahhi, 
& Tesler, 2013). The subsequent assembled produced in 153 contigs.

2.4 | Annotation and comparative genomics

The three genomes were annotated by PROKKA (Seemann, 2014). 
Proteins were identified by domains for specific functions by 
InterProScan (Jones et al., 2014), by clusters of orthologous groups 
(COG) (Tatusov, Galperin, Natale, & Koonin, 2000), and KEGG 
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database (http://www.genome.jp/kegg/pathway.html). For compar‐
ative genomics, GET_HOMOLOGUES was used (Contreras‐Moreira 
& Vinuesa, 2013). The protein secretion systems were predicted 
with a combination of two tools, MacSysFinder (Abby, Néron, 
Ménager, Touchon, & Rocha, 2014) and T346 hunter (Martínez‐
García, Ramos, & Rodríguez‐Palenzuela, 2015). We computed T6SS 
clusters in the genomes of P. kururiensis strains based on COG cat‐
egories, as described by Boyer and collaborators (Boyer, Fichant, 
Berthod, Vandenbrouck, & Attree, 2009). Along with the genome 
sequence of type strain KP23T, obtained in this study, two P. kuru‐
riensis genomes were used for comparative analyses: P. kururien‐
sis M130 (PRJNA183622), isolated from the roots of rice plants in 
Brazil (Coutinho, Mitter et al., 2013; Coutinho, Passos et al., 2013) 
and P. kururiensis subsp. thiooxydans ATSB13T (NBRC107107) 
(PRJDB254) (Anandham et al., 2009), both available in the NCBI ge‐
nome database.

3  | RESULTS AND DISCUSSION

3.1 | General features of Paraburkholderia 
kururiensis genomes

The genome of P. kururiensis KP23T consists of 7,529,652 bp with a 
GC content of 64.8%. A total of 6,596 CDS was identified in this ge‐
nome, from which 2,367 (35%) are hypothetical proteins. To perform 
the comparative analysis, we re‐annotated two different P. kuru‐
riensis strains, M130 and ATSB13T already available in the NCBI 
database, with genomes sizes of 7.1 and 6.7 Mb, and GC content 
of 65.03%, 63.87% respectively (Table 1). In order to identify the 
total number of orthologs shared among all strains, we combined 
three algorithms: COGtriangles, OrthoMCl, and BDBH. P. kururien‐
sis core was composed of 4,711 ortholog genes, from which 1,378 
(29%) were annotated as hypothetical proteins. COG database was 
used to categorize the proteins of the three genomes of P. kururiensis 
isolates. The COG categories demonstrated a highly similar distribu‐
tion for the three genomes. The percentage of genes in the most 
abundant categories were for energy production and conversion (C), 
amino acid transport and metabolism (E), and carbohydrate trans‐
port and metabolism (G) suggesting that these three strains present 
a similar lifestyle. In addition, we performed a blastn atlas of the ge‐
nomes using BRIG tool, which demonstrates the gene conservation 
among the P. kururiensis strains (Figure 1). Further analyses of these 

strain‐specific CDS may provide clues to the phenotype and the spe‐
cific environmental adaptations of each strain.

3.2 | Comparative genomic analysis

3.2.1 | Plant growth‐associated gene factors

Many endophytic bacteria confer several benefits to the host plant, 
including growth promotion and protection from pathogens. A 
commonly associated mechanism involve the nitrogen fixation and 
the production of indole‐3‐acetic acid (IAA), that belongs to the 
auxin phytohormone family, and 1‐aminocyclopropane‐1‐carboxy‐
late (ACC) deaminase, that controls the amount of ethylene levels 
in plants (Olanrewaju, Glick, & Babalola, 2017; Santoyo, Moreno‐
Hagelsieb, del Carmen Orozco‐Mosqueda, & Glick, 2016). In the pre‐
sent work we identified the genes involved in the nitrogen fixation 
and production of these two hormones in all three strains.

The three strains present the genes involved to nitrogen fixa‐
tion (nifHDK) and nodulation. The genes are annotated as nitroge‐
nase iron protein, nitrogenase molybdenum‐iron protein alpha chain, 
and nitrogenase molybdenum‐iron protein beta chain, respectively. 
In the adjacently region, we found the genes nifNE, responsible by 
the biosynthesis of the iron‐molybdenum cofactor (FeMo‐co). In 
addition, we found the genes nifABZWT that are located next to 
the cluster nifNE‐nifHDK. These genes are also associated to ni‐
trogenase complex biosynthesis (Sickerman, Rettberg, Lee, Hu, & 
Ribbe, 2017). The ability of these strains and other strains of genus 
Paraburkholderia to fix N2 has been demonstrated in previous reports 
through several analyses such as acetylene reduction activity (ARA) 
and presence/absence of nifH. (Estrada‐De Los Santos et al., 2001; 
Martínez‐Aguilar, Díaz, Peña‐Cabriales, & Caballero‐Mellado, 2008; 
Mattos et al., 2008). As shown in Table 2, the overall gene counting 
for nitrogen fixation is similar in the three strains: 20 genes in strain 
M130 and 19 in stains KP23T and ATSB13T.

Our findings also corroborate with new Paraburkholderia ge‐
nomes recently published, such as P. caballeronis Tne‐841, P. tropica 
Ppe8, and P. phymatum STM815T (Moulin, Klonowska, & Riley, 2014; 
Silva et al., 2017, Rojas‐Rojas et al., 2017), which have the ability 
to fix nitrogen and establish endophytic association. According to 
previous studies (Baldani, Caruso et al., 1997; Mattos et al., 2008), 
P. kururiensis lacks the ability of nodulation, although we identified 
three copies of nodD genes in all strains. These genes present high 

Genomes/features KP23T M130 ATSB13T

Size 7,529,652 7,128,857 6,795,583

GC content (%) 63,8 65,03 63,87

CDS 6,596 6,266 6,086

Hypothetical proteins 2,367 2,117 2,159

tRNAs 58 59 60

rRNAs 2 2 2

Sample origin TCE‐polluted Aquifer Rice plant Tobacco plant

TA B L E  1   General features of P. 
kururiensis genomes

http://www.genome.jp/kegg/pathway.html
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similarity (>60%) to nodD genes of nodulating Paraburkholderia spe‐
cies, including P. nodosa, P. phenazinium, P. bannensis, and P. tropica. 
Interestingly, nodD genes have been previously associated with LPS 
modifications in the interface between Rhizobium and host plants 
(Brencic & Winans, 2005).

We found one potential biosynthesis pathway for IAA and in‐
dole‐3‐acetamide (IAM). In this pathway, tryptophan released by the 
roots is converted to IAM by tryptophan‐2‐monooxigenase and then 
to IAA by amidase, while to ethylene biosynthesis, all the strains en‐
code 1‐aminocyclopropane‐1‐carboxylate (ACC) deaminase, which 
cleaves ACC, the immediate precursor of ethylene in plants, decreas‐
ing the ethylene levels in plants (Glick, 2015).

A model has been previously proposed for a fine modulation be‐
tween these phytohormones. The IAA production by plants and bac‐
teria activate the transcription of the plant enzyme ACC synthase, 
leading to an increase of ethylene levels, which may cause damage to 
plants. However, the ACC released by the plants can be taken up by 
endophytic bacteria, decreasing the ethylene levels and promoting 
plant growth (Gamalero & Glick, 2015; Glick, 2014).

Evidence that these phytohormones produced by bacteria can 
cause plant growth promotion has been demonstrated in some spe‐
cies of genus Burkholderia and Paraburkholderia, such as P. phytofir‐
mans and P. kururiensis (Castanheira et al., 2016; Mattos et al., 2008). 
In fact, some studies have demonstrated the ability of plant growth 
promoting bacteria (PGPB) to produce phytohormones, which makes 

them attractive for use in agriculture, as an alternative to chemical 
fertilizers, pesticides and herbicides (Babalola, 2010; Glick, 2014).

Other important benefit from PGPB is the protection against 
pathogens by producing several substances with antimicrobial activ‐
ity. In P. kururiensis, we found a large repertoire of genes involved in 
protection, such as genes involved to putrescine biosynthesis and 4‐
hydroxybenzoate (ubiC). Likewise, production of 4‐hydroxybenzoate 
has been described in several PGPB genomes, including Pseudomonas 
fluorescens Pf‐5, Pseudomodas putida UW4, Enterobacter sp. 638, and 
Mesorhizobium amorphae (Duan, Jiang, Cheng, Heikkila, & Glick, 2013; 
Hao et al., 2012; Paulsen et al., 2005; Taghavi et al., 2010). This prod‐
uct is synthetized by the enzyme UbiC from chrorismate degradation. 
We also found two putative genes responsible to convert the phenyl‐
acetaldehyde into 2‐Phenylethanol, showing a high similarity (>70%) 
with genes from PGPB Enterobacter sp. 38 (Taghavi et al., 2010). This 
compound also is found in other bacterial and yeast species (Liu, 
Chen, Li, Yang, & Long, 2016; Tasin et al., 2018). Given this reports, we 
suggest that the production of these compounds by P. kururiensis may 
account for its ability to control fungal and bacterial plant pathogens.

3.2.2 | Plant polymer hydrolases and protective 
secondary metabolites

Gene products involved in plant cell wall degradation are essential 
to successful colonization and spread of endophytic bacteria inside 

F I G U R E  1   Genome atlas of 
Paraburkholderia kururiensis strains. 
The figure is based on blastn analyses 
of P. kururiensis KP23T against M130 
and ATSB13T genomes. The innermost 
circle shows GC content. The cyan circle 
indicates the genome of P. kururiensis 
M130 and the purple circle shows 
P. kururiensis ATSB13T genome. The white 
gaps indicate the absent sequences in the 
M130 and ATSB13T genomes
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plants, and many belong to the glycoside hydrolase family. We found 
a high number of genes for glycosyl hydrolases, alpha/beta hydro‐
lases and cupin domains (Table 2). These genes have also been found 
in Burkholderia spp., Enterobacter sp. and Bacillus mycoides, the lat‐
ter was isolated from potato endosphere, and demonstrated the 
upregulation of several alpha‐hydrolases in response to potato root 
exudates (Ali, Duan, Charles, & Glick, 2014; Taghavi et al., 2010; Yi, 
de Jong, Frenzel, & Kuipers, 2017). Thus, these genes seem essential 
for endophytic bacteria, revealing the importance of these enzymes 
in this colonization process. On the other hand, proteins harboring 

cupin domains are mostly annotated as monoxygenases and dioxy‐
genases that play a key role in degrading aromatic rings in aromatic 
metabolism. Metagenomic analyses of biodiversity of Cerrado, a sa‐
vannah‐like biome in the Midwestern region of Brazil, revealed the 
presence of new genes encoding dioxygenases, which could play a 
role on the resistance phenotype and degradation of aromatic rings 
(dos Santos, Istvan, Noronha, Quirino, & Krüger, 2015).

Additionally, we also found the biosynthetic gene clusters 
for aryl‐polyenes (APEs) in all three P. kururiensis genomes. Aryl‐
polyenes (APEs) are pigments similar to carotenoids and have been 

TA B L E  2   Predicted genes involved in 
bacteria‐plant interaction

Function

P. kururiensis genomes

KP23T M130 ATSB13T

Plant growth

ACC deaminase 1 1 1

Pyrroloquinoline quinone (pqqBCDE) 4 4 4

IAA biosynthesis (triptofan‐2‐monoxigenase) 1 1 1

2‐Phenylethanol 2 2 2

Nitrogen fixation 19 20 19

Plant polymer degradation/modification

Cupin domains 35 35 35

Alpha/beta hydrolase 25 28 29

Glycosyl hydrolase 12 10 9

Motility and chemotaxis

Tad system 8 8 8

Type III secretion system flagellar 58 57 59

Methyl accpeting chemotaxis 40 40 31

Detoxification

Glutathione S‐transferase 22 23 21

Nitrilase 4 4 3

Superoxide dismutase 3 3 3

Hydrogen cyanide 15 12 12

Catalase/peroxidase 3 3 4

Short‐chain‐enoyl‐CoA hydratase 6 6 6

Quercertin 2,3 dioxygenase 3 3 3

Mannitol dehydrogenase 3 3 3

2‐dehydropantoate 2‐reductase 2 2 3

Multidrug efflux

Major facilitator superfamily 102 107 97

AcrB/AcrD/AcrF family 16 16 16

RND efflux pump 17 22 20

Secretion and delivery system

Type II secretion system 20 22 22

Type III secretion system 9 9 9

Type IV secretion system 6 ‐ 6

Type V secretion system 15 8 7

Type VI secretion system 41 41 29

The numbers indicate the gene copies; ‐ absence of 
genes
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associated to bacterial protection against light‐induced damage and 
reactive oxygen species (ROS) (Cimermancic et al., 2014; Schoener 
et al., 2016). In all three genomes, the clusters comprise 40 kb and 
harbor approximately 45 genes, from which 35% of the genes show 
similarity with APE cluster from V. fischeri. Therefore, the presence 
of this system may represent an additional weapon against the 
stress‐prone oxidative environment within the plant tissues.

3.2.3 | Motility and chemotaxis

Successful establishment on plant roots and other plant parts by 
PGPB bacteria involves many processes, including motility and 
chemotaxis. These colonization processes are well known in the 
host‐pathogen interaction (Segura et al., 2009).

The genomes of P. kururiensis revealed genes related to chemo‐
taxis, flagella biosynthesis and pili biosynthesis, including 10 genes 
encoding two‐component systems (CheA‐CheYBB), 40 genes for 
methyl‐accepting chemotaxis (MCP) in KP23T and M130 and 31 to 
ATSB13T (Table 2). We identified the presence of 38 genes associated 
with flagella biosynthesis, including the flg and fli operons. Previous 
studies demonstrated that, in the endophyte Azoarcus sp., deletion 
of genes involved in motility prevented twitching and motility as well 
as the endophytic root colonization of rice plants (Böhm, Hurek, & 
Reinhold‐Hurek, 2007). In addition, transcriptomic analysis of strain 
M130 demonstrated that genes related to bacterial motility, chemo‐
taxis and adhesion were induced in the presence of rice plants extract 
(Coutinho, Licastro, Mendonça‐Previato, Cámara, & Venturi, 2015).

In the three genomes, we also identified three tight adherence 
(tad) systems. These systems have been reported as adherence, 
attachment, and colonization factors in a wide variety of bacteria 
(Motherway et al., 2011; Nykyri et al., 2013; Pu & Rowe‐magnus, 
2018). Their role was initially assessed in silico and experimentally 
confirmed in some PGPB species, such as Pseudomonas chlororaphis 
and Mesorhizobium amorphae (Chen et al., 2015; Haq, Graupner, 
Nazir, & van Elsas, 2014; Shen, Hu, Peng, Wang, & Zhang, 2013). 
Therefore, the presence of motility, chemotaxis, and colonization‐
associated genes in P. kururiensis strongly suggests a possible advan‐
tage in plant colonization.

3.2.4 | Detoxification and plant 
defense mechanisms

The colonization process of bacteria in plants can produce large 
amounts of ROS, causing negative effects to bacteria. Therefore, the 
detoxification process is an important feature to protect the bac‐
teria under oxidative stress in the plant colonization (Wani, Ashraf, 
Mohiuddin, & Riyaz‐Ul‐Hassan, 2015). In plant‐associated bacteria, 
several genes have been described as responsible for protecting the 
bacteria under stress, during the colonization process in host plants. 
We found a versatile repertoire of genes for detoxification in the 
three P. kururiensis strains, including genes for glutathione S‐trans‐
ferase, hydrogen cyanide synthase, superoxide dismutase, catalase, 
mannitol dehydrogenase, and peroxidase (Table 2). Accordingly, 

comparative genomic analyses revealed the presence of stress‐as‐
sociated genes in several genomes of endophytic bacteria (Ali et al., 
2014).

In addition, we also found a set of enzymes, such as nitrilases, 
dehydrogenases, hydratases, and dioxygenases. For example, all 
three genomes of P. kururiensis encode quercetin 2,3‐dioxygenase, 
an enzyme that converts quercetin in 2‐protocatechuoyl‐phloroglu‐
cinol carboxylic acid and carbonoxide. The quercetin is a flavonoid 
with antibacterial activity, a primary plant defense agent, which 
inhibits bacterial DNA gyrase and induces DNA cleavage (Plaper 
et al., 2003). This enzyme has also been found in the soil bacterium 
B. subtilis and some fungi species (Fusetti et al., 2002; Hirooka & 
Fujita, 2010). Therefore, the presence of quercetin 2,3‐dioxygen‐
ase enables bacteria to avoid this host plant defense mechanism. 
Nitrilases are enzymes that catalyze the hydrolysis of nitrile com‐
pounds to the corresponding carboxylic acids and ammonia, and can 
be applied to the synthesis of industrial carboxylic acids and biore‐
mediation of cyanide and toxic nitriles (Howden & Preston, 2009; 
Segura et al., 2009). We found the cluster hcnCAB in the three ge‐
nomes of P. kururiensis, composed by three genes, hcnA, hcnB, and 
hcnC, which encode the subunits A, B, and C, respectively, of the en‐
zyme HCN synthase. This product inhibits cytochrome c oxidase as 
well as other important metalloenzymes (Nandi, Selin, Brawerman, 
Fernando, & de Kievit, 2017). In fact, hydrogen cyanide (HCN) is a 
secondary metabolite produced by several bacteria. It has also been 
described in several PGPB acting as a biocontrol of plant pathogens.

3.2.5 | Multidrug efflux pumps

The efflux pumps are versatile structures capable of extruding toxic 
compounds, such as antibiotics, heavy metals and solvents. These 
systems are usually encoded in the chromosome and are highly 
conserved in bacteria (Alvarez‐Ortega, Olivares, & Martinez, 2013; 
Martínez et al., 2009). We have found a total of 155 genes involved 
in multidrug resistance (MDR) efflux pumps in the three genomes 
of P. kururiensis. This high number of MDR corroborates with previ‐
ous reports which showed that MDR pumps are widely present in 
soil and/or plant‐associated bacteria (Konstantinidis & Tiedje, 2004). 
All efflux transporters identified in the three genomes belong to 
Resistance Nodulation cell Division (RND) efflux and Major super‐
family (MFS)‐type, such as AcrAB, MdtABC, and EmrAB. Several au‐
thors have demonstrated that efflux pumps of endophytic P. putida, 
E. chrysanthemi and S. maltophilia extend beyond antibiotic resist‐
ance, they are important for first steps of colonization and survival 
in plant tissues (Espinosa‐Urgel, Salido, & Ramos, 2000; Mukherjee 
& Roy, 2016). In addition, they can also be involved in biofilm for‐
mation, quorum sensing, chemotaxis, and motility (Alvarez‐Ortega 
et al., 2013; Espinosa‐Urgel & Marqués, 2016; Martínez et al., 2009).

3.2.6 | Degradation of aromatic compounds

Aromatic compounds are the most prevalent organic pollutants in the 
environment and could be extremely toxic to humans, increasing the 
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risk of causing cancer and other cellular modifications. Degradation 
of these compounds are dominated by bacteria and fungi, as these 
substances can be used as source of carbon and energy, having a 
central role in the recycling of carbon (Cao, Nagarajan, & Loh, 2009; 
Fuchs, Boll, & Heider, 2011; Seo, Keum, & Li, 2009).

Putative genes coding for the degradation of several aromatic 
compounds were identified in all three strains, such as phenol, ben‐
zene, benzoate, toluene, 3‐phenylpropionic acid, and phenylacetate 
degradation (Table 2 and Appendix Table A1). Primarily, the pres‐
ence of these pathways may be directly involved in degradation of 
aromatic compounds originated within host plants (e.g. lignin). These 
findings corroborate previous reports that demonstrate the ability 
of P. kururiensis KP23T and M130 to grow with phenol, toluene, and 
benzene (except M130), while some other closely related species 
were able to grow only with benzene (Caballero‐Mellado, Onofre‐
Lemus, Estrada‐De Los Santos, & Martínez‐Aguilar, 2007; Gonzalez 
et al., 2013). In addition, Gonzalez and collaborators demonstrated 
that strain KP23T in association with Brassica napus was able to tol‐
erate and degrade much higher concentrations of different phenolic 
compounds, when compared to rhizobacterium Agrobacterium rhizo‐
genes (Gonzalez et al., 2013). Several bacterial species that harbor 
these degradation pathways have been described as potential biore‐
mediation agents, including Stenotrophomonas sp., Pseudomonas flu‐
orescens Pf‐5 (Monisha, Ismailsab, Masarbo, Nayak, & Karegoudar, 
2018; Mukherjee & Roy, 2016; Paulsen et al., 2005). Therefore, the 
presence of these pathways in P. kururiensis makes it a strong candi‐
date for use in bioremediation of chemically impacted environments, 
with or without plant association.

3.2.7 | Quorum sensing and quorum quenching

The BraI/R is a classical quorum sensing system (QS) described in 
P. kururiensis and other Paraburkholderia species (Suárez‐Moreno, 
Caballero‐Mellado, & Venturi, 2008). The system employs N‐acyl 
homoserine lactone (AHL) signals and consists of two main genes 
(braI and braR) transcribed in the same operon, and the rsaL repres‐
sor, located between the other two genes (Choudhary et al., 2013). 
Other QS genes, the xenI2/xenR2 system, are found in some PGPB 
species (e.g., P. xenovorans), but not in P. kururiensis strains. The 
BraI/R QS has been described as an important exopolysaccharide 
(EPS) regulator in several PGBP species (e.g. P. kururiensis, P. unamae, 
and P. xenovorans). However, the phenotypes regulated by BraI/R are 
not completely understood, suggesting the presence of other regu‐
latory systems (Coutinho, Mitter et al., 2013; Suarez‐Moreno et al., 
2010). Previous work also revealed that the endophytic bacterium 
P. kururiensis M130 in the presence of rice plant macerate presents 
upregulation of BraI/R QS system (Coutinho et al., 2015).

Further comparative analysis showed the presence of other 
types of signaling systems in P. kururiensis, such as the diffusible sig‐
nal factor (DSF). The DSF is produced by the RpfF enzyme of plant 
pathogen Xanthomonas campestris and has also been found in the 
B. cenocepacia complex. Blast analyses demonstrated that homo‐
log rpfF of P. kururiensis had 77% identity to that of B. cenocepacia 

complex. This system has been associated with regulation of swarm‐
ing motility, biofilm formation, and virulence in B. cenocepacia (Deng 
et al., 2012). Besides, this system has been also found in other mem‐
bers of genus Burkholderia and Paraburkholderia that confer benefits 
to their hosts (Suppiger, Aguilar, & Eberl, 2016).

Another important finding in P. kururiensis was the presence of 
lactonases (aiiA homologs), an enzyme responsible to degrade AHL 
molecules, thus inhibiting the production of QS signal molecules. 
This process is also known as quorum quenching (QQ). Enzymes in‐
volved in QQ have been described in a wide variety bacteria (see 
review by Kalia, 2013). Previous reports suggest that the co‐exis‐
tence of QS and QQ can result in attenuation of pathogens, playing a 
potential role in biocontrol (Chan et al., 2011; Glick, 2015; Liu et al., 
2017; Polkade, Mantri, Patwekar, & Jangid, 2016). Therefore, we be‐
lieve that in P. kururiensis these two systems, QS and QQ, could play 
a pivotal role in establishing beneficial plant/bacteria associations 
and protection against plant pathogens.

3.2.8 | Type III secretion system

The Type III secretion system (T3SS) is components of two machin‐
eries: the flagellum, which is related to cell motility and non‐flagellar 
T3SS (NF‐T3SS), that is involved in the delivery of protein effectors 
into eukaryotic cells (Diepold & Armitage, 2015). The NF‐T3SS and 
flagellum consist of nine ubiquitous core proteins encoding a struc‐
tural apparatus and accessory proteins that vary greatly in their 
number among the two systems (Abby & Rocha, 2012; Abrusci, 
McDowell, Lea, & Johnson, 2014).

The flagellar and NF‐T3SS clusters were found in all P. kururien‐
sis strains (Figure 2, Appendix Figure A1 and Appendix Table A2). 
Blastn analysis revealed that this region shows high similarity (>75 
and 80% coverage) to other members of genus Paraburkholderia, in‐
cluding P. terricola, P. phenoliruptrix BR3459a, and P. graminis PHS1. 
The three P. kururiensis strains harbor the sctCTNLJUVQRS genes. 
Interestingly, the presence of flagellum genes in the KP23T contrasts 
with previous reports that this strain is non‐motile (Anandham et al., 
2009; Zhang et al., 2000), suggesting there may be unidentified ge‐
netic and environmental factors involved in their expression.

The NF‐T3SS has been initially described in pathogens and 
phytopathogens. However, over recent years the number of endo‐
phytic strains that present the T3SS has increased. For example, 
experimental results of P. fluorescens Pf29Arp showed differences 
in expression levels of T3SS genes between wheat roots and nec‐
rotized roots by pathogenic fungus Gaeumannomyces graminis var. 
tritici (Ggt). Besides, T3SS mutants of Bradyrhizobium s P. SUTN9‐2 
presented a decreased ability to colonize rice tissues (Marchi et al., 
2013; Piromyou et al., 2015). In P. kururiensis, the core of NF‐T3SS 
(SctSRQUJNT) was shared between several endophytic bacteria, 
such as B. rhizoxinica HKI454, B. terrae BS001, B. glumae, and B. phe‐
noliruptrix BR3459 (Haq et al., 2014). Taken together, these reports 
suggest that NF‐T3SS are essential to colonization and bacterial 
adaptation to different plant environments, mediating either patho‐
genic or beneficial associations.
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3.2.9 | Type IV and V secretion system

The type IV secretion system (T4SS) is a highly versatile apparatus, 
commonly associated to DNA conjugative transfer, uptake, transfor‐
mation and translocation (Juhas, Crook, & Hood, 2008). We found 
two clusters of T4SS (T4SS‐1 and T4SS‐2) in strains KP23T and 
ATSB13T (Appendix Figure A1 and Appendix Table A2). The T4SS‐1 
contains genes involved in plasmid maintenance (sopAB) and plasmid 
transfer by conjugation, such as tra and trb genes, strongly indicating 
the presence of a conjugative plasmid. Blast analysis revealed high 
similarity to several genes of plasmid‐containing Burkholderia and 
Paraburkholderia, thus indicating the presence of a plasmid.

The second T4SS‐2 gene cluster (Appendix Table A2) contains 
virB homologs (43%), originally described in the plant pathogen 
Agrobacterium tumesfascens (Vergunst et al., 2000). This Type IV 
cluster is absent in the B. pseudomallei group, but is present in en‐
vironmental strains, including P. phymatum PsJn and P. terrae (Haq 
et al., 2014). The role of Type IV secretion system in the plant‐bac‐
teria interaction is not well understood, although some studies have 
demonstrated that it may also be involved in microbial competition 
(Angus et al., 2014; Souza et al., 2015).

The Type V secretion system (T5SS) is divided in five types 
T5aSS, T5bSS, T5cSS, T5dSS, and T5eSS (Fan, Chauhan, Udatha, 
Leo, & Linke, 2016). Four of them, T5aSS, T5cSS, T5dSS, and T5eSS, 
are characterized by the presence of translocator and passenger 
domains encoded in a single gene, known as the autotransporters. 
Type T5bSS, also known as two‐partner secretion (TPS) system, is 

encoded by two genes, one for the translocator and the other for 
passenger domain (Abby et al., 2016; Fan et al., 2016).

Overall, we identified 30 clusters belonging to three T5SS 
types (T5aSS, T5bSS, and T5sSS) in the three P. kururiensis genomes 
(Appendix Table A2). The number of clusters was variable between 
the three genomes: for T5aSS, we identified two clusters in strains 
KP23T and M130; for T5bSS, eight clusters in KP23 and only three 
in M130 and ATSB13T; for T5cSS, the number in each genome varied 
from three, in strain M130, four in ATSB13T and five in strain KP23T. 
For T5aSS, the mandatory domains are PF03797 (Autotransporter 
beta‐domain) and PF12951 (Passenger‐associated‐transport‐re‐
peat); T5cSS presents PF03895 (Coiled stalk of trimeric autotrans‐
porter adhesin); T5bSS consists of PF03865 (Hemolysin secretion/
activation protein ShlB/FhaC/HecB), PF17287 (POTRA domain), and 
PF08479 (POTRA domain, ShlB‐type); and finally the T5cSS type 
presents the PF03895 domain (Coiled stalk of trimeric autotrans‐
porter adhesin) (Appendix Table A3). The role of T5SS in the ben‐
eficial plant‐bacteria interaction has not yet been described in the 
literature and needs further investigation. However, we identified 
a large number of T5bSS clusters in KP23T genome. Recent studies 
showed that T5bSS mediates the interbacterial competition or co‐
operation (Guérin, Bigot, Schneider, Buchanan, & Jacob‐Dubuisson, 
2017). For example, in the case of B. thailandensis the TPS system 
confers the ability to antagonize competitors and promote the com‐
munication and cooperation between bacteria (Garcia, Anderson, 
Hagar, & Cotter, 2013; Garcia, Perault, Marlatt, & Cotter, 2016). This 
abundance of these clusters, especially in strain KP23T, suggests 

F I G U R E  2  Gene organization of Type 3 secretion systems in P. kururiensis. The genes are represented by arrows that indicate direction 
of transcription. (a) Flagellar genes in the three strains. (b) NF‐T3SS in the three strains. The purple arrows indicate the conserved genes 
of NF‐T3SS and cyan arrows indicate the neighbor genes. The gray scale indicates the percentage of identity between the genomes. Gene 
prediction was performed by T346Hunter
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they may be important in the plant colonization process and/or in‐
teraction with the resident microbiome.

3.2.10 | Type VI secretion system

The type VI secretion system (T6SS) was discovered in 2006 (Pukatzki 
et al., 2006). It has since been mainly associated with human patho‐
gens, contributing to virulence in hosts. However, more recent stud‐
ies have demonstrated that this system may play an important role 
in mediating interbacterial competition, biocontrol, or even con‐
tribute to virulence in plant‐pathogenic bacteria (Bernal, Allsopp, 
Filloux, & Llamas, 2017; Bernal, Llamas, & Filloux, 2018). Analysis 
of P. kururiensis genomes revealed the presence of three clusters of 
T6SS in strains KP23T and M130 (T6SS‐1, T6SS‐2, T6SS‐3), but only 
two clusters (T6SS‐2 and T6SS‐3) in strain ATSB13T. The T6SS‐1, 
T6SS‐2, and T6SS‐3 clusters contain 33, 27, and 35 genes with a 
size of 30, 19, and 22 Kb, respectively (Figure 3, Appendix Figure 
A1 and Appendix Table A2). Of these, approximately 14 are included 
in the COG categories and classified as conserved T6SS genes. The 
clusters contain all genes required for a functional T6SS apparatus, 
including homologs of tssM and tssL (COG3523 and COG3455), ClpV 
(COG0542), tssA and tssB (COG3516 and COG3517), tssC, tssD, and 
tssE (COG3518, COG3519, and COG3520), and finally the effectors 
hcp and vgrG (COG3157 COG3501) (Appendix Table A3).

Additionally, we found an unusual COG category (COG2885) 
in T6SS‐2 and T6SS‐3, adjacently to core genes. Besides the pres‐
ence of conserved genes in the three clusters, the identity between 
them is very low (<50%) indicating that they may have different or‐
igins. Blastn analysis against GenBank nonredundant (nr) database 
shows that cluster T6SS‐1 shares high similarity and coverage (>70%) 
with a P. phymatum STM815T plasmid, Cupriavidus necator H19, and 
Burkholderia sp. SCCGE1002. These bacterial species are found in 
soil and have the ability to nodulate in legumes and to accumulate 
polyhydroxybutyrate (PHB) under stress conditions (Ormeño‐Orrillo 
et al., 2012; Tee et al., 2017). On the other hand, the regions com‐
prising T6SS‐2 and T6SS‐3 show a higher identity to B. cenocepacia 

and P. glumae T6SS. Finally, several hcp and vgrG orphan genes were 
also found, mapping outside these T6SS clusters, which might be 
functional.

4  | CONCLUSIONS

Over the last two decades, Paraburkholderia gained considerable 
importance for their ability to fix nitrogen, promote plant growth 
and degrade recalcitrant chemical compounds. Approaches employ‐
ing PGPB emerge as sustainable alternatives to chemical fertilizers 
in agriculture, and also bioremediation of impacted environments. 
However, many aspects of genetics, physiology, and biochemistry of 
beneficial plant‐bacteria endophytic interaction are not yet estab‐
lished. The genome sequencing and characterization of P. kururien‐
sis type‐strain KP23T allowed its confrontation with other available 
P. kururiensis genomes (M130 and ATSB13T) from different geo‐
graphic regions. Comparative genomic analyses of these three ge‐
nomes revealed important features. They share about 70% of their 
genome content, which includes genes involved in plant growth, 
such as ACC deaminase, genes for biosynthesis of IAA, multiple 
efflux pumps, dioxygenases, and genes involved in degradation of 
aromatic compounds. Interestingly, a wide repertoire of genes for 
protein secretion systems (T2SS, T3SS, T4SS, T5SS, and T6SS) was 
characterized. Some of these protein secretion systems may be in‐
volved in molecular cross‐talks with plant hosts and members of the 
surrounding microbiome. In summary, this study highlights the po‐
tential of P. kururiensis as a model to investigate adaptation mecha‐
nisms, and application in environmentally friendly strategies, such as 
bioremediation, biofertilization, and biocontrol of plant pathogens.

ACKNOWLEDG EMENTS

This work was supported by grants from PETROBRAS S.A. and 
Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq). G.M.D. is recipient of a postdoctoral fellowship from 

F I G U R E  3  Gene organization of Type 6 secretion systems in P. kururiensis. The figure shows the three gene clusters coding for T6SS‐I, 
T6SS‐II and T6SS‐III. The genes are indicated by arrows and the direction of arrows represent the direction of transcription. The colored 
arrows indicate the conserved genes of T6SS, except the light blue that indicate the neighbor genes. The gray scale indicates the percentage 
of identity between the genomes. Gene prediction was performed by T346Hunter



10 of 16  |     DIAS et al.

Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do 
Rio de Janeiro (FAPERJ), A.S.P. is recipient of a postgraduate schol‐
arship from Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior (CAPES).

CONFLIC T OF INTERE S TS

The authors declare no conflict of interest.

AUTHORS CONTRIBUTION

GMD performed the bioinformatic analysis. ASP and MRC helped in 
the data analysis, VSG contributed to genome assembly and annota‐
tion of genomes analyzed. LFV performed molecular labwork. BCN 
and GMD conceived, designed the study and wrote the manuscript 
draft. All authors read and approved the final manuscript.

E THIC S S TATEMENT

None required.

DATA ACCE SSIBILIT Y

The genome sequence data of the type strain KP23T has been depos‐
ited at DDBJ/EMBL/GenBank under the accession RJZE00000000. 
The version described in this paper is version RJZE01000000.

ORCID

Bianca C. Neves   https://orcid.org/0000-0002-6985-8828 

R E FE R E N C E S

Abby, S. S., Cury, J., Guglielmini, J., Néron, B., Touchon, M., & Rocha, E. 
P. C. (2016). Identification of protein secretion systems in bacterial 
genomes. Scientific Reports, 6, 23080.

Abby, S. S., Néron, B., Ménager, H., Touchon, M., & Rocha, E. P. C. (2014). 
MacSyFinder: A program to mine genomes for molecular systems 
with an application to CRISPR‐Cas systems. PLoS ONE, 9, e110726.

Abby, S. S., & Rocha, E. P. C. (2012). The non‐flagellar type III secretion 
system evolved from the bacterial flagellum and diversified into host‐
cell adapted systems. PLoS Genetics, 8, e1002983.

Abrusci, P., McDowell, M. A., Lea, S. M., & Johnson, S. (2014). Building a 
secreting nanomachine: A structural overview of the T3SS. Current 
Opinion in Structural Biology, 25, 111–117.

Ali, S., Duan, J., Charles, T. C., & Glick, B. R. (2014). A bioinformatics 
approach to the determination of genes involved in endophytic 
behavior in Burkholderia spp. Journal of Theoretical Biology, 343, 
193–198.

Alvarez‐Ortega, C., Olivares, J., & Martinez, J. L. (2013). RND multidrug 
efflux pumps: What are they good for? Frontiers in Microbiology, 4, 7.

Anandham, R., Gandhi, I. P., Kwon, S. W., Sa, T. M., Kim, Y. K., & Jee, 
H. J. (2009). Mixotrophic metabolism in Burkholderia kururiensis 
subsp. thiooxydans subsp. nov., a facultative chemolithoautotrophic 
thiosulfate oxidizing bacterium isolated from rhizosphere soil and 
proposal for classification of the type strain of Burkholderia kururi. 
Archives of Microbiology, 191, 885–894.

Angus, A. A., Agapakis, C. M., Fong, S., Yerrapragada, S., Estrada‐De Los 
Santos, P., Yang, P., … Dakora, F. D. (2014). Plant‐associated symbiotic 
Burkholderia species lack hallmark strategies required in mammalian 
pathogenesis. PLoS ONE, 9, e83779.

Babalola, O. O. (2010). Beneficial bacteria of agricultural importance. 
Biotechnology Letters, 32, 1559–1570.

Baldani, J. I., Caruso, L., Baldani, V. L. D., Goi, S. R., & Dobereiner, J. 
(1997). Recent advances in BNF with non‐legume plants. Soil Biology 
& Biochemistry, 29, 911–922.

Baldani, V. L. D., Oliveira, E., Balota, E., Baldani, J. I., Kirchhof, G., & 
Dobereiner, J. (1997). Burkholderia brasilensis sp. nov., uma nova es‐
pecie de bacteria diazotrofica endofitica. Anais‐Academia Brasileira 
De Ciencias, 69, 116.

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, 
A. S., … Pyshkin, A. V. (2012). SPAdes: A new genome assembly al‐
gorithm and its applications to single‐cell sequencing. Journal of 
Computational Biology, 19, 455–477.

Bernal, P., Allsopp, L. P., Filloux, A., & Llamas, M. A. (2017). The 
Pseudomonas putida T6SS is a plant warden against phytopathogens. 
ISME Journal, 11, 972–987.

Bernal, P., Llamas, M. A., & Filloux, A. (2018). Type VI secretion systems 
in plant‐associated bacteria. Environmental Microbiology, 20, 1–15.

Böhm, M., Hurek, T., & Reinhold‐Hurek, B. (2007). Twitching motility is 
essential for endophytic rice colonization by the N 2 ‐fixing endo‐
phyte Azoarcus sp. strain BH72. Molecular Plant‐Microbe Interactions, 
20, 526–533.

Bournaud, C., Moulin, L., Cnockaert, M., de Faria, S., Prin, Y., Severac, 
D., & Vandamme, P. (2017). Paraburkholderia piptadeniae sp. nov. and 
Paraburkholderia ribeironis sp. nov., two root‐nodulating symbiotic 
species of Piptadenia gonoacantha in Brazil. International Journal of 
Systematic and Evolutionary Microbiology, 67, 432–440.

Boyer, F., Fichant, G., Berthod, J., Vandenbrouck, Y., & Attree, I. (2009). 
Dissecting the bacterial type VI secretion system by a genome wide 
in silico analysis: What can be learned from available microbial ge‐
nomic resources? BMC Genomics, 10, 104.

Brader, G., Compant, S., Mitter, B., Trognitz, F., & Sessitsch, A. (2014). 
Metabolic potential of endophytic bacteria. Current Opinion in 
Biotechnology, 20, 30–37.

Brencic, A., & Winans, S. C. (2005). Detection of and response to signals 
involved in host‐microbe interactions by plant‐associated bacteria. 
Microbiology and Molecular Biology Reviews, 69, 155–194.

Caballero‐Mellado, J., Onofre‐Lemus, J., Estrada‐De Los Santos, P., & 
Martínez‐Aguilar, L. (2007). The tomato rhizosphere, an environ‐
ment rich in nitrogen‐fixing Burkholderia species with capabilities of 
interest for agriculture and bioremediation. Applied and Environment 
Microbiology, 73, 5308–5319.

Cao, B., Nagarajan, K., & Loh, K. C. (2009). Biodegradation of aromatic 
compounds: Current status and opportunities for biomolecular ap‐
proaches. Applied Microbiology and Biotechnology, 85, 207–228.

Castanheira, N., Dourado, A. C., Kruz, S., Alves, P. I. L., Delgado‐
Rodríguez, A. I., Pais, I., … Carvalho, G. (2016). Plant growth‐promot‐
ing Burkholderia species isolated from annual ryegrass in Portuguese 
soils. Journal of Applied Microbiology, 120, 724–739.

Chan, K. G., Atkinson, S., Mathee, K., Sam, C. K., Chhabra, S. R., 
Cámara, M., … Williams, P. (2011). Characterization of N‐acylho‐
moserine lactone‐degrading bacteria associated with the Zingiber 
officinale (ginger) rhizosphere: Co‐existence of quorum quench‐
ing and quorum sensing in Acinetobacter and Burkholderia. BMC 
Microbiology, 11, 51.

Chen, Y., Shen, X., Peng, H., Hu, H., Wang, W., & Zhang, X. (2015). 
Comparative genomic analysis and phenazine production of 
Pseudomonas chlororaphis, a plant growth‐promoting rhizobacterium. 
Genomics Data, 4, 33–42.

Choudhary, K. S., Hudaiberdiev, S., Gelencsér, Z., Coutinho, B. G., 
Venturi, V., & Pongor, S. (2013). The organization of the quorum 

https://orcid.org/0000-0002-6985-8828
https://orcid.org/0000-0002-6985-8828


     |  11 of 16DIAS et al.

sensing luxI/R family genes in Burkholderia. International Journal of 
Molecular Sciences, 14, 13727–13747.

Cimermancic, P., Medema, M. H., Claesen, J., Kurita, K., Brown, L. C. W., 
Mavrommatis, K., … Birren, B. W. (2014). Insights into secondary 
metabolism from a global analysis of prokaryotic biosynthetic gene 
clusters. Cell, 158, 412–421.

Contreras‐Moreira, B., & Vinuesa, P. (2013). GET_HOMOLOGUES, a ver‐
satile software package for scalable and robust microbial pangenome 
analysis. Applied and Environment Microbiology, 79, 7696–7701.

Coutinho, B. G., Licastro, D., Mendonça‐Previato, L., Cámara, M., & 
Venturi, V. (2015). Plant‐influenced gene expression in the rice en‐
dophyte Burkholderia kururiensis M130. Molecular Plant‐Microbe 
Interactions, 28, 10–21.

Coutinho, B. G., Mitter, B., Talbi, C., Sessitsch, A., Bedmar, E. J., Halliday, 
N., … Venturi, V. (2013). Regulon studies and in planta role of the 
BraI/R quorum sensing system in the plant beneficial Burkholderia 
cluster. Applied and Environmental Microbiology, 79, 4421–4432.

Coutinho, B. G., Passos, D., Silva, D., Previato, J. O., Mendonça‐Previato, 
L., & Venturi, V. (2013). Draft genome sequence of the rice endo‐
phyte Burkholderia kururiensis M130. Genome Announcements, 1, 
212–225.

Dall'Agnol, R. F., Bournaud, C., de Faria, S. M., Béna, G., Moulin, L., & 
Hungria, M. (2017). Genetic diversity of symbiotic Paraburkholderia 
species isolated from nodules of Mimosa pudica (L.) and Phaseolus 
vulgaris (L.) grown in soils of the Brazilian Atlantic Forest (Mata 
Atlântica). FEMS Microbiology Ecology, 93, fix027.

Dall'Agnol, R. F., Plotegher, F., Souza, R. C., Mendes, I. C., dos Reis, F. B., 
Béna, G., ... Hungria, M. (2016). Paraburkholderia nodosa is the main 
N 2 ‐fixing species trapped by promiscuous common bean (Phaseolus 
vulgaris L.) in the Brazilian ‘Cerradão’. FEMS Microbiology Ecology. 92: 
fiw108.

Deng, Y., Schmid, N., Wang, C., Wang, J., Pessi, G., Wu, D., … Song, H. 
(2012). Cis‐2‐dodecenoic acid receptor RpfR links quorum‐sensing 
signal perception with regulation of virulence through cyclic dimeric 
guanosine monophosphate turnover. Proceedings of the National 
Academy of Sciences, 109, 15479–15484.

Depoorter, E., Bull, M. J., Peeters, C., Coenye, T., Vandamme, P., & 
Mahenthiralingam, E. (2016). Burkholderia: An update on taxon‐
omy and biotechnological potential as antibiotic producers. Applied 
Microbiology and Biotechnology, 100, 5215–5229.

Diepold, A., & Armitage, J. P. (2015). Type III secretion systems: The bac‐
terial flagellum and the injectisome. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 370, 20150020.

dos Santos, D. F. K., Istvan, P., Noronha, E. F., Quirino, B. F., & Krüger, 
R. H. (2015). New dioxygenase from metagenomic library from 
Brazilian soil: Insights into antibiotic resistance and bioremediation. 
Biotechnology Letters, 37, 1809–1817.

Duan, J., Jiang, W., Cheng, Z., Heikkila, J.J., & Glick, B.R. (2013). The com‐
plete genome sequence of the plant growth‐promoting bacterium 
Pseudomonas sp. UW4. PLoS ONE, 8, e58640.

Eberl, L., & Vandamme, P. (2016). Members of the genus Burkholderia: 
Good and bad guys. F1000Research. 5, 1007.

Espinosa‐Urgel, M., & Marqués, S. (2016). New insights in the early 
extracellular events in hydrocarbon and lipid biodegradation. 
Environmental Microbiology, 19, 15–18.

Espinosa‐Urgel, M., Salido, A., & Ramos, J. L. (2000). Genetic analysis 
of functions involved in adhesion of Pseudomonas putida to seeds. 
Journal of Bacteriology, 182, 2363–2369.

Estrada‐De Los Santos, P., Bustillos‐Cristales, R., & Caballero‐Mellado, J. 
(2001). Burkholderia, a genus rich in plant‐associated nitrogen fixers 
with wide environmental and geographic distribution. Applied and 
Environmental Microbiology, 67, 2790–2798.

Estrada‐De Los Santos, P., Rojas‐Rojas, F.U., Tapia‐García, E.Y., Vásquez‐
Murrieta, M.S., & Hirsch, A.M. (2016). To split or not to split: An 

opinion on dividing the genus Burkholderia. Annals of Microbiology, 
66, 1303–1314.

Estrada‐De Los Santos, P., Vinuesa, P., Martínez‐Aguilar, L., Hirsch, A. M., 
& Caballero‐Mellado, J. (2013). Phylogenetic analysis of Burkholderia 
species by multilocus sequence analysis. Current Microbiology, 6, 
51–60.

Fan, E., Chauhan, N., Udatha, D. B. R. K. G., Leo, J. C., & Linke, D. (2016). 
Type V secretion systems in bacteria. In Kudva, I. T., Cornick, N. A., 
Plummer, P. J., Zhang, Q., Nicholson, T. L., Bannantine, J. P., & Bellaire, 
B. H. (Eds.), Virulence mechanisms of bacterial pathogens, Fifth Edition 
(pp. 305–335). Washington, DC: American Society of Microbiology.

Fuchs, G., Boll, M., & Heider, J. (2011). Microbial degradation of aromatic 
compounds — from one strategy to four. Nature Reviews Microbiology, 
9, 803–816.

Fusetti, F., Schröter, K. H., Steiner, R. A., van Noort, P. I., Pijning, T., 
Rozeboom, H. J., … Dijkstra, B. W. (2002). Crystal structure of the 
copper‐containing quercetin 2, 3‐dioxygenase from Aspergillus japon‐
icus. Structure, 10, 259–268.

Gamalero, E., & Glick, B. R. (2015). Bacterial modulation of plant ethylene 
levels. Plant Physiology, 169, 13–22.

Garcia, E. C., Anderson, M. S., Hagar, J. A., & Cotter, P. A. (2013). 
Burkholderia BcpA mediates biofilm formation independently of 
interbacterial contact‐dependent growth inhibition. Molecular 
Microbiology, 89, 1213–1225.

Garcia, E. C., Perault, A. I., Marlatt, S. A., & Cotter, P. A. (2016). 
Interbacterial signaling via Burkholderia contact‐dependent growth 
inhibition system proteins. Proceedings of the National Academy of 
Sciences of the United States of America, 113, 8296–8301.

Glick, B. R. (2014). Bacteria with ACC deaminase can promote plant 
growth and help to feed the world. Microbiological Research, 169, 
30–39.

Glick, B. R. (2015). Beneficial plant‐bacterial interactions. Heidelberg: 
Springer.

Gonzalez, P. S., Ontanon, O. M., Armendariz, A. L., Talano, M. A., Paisio, 
C. E., & Agostini, E. (2013). Brassica napus hairy roots and rhizobac‐
teria for phenolic compounds removal. Environmental Science and 
Pollution Research, 20, 1310–1317.

Guérin, J., Bigot, S., Schneider, R., Buchanan, S. K., & Jacob‐Dubuisson, 
F. (2017). Two‐partner secretion: Combining efficiency and simplic‐
ity in the secretion of large proteins for bacteria‐host and bacteria‐
bacteria interactions. Frontiers in Cellular and Infection Microbiology, 
7, 148.

Gurevich, A., Saveliev, V., Vyahhi, N., & Tesler, G. (2013). QUAST: 
Quality assessment tool for genome assemblies. Bioinformatics, 29, 
1072–1075.

Gyaneshwar, P., Hirsch, A. M., Moulin, L., Chen, W. M., Elliott, G. N., 
Bontemps, C., … Young, J. P. W. (2011). Legume‐nodulating betapro‐
teobacteria: Diversity, host range, and future prospects. Molecular 
Plant‐Microbe Interactions, 24, 1276–1288.

Hao, X., Lin, Y., Johnstone, L., Baltrus, D. A., Miller, S. J., Wei, G., & 
Rensing, C. (2012). Draft genome sequence of plant growth‐promot‐
ing rhizobium Mesorhizobium amorphae, isolated from zinc‐lead mine 
tailings. Journal of Bacteriology, 194, 736–737.

Haq, I. U., Graupner, K., Nazir, R., & van Elsas, J. D. (2014). The genome 
of the fungal‐interactive soil bacterium Burkholderia terrae BS001‐a 
plethora of outstanding interactive capabilities unveiled. Genome 
Biology and Evolution, 6, 1652–1668.

Hirooka, K., & Fujita, Y. (2010). Excess production of Bacillus subti‐
lis Quercetin 2,3‐dioxygenase affects cell viability in the pres‐
ence of Quercetin. Bioscience, Biotechnology, and Biochemistry, 74, 
1030–1038.

Howden, A. J. M., & Preston, G. M. (2009). Nitrilase enzymes and 
their role in plant‐microbe interactions. Microbial Biotechnology, 2, 
441–451.



12 of 16  |     DIAS et al.

Jones, P., Binns, D., Chang, H. Y., Fraser, M., Li, W., McAnulla, C., … 
Pesseat, S. (2014). InterProScan 5: Genome‐scale protein function 
classification. Bioinformatics, 30, 1236–1240.

Juhas, M., Crook, D. W., & Hood, D. W. (2008). Type IV secretion sys‐
tems: Tools of bacterial horizontal gene transfer and virulence. 
Cellular Microbiology, 10, 2377–2386.

Kalia, V. C. (2013). Quorum sensing inhibitors: An overview. Biotechnology 
Advances, 31, 224–245.

Konstantinidis, K. T., & Tiedje, J. M. (2004). Trends between gene con‐
tent and genome size in prokaryotic species with larger genomes. 
Proceedings of the National Academy of Sciences of the United States of 
America, 101, 3160–3165.

Liu, H., Carvalhais, L. C., Crawford, M., Singh, E., Dennis, P. G., Pieterse, C. 
M. J., & Schenk, P. M. (2017). Inner plant values: Diversity, coloniza‐
tion and benefits from endophytic bacteria. Frontiers in Microbiology, 
8, 2552.

Liu, P., Chen, K., Li, G., Yang, X., & Long, C. A. (2016). Comparative tran‐
scriptional profiling of orange fruit in response to the biocontrol 
yeast Kloeckera apiculata and its active compounds. BMC Genomics, 
17, 17.

Marchi, M., Boutin, M., Gazengel, K., Rispe, C., Gauthier, J. P., Guillerm‐
Erckelboudt, A. Y., … Sarniguet, A. (2013). Genomic analysis of the 
biocontrol strain Pseudomonas fluorescens Pf 29 Arp with evidence 
of T 3 SS and T 6 SS gene expression on plant roots. Environmental 
Microbiology Reports, 5, 393–403.

Martínez, J. L., Sánchez, M. B., Martínez‐Solano, L., Hernandez, A., 
Garmendia, L., Fajardo, A., & Alvarez‐Ortega, C. (2009). Functional 
role of bacterial multidrug efflux pumps in microbial natural ecosys‐
tems. FEMS Microbiology Reviews, 33, 430–449.

Martínez‐Aguilar, L., Díaz, R., Peña‐Cabriales, J. J., & Caballero‐Mellado, 
J. (2008). Multichromosomal genome structure and confirmation of 
diazotrophy in novel plant‐associated Burkholderia Species. Applied 
and Environmental Microbiology, 74, 4574–4579.

Martínez‐García, P. M., Ramos, C., & Rodríguez‐Palenzuela, P. (2015). 
T346Hunter: A novel web‐based tool for the prediction of type III, 
type IV and type VI secretion systems in bacterial genomes. PLoS 
ONE, 10, e0119317.

Mattos, K. A., Pádua, V. L., Romeiro, A., Hallack, L. F., Neves, B. C., Ulisses, 
T. M., … Mendonça‐Previato, L. (2008). Endophytic colonization 
of rice (Oryza sativa L.) by the diazotrophic bacterium Burkholderia 
kururiensis and its ability to enhance plant growth. Anais da Academia 
Brasileira de Ciências, 80, 477–493.

Monisha, T. R., Ismailsab, M., Masarbo, R., Nayak, A. S., & Karegoudar, T. 
B. (2018). Degradation of cinnamic acid by a newly isolated bacte‐
rium Stenotrophomonas sp. TRMK2. 3 Biotech, 8, 368.

Motherway, M. O. C., Zomer, A., Leahy, S. C., Reunanen, J., Bottacini, 
F., Claesson, M. J., … Kearney, B. (2011). Functional genome analysis 
of Bifidobacterium breve UCC2003 reveals type IVb tight adherence 
(Tad) pili as an essential and conserved host‐colonization factor. 
Proceedings of the National Academy of Sciences, 108, 11217–11222.

Moulin, L., Klonowska, A., & Riley, M. (2014). Complete genome se‐
quence of Burkholderia phymatum STM815T, a broad host range and 
efficient nitrogen‐fixing symbiont of mimosa species. Standards in 
Genomic Sciences, 9, 763–774.

Mukherjee, P., & Roy, P. (2016). Genomic potential of Stenotrophomonas 
maltophilia in bioremediation with an assessment of its multifaceted 
role in our environment. Frontiers in Microbiology, 7, 967.

Nandi, M., Selin, C., Brawerman, G., Fernando, W. G. D., & de Kievit, T. 
(2017). Hydrogen cyanide, which contributes to Pseudomonas chlor‐
oraphis strain PA23 biocontrol, is upregulated in the presence of gly‐
cine. Biological Control, 108, 47–54.

Nykyri, J., Mattinen, L., Niemi, O., Adhikari, S., Kõiv, V., Somervuo, P., 
… Pirhonen, M. (2013). Role and regulation of the Flp/Tad pilus 
in the virulence of Pectobacterium atrosepticum SCRI1043 and 
Pectobacterium wasabiae SCC3193. PLoS ONE, 8, e73718.

Olanrewaju, O. S., Glick, B. R., & Babalola, O. O. (2017). Mechanisms 
of action of plant growth promoting bacteria. World Journal of 
Microbiology & Biotechnology, 33, 197.

Ormeño‐Orrillo, E., Rogel, M. A., Chueire, L. M. O., Tiedje, J. M., Martínez‐
Romero, E., & Hungria, M. (2012). Genome sequences of Burkholderia 
sp. strains CCGE1002 and H160, isolated from legume nodules in 
Mexico and Brazil. Journal of Bacteriology, 194, 6927.

Paulsen, I. T., Press, C. M., Ravel, J., Kobayashi, D. Y., Myers, G. S., 
Mavrodi, D. V., … Dodson, R. J. (2005). Complete genome sequence 
of the plant commensal Pseudomonas fluorescens Pf‐5. Nature 
Biotechnology, 23, 873.

Piromyou, P., Songwattana, P., Greetatorn, T., Okubo, T., Kakizaki, K. C., 
Prakamhang, J., … Minamisawa, K. (2015). The type III secretion system 
(T3SS) is a determinant for rice‐endophyte colonization by non‐photo‐
synthetic Bradyrhizobium. Microbes and Environments, 30, 291–300.

Plaper, A., Golob, M., Hafner, I., Oblak, M., Šolmajer, T., & Jerala, R. 
(2003). Characterization of quercetin binding site on DNA gyrase. 
Biochemical and Biophysical Research Communications, 306, 530–536.

Polkade, A. V., Mantri, S. S., Patwekar, U. J., & Jangid, K. (2016). 
Quorum sensing: An under‐explored phenomenon in the phylum 
Actinobacteria. Frontiers in Microbiology, 7, 131.

Pu, M., & Rowe‐magnus, D. A. (2018). A Tad pilus promotes the establish‐
ment and resistance of Vibrio vulnificus biofilms to mechanical clear‐
ance. npj Biofilms Microbiomes, 4, 10.

Pukatzki, S., Ma, A. T., Sturtevant, D., Krastins, B., Sarracino, D., Nelson, 
W. C., … Mekalanos, J. J. (2006). Identification of a conserved bacte‐
rial protein secretion system in Vibrio cholerae using the Dictyostelium 
host model system. Proceedings of the National Academy of Sciences, 
103, 1528–1533.

Rojas-Rojas, F. U., Tapia-García, E. Y., Maymon, M., Humm, E., 
Huntemann, M., Clum, A., ... Estrada-de los Santos, P. (2017). Draft 
genome of Paraburkholderia caballeronis TNe-841T, a free-living, 
nitrogen-fixing, tomato plant-associated bacterium. Standards in 
Genomic Sciences, 12, 80.

Santoyo, G., Moreno‐Hagelsieb, G., del Carmen Orozco‐Mosqueda, M., 
& Glick, B. R. (2016). Plant growth‐promoting bacterial endophytes. 
Microbiological Research, 183, 92–99.

Sawana, A., Adeolu, M., & Gupta, R. S. (2014). Molecular signatures and 
phylogenomic analysis of the genus Burkholderia: Proposal for divi‐
sion of this genus into the emended genus Burkholderia containing 
pathogenic organisms and a new genus Paraburkholderia gen. nov. 
harboring environmental species. Frontiers in Genetics, 5, 429.

Schoener, T. A., Gassel, S., Osawa, A., Tobias, N. J., Okuno, Y., Sakakibara, 
Y., … Bode, H. B. (2016). Aryl polyenes, a highly abundant class of 
bacterial natural products, are functionally related to antioxidative 
carotenoids. ChemBioChem, 17, 247–253.

Seemann, T. (2014). Prokka: Rapid prokaryotic genome annotation. 
Bioinformatics, 30, 2068–2069.

Segura, A., De Wit, P., & Preston, G. M. (2009). Life of microbes that 
interact with plants. Microbial Biotechnology, 2, 412–415.

Seo, J.‐S., Keum, Y.‐S., & Li, Q. X. (2009). Bacterial degradation of aro‐
matic compounds. The International Journal of Environmental Research 
and Public Health, 6, 278–309.

Shen, X., Hu, H., Peng, H., Wang, W., & Zhang, X. (2013). Comparative 
genomic analysis of four representative plant growth‐promoting rhi‐
zobacteria in Pseudomonas. BMC Genomics, 14, 271.

Sickerman, N. S., Rettberg, L. A., Lee, C. C., Hu, Y., & Ribbe, M. W. (2017). 
Cluster assembly in nitrogenase. Essays In Biochemistry, 61, 271–279.

da Silva, P. R. A., Simões-Araújo, J. L., Vidal, M. S., Cruz, L. M., de Souza, E. 
M., & Baldani, J. I. (2018). Draft genome sequence of Paraburkholderia 
tropica Ppe8 strain, a sugarcane endophytic diazotrophic bacterium. 
Brazilian Journal of Microbiology, 49, 210–211.

Souza, D. P., Oka, G. U., Alvarez‐Martinez, C. E., Bisson‐Filho, A. W., 
Dunger, G., Hobeika, L., … Guzzo, C. R. (2015). Bacterial killing via a 
type IV secretion system. Nature Communications, 6, 6453.



     |  13 of 16DIAS et al.

Suárez‐Moreno, Z. R., Caballero‐Mellado, J., & Venturi, V. (2008). The 
new group of non‐pathogenic plant‐associated nitrogen‐fixing 
Burkholderia. Shares a conserved quorum‐sensing system, which is 
tightly regulated by the Rsal repressor. Microbiology, 154, 2048–2054.

Suarez‐Moreno, Z. R., Devescovi, G., Myers, M., Hallack, L., Mendonça‐
Previato, L., Caballero‐Mellado, J., & Venturi, V. (2010). Commonalities 
and differences in regulation of N‐acyl homoserine lactone quorum 
sensing in the beneficial plant‐associated Burkholderia species clus‐
ter. Applied and Environment Microbiology, 76, 4302–4317.

Suppiger, A., Aguilar, C., & Eberl, L. (2016). Evidence for the widespread 
production of DSF family signal molecules by members of the 
genus Burkholderia by the aid of novel biosensors. Environmental 
Microbiology Reports, 8, 38–44.

Taghavi, S., Van Der Lelie, D., Hoffman, A., Zhang, Y.B., Walla, M.D., 
Vangronsveld, J., … Monchy, S. (2010). Genome sequence of the 
plant growth promoting endophytic bacterium Enterobacter sp. 638. 
PLoS Genetics, 6, e1000943.

Tasin, M., Larsson Herrera, S., Knight, A. L., Barros‐Parada, W., Fuentes 
Contreras, E., & Pertot, I. (2018). Volatiles of grape inoculated with 
microorganisms: Modulation of grapevine moth oviposition and field 
attraction. Microbial Ecology, 76, 751–761.

Tatusov, R. L., Galperin, M. Y., Natale, D. A., & Koonin, E. V. (2000). The 
COG database: A tool for genome‐scale analysis of protein functions 
and evolution. Nucleic Acids Research, 28, 33–36.

Tee, K. L., Grinham, J., Othusitse, A. M., Gonzalez‐Villanueva, M., 
Johnson, A. O., & Wong, T. S. (2017). An efficient transformation 
method for the bioplastic‐producing “Knallgas” bacterium Ralstonia 
eutropha H16. Biotechnology Journal, 12, 1700081.

Timmermann, T., Armijo, G., Donoso, R., Seguel, A., Holuigue, L., & 
González, B. (2017). Paraburkholderia phytofirmans PsJN protects 
Arabidopsis thaliana against a virulent strain of Pseudomonas syringae 
through the activation of induced resistance. Molecular Plant‐Microbe 
Interactions, 30, 215–230.

 Trân Van, V., Berge, O., Ngô Kê, S., Balandreau, J., & Heulin, T. (2000). 
Repeated beneficial effects of rice inoculation with a strain of 
Burkholderia vietnamiensison early and late yield components in low 
fertility sulphate acid soils of Vietnam. Plant and Soil, 218, 273–284.

Vergunst, A. C., Schrammeijer, B., den Dulk‐Ras, A., de Vlaam, C. M., 
Regensburg‐Tuïnk, T. J., & Hooykaas, P. J. (2000). VirB/D4‐depen‐
dent protein translocation from Agrobacterium into plant cells. 
Science, 290, 979–982.

Vitorino, L. C., & Bessa, L. A. (2017). Technological microbiology: 
Development and applications. Frontiers in Microbiology, 8, 827.

Wani, Z. A., Ashraf, N., Mohiuddin, T., & Riyaz‐Ul‐Hassan, S. (2015). Plant‐
endophyte symbiosis, an ecological perspective. Applied Microbiology 
and Biotechnology, 99, 2955–2965.

Yi, Y., de Jong, A., Frenzel, E., & Kuipers, O. P. (2017). Comparative 
transcriptomics of Bacillus mycoides root exudates reveals differ‐
ent genetic adaptation of endophytic and soil isolates. Frontiers in 
Microbiology, 8, 1487.

Zhang, H., Hanada, S., Shigematsu, T., Shibuya, K., Kamagata, Y., 
Kanagawa, T., & Kurane, R. (2000). Burkholderia kururiensis sp. nov., 
a trichloroethylene (TCE)‐degrading bacterium isolated from an 
aquifer polluted with TCE. International Journal of Systematic and 

Evolutionary Microbiology, 50, 743–749.

How to cite this article: Dias GM, Pires ADS, Grilo VS, Castro 
MR, Vilela LF, Neves BC. Comparative genomics of 
Paraburkholderia kururiensis and its potential in bioremediation, 
biofertilization, and biocontrol of plant pathogens. 
MicrobiologyOpen. 2019;8:e801. https://doi.org/10.1002/
mbo3.801

APPENDIX 

TA B L E  A 1 .   Predicted genes involved to aromatic compounds in P. kururiensis genomes

gene name Product

Genomes

KP23 M130 ATSB13T

pcaR Pca regulon regulatory protein x x x

mhpA 3‐(3‐hydroxy‐phenyl)propionate/3‐hy‐
droxycinnamic acid hydroxylase

x x x

mhpB 2,3‐dihydroxyphenylpropionate/2,3‐di‐
hydroxicinnamic acid 1,2‐dioxygenase

x x x

mhpD 2‐keto‐4‐pentenoate hydratase x x x

mhpF Acetaldehyde dehydrogenase x x x

mhpE 4‐hydroxy‐2‐oxovalerate aldolase x x x

mhpC 2‐hydroxy‐6‐oxononadienedioate/2‐hy‐
droxy‐6‐oxononatrienedioate 
hydrolase

x x x

hcaR Hca operon transcriptional activator 
HcaR

x x x

hcaE 3‐phenylpropionate/cinnamic acid 
dioxygenase subunit alpha

x x x

hcaF 3‐phenylpropionate/cinnamic acid 
dioxygenase subunit beta

x x x

hcaC 3‐phenylpropionate/cinnamic acid 
dioxygenase ferredoxin subunit

x x x

https://doi.org/10.1002/mbo3.801
https://doi.org/10.1002/mbo3.801
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gene name Product

Genomes

KP23 M130 ATSB13T

hcaB 3‐phenylpropionate‐dihydrodiol/
cinnamic acid‐dihydrodiol 
dehydrogenase

x x x

hcaD 3‐phenylpropionate/cinnamic acid 
dioxygenase ferredoxin–NAD(+) 
reductase component

x x x

‐ Phenol hydroxylase P5 protein x x x

‐ Phenol 2‐monooxygenase x x x

‐ Toluene‐4‐monooxygenase system 
protein A

x x x

‐ Phenol hydroxylase P2 protein x x x

‐ Phenol hydroxylase P1 protein x x x

boxA Benzoyl‐CoA oxygenase component A x x x

boxB Benzoyl‐CoA oxygenase component B x x x

boxC Benzoyl‐CoA‐dihydrodiol lyase x x x

boxD Shikimate kinase x x x

boxE 3,4‐dehydroadipyl‐CoA semialdehyde 
dehydrogenase

x x x

‐ Benzoate–CoA ligase x x x

‐ 2‐succinyl‐6‐hydroxy‐2,4‐cyclohexadi‐
ene‐1‐carboxylate synthase

x x x

tmoA Toluene‐4‐monooxygenase system 
protein A

x x x

tmoB Toluene‐4‐monooxygenase system 
protein B

x x x

tmoC Toluene‐4‐monooxygenase system 
ferredoxin subunit

x x x

tmoD Toluene‐4‐monooxygenase system 
protein D

x x x

tmoE Toluene‐4‐monooxygenase system 
protein E

x x x

tmoF Toluene‐4‐monooxygenase, subunit 
TmoF

x x x

‐ 2,3‐dihydroxyphenylpropionate/2,3‐di‐
hydroxicinnamic acid 1,2‐dioxygenase

x x x

‐ 4‐hydroxy‐4‐methyl‐2‐oxoglutarate 
aldolase/4‐carboxy‐4‐hydroxy‐2‐oxoa‐
dipate aldolase

x x x

‐ 4‐hydroxy‐4‐methyl‐2‐oxoglutarate 
aldolase/4‐carboxy‐4‐hydroxy‐2‐oxoa‐
dipate aldolase

x x x

‐ 4‐hydroxy‐4‐methyl‐2‐oxoglutarate 
aldolase/4‐carboxy‐4‐hydroxy‐2‐oxoa‐
dipate aldolase

x x x

‐ Phthalate 4,5‐dioxygenase oxygenase 
subunit

x x x

‐ 4‐hydroxybenzoate 3‐monooxygenase 
(NAD(P)H)

x x x

‐ 3‐oxoadipate CoA‐transferase subunit A x x x

‐ 3‐oxoadipate CoA‐transferase subunit B x x x

‐ 3‐carboxy‐cis,cis‐muconate 
cycloisomerase

x x x

TA B L E  A 1   Continued
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gene name Product

Genomes

KP23 M130 ATSB13T

‐ 3‐oxoadipate enol‐lactonase 2 x x x

hbzD 3‐hydroxybenzoate 6‐hydroxylase 1 x x x

hbzE Gentisate 1,2‐dioxygenase x x x

TA B L E  A 1   Continued

TA B L E  A 2   ContinuedTA B L E  A 2 .  Distribution of Type Secretion Systems on 
Paraburkholderia kururiensis genomes

Genes

Paraburkholderia kururiensis strains

KP23 M130 ATSB13T

T2SS

T2SS_gspN x x ‐

T2SS_gspM x (2)* x (2)* x 

T2SS_gspL x (2)* x x 

T2SS_gspK x x ‐

T2SS_gspJ x (2)* x (2)* x 

T2SS_gspI x (2)* x (2)* x 

T2SS_gspH x(2)* x (2)* x 

T2SS_gspG x (2)* x (2)* x 

T2SS_gspC x (2)* x (2)* x 

T2SS_gspF x (2)* x (2)* x 

T2SS_gspE x x ‐

T2SS_gspD x (2)* x (2)* x 

hypothetical 
protein

10 | 16* 15 | 11* 15

T3SS

T3SS_sctC x x x

T3SS_sctT x x x

T3SS_sctN x x x

T3SS_sctJ x x x

T3SS_sctU x x x

T3SS_sctV x x x

T3SS_sctR x x x

T3SS_sctS x x x

T3SS_sctQ ‐ x x

hypothetical 
protein

19 18 20

T4SS 2

T4SS_virB3 x ‐ ‐

T4SS_cagE/trbE/
virB

x ‐ ‐

T4SS_trbL/virB6 x ‐ ‐

T4SS_virB11/trbB x ‐ ‐

hypothetical 
protein

2 ‐ ‐

Genes

Paraburkholderia kururiensis strains

KP23 M130 ATSB13T

T5SS

T5aSS

T5aSS_PF03797 x (2)* x (2)* ‐

hypothetical 
protein

10 | 10* 10 | 10* ‐

T5bSS

T5bSS_translocator x (8)* x (3)* x (3)*

hypothetical 
protein

10 (8)* 10 (3)* 10 (3)*

T5cSS

T5cSS_PF03895 x (5)* x (3)* x (4) *

hypothetical 
protein

10 (5)* 10 (3)* 10 (4)*

T6SS

T6SSi

T6SSi_tssM x (2)* x x

T6SSi_tssL x x x

T6SSi_tssH x (2)* x x

T6SSi_tssG x (2)* x x

T6SSi_tssF x (2)* x x

T6SSi_tssE x (2)* ‐ x

T6SSi_tssD x x x

T6SSi_tssC x x x

T6SSi_tssB x x x

T6SSi_tssJ x (2)* x x

T6SSi_tssK x (2)* x x

T6SSi_tssL* x (2)* x x

T6SSi_tssA x ‐ ‐

T6SSi_evpJ x ‐ ‐

hypothetical 
protein

13 | 15* 13 13
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F I G U R E  A 1   Predicted protein secretion systems in P. kururiensis strains. The color lines on the circles show the protein secretion systems 
localization in the genomes. Yellow lines represent the T3SS flagellar; blue lines represent the NF‐T3SS; red lines represent the T4SS; and 
green lines represent the T6SS. The protein secretion systems were predicted by T346Hunter.

COG categories gene name T6SS‐1 T6SS‐2 T6SS‐3

COG3515 bimE x x x

COG3523 tssM x x x*

COG3455 tssL x x x

COG3522 tssK x x x

COG3501 vgrG x ‐ x*

COG3520 tssE x x x*

COG3519 tssD x x* x*

COG3518 tssC x x x*

COG3517 tssB x x x*

COG3516 tssA x x x

COG3157 hcp x x x

COG0542 clpV x x x*

COG3913 impP ‐ x ‐

COG2885 ompA ‐ ‐ x

*Genes present differences in the size or in the order of cluster – absence of genes 

TA B L E  A 3 .   Identification functional of T6SS core 
genes according COG categories


