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a Departamento de Genética, Instituto de Biociências, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brazil 
b Departamento Interdisciplinar, Centro de Estudos Costeiros, Limnológicos e Marinhos, UFRGS, Imbé, Rio Grande do Sul, Brazil   
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A B S T R A C T   

Here the pangenome analysis of Burkholderia sensu lato (s.l.) was performed for the first time, together with an 
updated analysis of the pangenome of Burkholderia sensu stricto, and Burkholderia cepacia complex (Bcc) focusing 
on the Bcc B. catarinensis specific features of its re-sequenced genome. The pangenome of Burkholderia s.l., 
Burkholderia s.s., and of the Bcc was open, composed of more than 96% of accessory genes, and more than 62% of 
unknown genes. Functional annotations showed that secondary metabolism genes belonged to the variable 
portion of genomes, which might explain their production of several compounds with varied bioactivities. Taken 
together, this work showed the great variability and uniqueness of these genomes and revealed an underexplored 
unknown potential in poorly characterized genes. Regarding B. catarinensis 89T, its genome harbors genes related 
to hydrolases production and plant growth promotion. This draft genome will be valuable for further investi
gation of its biotechnological potentials.   

1. Introduction 

The genus Burkholderia was proposed in 1992 to accommodate seven 
species of the genus Pseudomonas from the ribosomal RNA group II [1]. 
This Betaproteobacteria genus is known not only by the pathogenicity of 
some of its members but also by their impressive biotechnological po
tential [2,3]. There is an ever-growing number of new species de
scriptions of Burkholderia sensu lato (s.l.), which can be found as free- 
living bacteria in soil or water or as commensals of plants, animals, or 
fungi, highlighting the wide metabolic versatility of the group [4]. The 
taxonomy of this group has been revised through phylogenomic studies. 
Currently, Burkholderia s.l. is divided into Burkholderia sensu stricto (s.s.) 
and other six genera named Paraburkholderia, Caballeronia, Robbsia, 
Mycetohabitans, Trinickia, and Pararobbsia [5–8]. The genera Para
burkholderia, Caballeronia, and Trinickia contain plant symbionts, Robb
sia is phytopathogenic, Pararobbsia contains environmental species, and 
Mycetohabitans accommodates fungal endosymbionts. In Burkholderia s. 
s. remains those considered plant pathogens, including Burkholderia 

gladioli, Burkholderia glumae, and Burkholderia plantarii [9], and the 
opportunistic human and other animal pathogenic species, such as 
Burkholderia mallei and Burkholderia pseudomallei [10]. Besides that, 
among Burkholderia s.s., there is a versatile group of 24 closely related 
species whose contrasting biological features are even more evident, the 
B. cepacia complex (Bcc) [11,12]. Although some members exhibit an 
important biotechnological potential for biocontrol, bioremediation, 
and plant growth promotion (PGP), some strains can be pathogens to 
plant or to immunocompromised humans with cystic fibrosis (CF) [4]. A 
phylogenomic study of this group suggested the existence of 13 new 
species within Bcc [13]. Genome metrics are valuable tools to develop 
an accurate identification of Bcc for clinical risk assessment, since some 
species are more related to poor prognosis and high patient to patient 
transmission [14]. 

Burkholderia s.s. species exhibit an unusual genomic structure formed 
of multiple replicons, whereas most genomes are composed of two or 
three chromosomes [10]. The extra chromosome of Bcc species is 
nonessential and could be considered a megaplasmid that codes for 
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genes related to virulence, secondary metabolism, and other accessory 
roles [15]. Among Burkholderia s.l., genome sizes range from 3.28 Mb of 
the fungal endosymbiont Mycetohabitans endofungorum HKI456T to 
11.5 Mb of the soil bacterium Paraburkholderia hospita DS64T. The 
smallest Burkholderia s.s. genome belongs to the pathogen B. mallei SAVP 
(5.23 Mb) and the largest to Burkholderia contaminans LMG 23361T 

(10.35 Mb) [16,17]. These large genomes might explain in part their 
impressive metabolic versatility. The increasing amount of genome se
quences available enabled new insights about bacterial genomic struc
tures. In this regard, pangenome, accessory, and core genes have been 
determined for many species [18–21]. The core genome is composed of 
genes that are present in all species of a determined taxonomic group, 
accessory genes are those present in some strains, and pangenome 
consists of all genes present in the evaluated group [22]. For instance, 
Seo et al. (2015) evaluated the pangenome of the rice pathogens 
B. gladioli, B. glumae, and B. plantarii [9] and Bochkareva et al. (2011) 
analyzed the pangenome of 127 Burkholderia s.s. strains, focusing on the 
animal pathogens B. mallei and B. pseudomallei [10]. The pangenome of 
116 Bcc has been recently investigated, revealing a high level of 
recombination between the species of this group [23]. Moreover, 
evolutionary processes namely recombination, inversions, gain or loss of 
genes, and selective pressures were investigated in Burkholderia s.s. ge
nomes, providing insights on structure and adaptation [10,23]. 
Although many interesting aspects of Burkholderia s.l. genomes were 
investigated previously [24], their pangenome has not been determined 
yet. 

We have recently described an interesting new member of Bcc, 
Burkholderia catarinensis 89T, using polyphasic taxonomy and genome- 
based approaches [17]. This strain was isolated from Southern Brazil
ian native grassland soil and has shown impressive PGP features, namely 
the production of phytohormone and siderophore, phosphate solubili
zation, and the ability to control the growth of a wide range of phyto
pathogenic fungi [25]. When inoculated in apple plants, this strain 
delayed the development of infection by the fungus Colletotrichum 
gloeosporioides [26]. Moreover, strain 89 forms biofilm and produces 
several hydrolytic enzymes, which is critical for its competition in soil 
and also finds biotechnological applications. Since its description as a 
new species, no other B. catarinensis strain was found and phylogenetic 
reconstructions consistently result in strain 89 occupying a separate 
cluster [13]. Thus, this may indicate the uniqueness of this Bcc species. 
To better explore its biotechnological potentials and specific features, 
here we describe the re-sequencing of B. catarinensis 89T through an 
Illumina approach and the investigation of its genome characteristics. 
Besides that, we evaluated for the first time the pangenome of Bur
kholderia s.l. and updated the analysis of the pangenome of Burkholderia 
s.s., and Bcc, especially focusing on B. catarinensis unique genes. 

2. Results and discussion 

2.1. Phylogenomic analysis 

A phylogenomic analysis of type strains from the Burkholderia s.l. 
group and of selected strains of Bcc was performed to confirm their 
taxonomic identification. Running the analysis with three clustering 
algorithms, Get-Homologues recognized 346 and 1760 orthologs shared 
by all members of the Burkholderia s.l. and Bcc datasets, respectively 
(Fig. S1). The phylogenetic relationships among Burkholderia s.l., Bur
kholderia s.s., and Bcc strains are similar to the ones previously described 
[13,24] (Figs. 1 and 2). Although it was not the focus of this work, we 
questioned the identification of some strains [13]. In this regard, we 
could observe that some species are closely related and difficult to 
distinguish by applying the threshold of Average Nucleotide Identity 
(ANI) values commonly used (95–96%) [27]. For instance, in our 
analysis, Paraburkholderia insulsa and Paraburkholderia fungorum shared 
ANI values >98%. This is also the case of Paraburkholderia phytofirmans 
and Paraburkholderia dipogonis (96.1%), and Paraburkholderia steynii and 

Paraburkholderia terrae (96.6%) (Fig. S2). Further digital DNA:DNA 
hybridization (dDDH) analysis obtained from pairwise comparisons of 
genomes of type strains confirmed that not only P. insulsa and 
P. fungorum, but also P. steynii and P. terrae might belong to the same 
species, since their dDDH values were 85.80 and 71.20%, respectively 
(Table S4). The dDDH value between P. phytofirmans and P. dipogonis 
(66.10%) was below the threshold of 70% applied for species circum
scription [27], which corroborated that they belong to different species 
[28]. 

Jin et al. [13] observed that genomes of some Bcc strains are mis
identified at the NCBI database and suggested the split of this complex 
into 36 species (BCC01-BCC36), especially due to ANI and dDDH values 
lower than the threshold for species delimitation. Interestingly, these 
authors proposed the use of 96.48% as the ANI threshold, which cor
responded to 70% of dDDH for Bcc members. Furthermore, they 
observed that dDDH analysis is more discriminatory for Bcc strains than 
ANI. Applying this threshold, our data mostly corroborated these au
thors’ observations. Even though the clusters previously named as 
BCC03 and BCC05-09 are in the same cluster in the phylogenetic tree 
(Fig. 2, old pink-colored) and have ANI values >94.9% (Fig. S3), they 
are easily distinguished by dDDH (Table S4). Strains of these clusters 
may belong to the so-called Burkholderia cenocepacia genomovars IIIA 
(BCC05) and IIIB (BCC08) [29]. Likewise, strains Burkholderia lata 383T, 
Burkholderia sp. FL7-5-30-S1-D0, Burkholderia sp. 170816, and strains 
from the B. contaminans cluster shared ANI values of 94.9–95.9%, close 
to the threshold commonly used. However, dDDH values indicated they 
belong to different species. A combination of genome metrics with 
phylogenomic was used to rename those strains misidentified in the 
NCBI database (Fig. 2, Table S3). Whenever strains differed from the 
type, they were considered Burkholderia sp. BCC01 to BCC47, updating 
the code proposed by Jin et al. [13]. It is noteworthy that by applying the 
genome metrics ANI and dDDH, we indicated that the current 24 species 
of Bcc should be splitted into at least 47 species. Therefore, our results 
corroborated previous observations that the taxonomy of Bcc members 
should be revisited [13]. The precise identification of Bcc members is 
especially critical to differentiate species related to poor outcomes or 
highly transmissible in CF patients, including B. cenocepacia and Bur
kholderia multivorans [14]. Thus, the taxonomy of this group is relevant 
for risk and safety assessments. 

2.2. Pangenome determination 

After phylogenomic analysis, we kept 129 genomes of type strains in 
Burkholderia s.l. dataset, 32 in Burkholderia s.s., and 113 Bcc genomes 
(Tables S1-S3). The Burkholderia s.l. dataset was mostly comprised of 
draft genomes, whereas most genomes from the Bcc dataset were com
plete or of scaffold assembly levels. Except for two genomes, all genomes 
exhibited completeness above 97.7% and contamination below 3%. 
Therefore, all genomes showed enough quality to perform pangenome 
analysis. 

One of the interesting information pangenome analysis reveals is the 
possibility of observing a saturated curve of new genes (closed pan
genome) or an ever-growing steep slope (open pangenome) for a 
determined taxonomic group [22]. This can be calculated by plotting the 
number of new genes added to the pangenome by the sequential addi
tion of new genomes. Similar analyses are performed to evaluate the 
number of conserved genes (core) and unique genes that are incorpo
rated into the pangenome. The pattern of the accumulation curves of 
Burkholderia s.l. and Burkholderia s.s. were similar (Fig. 3 and Fig. S4), 
both presenting a steep increase in the number of unique genes and in 
the overall number of genes included in the pangenome. Both curves did 
not reach a plateau. The rarefaction curves of Bcc was increasing albeit 
showing a slight tendency of reaching a plateau (Fig. 4) as obtained 
previously analyzing 116 Bcc genomes [23]. 

All three pangenomes were determined as open, in which new genes 
continue to be added to the pangenome pool each time a new genome is 
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included. Open pangenomes were already observed for other free-living 
versatile genera including Pseudomonas, Bacillus, and Paenibacillus 
[20,21,30]. This curve pattern may indicate the necessity of constant 
genomic adaptations and diversifications to cope with heterogeneous 
environments, which corroborates the high number of genomic islands 
(GIs), insertion sequences (ISs), and recombination rates observed in 
Burkholderia genomes [23]. In contrast to an increasing pangenome, we 
observed a stabilization on the number of core genes within less than 10 
genomes for all three datasets. 

BPGA predicted approximately 134,000 gene families in the 

repertoire of Burkholderia s.l. pangenome, 25,000 in Burkholderia s.s., 
and 24,000 in the Bcc (Figs. 3e, S4e, and 4e). Get-Homologues recog
nized 83,324, 26,163, and 37,824 genes in the pangenome of Bur
kholderia s.l., Burkholderia s.s., and Bcc, respectively (Fig. S5). Table 1 
shows the number of pangenome genes recognized by each software and 
their distribution among core, soft-core, shell, and cloud genes, 
considering 75% of sequence identity level in BLAST pairwise align
ments. The absolute numbers varied among softwares, reflecting dif
ferences in the algorithms implemented by each tool. As expected, we 
could clearly observe an increase in the number of conserved (core) 

Fig. 1. Phylogenetic reconstruction of Burkholderia sensu lato highlighting the genera Paraburkholderia, Robbsia, Pararobbsia, Mycetohabitans, Caballeronia, Trinickia, 
Burkholderia sensu stricto, and the species belonging to the Burkholderia cepacia complex (BCC). The phylogeny was reconstructed based on the alignment of 113 
orthologous protein sequences recognized in the genome of type strains through three clustering algorithms (bidirectional best-hit, COGtriangles, or OrthoMCL) using 
the software Get-Homologues. The best tree was estimated through the maximum likelihood approach and IQ-TREE using the software Get-Phylomarkers. Ralstonia 
solanacearum K60T was set as the outgroup. All bootstrap values are shown. 
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genes predicted in lower taxonomic ranks. Burkholderia s.l. pangenome 
was composed of 178–539 (<0.55%) core genes, whereas Burkholderia s. 
s. shared 1338–1938 (<7.4%), and Bcc 2049–2588 (<5.5%) genes. This 
highlights the great number of accessory genes (shell and cloud) in these 
genomes (>96%) and an impressive variability among species of the 
same genus and among different strains of the same species. It is note
worthy that low values of core genes (<6%) were also obtained when we 
lowered the sequence identity level of the analysis to 50% (Table S5). 
This low number of shared conserved genes has also been observed in 
the pangenome of seven rice-pathogenic Burkholderia [9], 127 

Burkholderia spp. [10], and 116 Bcc [23]. Therefore, Burkholderia s.l. 
genomes are characterized by being highly heterogeneous. 

Homologous recombination (HR) among species and within the same 
species exerts a major role in the evolution of prokaryotic genomes [31]. 
These authors observed 338 genomes distributed in 54 bacterial and 
archaeal species and observed different levels of HR according to their 
lifestyle. Opportunistic pathogens showed the highest levels of HR, 
followed by obligate pathogens, commensals and free-living, and en
dosymbionts and intracellular pathogens showed the lowest HR fre
quencies. In this regard, we investigated the variation in the number of 
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unique genes in different taxonomic ranks looking for patterns that 
could indicate different genomic plasticities (Fig. 5). 

There were 134,011 unique genes in Burkholderia s.l. pangenome 

repertoire and 24,039 in Bcc. The genera Caballeronia and Para
burkholderia showed the greatest variation in the number of unique 
genes among Burkholderia s.l., 438 to 2139 and 350 to 2734, respectively 
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Fig. 4. Pangenome features of 113 whole-genome sequences of strains from the Burkholderia cepacia complex (Bcc). Accumulation curves of conserved genes (a), 
total genes in the pangenome (b), unique genes (c), new and unique genes (d), and distribution of gene families shared by different numbers of Bcc genomes (e). 
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(Table S1). The genus Robbsia, up to now represented by only one spe
cies, added the highest number of species-specific genes to Burkholderia 
s.l. pangenome: 3904. Burkholderia vietnamiensis G4, Burkholderia paludis 
Msh1, and Burkholderia aenigmatica LMG13014 genomes harbor the 
highest numbers of unique genes among Bcc members, 1265, 983, and 
807, respectively (Table S3). In B. vietnamiensis G4, this might be a 
reflection of its large genome organized in three chromosomes and five 
plasmids [16]. Although some species varied more (B. vietnamiensis, 
Burkholderia ubonensis, and Burkholderia metallica) than others 
(B. cenocepacia and B. multivorans) in the number of unique genes, we 
could not clearly correlate with differences in lifestyles. Indeed, this 
might be difficult to observe in a versatile genus such as Burkholderia s.s., 
since the same species could be commonly isolated not only from the soil 
but also from the sputum of CF patients [4]. 

Noteworthily, it is clear that pangenome evaluations strongly depend 

upon both the number of genomes evaluated and the quality of genome 
sequences [21,32]. Once more high-quality genomes and genomes 
representing more strains are available, we would exclude a possible 
effect of overrepresentation of some species genomes in this type of 
analysis. In this regard, an analysis of the whole dataset through BPGA 
also revealed that the genera Caballeronia and Paraburkholderia are 
highly heterogeneous in the number of species-specific genes (Fig. S6 
and Table S6). These genera might be an underexplored source of new 
genes and features. Among Bcc, putative new species and those with few 
genomes sequenced showed a high number of unique genes as well. 
Interestingly, B. catarinensis showed an above-average number of unique 
genes (456) with the potential to be explored (Table S3). Surprisingly, 
other putative new Bcc species also displayed a high number of strain- 
specific genes and composed a separate cluster in the phylogenetic re
constructions. However, except for some outliers, Bcc species contribute 

Table 1 
Distribution of pangenome genes into core, soft-core, shell, or cloud according to BPGA, Get-Homologues, and Roary tools considering 75% of sequence identity level 
in BLAST pairwise alignments.  

Genes Burkholderia senso latu Burkholderia senso strictu Burkholderia cepacia complex 

BPGA* Get- 
Homologues 

Roary BPGA* Get- 
Homologues 

Roary BPGA* Get- 
Homologues 

Roary 

core (99–100%) 178 (0.08%) 460 (0.55%) 539 (0.27%) 1338 (3%) 1938 (7.4%) 1831 (4.3%) 2049 (3.6%) 2085 (5.5%) 2588 (4.5%) 
soft core 

(95–99%) 
217,605 
(99.9%) 

397 (0.47%) 473 (0.24%) 

44,526 
(97%) 

523 (2.0%) 277 (0.6%) 

55,238 
(96.4%) 

878 (2.3%) 309 (0.54%) 

shell (15–95%) 9929 (11.9%) 8454 (4.2%) 5574 (21.3%) 
8452 
(19.6%) 

10,154 
(26.8%) 

6167 
(10.7%) 

cloud (0–15%) 
72,538 
(87.05%) 

192,255 
(95,3%) 

18,128 
(69.3%) 

32,517 
(75.5%) 

24,698 
(65.3%) 

48,496 
(84.2%) 

pangenome 
(total) 217,783 83,324 201,721 45,864 26,163 43,077 57,287 37,824 57,560  

* BPGA pangenome genes are classified into core or accessory genes. 
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less with unique genes to Burkholderia s.l. pangenome when compared to 
other taxonomic groups. 

The heatmaps generated based on the matrix of presence or absence 
of genes in the Burkholderia s.s. and Bcc pangenomes also displayed the 
variation in the distribution of accessory genes among strains and spe
cies (Figs. S7 and S8). Get-Homologues predicted 331 orthologues of IS 
family transposase in Burkholderia s.l. pangenome and 210 within Bcc 
genes. Both pangenomes also exhibited a great number of orthologues of 
type 2, 3, and 4 secretion systems and pga genes putatively related to 
biofilm formation. Regarding genes that may encode beneficial traits for 
plants, we observed Burkholderia s.s. and Paraburkholderia genomes 
harboring iaaM genes putatively related to the phytohormone auxin 
production; the widespread presence of pst, pho, and phn genes for 
phosphate metabolism; except for Mycetohabitans spp., the widespread 
presence of acdS genes for ACC deaminase production that may reduce 
the stress response of plants; nodA genes in Trinickia symbiotica and some 
Paraburkholderia; nodD genes in some Burkholderia s.s. strains, related to 
plant nodulation factors; a nif operon exclusively present in 
B. vietnamiensis, related to its capacity of nitrogen fixation; and Bcc ge
nomes harboring genes related to the production of the volatiles acetoin 
and 2,3-butanediol, which are related to PGP. Briefly, regarding genes 
useful for the biocontrol of fungi and insects, Burkholderia and Cab
alleronia species present chitinase genes for fungal cell-wall degradation 
and the Pseudomonas insect toxin encoding genes mcf and fitD were 
absent in all genomes [33]. 

To gain further insights into the functional roles of core, accessory, 
and unique genes, we annotated them according to COG and KEGG 
categories. The overall distribution of functions among Burkholderia s.l., 
Burkholderia s.s., and Bcc were similar (Fig. S9). It is interesting to note 

that more than 70% of all dataset genes were classified at KEGG category 
metabolism. Moreover, COG and KEGG category distributions of Bur
kholderia s.s. genes resembled the ones of the subgroup Bcc (Figs. 6 and 
7). In general, housekeeping functions belonged to core genes. The 
housekeeping COG categories C, F, and J were more represented in the 
core genome of Burkholderia s.l. than in Burkholderia s.s. and Bcc pan
genomes. Unlikely, categories amino acid (E), carbohydrate (G), and 
lipid metabolism (I), cell motility (N), and signal transduction (T) were 
more represented in core genes of Burkholderia s.s. than in Burkholderia 
s.l.. Most genes from categories carbohydrate (G), lipid (I), inorganic ion 
(P), and secondary metabolism (Q), transcription (K), cell motility (N), 
signal transduction (T), and defense mechanisms (V) were not conserved 
among Burkholderia s.l. strains and thus belonged to the variable fraction 
of genomes. More specifically, genes coding for replication, recombi
nation, and repair (L) were expanded in unique genes, especially among 
Bcc strains. Pseudomonas species share the same pattern of having their 
impressive secondary metabolism genes within the variable genome 
portion [21,34]. Furthermore, an extensive transcription regulation 
might be a requirement for such large genomes of strains living in 
complex environments, which was also observed in Paenibacillus pan
genome [30]. 

According to the KEGG database, categories translation, energy and 
nucleotide metabolism, and drug resistance were functions highly 
conserved among Burkholderia s.l. species, while cell motility was 
encoded mostly by accessory and unique genes. The metabolism of 
lipids, amino acids, terpenoids, and polyketides were enriched in the 
variable fraction of all pangenomes, which could explain the capacity of 
Burkholderia s.s. strains to produce several molecules with impressive 
bioactivities [35]. Similarly, the majority of membrane transport, cell 
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motility, signal transduction, and xenobiotics metabolism genes 
belonged to the accessory or unique portion of pangenomes. Corrobo
rating COG data, replication and repair functions of Bcc were more 
located in the strain-specific genes than in Burkholderia s.l. species, 
which could be an indicative of increased recombination. Zhou et al. 
[23] suggested that Bcc core genomes are under a process of strong 
positive selection and that recombination is a critical driving force for 
both the cohesion of this group and their metabolic versatility. Inter
estingly, these authors observed that recombination was more frequent 
between species than within the same species, which produces the 
observed difficulty in determining their taxonomic boundaries. Core 
genes of Burkholderia s.l. were better characterized than Burkholderia s.s. 
(Fig. S9). Moreover, the matrix of absence or presence of genes provided 
by the Roary tool resulted in 67.8% of pangenome repertoire of Bur
kholderia s.l. being composed by hypothetical proteins, whereas they 
sum 62.8% in Burkholderia s.s. and 67.2% in Bcc. Therefore, we estimate 
there is still an unknown biotechnological potential in Burkholderia s.l. 
genomes. 

2.3. Burkholderia catarinensis 89T genome general features 

The first version of the genome sequence of B. catarinensis strain 89 
has already been published [17] and is composed of 892 contigs. To 
better explore the genomic features of this strain, here we described a 
second version of its genome with more contiguous sequences. The draft 
genome of B. catarinensis 89 has a total length of 8,198,227 bp and an 
estimated G + C content of 66.5%. A5 assembly was chosen due to the 
highest value of N50 (264,500), fewer contigs (85), completeness of 
99.95%, and absence of contamination. Table S7 presents some general 

features of B. catarinensis 89T draft genome. The genome of 
B. catarinensis 89T is highly represented by genes putatively related to 
amino acid, carbohydrate, cofactors, vitamins, prosthetic groups, pig
ments, fatty acids, lipids, isoprenoids, and protein metabolisms (Fig. 
S10). With regards to the aforementioned 456 unique genes predicted in 
the genome of strain 89 through pangenome analysis, approximately 
80% of them are of unknown functions. Other unique genes were clas
sified in the categories of genetic and environmental information pro
cessing, signaling, carbohydrate, amino acid, and nucleotide 
metabolism (Fig. S11). Interestingly, some of B. catarinensis 89 unique 
genes were also putatively related to xenobiotics degradation, lipid 
metabolism, and biosynthesis of secondary metabolism, which could be 
related to its remarkable antifungal activity. Since this strain displays 
interesting PGP activities and biocontrol of a wide range of phytopath
ogenic fungi, we further investigated its genome specific features. 

The ISfinder database predicted 21 genes of transposable elements 
belonging to the families IS3 (18 genes), IS256 (2 genes), and Tn31 (1 
gene) similar to those from various Burkholderia species, but also from 
Gram-negative bacteria of the genera Aeromonas, Escherichia, Ralstonia, 
and Xanthomonas (Table S8). Surprisingly, 222 GIs were predicted by 
IslandViewer (Table S9). Burkholderia spp. genomes are known by the 
presence of many IS and GIs [36,37]. The presence of GIs indicates the 
acquisition of foreign DNA through horizontal gene transfer, which 
might exert a critical role in the evolution of B. catarinensis originating 
this unique species. Genes obtained through these mechanisms often 
confer antibiotic resistance or some competitive advantages to thrive on 
the rhizosphere or host environment [38]. 

Indeed, it was possible to observe a great number of genes related to 
the type 6 secretion system (T6SS) among the GIs recognized by Island 

Fig. 7. Functional distribution of core, accessory, and unique genes in the pangenome of Burkholderia sensu lato (a), Burkholderia sensu stricto (b), and Burkholderia 
cepacia complex (c) according to KEGG categories. Underrepresented categories were removed from the figure. 
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Viewer. Three clusters predicted both by ISFinder and IslandViewer 
seem to be comprised of the complete set of T6SS genes [39]. This 
feature agreed with the pangenome data and with the Burkholderia 
genus, which exhibits many secretion systems with important roles in 
the interaction of the bacterium with its host and other bacteria. For 
instance, the type III secretion system (T3SS), which enables bacteria to 
secrete effector proteins into eukaryotic host cells, has a crucial role in 
the virulence of several plant and human pathogens [40]. Moreover, the 
T3SS is also essential for the interaction of Paraburkholderia terrae BS001 
with the fungus Laccaria proxima [41]. Spiewak et al. [39] showed that 
T6SS present roles in bacteria competition in B. cenocepacia and prob
ably in other Burkholderia strains. The genome of B. catarinensis 89 
harbors one gene cluster for the type I secretion system (T1SS), three 
clusters for type II (T2SS), two for type III (T3SS), three for type VI 
(T6SS), and three clusters for a combined type II and type IV secretion 
systems (Table S10). 

Bcc members harbor several genes related to antibiotic resistance, 
which is worrisome in infections of patients with CF [42]. Interestingly, 
not many resistance genes were predicted by the RGI tool for the genome 
of strain 89 (Table S11). Five Resistance-Nodulation-Division efflux 
pumps for the resistance to aminoglycoside, fluoroquinolone, and 
tetracycline antibiotics were predicted. Besides that, a Major Facilitator 
Superfamily efflux pump putatively related to tetracycline resistance 
was also found. ResFinder detected no resistance to antibiotics or dis
infectants, even lowering default threshold values. Clustered regularly 
interspaced short palindromic repeat (CRISPR) gene sequences that 
encode defense mechanisms against phages and plasmids are also 
indicative of the ability to deal with the environment. In this sense, 
CRISPRCasFinder predicted eight of these regions in the genome of 
strain 89 (Table S12). 

B. catarinensis 89 exhibits many features that might be important for 
rhizosphere survival and the beneficial interaction with plants, 
including phytohormone, siderophore, and biofilm production, as well 
as phosphate solubilization [25,26]. The presence of genes related to 
these activities in the genome of strain 89 corroborated our experi
mental results. Its genome has several genes putatively involved in the 
production of the phytohormone auxin, including those related to 
tryptophan and indole metabolism. There are at least six possible 
pathways for bacterial auxin biosynthesis, sometimes in redundancy 
[43], whereas the described auxin production of strain 89 [26] might 
involve the gene for indoleacetamide hydrolase (iaaH, EC 3.5.1) of the 
Indole-3-Acetamide pathway. Besides that, we could identify a non
ribosomal peptide synthetase gene cluster related to the siderophore 
production of strain 89. Additionally, several genes related to iron up
take were found in the genome, including the ones related to hydrox
amate siderophores (fhuABC and tonB) and hemin uptake systems (ABC 
transporters) [44]. Moreover, there are many genes probably involved 
in phosphate homeostasis in the genome of strain 89, including three 
genes for polyphosphate kinases; two genes for exopolyphosphatases; 
one gene for inorganic pyrophosphatase and one gene for alkaline 
phosphatase production. Besides that, its genome presents the poly
cistronic pstSCAB-phoU operon that encodes proteins of the phosphate- 
specific transport (Pst) system. 

The extracellular matrix that forms bacterial biofilms is composed of 
polymers like poly-beta-1,6-N-acetyl-D-glucosamine (PGA) [45]. In 
agreement with pangenome data, we found the entire pgaABCD operon 
in B. catarinensis 89’s genome. Moreover, many other genes that puta
tively encode for several types of hydrolases were predicted in this 
strain’s genome by the dbCAN2 server (Fig. S12). This tool predicted a 
total of 97 enzymes distributed among the families of Glycoside Hy
drolases (36), Glycosyl Transferases (46), Carbohydrate Esterases (6), 
Carbohydrate Binding Modules (3), Polysaccharide Lyases (1), and 
Auxiliary Activities (5). Among the glycoside hydrolases (GH), were 
annotated genes belonging to the Carbohydrate Active enZymes (CAZy) 
subfamilies of cellulases (GH-5, GH-8), amylases (GH-13 and GH-15), 
and chitinase (GH-23), which corroborated our previous laboratory 

results [25]. These features could not only be crucial for this bacterium 
rhizosphere competence but could also have biotechnological potential. 
Additionally, B. catarinensis strain 89 shows an impressive antifungal 
activity, whose metabolites investigation is underway. 

3. Conclusion 

This is the first analysis of Burkholderia s.l. pangenome. Taken 
together, our work showed that the pangenome of Burkholderia s.l., 
Burkholderia s.s., and of the Bcc was open, and therefore more novel 
genes might be discovered once more genomes are sequenced. The 
conserved portion of the pangenomes was small and more than 96% of 
the pangenome was composed of accessory or unique genes, which in its 
turn was mostly composed of genes of unknown functions. Our work 
revealed the great variability in the repertoire of genes harbored in 
genomes of Burkholderia s.l. species and strains, especially in Caballer
onia and Paraburkholderia, that might be an underexplored source of 
features and metabolites with a variety of biotechnological applications. 
In this regard, we further investigated the specific features of the draft 
genome of B. catarinensis 89. Our findings corroborated some previous 
experiments that tested its abilities of PGP, enzyme production, and 
rhizosphere competence [25] and also revealed the great plasticity of 
this IS- and GI-rich genome. The pangenome analysis indicated 456 
unique genes putatively dedicated to genetic and environmental infor
mation processing, signaling, xenobiotics degradation, and biosynthesis 
of secondary metabolites. Noteworthily, approximately 80% of 
B. catarinensis 89 unique genes are of unknown functions, which indi
cated that we still have a lot more to learn from this interesting strain 
and from other Burkholderia s.l. strains. 

4. Material and methods 

4.1. Genome sequencing, assembly, and annotation 

Genomic DNA of Burkholderia catarinensis 89T was extracted and 
used to construct 500 to 1200 bp insert libraries using Nextera XT kit for 
sequencing in the MiSeq Illumina platforms using the MiSeq Reagent kit 
v3 (2 × 300). Genome assembly was performed with A5 [46] and Spades 
tools [47]. Quality assessment of assemblies was evaluated using 
CheckM [48] and QUAST [49]. Scaffolds were automatically annotated 
in the RAST server and subsystems were investigated in SEED Viewer 
[50]. A search for tRNAs and rRNAs was carried out using ARAGORN 
and Barrnap, respectively [51]. This whole-genome shotgun project has 
been deposited at GenBank under the accession number 
MDEQ00000000. The version described in this paper is version 
MDEQ02000000. 

4.2. Core and pangenome analyses 

The most complete genomes of type strains of species from the 
genera Burkholderia, Paraburkholderia, Caballeronia, Robbsia, Para
robbsia, Mycetohabitans, and Trinickia were extracted from the GenBank 
database [52]. Some species were excluded since they were not validly 
published following the LPSN database (accessed on May 2021) [53]. 
Additionally, to analyze the Bcc pangenome, we downloaded genomes 
presenting the assembly level Complete, Chromosome, or Scaffold, 
updating the dataset used by Jin et al. [13]. All genomes were obtained 
on May 2021. To avoid overrepresentation of some species, the top five 
genomes presenting the highest quality were chosen. The quality pa
rameters completeness and contamination were obtained through 
CheckM [48]. To standardize the comparisons, all genomes were an
notated using Prokka4 [54,55]. 

Pangenome analyses were performed with three datasets (Bur
kholderia s.l., Burkholderia s.s., and Bcc) using three different tools, 
named Get-Homologues [56], Roary [57], and BPGA [58], considering 
75% of sequence identity level in BLAST pairwise alignments. Pan- and 
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core-genes accumulation curves were generated using the clustering 
algorithm CD-HIT implemented in Roary and Usearch clustering tool of 
BPGA. BPGA applies the power-law regression model to determine if the 
rarefaction curve indicates an open or closed pangenome [22]. A 
consensus of homologues recognized by Get-Homologues through the 
clustering algorithms COGtriangles (COGt) and OrthoMCL (OMCL) was 
produced, which were further classified into cloud, shell, soft-core, or 
core genes. Core are those genes present in 99–100% of genomes, soft- 
core in 95–99%, shell (15–95%), and cloud in 0–15% of genomes. The 
analyses of unique genes were obtained through BPGA and using the R 
statistical environment [59] based on the matrix of absence or presence 
of genes generated by Get-Homologues. The functional annotation of 
genes according to COG and KEGG categories was performed by BPGA. 

4.3. Phylogenomics 

Single-copy orthologous genes were recognized from the datasets 
through Get-Homologues using the three clustering algorithms COGt, 
OMCL, and bidirectional best-hit. The consensus of those orthologs was 
used for the phylogenetic reconstruction performed following the Get- 
Phylomarkers pipeline [60]. With this tool, multiple sequence align
ments and maximum likelihood phylogenies are computed in parallel 
and the tree is estimated using IQ-TREE. Get-Homologues was also used 
to calculate the Average Nucleotide Identity (ANI) among genomes 
based on BLAST alignments (ANIb). Genomes sharing ANI values above 
the 96.48% threshold were considered from the same species [13]. 
Digital DNA:DNA hybridization (dDDH) analyses were performed for all 
genomes displaying borderline ANI values. This analysis was carried out 
at http://ggdc.dsmz.de/home.php using the recommended formula 2 
[27]. 

4.4. B. catarinensis 89T genome features 

ISfinder [61] database was used for the identification of transposable 
elements or insertion sequences (IS) using an identity cut-off value of 
7 × 10− 5. Genomic Island (GI) was predicted through Island Viewer 4 
[62] aligning against chromosomes of Burkholderia pyrrocinia DSM 
10685T. Clustered regularly interspaced short palindromic repeat se
quences were searched using CRISPRCasFinder [63]. Antibiotic resis
tance genes were identified using the strict module of the Resistance 
Gene Identifier software of the Comprehensive Antibiotic Resistance 
Database [64]. ResFinder-4.1 Server was also used to predict genes 
related to the resistance of antibiotics and disinfectants. Carbohydrate 
Active enZymes (CAZy) annotation was performed at dbCAN2 server 
selecting the enzymes predicted by the three tools HMMER, Diamond, 
and Hotpep [65]. 
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