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Abstract
This study describes the n-TASE cluster in Burkholderia seminalis TC3.4.2R3, which was present in B.
contaminans (CP046609.1), but absent in other related Burkholderia species. Phylogeny, comparative
genomics and molecular analysis indicated it is not common to B. seminalis species, presenting
similarity with homologous genes presents Aquamicrobium sp. SK-2 and B. contaminans LMG23361,
probably acquired by an HGT (Horizontal Gene Transfer) event. It was not possible to determine which
was the most likely donor strain of the n-TASE cluster. The HGT event did not occur in all strains of the
Bcc group, nor in the B. seminalis, but it did occur punctually in the strain B. seminalis TC34.2R3. It has a
correlation in biotechnological applications related processes. Aiming at understanding the involvement
of the n-TASE cluster in the interaction of this bacterium in the environment, genes in this cluster will be
inactivated, next.

Introduction
The genus Burkholderia (Yabuuchi et al. 1992), formerly classi�ed as Pseudomonas, was described in
1992 and is composed of closely related bacteria that occur naturally in various environments.
Burkholderia species are located into two groups, being the �rst composed by bene�cial and
environmental plant-associated species and the second by pathogenic species (Suárez-Moreno et al.
2012; Eberl and Vandamme 2016). The �rst group have been reclassi�ed into a new genus named
Paraburkholderia and, although members of this group fail to have pathogenic biomolecular markers
(Sawana et al. 2014) the inclusin of these species in this new genus is still controversial since isolates
pathogenic to animals can be bene�cial to plants (Eberl and Vandamme 2016). The second group
include species pathogenic to plant and animals (including human being), and human pathogens,
including members of the “pseudomallei” clade and the Burkholderia cepacia complex (Bcc) clades
(Suárez-Moreno et al. 2012). Species belonging to Bcc group has been isolated from different
environments, such as water, soil, rhizosphere and plant tissues (Eberl and Vandamme, 2016; Loveridge
et al. 2017). Industrial and agricultural sectors are interested in Bcc species because of their potential use
in bioremediation and plant growth promotion and their ability to produce an array of secondary
metabolites (Vial et al. 2007). However, the biotechnological applications of Bcc species should to be
considered with caution, as they are associated to pneumonia and in�ammatory process induction in
chronic infections in immunosuppressed and cystic �brosis (CF) patients. This fact has halted studies
aimed at their biotechnological use, especially in agriculture (Vial et al. 2011).

Burkholderia species produce an array of antimicrobial compounds (Parke and Gurian-Sherman 2001), as
cepacins, pyrrolnitrins, cepaciamides, cepacidines, quinolones, phenazines, siderophores, and
lipopeptides (Mao et al. 2006), making them potential biocontrol agents. The B. seminalis strain
TC3.4.2R3 belongs to the Bcc group; however, it was isolated from the sugarcane inner root tissues
(Mendes et al. 2007; Luvizotto et al. 2010). It is an agent that controls symptoms of orchid necrosis
caused by Burkholderia gladioli (Araújo et al. 2016). The virulence against Galleria melonella and the
antifungal production are regulated by temperature; the virulence increased, and antifungal production
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decreased at 37°C (Gonçalves et al. 2018). B. seminalis can be found in water (Fang et al. 2011), soil
(Panhwar et al. 2014), plants (Araújo et al. 2016), and in the sputum of CF patients (Vanlaere et al. 2008).
The strain TC3.4.2R3 produces pyochelin and other metabolites associated with the inhibition of
Fusarium oxysporum (Araújo 2017b), while rhamnolipid synergistically combined with other unidenti�ed
diffusible metabolites is involved in the inhibition of cacao pathogens Moniliophthora perniciosa,
Phytophthora citrophtora, P. capsici, and P. palmivora (Araújo et al. 2017a).

The evolution of prokariote genomes involves a number of mechanisms associated to rearrangements
such as duplication (paralogy), gene loss and gene gain through horizontal gene transfer (HGT, xenology)
(Rocha 2008; Kuo and Ochman 2009). HGT it is a major source of phenotypic innovation and a
mechanism of niche adaptation, since can introduce genes from distant lineages/species into genomes
resulting in new funcions (Hiramatsu et al. 2001), which allow the bacterium to acquire antibiotic
resistance and virulence determinants gene (Vos et al. 2015) as well as explore new environments and
substrates. However, in order to understand the role of HGT in evolution of prokariote genomes, accurate
and precise methods are crucial to quickly and precisally identify genes horizontally acquired (Flutre et al.
2011).

Previous reports highlighted the essential role played by HGT in Burkholderia evolution. For example,
Burkholderia xenovorans LB400, a degrader of polychlorinated biphenyl (PCB), apparently acquired
several aromatic degradation capabilities by gene transfer, enabling adaptation to an environment with a
recalcitrant carbon source (Chain et al. 2006). The Burkholderia cepacia FX5 strain, isolated from Zea
mays root tissues, can grow on phenol and reduce its concentration. Phenol and other monocyclic
aromatic compounds are highly water-soluble and volatile pollutants that plants cannot degrade
completely. A plasmid isolated from this FX5 strain possesses a gene encoding the key enzyme in phenol
degradation processes, the catechol 2, 3-dioxygenase (C23O). The C230 gene is horizontally transferred
between endophytic and rhizosphere bacteria, assisting the bioremediation process once these
microorganisms can use pollutants as a nutrient source (Wang et al. 2007). B. cenocepacia J2315, a
human pathogen, contains 14 genomic islands (GIs) that promote survival and pathogenesis in CF lungs
(Holden et al. 2009).

Burkholderia gladioli Lv-StB a non-culturable strain and protective symbiont of Lagria beetles that
produce the polyketide lagriamide, a compound structurally similar to bistramides produced by marine
tunicates, is responsible for protecting Lagria villosa offspring from fungal pathogens (Flórez and
Kaltenpoth 2017; Flórez et al. 2017). This polyketide is biosynthetised by a gene cluster that was
probably acquired by HGT, highlighting the potential of microbial symbionts and HGT as critical sources
of ecological innovation (Flórez et al. 2018).

The analysis of the evolutionary history behind the diversity and pathogenicity of 60 complete
Burkholderia genomes revealed that HGT events occurred extensively in the adaptive evolution of this
genus. It was also observed that HGT plays an essential role in adaptation and pathogenicity. Most of
these acquired genes encode hypothetical proteins or Burkholderia-speci�c proteins of unknown function.
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For these reasons, a better understanding of their role in adaptation and strains divergence should be
achieved using coexpression analysis of these gene products. The localization of these transferred genes
is frequently the small chromosomes, and they were probably acquired millenia ago, contributing to
essential differences among species (Zhu et al. 2011).

A range of indirect strategies are necessary to demonstrate a convincing case of an HGT event; once, they
are di�cult to prove (Buades and Moya 1996). Genomic data are updated and increased constantly,
facilitating the determination of how organisms increase their genetic diversity through horizontally
acquired genes. The identi�cation of HGT events involves different strategies based on the analysis of
DNA composition, including GC content and codon usage in comparison to the genome of the species,
presence of mobile elements and discrepancy in phyletic patterns and phylogenetic tree topology (Ragan
2001).

The genome of B. seminalis TC3.4.2R3 was sequenced and compared with other Burkholderia strains
(Araújo et al. 2016). The authors observed a 4,378 bp gene cluster in chromosome 1 that is also present
in B. contaminans (CP046609.1) but absent in other related Burkholderia species (including B.
cenocepacia and B. ambifaria). This cluster was composed of four genes that encode a
glycosyltransferase (Bsem_02857), a methyltransferase (Bsem_02858), and two hypothetical proteins
(Bsem_02859 and Bsem_02860). In most Burkholderia strains, glycosyltransferases (GTFs) are involved
in synthesizing compounds essential for the adaptation and competition of the bacteria in their
environment (Videira et al. 2005; Liang and Qiao 2007; Hanuszkiewicz et al. 2014). In B. seminalis
TC3.4.2R3, a glycosyltransferase gene was associated with pyochelin and rhamnolipid production
(Araújo et al. 2017b). Generally, O-methyltransferases have been frequently characterized in the
biosynthetic pathways of secondary metabolites and have been utilized for biotechnological
modi�cations in several compounds, including �avonoids, alkaloids, and antibiotics (Darsandhari et al.
2018). These �ndings suggest that glycosyltransferase and methyltransferases could be critical enzymes
associated with synthesizing secondary metabolites in Burkholderia spp.

In the present study, we characterized a 4,378 bp gene cluster and determined its evolutionary history.
Due to the lack of knowledge about the four genes belonging to this cluster and their potential function in
TC3.4.2R3, we named it the n-TASE cluster (n- for not knowing and TASE – for transferases). The n-TASE
cluster refers to the four-gene cluster composed of Bsem_02857, Bsem_02858, Bsem_02859, and
Bsem_02860. We focused on the origin of the n-TASE cluster in B. seminalis TC3.4.2R3, an agricultural
and biotechnological relevant strain, to characterize the evolutionary mechanisms of the horizontal
acquisition of genes related to bacterial interactions in the environment. The HGT phenomenon in
endophytes highlights a biological mechanism that is important for their evolutionary adaptation within
the host plant and simultaneously confers “novel traits” (Wang et al. 2010).

We combined phylogenetics and comparative genomics, including similarity searches, GC content
analysis, statistical comparisons of codon adaptation index (CAI), comparative genomics, and molecular
analysis to determine if the evolutionary origin of the n-TASE cluster involves an HGT event or if it was a
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result of other gene adaptation phenomenon. Our �ndings suggested that the n-TASE cluster arose from
an HGT. To the best of our knowledge, this the �rst report exploring the horizontal acquisition of a gene
cluster in the B. seminalis species. A better understanding of the function of this cluster in TC3.4.2R3 will
provide insights into the evolutionary mechanisms of the transition from an endophytic bacterium to an
opportunistic pathogen.

Materials And Methods
Bacterial strains

The B. seminalis strain TC3.4.2R3 belongs to the microbial collection of the Laboratory of Molecular
Biology and Microbial Ecology (Department of Microbiology, ICB / USP) and was isolated from sugar
cane inner root tissues (Mendes et al. 2007; Luvizotto et al. 2010). The B. seminalis strains LMG19587,
LMG24067, LMG24271, LMG24272, and LMG24273 were obtained from BCCM/LMG, Belgian
Coordinated Collections of Micro-Organisms. B. cenocepacia H111 was kindly provided by Professor Leo
Eberl from the University of Zurich. All strains were stored at −80 °C in Luria-Bertani broth (LB) and 20%
glycerol. Burkholderia spp. strains were grown in LB medium for 24 h at 28 °C.

Integrated analysis of genomic islands

The software IslandViewer (available at: http://www.pathogenomics.sfu.ca/islandviewer/) was used to
predict and interactively visualize genomic GIs that were considered regions, probably originating from
HGT (Bertelli et al. 2017) in bacterial and Archaea genomes. Chromosome 1 from the TC3.4.2R3 genome
was analyzed using the software's default settings for integrated prediction of GI regions.

PCR detection of the n-TASE cluster in Burkholderia spp.

A pair of primers (forward primer, HGT_P2_RIGHT, GAGTACATCCTGTCGTCGGAGA and reverse primer,
HGT_P1_LEFT, ATGGGTATGGACATGTAATCGAC) were designed for the detection of n-TASE cluster
sequence in the TC3.4.2R3 strain in other �ve B. seminalis strains (LMG19587, LMG24067, LMG24271,
LMG24272, and LMG24273), and the B. cenocepacia H111 strain. The genomic DNA of each strain was
isolated using the Wizard® Genomic DNA Puri�cation Kit (Promega), and PCR was performed using Q5®
High-Fidelity DNA Polymerase (New England Biolabs) in 25-µl PCR mix aliquots in a thermocycler
programmed to 98 °C for 30 s followed by 35 cycles of 98 °C for 10 s, 66 °C for 30 s, and 72 °C for 2 min.
The �nal extension was at 72 °C for 2 min. PCR products were all evaluated on 1% electrophoresis gels.

Phylogenetic analysis

All gene sequences (16S rRNA, pyrimidine kinase, chaperonin GROEL, glycosyltransferase,
methyltransferase, and hypothetical proteins) used for Burkholderia strains for phylogenetic analysis
were retrieved from the IMG website database (www.img.jgi.doe.gov) by identifying homologous genes
from the pyrimidine kinase and chaperonin GROEL genes locus tags of the B. ambifaria AMMD genome.
These were as follows: [B. ambifaria AMMD (NCBI Taxon ID 339670); B. gladioli ATCC 10248 (NCBI

http://www.pathogenomics.sfu.ca/islandviewer/
http://www.img.jgi.doe.gov/
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Taxon ID 28095); B. cepacia AMMD (NCBI Taxon ID 339670); B. cenocepacia K56-2 (NCBI Taxon ID
985076); B. ambifaria RZ2MS16 (NCBI Taxon ID 152480); Burkholderia sp. AU31652 (NCBI Taxon ID
2015354); B. unamae TAtl-371 (NCBI Taxon ID 95486); B. anthina MSMB1496 (NCBI Taxon ID 179879);
B. cenocepacia J2315 (NCBI Taxon ID 216591); B. cenocepacia H111 (NCBI Taxon ID 1055524) B.
seminalis FL-5-4-10-S1-D7 (NCBI Taxon ID 488731); B. seminalis FL-5-5-10-S1-D0 (NCBI Taxon ID
488731); B. ubonensis MSMB761WGS (NCBI Taxon ID 101571); B. territorii MSMB2156WGS (NCBI Taxon
ID 1503055); Paraburkholderia sacchari LMG 19450 (NCBI Taxon ID 159450); Aquamicrobium sp. SK-2
(NCBI Taxon ID 1560338); Burkholderia sp. AU6039 (NCBI Taxon ID 2015344); B. cenocepacia DWS 37E-2
(NCBI Taxon ID 95486); B. contaminans LMG23361 (NCBI Taxon ID 1334628); B. latens AU17928 (NCBI
Taxon ID 488446); Burkholderia sp. AU31652 (NCBI Taxon ID 2015354); Burkholderia sp. HI2500 (NCBI
Taxon ID 2015358); Mumia �ava MUSC201 (NCBI Taxon ID 1348852), and B. territori MSMB1919WGS
(NCBI Taxon ID 1503055)].

Before the phylogenetic analysis, sequences of pyrimidine kinase and chaperonin GROEL from all
Burkholderia strains were concatenated into a ~2.5 kb sequence; the four genes composing the n-TASE
cluster in TC3.4.2R3 homologous sequences from Burkholderia strains presenting the n-TASE cluster
homologous regions [Aquamicrobium sp. SK-2 (NCBI Taxon ID 1560338); Burkholderia sp. AU6039 (NCBI
Taxon ID 2015344); B. cenocepacia DWS 37E-2 (NCBI Taxon ID 95486); B. contaminans LMG23361
(NCBI Taxon ID 1334628); B. latens AU17928 (NCBI Taxon ID 488446); Burkholderia sp. AU31652 (NCBI
Taxon ID 2015354); Burkholderia sp. HI2500 (NCBI Taxon ID 2015358); Mumia �ava MUSC201 (NCBI
Taxon ID 1348852) and B. territori MSMB1919WGS (NCBI Taxon ID 1503055)] were also concatenated
(glycosyltransferase, methyltransferase, hypothetical protein, hypothetical protein) in a ~4.5 kb sequence.
This genetic composition from TC3.4.2R3 was also made for comparisons.

Each gene composition set was aligned using ClustalW (Batada and Hurst 2007) using MEGA-X software,
which was also to phylogenetic analysis based on neighbor-joining method. The phylogenetic analysis
was performed for glycosyltransferase and methyltransferase genes from the genomes of TC3.4.2R3,
and the IMG website retrieved Burkholderia strains (B. seminalis FL-5-4-10-S1-D7, B. cepacia AMMD, B.
cenocepacia J2315, B. cenocepacia DWS 37E-2, B. cenocepacia H111, B. contaminans LMG 23361, and
Aquamicrobium sp. SK-2). Transferases annotated with different functions or classi�ed as different
groups like those from TC3.4.2R3 were downloaded from the IMG website. Sequences for each
transferase were aligned using ClustalW, and a phylogenetic tree was constructed using the maximum
likelihood method using Kimura’s 2-parameter distance correction.

GC content and codon bias

GC content and CAI of the n-TASE cluster and other compared genes were calculated using CAIcal server
software (http://genomes.urv.es/CAIcal/).

Similarity search between the n-TASE and �anking genes in Burkholderia strains

http://genomes.urv.es/CAIcal/
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For the similarity search, nucleotide sequences retrieved from the IMG website for all 24 bacteria were
compared to the gene sequence (nucleotide) of TC3.4.2R3 strains. These genes were kinase
(Bsem_02856), glycosyltransferase (Bsem_02857), methyltransferase (Bsem_02858), two hypothetical
proteins (Bsem_02859 and Bsem_02860), and chaperonin GROEL (Bsem_02861). The “two-sequence
alignment” tool in the nucleotide BLAST – Local Basic Alignment Search Tool (BlastN) was performed
using the sequences from TC3.4.2R3 as the query.

The protein BLAST – Local Basic Alignment Search Tool (BlastP) using amino acid sequences was also
used with the “two-sequence alignment” tool, using TC3.4.2R3 as the query for strains, for which possible
nucleotide similarity was not found: Burkholderia sp. AU6039; B. cenocepacia DW 37E-2; B. latens
AU17928; Burkholderia sp. AU31652; Burkholderia sp. HI2500; and B. territori MSMB1919WGS.

Each gene composing the n-TASE cluster in TC3.4.2R3 strain was used as a query in a nucleotide BLAST
(BlastN) search against the genomes of Burkholderia (B. ambifaria AMMD; B. cenocepacia J2315; B.
seminalis FL-5-4-10-S1-D7; Aquamicrobium sp. SK-2; Burkholderia sp. AU6039; B. cenocepacia DWS 37E-
2; B. contaminans LMG23361; B. latens AU17928; Burkholderia sp. AU31652 Burkholderia sp. HI2500;
Mumia �ava MUSC201, and B. territori MSMB1919WGS) using a two-sequence alignment.

Results
Integrated analysis of genomic islands

The n-TASE cluster sequence from B. seminalis TC3.4.2R3 was not identi�ed by IslandViewer as a
potential genomic island (Fig. 1). The prediction based on IslandPath-DIMOB uses six ORFs as a cluster
because single-ORF dinucleotide bias is highly variable. Previous codon-based analysis showed that a
minimum cluster of genes of approximately 4.5 kb (corresponding to approximately 6–8 ORFs) is
required for reliable estimation of nucleotide composition. Moreover, IslandPath cannot detect HGT of
individual genes or islands obtained from organisms with similar DNA signals (Hsiao et al. 2003). In the
SIGI-HMM approach, GI prediction is performed on the gene level (Waack et al. 2006). GIs usually range in
size from 5–500 kb in the IslandPick prediction. GIs smaller than 8 kb were not targeted, and only those
8–31 kb in size can be predicted as GIs using this method (Langille et al. 2008).

Comparative analysis of the genetic structure and PCR detection of n-TASE cluster

The common 23,720 bp encoding regions of TC3.4.2R3 (comprising genes from locus tag Bsem_02847
to Bsem_02869) were used as a reference for the development of a comparative syntenic gene map (Fig.
2 and Supplementary material Table S1) of Burkholderia strains (with or without the n-TASE cluster
sequence). The upstream (Bsem_02847 to Bsem_02856) and downstream (Bsem_02861 to
Bsem_02869) homologous genes �anking the n-TASE cluster were considered for comparative
analysis. The genetic organization was developed based on the gene map available at the IMG website
(details such as gene and intergenic spaces were represented based on the IMG gene map).



Page 8/30

The structures of the n-TASE cluster and �anking genes were conserved between B. seminalis TC3.4.2R3
and B. cenocepacia DWS37E-2. Except for the absence of the n-TASE cluster, the structure of this region
was similar to B. cenocepacia J2315, H111, and B. ambifaria AMMD. Aquamicrobium sp. SK-2 and B.
contaminans LMG23361 presented a similar structure, including the n-TASE cluster. However, there is an
extra insertion with six genes between Bsem_02862 and Bsem_02863 (co-chaperonin GroES gene and
carbohydrate-selective porin OprB gene, respectively in TC3.4.2R3) in Aquamicrobium sp. SK-2 and B.
contaminans LMG23361 strains (Fig. 2), responsible for encoding proteins homologous to the ABC or the
iron transport system. The strain B. seminalis FL-5-4-10-S1-D7 also presents this extra six-gene insertion,
which is also related to transport; however, the n-TASE was absent. The structure of this 23,720 bp
common region with n-TASE was more similar between B.seminalis TC3.4.2R3 and B.
cenocepacia DWS37E-2 than between B.seminalis TC3.4.2R3 and B. seminalis FL-5-4-10-S1-D7. PCR
analysis con�rmed a ~ 4,378 bp cluster in the TC3.4.2R3 strain absent in B. cenocepacia H111 and other
B. seminalis strains (from the BCCM/LMG Bacteria Collection), which generated a 500-bp ampli�ed DNA
fragment (Fig. 3).

Sequence similarity searches and genome composition

                The TC3.4.2R3 strain n-TASE cluster presented ≥80% identity and e-value of 9e-178 with four B.
contaminans strains (Xl73, SK875, ZCC, and CH-1) (Supplementarymaterial Table S2). No homologous
sequences of other Burkholderia species or other bacteria were returned in this sequence similarity
search.

We conducted further homolog searches using the Gene Ortholog Neighborhoods tool in the IMG Gene ID
website. The search started with the Bamb_0734 (locus tag for putative pyrimidine kinase gene in the B.
ambifaria AMMD genome), homologs of pyrimidine kinase, chaperonin GROEL, and 16S rRNA gene
sequences from representative Burkholderia genomes that were downloaded from the IMG website. For
the genomes containing the n-TASE cluster region, the same methodology was applied; however, in the
course of a further search among the genomes returned as orthologs for the Bamb_0734 locus tag, some
showed the four-gene cluster between the same pyrimidine kinase and chaperonin GROEL genes. The
strains also had their gene sequences of interest (16S rRNA, pyrimidine kinase, glycosyltransferase,
methyltransferase, hypothetical protein, hypothetical protein, and chaperonin GROEL) downloaded from
the IMG website for further analyses.

We selected nine bacteria and 14 Burkholderia strains with or without the n-TASE cluster (bacterial
names, strain identi�cation, and NCBI taxon ID are listed in the materials and methods section) to
perform the 16S rRNA gene phylogeny, GC content, and nucleotide identity with B. seminalis TC3.4.2R3
(Fig. 4). The phylogenetic analysis based on the 16s rRNA gene revealed that species that presents the n-
TASE cluster homologous sequence are not evolutionary related. This result suggest that the origin of the
n-TASE cluster can not be explained by this phylogeny, which shows that  B. seminalis is closely related
to B. cenocepacia. B. cenocepacia DWS 37E-2 strain presented higher synteny in this n-TASE region with
B. seminalis TC3.4.2R3 grouped in a distinct clade of B. cenocepacia species. These results suggested
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that the n-TASE cluster has a extensive history of independent evolution, although it undoubtedly shares
a common ancestor with the Aquamicrobium sp. SK-2 and B. contaminans LMG23361 strains.

Almost all compared sequences were from the Bcc group, belonging to opportunistic pathogenic strains,
except for Paraburkholderia sacchari, B. gladioli, and the non-Burkholderia strains. The differences in the
GC content of n-TASE cluster genes and their �anking genes, pyrimidine kinase, and chaperonin GROEL
genes were slight for all compared sequences between the Burkholderia strains (Fig. 4, numbers showed
in red). The GC content of the pyrimidine kinase gene for most of the Burkholderia ranged from 69.4% to
70% for B. cenocepacia DWS 37E-2 and B. latens AU17928 was 67.9% (slightly lower). For the chaperonin
GROEL gene, the GC content ranged from 60.7% to 62.7% for all compared sequences. The GC content for
the four genes of the n-TASE cluster showed a pattern value around 60% in the TC3.4.2R3 strain. This
value was also observed in strains containing this sequence.

Aquamicrobium sp. SK-2 showed the highest nucleotide identity in comparison with the n-TASE cluster of
TC3.4.2R3. There was 88% of identity for the glycosyltransferase gene, 86% for the methyltransferase
gene, and 80% and 81% identity for the hypothetical proteins (Bsem_02859 and Bsem_02860,
respectively). Some sequences showed “no possible alignment” with the TC3.4.2R3 nucleotide
sequences, as in Burkholderia sp. HI2500, AU6039 and AU31652 strains, where the methyltransferase
gene showed no correspondence alignment (ns in Fig. 4) with the methyltransferase (Bsem_02858) of
TC3.4.2R3. For the B. cenocepacia DWS 37E-2, the alignment was possible only for the latter hypothetical
protein (61%); for B. latens AU17928, none of the four genes showed possible alignment with the
TC3.4.2R3 n-TASE cluster. Most of the compared strains showed 89%–99% nucleotide identity with the
pyrimidine kinase gene; the same range was observed for the chaperonin GROEL gene, except for B.
contaminans LMG233361 (63% identity) and B. cenocepacia DWS 37E-2 (63% identity) (Fig. 4).

                Comparing the amino acid sequences of the strains that presented a result of “no signi�cant
similarity found” in at least one of the genes composing the n-TASE cluster in the search for nucleotide
identity (Burkholderia sp. AU6039; B. cenocepacia DW 37E-2; B. latens AU17928; Burkholderia sp.
AU31652; Burkholderia sp. HI2500 and B. territori MSMB1919WGS), we found that the four genes that
compose the n-TASE cluster had a range of 76–87% amino acid identity with the n-TASE cluster of
TC3.4.2R3 (Fig. 5); however, all chaperonin GROEL gene sequences from these strains resulted in “no
signi�cant similarity” for amino acid comparison (Fig. 5).

CAI analysis was performed with genes located at the upstream position of the n-TASE cluster (locus tag
ranging from Bsem_02850) and genes located downstream of the n-TASE cluster (locus tag ranging to
Bsem_02870) to determine if the host genome composition of TC3.4.2R3 differs from the n-TASE cluster
sequence. The CAI failed to show a signi�cant difference between genes around the cluster and the n-
TASE cluster. The CAI value for genes Bsem_02850 to Bsem_02856 and Bsem_02861 to Bsem_02870
was 0.714 ± 0.028; for n-TASE genes, the CAI value was 0.7± 0.009 (Supplementary material Table S3).

The same calculation was performed for GC content. For the n-TASE upstream and downstream genes,
the surrounding genes' GC content was 69.5% ± 4.59, and for the n-TASE genes, GC content was 60.65% ±
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2.24. According to the t-test, these values (GC content and CAI) did not differ statistically.

Phylogenetic analysis

Genes from several strains of Burkholderia and non-Burkholderia species (i.e., Aquamicrobium sp. and
Mumia �ava) were used to perform gene-by-gene phylogenetic analyses. The topology of the
phylogenetic trees was used to understantd the evolutionary history of the n-TASE cluster (Fig. 6). Genes
from the n-TASE cluster region in other strains are distant from those of the TC3.4.2R3 strain.
Interestingly, the n-TASE cluster genes from Aquamicrobium sp. SK-2 are more closely related to genes in
the B. contaminans LMG23361 than other Burkholderia strains.

The pyrimidine kinase and chaperonin GROEL genes (Bsem_02856 and Bsem_02861 in TC3.4.2R3) were
concatenated to build a phylogenetic tree (Fig. 6a). Sequences from strains without n-TASE cluster
clustered closely; however, strains containing the n-TASE cluster region clustered in two major groups, in
which B. cenocepacia DWS 37-2, B. latens AU17928, and B. territori MSMB1919WGS formed a cluster,
and all other strains formed another clade (Fig. 6a).

 The phylogenetic tree made only with the pyrimidine kinase gene concatenated with the chaperonin
GROEL from strains containing the n-TASE region (Fig. 6b, also showing the kinase/GROEL sequence
from TC3.4.2R3 as a distinct group. The �anking genes of the n-TASE region in TC3.2.4R3, although
coding the same gene product and showing the same genetic organization, probably have a completely
different evolutionary history.

The phylogenetic tree for all four genes from the n-TASE cluster presented a �ve-clade tree (Fig. 6c), in
which the n-TASE cluster from TC3.4.2R3 once more did not cluster with any other compared sequence;
however, it formed a sister group to the clade composed by Aquamicrobium sp. SK-2; B. contaminans
LMG23361 and Burkholderia sp. strains (AU3165, HI2500, and AU6039). Comparing the 16S rRNA gene
phylogeny (Fig. 4) and the genetic composition for the n-TASE cluster and �anking genes (Fig. 6c)
showed no agreement between these trees.

The analysis of GC content failed to support the notion of HGT of the n-TASE cluster because there is
little variation between the compared values. Furthermore, genome composition analysis based on the
CAI comparison did not support the HGT event. On the other hand, the 16S rRNA revealed an
incongruency in phylogeny in which the groups evolutionarily closest to TC3.4.2R3 did not show the n-
TASE cluster region in their genomes, leading us to hypothesize that the n-TASE cluster has a long
horizontally acquisition history.

To perform a glycosyltransferase comparative analysis, 48 putative glycosyltransferase gene sequences
were selected and downloaded from the IMG website. There were �ve glycosyltransferase sequences
from B. cepacia AMMD and B. cenocepacia DWS37E-2, seven sequences from B. seminalis FL-5-4-10-S1-
D7, and B. cenocepacia H111, two sequences from B. cenocepacia J2315, four sequences from B.
contaminans, and three sequences from Aquamicrobium sp. SK-2 (Supplementary material Table S4). In
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the TC3.4.2R3 genome, we selected 15 glycosyltransferases with diverse family annotation, including the
Bsem_02857 glycosyltransferase. For the strains containing the n-TASE cluster, the Bsem_02857
homologous gene was also selected for this analysis [Aquamicrobium sp. SK-2 (Ga0098313_1081193);
B. contaminans LMG23361 (WR31_RS18360) and B. cenocepacia DWS37Ee-2 (DM40_RS21930)].

The Bsem_02857 glycosyltransferase gene (TC3.4.2R3_GTF11) clustered (node G1) with gene sequences
from Aquamicrobium sp. (SK2_GTF48) and B. contaminans LMG23361 (LMG 23361_GTF42), forming a
sister group (node G2) with the sequence DWS37E-2_GTF32 from B. cenocepacia DWS37E-2. Sequences
from this node form a sister group (node G3) with another clade (node G4 – Fig. 7) formed by three B.
seminalis sequences, FL-5-4-10-S1-D7 (FL-5-4-10-S1-D7_GTF19, FL-5-4-10-S1-D7_21), FL-5-4-10-S1-
D7_22, and a sequence from B. cenocepacia H111 (H111 _GTF41).

Despite the distant phylogeny according to the 16S rRNA gene tree, the homologous genes of
Bsem_02857 showed the maximum evolutionary history with glycosyltransferase in question; 42% of
selected glycosyltransferases from B. seminalis FL-5-4-10-S1-D7 clustered with a sister group in the clade
containing Bsem_02857. None of the 14 selected glycosyltransferase sequences selected from
TC3.4.2R3 strain grouped with Bsem_02857. In this comparison, there were no homologous Bsem_02857
glycosyltransferase genes in the genomes (Fig. 7). The Bsem_02857 probably shares a common
ancestor with the homologous glycosyltransferase from Aquamicrobium sp. SK-2 and B. contaminans
LMG23361.

We selected 70 putative methyltransferase gene sequences to perform a methyltransferase gene
comparison to identify possible homologous sequences in the TC3.4.2R3 genome or the other seven
bacterial genomes. There was a diverse function annotation of these selected genes. Of these, there were
30 methyltransferase gene sequences (including the Bsem_02858) from TC3.4.2R3 strain, 11 sequences
from B. seminalis FL-5-4-10-S1-D7, �ve sequences from B. cepacia AMMD; B.cenocepacia H111 and B.
cenocepacia J2315, 11 sequences from B. cenocepacia DWS37Ee-2, four sequences from B.
contaminans LMG23361, and nine sequences from Aquamicrobium sp. SK-2 (Supplementary material
Table S4).

The frequency of gene sequences annotated as methyltransferases varied from strain to strain, B.
cepacia AMMD, B. cenocepacia H111, B. cenocepacia J2315, and B. contaminans LMG23361 were
strains with fewer available methyltransferase sequences. The Bsem_02858 homologous genes from the
selected n-TASE containing strains were included in this comparison [Aquamicrobium sp. SK-2
(Ga0098313_1081194); B. contaminans LMG23361 (WR31_RS18355) and B. cenocepacia DWS37Ee-2
(DM40_RS21925)]. The 70 collected putative methyltransferase gene sequences were encoded in
chromosomes. Genes encoded in plasmids were not taken into account for this comparison.

A methyltransferase maximum likelihood tree was constructed, and Bsem_02858 (TC3.4.2R3_MTF20)
grouped with the methyltransferase sequence from B. cenocepacia DWS 37E-2 (DWS 37E-2_MTF49)
(node M1 - Fig. 8). This consists of a sister group of node M3 composed of methyltransferases from
Aquamicrobium sp. SK-2 (SK2_MTF69) and B. contaminans LMG23361 (LMG23361_58), which form the



Page 12/30

clade M2. Sequences were saved from the IMG website, and the locus tag used in this website were not
always the same as those used in the “Burkholderia Genome DB” (https://www.burkholderia.com/). The
methyltransferase genes that clustered (node M3) with the Bsem_02858 sequence (TC3.4.2R3_MTF20)
were homologous in the respective genomes of Aquamicrobium sp. SK-2 (Ga0098313_1081194), B.
contaminans LMG23361 (WR31_RS18355), and B. cenocepacia DWS37Ee-2 (DM40_RS21925). None of
the 19 compared methyltransferases selected from TC3.4.2R3 grouped with the Bsem_02858 sequence.
It is clear that Bsem_02858 shares no common ancestor with any other compared methyltransferase
genes, even those that were classi�ed as its homologous gene. There are no methyltransferases in the
TC3.4.2R3 genome homologous to the Bsem_02858 methyltransferase gene (Fig. 8). All other
methyltransferase sequences from TC3.4.2R3 clustered in two groups (the respective nodes are marked
with red circles in �gure 8). Neither transferase enzyme from the n-TASE cluster showed any similarity nor
shared evolutionary background with any other enzymes in the genome of TC3.4.2R3.

Discussion
Organisms acquire foreign genes or DNA fragments across species boundaries via HGT, which
accelerates the evolution and innovation in genomes because it introduces newly evolved donor genes
into the host genomes by avoiding the slow steps of ab initio gene creation (Jain et al. 1999; Jain et al.
2003). Some special function genes, including those for antibiotics resistance and extreme environment
adaptation, would be spread among organisms by HGT (Hanage et al. 2009; Gootz 2010), allowing
species to occupy different niches or habitats.

Although IslandViewer indicated that several regions of chromosome 1 resulted from HGT, the n-TASE
cluster may not be detectable by the program because the ab initio patterns or parametric parameters
that might consider the sequence composition data and genomic signatures (nucleotide composition,
oligonucleotide spectrum, DNA structural characteristics, and genomic context) are insu�ciently sensitive
to detect small anomalous patterns or determine the analyzed region as a genomic island; therefore, it
could not be determined if it were an HGT (Ravenhall et al. 2015). Furthermore, the n-TASE cluster has
4,378 bp, and it might be di�cult for automatized GIs prediction programs to infer this region as an HGT
acquired sequence. Once, one of the GI prediction tools (IslandPath-DIMOB) required a minimum cluster
size of 4.5 kb for reliable estimation of nucleotide composition (Hsiao et al. 2003).

Araújo et al. (2016) analyzed the B. seminalis TC3.4.2R3 genome and found a 4,378-bp four-gene cluster
comprising genes corresponding to locus tags Bsem_02857 to Bsem_02860. Curiously, this four-gene
cluster that we named n-TASE was not found in the closest Bcc group strain of TC3.4.2R3, B.
cenocepacia J2315. We aimed to determine whether the n-TASE cluster was horizontally acquired from a
non-Burkholderia donor to an ancestor of Bcc group strains or if the HGT event was exclusive to the B.
seminalis TC3.4.2R3 strain.

The detection of HGT depends on search strategies for differences in nucleotide composition patterns in
the genome (Putonti et al. 2006), since, depending on the evolutionary distance of the donor organism,

https://www.burkholderia.com/
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there may be differences in the content of GC and preferential codons (Rocha et al. 2006). al. 2006). To
evaluate these patterns, the use of the CAI value, was proposed as an estimative of the use of certain
codons in relation to a set of reference genes.The CAI value ranges from 0 to 1.0 and genes that present
values closest to 1.0 present codon usage pattern similar to the reference gene (Sharp et al. 1987).
Substitute methods, which do not employ phylogenetic tree construction or other direct phylogenetic
analyses, can be used to identify regions acquired by horizontal transfer (Ragan, 2001). However, these
surrogate methods can result in a high rate of false positives, as the intragenomic variation of certain
codons may be large enough to be identi�ed as different and therefore attributed to horizontal transfer
events (Guindon and Perrière 2001). Although, codon bias and the ratio of base composition could
generate inadequate signs for the detection of genes acquired by HGT (Koski et al. 2001) the use os
combined estrategies could improve the quality of this identi�cation.

Based on codon bias (represented by the CAI analysis in the present study) and base composition (GC
content and nucleotide identity among compared genes from selected strains), there was no evidence for
an HGT event for the n-TASE cluster origin because there were no signi�cant differences among these
values between strains. Furthermore, a comparison between n-TASE cluster genes and their adjacent
gene base composition features showed no signi�cant differences. This result could be related to the
time since the occurrence of the horizontal transfer, whereas after acquisition, the genes may undergo a
phenomenon called amelioration which result in gaining of the host genome codon usage and
compositional values similar to the host (Marri and Golding 2008), reducing the differences and the
sensitivity of surrogate methods (Becq et al. 2010). In another hand, it has been suggested that for
successful acquisition of genes by HGT in the host genome, a compatibility of condon usage between
donor and recipient genome should be present (Medrano-Soto et al. 2004). Comparative methods
(including phylogenetic and phylogenomic approaches) proved to be more sensitive and speci�c than
surrougate methods (Poptsova and Gogarten 2007). However, although the effectiveness of surrogate
methods for identifying HGT is questioned, the lack of evolutionarily related sequence data to identify
HGTs from different species or taxonomic levels makes it di�cult to use them on a large scale.

Half of the Burkholderia genes families are inferred to have experienced HGT at least once during their
evolution. The process of gene gain and loss appears to be a consistent trend throughout the evolution of
Burkholderia. In the Burkholderia ancestor and the ancestral branches of the major clades, a substantial
number of gene acquisitions occurred. The common ancestor of Burkholderia had an estimated 1,335
acquired genes compared with the outgroup of other Burkholderiaceae (Zhu et al. 2011).

PCR detection of n-TASE sequences in B. seminalis TC3.4.2R3 and other Burkholderia strains suggest
that the n-TASE cluster sequence is present only in the TC3.4.2R3 strain, reinforcing the notion of its
horizontal acquisition; the other �ve B. seminalis strains and the compared B.cenocepacia H111 strain
showed no correspondence in this region, demonstrated by the small size of their amplicon (> 500 bp).
We examined phylogenetic trees constructed from those genes forming the n-TASE cluster that have
orthologs in species that are close relatives of TC3.4.2R3 (Bcc groups strains, speci�cally B.
cenocepacia) and non-Burkholderia strains (i.e., Aquamicrobium sp. and Mumia �ava). We would predict
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that if an ancestor of Bcc group strains were the recipient of HGT, then the genes in the n-TASE cluster
would be present in all compared Bcc strains, which was not observed. Conversely, if the direction of
transfer were from a donor to B. seminalis, it would be expected that all compared (and available) B.
seminalis genomes would show the n-TASE cluster sequence. As we presented in the results, none of the
B. seminalis strains in the IMG database have this n-TASE cluster; furthermore, the genomic DNA from
�ve B. seminalis strains isolated from environmental and clinical samples showed no n-TASE on PCR
analysis (Fig. 3). Therefore, we believe that the acquisition of the n-TASE cluster in the TC3.4.2R3 strain
occurred in a unique event in this speci�c sugar cane rhizosphere-isolated endophytic strain.

A complete n-TASE cluster sequence was also found Aquamicrobium sp. SK-2 and Mumia �ava
MUSC201. However, based on the Burkholderia Genome BD database (https://www.burkholderia.com/),
there are 17 Burkholderia strains presenting the n-TASE cluster (5.93%) in a 287 complete Burkholderia
genomes database. Of these, B. contaminans, B. latens, and the majority were strains from the B. territorri
(76%) species (Supplementary material Table S5).

The n-TASE cluster present in these species was most likely transferred from a common donor; however,
the mutational index and adaptation of the n-TASE cluster after integration of HGT acquired DNA
fragment evolved independently in the TC3.4.2R3, explaining its unique characteristics and low
percentage of identity with other sequences. The random distribution of the n-TASE cluster could be a
result of independent HGT events or frequent losses of this cluster in different ancestor strains (Fig. 2).
Considering that phylogenetic trees, based on the n-TASE genes, present topologies non-congruent with
the expected phylogeny for the evaluated group, we suggest that this cluster should be acquired as a
result of independent events in different strains (Figs. 4 and 6).

The absence of homologous glycosyltransferase and methyltransferase genes for Bsem_02857 and
Bsem_02858 within all n-TASE-containing genomes of compared strains reveals that there is no
possibility of a gene duplication event, suggesting that events of gene duplication and losses could not
be associated to this HGT. If there were a gene-loss event, the phylogenetic trees of the n-TASE cluster
would agree with the evolutionary species phylogeny (Khaldi et al. 2008). Furthermore, a gene-loss
scenario would necessitate a precise loss of a four-gene cluster in 638 Burkholderia strains (according to
the Burkholderia Genome database). This four-gene cluster does not necessarily form a functional
operon, and we cannot provide evidence for this. In general, genes belonging in a speci�c pathway are
organized in clusters that are regulated in speci�c conditions. This kind of organization alow them to be
trasferred as a block enabling HGT events and acquisition of new cellular functions (Lawrence 1999;
Walton 2000). The discontinuous distribution of the n-TASE cluster among Burkholderia species suggests
that this gene cluster was maintained only in few species, which could occupy a speci�c niche (not
described in the present study) or present better �tness in some conditions. However, a physiological and
ecological studies should be carried out to identify these advantageous functions.

A monophyletic clade was observed when comparing the n-TASE cluster from TC3.4.2R3 and the cluster’s
homologous sequences from Aquamicrobium sp. SK-2 and B. contaminans LMG23361. B. contaminans
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LMG23361 is the type strain of a species isolated from the milk of a dairy sheep with mastitis (Vanlaere
et al. 2009). B. contaminans was found as a contaminant of pharmaceutical and personal care products
(PPCPs) and linked to outbreaks. This strain degrades benzalkonium chloride, one of the major antiseptic
formulations for PPCPs, at higher levels than the other Bcc strains (Ahn et al. 2016). An isolated of B.
contaminans obtained from brown patch disease of lawn grass suppressive soil produce a potent
antifungal compound, named occidiofungin, against a broad tange of phitopathogenic fungi, including
Pythium spp. (Lu et al. 2009). Aquamicrobium sp. SK-2 was isolated from a sewage treatment plant and
is considered a good candidate for the bioremediation of PCB (polychorinated biphenyl)-contaminated
soil (Chang et al. 2015). Although the n-TASE containing Burkholderia strains are opportunistic
pathogens (B. seminalis, B. contaminans, B. cenocepacia, B. latens, and B. territori), Aquamicrobium sp.
has not yet been linked to any pathogenic behavior.

We are tempted to speculate that the n-TASE cluster could be involved in processes related to
biotechnological applications such as antimicrobial activity or degradation of pollutants. The proteins
encoded by these genes might be related to a biosynthetic pathway for these biotechnologically
compelling features. In addition, this unknown biological feature had to be selected by the environment
occupied by these bacteria. Identifying the functions associated with the n-TASE cluster will be necessary
to fully comprehend the role of these genes in B. seminalis TC3.4.2R3 biology and could provide clues
about the evolution of the ancestral donor of this cluster.

A mutant transposon library of B. seminalis TC3.4.2R3 strain was generated and screened to identify
mutants compromised in orchid necrosis biocontrol activity (Araújo et al. 2016) as well as for antifungal
activity (Neves 2011). More than 3,800 transposons mutants were obtained and individually tested for
defective biocontrol and antifungal activity. Neves (2011) observed that the M30 mutant, truncated by the
Tn5 mini-transposon at the Bsem_02858 (methyltransferase gene), showed an antifungal phenotype that
differed from the wild-type strain TC3.4.2R3, and the phytopathogenic Fusarium oxysporum was not
inhibited by the M30 mutant. Neves (2011) hypothesized the possible involvement of the
methyltransferase Bsem_02858 or possibly the entire n-TASE cluster to produce antifungal compounds
by TC3.4.2R3. This hypothesis is plausible; nevertheless, gene knockout experiments should be
conducted for the gene function characterization and understanding of the biosynthesis pathway in
which the n-TASE could take part directly or indirectly.

The n-TASE cluster has a complex history with multiple independent HGT events through Burkholderia
and non-Burkholderia strains. It is not a gene cluster commonly shared within strains from the same
species; instead, it occurs independently within one or a few strains from some Burkholderia strains. It
might appear more straightforward to suggest that the n-TASE cluster always occurs as an independent
HGT event within bacterial strains. We believe that if there was only one HGT event that originated all the
n-TASE-containing strains, and it would be expected that the n-TASE cluster phylogenetic tree would be
formed by a unique monophyletic group, which was not seen. Instead, there are different clades
composed of randomly distributed strains that are not even evolutionarily related. The sporadic
distribution of the n-TASE in Burkholderia and non-Burkholderia strains is reliable with a model of
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independent HGT events, whereas adjacent genes order and orientation are conserved among compared
strains (Fig. 2).

We must consider that genetic similarity is an important factor that can affect horizontal transfer rates
between donor and recipient organisms. Thus, HGT is expected to occur more frequently among
phylogenetically related biological species (Wolf et al. 2002; Choi et al. 2007). In a study involving 438
complete genomes of prokaryotes, only 30 HGT events were observed between distantly related
taxonomic groups (Wagner and Chaux 2008). However, the mechanisms involved in these events have
not been identi�ed, although it is known that the Type IV secretion system (Juhas et al. 2008),
conjugation (Weinert et al. 2009), transformation (Fall et al. 2007) or transduction ( Zaneveld et al. 2008)
may contribute to new genes or DNA sequences being transferred from one bacterium to another. The
present study showed that the n-TASE cluster was likely transferred horizontally from a common donor
strain shared with B. seminalis TC3.4.2R3, Aquamicrobium sp. SK-2 and B. contaminans LMG23361,
most likely evolutionarily close to the genus Burkholderia, contribute to the gain of genes and functions
that, although not described for this strain, may allow this bacterium to colonize different environments
such as soil, plants and animals .

Conclusions
We investigated the evolution of n-TASE of B. seminalis TC3.4.2R3, aiming to identify its origin. We
searched for homologs of n-TASE-containing genes in publicly available gene sequence databases. Our
approach failed to identify any n-TASE homologs in a broad range of bacterial species not belonging to
the genus Burkholderia. We detected homologs of the n-TASE cluster in a few Burkholderia strains that
were not shared among the other strains from the same species. The GC content and CAI values analysis
showed that the acquired n-TASE cluster presented similar characteristics to those observed for other
Burkholderia species. However, based on PCR detection and phylogenetic analysis, we provided evidence
that n-TASE was acquired through an HGT event. To the best of our knowledge, this paper is the �rst to
show the evolutionary mechanism of a gene cluster most probably related to mechainisms related to
interactions of B. seminalis TC3.4.2R3 in the environment. However, we did not study the n-TASE cluster's
association with the capacity to inhibit phytopathogenic fungi. The inactivation of these genes and
analysis of resulting phenotypes might elucidate the role of this four-gene cluster in the interaction of this
bacterium in the environment.

Based on phylogenetic support for the hypothesis presented in the present study, we conclude that the
four genes forming the n-TASE cluster in the TC3.4.2R3 strain was acquired by HGT event that occurred
sporadic in Burkholderia species. It was not possible to determine precisely the donor strain; however, it
was most probably a common donor (not necessarily related to Burkholderia) for the n-TASE cluster in
Aquamicrobium sp. SK-2 and B. contaminans LMG233361. Based on the nucleotide composition
similarity between n-TASE cluster sequences (Fig. 2), we believe that there is a common donor containing
this n-TASE cluster, and its transference occurred in an independent way throughout the species. We
cannot determine the most likely donor strain using the current data because of the absence of n-TASE
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sequences that would allow a complete comparison. It is likely that the HGT event did not occur in all Bcc
group strains and did not occur within the B. seminalis species but only in the TC34.2R3 strain.
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Figure 1
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Prediction of genomic islands on chromosome 1 of B. seminalis TC3.4.2R3, circular visualization of the
GIs with colored blocks according to the prediction tool; IslandPick (green), IslandPath-DIMOB (blue), SIGI-
HMM (orange), Islander (blue-turquoise) as well as the integrated results in red. The region of the n-TASE
cluster is located between 3,045,903 to 3,050,280 (Bsem_02857; Bsem_02858; Bsem_02859 and
Bsem_02860)

Figure 2

Comparision of the common 23,720 bp enconding regions of TC3.4.2R3 (comprising genes from locus
tag Bsem_02847 to Bsem_02869) in Aquamicrobium sp. SK-2, B. contaminans LMG23361, B.
cenocepacia DWS37E-2, B. seminalis TC3.4.2R3, B. ambifaria AMMD, B. cenocepacia J2315, B.
cenocepacia H111 and B. seminalis FL-5-4-10-S1-D7. The NCBI taxon ID is written beside the strain name.
The homologous genes for all compared strains are marked with the same background color (light blue
for adjacent genes and yellow for n-TASE cluster genes) and linked together, while non-homologous
genes were left blank. Gene colors were represented as their gene product subcellular localization based
on the genetic maps in the ‘Burkholderia Genome BD database’ (Represented in the square on the left
size). The extra six genes insertion composition is underlined in black and its function are described
below. All compared strains has their locus tags identi�cation (according to the Burkholderia Genome BD
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database) depicted above the gene representation. The most commonly described genes are also
representes below the gene presentation: groEL, molecular chaperone GroEL; kinase, pyrimidine kinase;
hp, hypothetical protein; MTF, methyltransferase; GTF, glycosyltransferas; EcfF, sigma factor 70; groES,
co-chaperonin GroES; pyrR, bifunctional pyrimidine regulatory protein uracil phosphoribosyltransferase;
pyrB, aspartate carbamoyltransferase catalytic subunit; pyrX, dihydroorotase; plsC, 1-acyl-sn-glycerol-3-
phosphate acyltransferase; and apaH, diadenosine tetraphosphatase

Figure 3

PCR detection of the n-TASE cluster in Burkholderia strains. (A) Representation for the genetic region
containing the n-TASE cluster in TC3.4.2R3 and representation of other Burkholderia strains region
(absence of n-TASE cluster region). Primers position, expected amplicon position and size were
represented. MTF, methyltransferase; GTF, glycosyltransferase; groEL, molecular chaperone GroEL; kinase,
pyrimidine kinase. (B) PCR ampli�cation using DNA templates derived from B. seminalis TC3.4.2R3, �ve
other B. seminalis strains (LMG19587, LMG24067, LMG24271, LMG24272 and LMG24273) and B.
cenocepacia H111. Lanes: M, 1 kb plus DNA ladder; control, negative control made with dH2O. All
samples were run in the same gel. Black arrow indicates the PCR product size obtained from TC3.4.2R3
(5,387 bp) and for all other Burkholderia strains (> 500 bp)
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Figure 4

Neighboor-joining tree for 16S rRNA (left) for all compared Burkholderia strains obtained from the IMG
database (containing n-TASE homologous sequence and not). The numbers at each node were the
bootstrap values. The nucleotide composition, GC content (red) and nucleotide identity (black) are
positioned at the bottom of the gene representation. Genetic representation corresponds to a pyrimidine
kinase and a chaperonin GROEL genes (both in orange color) and the four genes composing n-TASE
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cluster (GTF, glycosyltransferase; MTF, methytransferase and two hp, hypothetical proteins) represented
in green color. ns, “no signi�cant similarity found” with sequences. Orange arrow indicates the
phylogenetic node which n-TASE appears in different strains, including TC3.4.2R3. Blue arrow indicates
the closiest strains to TC3.4.2R3 (B. cenocepacia and B. seminalis – depicted with a blue square) and the
absense of n-TASE in these strains

Figure 5

Nucleotide (clear blue) and aminoacid (dark blue) sequences identity comparision for n-TASE containing
strains, which showed a “no signi�cant similarity found” in at least one of the n-TASE genes in the
previous nucleotide sequence similarity search (Figure 4). ns, “no signi�cant similarity found” with
sequences
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Figure 6

Neighboor-joining trees for concatenated sequences of (A) pyrimidine kinase and chaperonin GROEL
from all compared strains. Strains with the n-TASE cluster are represented in green color, while strains
without the n-TASE cluster are represented in red color; (B) pyrimidine kinase and chaperonin GROEL
strains with the n-TASE cluster; (C) genes from the n-TASE cluster
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Figure 7

Maximum likelihood tree for the glycosyltransferase selected sequences. A distinct clade with
Bsem_02857 (TC3.4.2R3_GTF11) gene sequence (highlighted in green color on the left size) is formed, all
other glycosyltransferase genes selected from TC3.4.2R3 strain did not clustered with Bsem_02857.
Bootstrap percentages are shown for all nodes



Page 29/30

Figure 8

Maximum likelihood tree for the methyltransferase selected sequences. A distinct clade with
Bsem_02858 (TC3.4.2R3_MTF20) gene sequence (highlighted in green color on the left size) is formed,
all other methyltransferase genes selected from TC3.4.2R3 strain did not clustered with Bsem_02858.
There are two distinct groups of methyltransferase genes from the TC3.4.2R3, they are depicted with a
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black line and identi�ed as TC3.4.2R3 methyltransferase group 1 and group 2. Bootstrap percentages are
shown for all nodes
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