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Abstract: A random transposition mutant library of B. 
gladioli UAPS07070 was analyzed for searching mutants 
with impaired microbial antagonism. Three derivates 
showed diminished antimicrobial activity against a 
sensitive strain. The mutated loci showed high similarity 
to the quorum sensing genes of the AHL-synthase and its 
regulator. Another mutant was affected in a gene coding 
for a LysrR-type transcriptional regulator. The production 
of toxoflavin, the most well known antimicrobial-molecule 
and a major virulence factor of plant-pathogenic B. glumae 
and B. gladioli was explored. The absence of a yellowish 
pigment related to toxoflavin and the undetectable 
transcription of toxA in the mutants indicated the 
participation of the QS system and of the LysR-type 
transcriptional regulator in the regulation of toxoflavin. 
Additionally, those genes were found to be related to 
the swarming phenotype. Lettuce inoculated with the 
AHL synthase and the lysR mutants showed less severe 

symptoms. We present evidence of the participation of 
both, the quorum sensing and for the first time, of a LysR-
type transcriptional regulator in antibiosis and swarming 
phenotype in a strain of B. gladioli.

Keywords: AHL; Transposon Himar1; Antibiosis; Quorum 
Sensing; Toxoflavin.

1  Introduction 
Most microorganisms depend on quorum sensing (QS) 
as a means for detecting and facing environmental 
conditions. Individual cells release signaling molecules 
that are detected by the rest of the population and other 
bacterial communities living in their microhabitats. 
They function by making the bacterial cells aware of the 
density of their own population and of other species as 
well. Besides this, cells receive information on mass 
transfer in their microhabitat. These signaling molecules 
also play a critical role in the activation or silencing 
of specific metabolic pathways in order to cope with 
current environmental conditions [1]. The physiological 
responses regulated trough QS are diverse; including 
bioluminescence, conjugation, virulence, antibiotic 
synthesis, extracellular protease activity, response 
genes to oxidative-conditions, flagellar morphogenesis, 
swarming motility, root nodulation, antibiotic resistance, 
biofilm formation, reduction of oxidative stress and 
glutamate uptake [2-12]. 

The LysR family of transcriptional regulators (LTTR) 
is involved in the local or global regulation of genes 
associated to virulence, metabolism, quorum sensing and 

*Corresponding author: Luis E. Fuentes Ramírez, Lab. Ecología
Molecular Microbiana, Centro de Investigaciones en Ciencias 
Microbiológicas, Instituto de Ciencias, Benemérita Universidad 
Autónoma de Puebla. Edif. IC11, Ciudad Universitaria, CP 72570,
Puebla, Puebla, México, E-mail:  luis.fuentes@correo.buap.mx
E. Seynos-García, M. Castañeda-Lucio, J. Muñoz-Rojas, L. López-
Pliego, R. Bustillos-Cristales,  Lab. Ecología Molecular Microbiana, 
Centro de Investigaciones en Ciencias Microbiológicas, Instituto de 
Ciencias, Benemérita Universidad Autónoma de Puebla. Edif. IC11, 
Ciudad Universitaria, CP 72570, Puebla, Puebla, México
M. Villalobos, Centro de Investigación en Biotecnología Aplicada-
Instituto Politécnico Nacional, Carretera Estatal Sta Inés 
Tecuexcomac-Tepetitla, km. 1.5, C.P: 90700 Tepetitla de Lárdizabal, 
Tlaxcala, Mexico

E. Seynos-García, M. Castañeda-Lucio, J. Muñoz-Rojas, L. López-Pliego, M. Villalobos,
R. Bustillos-Cristales, L. E. Fuentes-Ramírez

Loci identification of a N-acyl homoserine lactone 
type quorum sensing system and a new LysR-
type transcriptional regulator associated with 
antimicrobial activity and swarming in Burkholderia 
gladioli UAPS07070

Research Article 

 Open Access. © 2019 E. Seynos-García et al., published by De Gruyter.  This work is licensed under the Creative Commons Attribution 4.0 
Public License.



166   E. Seynos-García, et al.

participate in the synthesis of pyrrolnitrin, enacyloxins, 
and occidiofungins [54]. 

Swarming is a bacterial collective movement over 
a surface and is used for colonization [55-56]. The Acyl-
Homoserine Lactone-type Quorum-Sensing system 
regulates swarming in different bacteria including 
B. cepacia H111, B. glumae BGR1, and other species 
[8,52,57,58]. 

B. gladioli UAPS07070 is a bacterium isolated from 
pineapples. It displays a wide range of antimicrobial 
activity against different microorganisms including 
Proteobacteria, Firmicutes and fungi [37]. The 
antagonistic mechanisms shown by that strain has not 
been characterized yet. Our aim was to identify and 
characterize loci associated with the antibiosis and 
swarming phenotypes exhibited by B. gladioli UAPS07070. 

2  Methods

2.1  Bacterial strains, plasmids and culture 
conditions

The plasmids and strains of this study are shown in 
Table  1. B. gladioli UAPS07070 and the mutants were 
grown on Luria Bertani (LB) agar plates or liquid medium 
at 30oC or 37oC, depending on the experiment. E. coli DH5α 
was grown on LB plates or in LB broth at 37oC. Kanamycin 
(Km) was supplemented when required (80 µg/ml).

2.2  Mutagenesis with Himar1

A randomly mutated library of B. gladioli UAPS07070 was 
obtained containing the transposon Himar1, an efficient 
genetic tool for B. gladioli and other Burkholderia species 
[59,60]. Additionally, Himar1 possesses an origin or 
replication that allows for the recovery of sequences next 
to the transposon insertion even without cloning them 
into another vector. The suicide plasmid pHBurk3 was 
introduced into B. gladioli UAPS07070 by electroporation 
[61]. Electrocompetent cells were obtained as follows; cells 
were inoculated in 1 ml of LB broth and incubated at 30oC 
under agitation for 24 h. The bacterial cells were washed 
twice with 300 mM sucrose at room temperature and the 
pellet was resuspended in 100 µl of the same solution. The 
conditions of the electrical pulse were 25 µF; 200 Ω; 2.5 
kV on a Bio-Rad GenePulserXcell. The transformants were 
selected in plates of LB kanamycin (80 µg/ml), incubated 
at 37oC until isolated colonies appeared. The mutants were 
preserved at -70oC in 50% glycerol (v/v).

motility. LysR-type proteins act as transcriptional activators 
or repressors of genes, including negative self-regulation. 
There are two principal domains of LysR-type proteins, 
an N-terminal domain of DNA-binding and a C-terminal 
domain of co-inducer-binding which appears to be 
essential for its proper functioning. The co-inducer is often 
an intermediate or a metabolic product of the pathway, and 
its binding generates a feedback loop [review 13].

A recent re-classification of Burkholderia left the animal 
and most of the plant-pathogenic organisms in the same 
genus, including B. gladioli. The remaining species were 
included in the Paraburkholderia, Caballeronia and Robbsia 
genera [14-16]. Several species in Burkholderia can degrade 
pollutants, while others can produce various extracellular 
products such as siderophores, antimicrobials, toxins and 
extracellular enzymes [17-19]. In addition, antimicrobial 
activity has been detected for a number of distinct species 
of Burkholderia, and include, B. bryophila, B. megapolitana, 
some members of the B. cepacia complex, B. multivorans, 
B. tropica, B. thailandensis and B. contaminans [20-27]. 
Several B. gladioli strains show pathogenicity towards 
immunocompromised humans, plants, animals and 
inhibitory activity against fungi and other bacteria [28-
39]. Genotypes of B. gladioli can also synthesize several 
molecules with different antagonistic mechanisms. Those 
antimicrobial molecules include: i, Bongkrekic acid, an 
antagonistic substance against fungi [40]. This substance is 
a potent toxin in humans, there have been a number of life 
threatening and sometimes lethal intoxications following 
the consumption of a native Indonesian fermented food 
`Tempe bongkrek´, contaminated with B. gladioli pv. 
cocovenenans [41]; ii, Enaxyloxin, an antibiotic produced 
when B. gladioli is exposed to Rhizopus microspores under 
O2 limitation [38]; iii, Toxoflavin, synthesized by B. glumae 
and Pseudomonas protegens Pf-5, besides B. gladioli. 
Toxoflavin is active against a wide range of bacteria and 
fungi [42-46], it functions by transferring electrons between 
NADH and oxygen producing hydrogen peroxide [42]; iv, 
Gladiolin, a broad spectrum antibiotic of the macrolide 
antibiotic family produced by B. gladioli BCC0238 [47]; and 
v, a cyclic peptolide antibiotic with activity against gram-
positive bacteria [48].

The global Quorum-sensing mechanism regulates 
toxoflavin biosynthesis in B. glumae BGR1 and in B. 
gladioli BSR3 [49-53]. Furthermore, QS regulates a 
number of activities, this includes the synthesis of 
antimicrobial metabolites in other Burkholderia species. 
In B. thailandensis, the synthesis of an antibiotic of the 
bactobolin/actinobolin family [25,26]. The pyrrolnitrin 
production in species of the B. cepacia complex [21]. In 
B. ambifaria, the transcription of genes that potentially 
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Table 1. Bacterial strains and plasmids.
Strain or Plasmid Relevant Characteristic(s) Reference or source

Burkholderia gladioli 

UAPS07070 Wild type strain isolated from pineapple in Mexico; Microbial antagonistic activity+ [39]

BG1232 UAPS07070 tofI::Himar1 Diminished antagonistic activity This study

BG87 UAPS07070 tofR::Himar1 Diminished antagonistic activity This study

BG1232-pAHL-7 BG1232 transformed with pAHL-7; positive for antagonistic activity This study

BG1232-pBBR1MCS-5 BG1232 carrying pBBR1MCS-5 This study

BG87-pQSR-15 BG87 transformed with pQSR-15; positive for antagonistic activity This study

BG87-pBBR1MCS-5 BG87 carrying pBBR1MCS-5 This study

BG79 UAPS07070 lysR::Himar1;
Antimicrobial activity

This study

Acinetobacter sp.

UAPS0169 Wild type strain isolated from Neobuxbaumia macrocephala; Sensitive strain [87]

E. coli 

DH5α supE44 ΔlacU169 (φ80lacZΔM15) hsdR17 thi-1 relA1 recA1 [88]

DH5α-pAHL-7 DH5α with pAHL-7 This study

DH5α-pBBR1MCS-5 DH5α with pBBR1MCS-5 This study

DH5α-pQSR-15 DH5α with pQSR-15 This study

Chromobacterium violaceum

CV026 Biosensor of Quorum Sensing [64]

Plasmid

p1232 Recircularized construct of approximately 8-kb of chromosomal DNA of BG1232 
digested with NotI, containg flanking regions upstream and downstream to 
tofI::Himar1; R6K ori, KmR

This study

p87-2 Recircularized construct of approximately 9-kb of chromosomal DNA of BG87 
digested with NotI, contain flanking region to tofR::Himar1; R6K ori, KmR

This study

pBBR1MCS-5 A broad host range cloning vector, RK2 ori, lacZα, GmR [70]

pAHL-7 pBBR1MCS-5 containing a 1242-pb fragment of tofI plus flanking regions, obtained 
with a SalI fragment of plasmid p87-2; GmR

This study

pQSR-15 pBBR1MCS-5 containing a -pb fragment of tofR plus flanking regions, obtained with 
a SalI-XhoI fragment of plasmid p1232; GmR

This study

pHBurk3 Plasmid containing Himar1 (with oriR6K, FRT-nptII-FRT gene, inverted repeats) 
and tnp gene, fragment containing ColE1 ori, oriT, and ori1600-rep(TsBt), the nptII 
facing toward tnp

[59]

2.3  Screening of mutants with reduced anti-
microbial activity

Inhibition-impaired mutants against the sensitive 
bacterium Acinetobacter sp. UAPS0169 were initially 
screened with a multiple antagonism assay as described 
below. The mutants were grown with agitation in LB 

broth at 30oC for 24 h. 20 µl of this culture was plated on 
LB agar and incubated for 24 h at 30oC. Thereafter, 20 µl 
of culture of the sensitive strain in stationary phase was 
placed in the vicinity of the antagonistic strain growth 
without touching it. The cells were further incubated at 
30oC for 24 h. Candidates for loss of antagonism were 
detected by the growth of the sensitive strain into the 
radius of one centimeter starting in the edge of the 
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2.5  Acyl homoserine lactone assay

The secretion of acyl homoserine lactones was detected 
with the quorum sensing indicator strain C. violaceum 
CV026 [64] which exhibits a purple pigmentation in 
the presence of AHLs. Cells were grown in LB broth 
to the stationary phase, a layer of C. violaceum CV026 
(approximately 200 µl) was distributed over a PSUC 
plate (4.2 mM succinic acid, 1% casein peptone and 
1.6% bacteriological agar). The plates were left opened 
until the suspension had dried up. 10 µl of the bacterial 
suspension of the tested cells was placed onto each plate 
and incubated for 24 h at 30oC. A positive reaction was 
indicated by the presence of a violet halo around the 
colony (violacein production).

2.6  Swarming assay

Bacterial cultures were grown for 24 h at 30oC in LB 
broth. One ml of bacterial culture, with an OD620 of 0.01, 

was washed twice with sterile LB broth. A volume of 1 µl 
of bacterial cells was placed in the center of an LB plate 
and incubated either at 30oC or 37oC for 48 h. There were a 
total of five replicates for each sample. A dendritic pattern 
formation was regarded as positive for swarming.

2.7  Toxoflavin quantification

The toxoflavin production was quantified in solid medium. 
B. gladioli UAPS07070 or derivate mutants were grown to 
stationary phase in LB broth with an OD620 of 0.05. 200 µl 
of suspension was spread over LB plates and incubated 
at 30oC for 24 h. The cell mass was removed mechanically 
with a glass slide and the agar surface was cleaned with a 
swab soaked with 70% ethanol to remove the remaining 
cells. An agar fragment (500 mg) where the cells had 
been grown, was sliced up and resuspended in 500 ml of 
chloroform. The chloroform fraction was transferred to 
fresh polypropylene tubes and the solvent was evaporated. 
The residue was dissolved in 80% methanol and the 
absorbance was measured at 393 nm [65]. The absorbance 
lectures were compared with ANOVA (p < 0.05) using six 
replicates.

2.8  End-point RT-PCR analysis of toxA gene

The transcription of toxA gene by B. gladioli UAPS07070, 
by QS and by LysR mutants were analyzed by RT-PCR. 

cell mass of the mutant. Double layer assay [Modified 
from 62] corroborated the phenotype. All antagonistic 
strains were grown in LB broth at 30oC for 24 h to reach 
stationary phase. The cultures were adjusted to an OD620 

of 0.05 in LB broth, 6 μl was inoculated onto solid LB agar 
plates and incubated for 24 h at 30oC. Subsequently, the 
bacterial growth was removed with a sterile glass slide, 
and the remaining cells were inactivated by exposure to 
chloroform vapors for 1 h. The plates were left opened in 
a laminar flow cabinet until the residual chloroform had 
been evaporated. Acinetobacter sp. UAPS0169 was grown 
and its density was adjusted in a similar manner to the 
mutants. 200 µl of the adjusted Acinetobacter culture was 
spread onto the LB agar plates where the mutant clone 
had been previously grown. The plates were incubated 
for 24 h at 30oC and inhibition halos were measured. For 
statistical analysis, the double layer assay was performed 
with twelve repeats for each mutant clone. The statistical 
significance was tested with ANOVA (p < 0.05).

2.4  Identification of transposition location

The transposon-chromosomal junction in clones with 
decreased antagonistic activity was rescued according 
to the methodology described by Rholl et al. [59]. Briefly, 
DNA was extracted and purified with Wizard Genomic 
DNA Purification kit (Promega Co). The DNA was digested 
with NotI (Thermo Fisher Scientific) and purified with 
the High Pure PCR Cleanup Micro Kit (Roche), and self-
ligated with the Rapid DNA ligation kit (Roche). The 
DNA was transformed into E. coli DH5α, and plated 
on LB agar plates containing Km (30 µg/ml) at 37oC. 
Plasmid extraction was conducted with the Pure Yield 
Plasmid Miniprep System kit (Roche). All kits were used 
following manufacturer’s instructions. The mutated sites 
were sequenced with the transposon specific primers 
1670 (5`-TCGGGTATCGCTCTTGAAGGG-3`) and 1829 
(5`-GCATTTAATACTAGCGACGCC-3`). Blastx  (http://blast.
ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome) was used to 
compare the sequences. Multiple sequence alignment 
with ClustalW was used to calculate the percentage of 
identity of the translated orfs [63]. The DNA sequence 
was deposited in NCBI GenBank with the acc. numbers 
KP123645 and MF325937. The orfs were searched with the 
Interproscan platform (http://www.ebi.ac.uk/interpro/
search/sequence-search) to identify conserved domains 
in TofI, TofR and LysR.

http://www.ebi.ac.uk/interpro/search/sequence-search
http://www.ebi.ac.uk/interpro/search/sequence-search
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wound made with a micropipette tip. The onion bulbs 
were incubated in a wet chamber at 30oC for 48 h and 
virulence was demonstrated by tissue maceration. For 
the assays in lettuce plants three bright leaves of four 
weeks old plants were inoculated in the midribs with 103 
washed CFU in 10 ml. The control was inoculated with 10 
ml of 10 mM MgSO4. The plant were maintained in humid 
conditions and the appearance was observed daily for 5 
days [Modified from 69]. 

2.10  Complementation strategy

The AHL synthase defective mutant BG1232 was 
complemented in trans with the plasmid pAHL-7 (Table 1 
and Fig. S1) harboring 615 bases of tofI plus 386 nucleotides 
upstream and 343 bases downstream. The plasmid pAHL-7 
was constructed by ligating the 1,344-bp SalI fragment of 
plasmid p87-2 (Fig. S2) into the corresponding restriction 
site of backbone vector pBBR1MCS-5 [70] (see Table1). 
The mutant BG87 was complemented with 723 bases of 
tofR plus 374 bases upstream and 170 bases downstream. 
A fragment of 1,267-bp containing tofR was obtained 
from the plasmid p1232 digested with SalI-XhoI (Thermo 
Fisher Scientific) (Fig. S3) and cloned in the XhoI site of 
pBBR1MCS-5, yielding plasmid pQSR-15 (Fig. S4). The 
plasmid pQSR-15 was transformed in BG87. Both inserts 
were confirmed by sequencing.

Ethical approval: The conducted research is not related 
to either human or animals use.

3  Results and discussion 

3.1  Screening of antimicrobial activity 
impaired mutants 

We employed random mutagenesis for identifying loci 
associated with antimicrobial activity of B. gladioli 
UAPS07070. A library of 3,500 random mutants of B. 
gladioli UAPS07070 was analyzed. To show antimicrobial 
activity to B. gladioli UAPS07070, the gram-negative strain 
Acinetobacter sp. UAPS0169 was used. This strain exhibits 
fast and homogenous growth that allows for the clear 
detection of inhibition halos. The mutants, BG1232, BG87 
and BG79 exhibited remarkable reduction of antimicrobial 
activity against Acinetobacter sp. UAPS0169 (Fig. 1B). The 
Himar1 insertions in BG1232 and in BG87 were located 
close to each other allowing for the ligation of a 2,098 
bp DNA segment (Fig. 2A). The sequence showed high 

Bacterial cells were grown at 30oC in LB broth until 
reaching the stationary phase with an OD620 = 0.05. 30 µl 
of this bacterial suspension was plated on LB plates and 
incubated for 24 h at 30oC. The cells were recovered in 1 
ml of RNase free water and centrifuged at 4oC and 8,000 x 
g for 3 min. The simple phenol method [66] was used for 
total RNA extraction and were as follows: 100 µl of RNase 
free water was added to the pellet and the cells were 
vortexed  for 3 min, 100 µl of acid phenol-chloroform (1:1) 
was added and the tube was vortexed for 1 min. Following 
this, tubes were incubated at 70oC for 30 min, vortexing 
each for 5 min. The sample was centrifuged at 12,000 x g 
for 10 min, 100 µl of aqueous phase was transferred to a 
clean tube and 200 µl of isopropanol was added. The tube 
was vortexed for 3 min and centrifuged at 12,000 x g for 10 
min, the RNA pellet was washed twice with 200 µl of 70% 
ethanol and centrifuged at 12,000 x g for 5 min. The pellet 
was air dried and RNA was solubilized in 25 µl of RNase free 
water. The integrity of the RNA was qualitatively evaluated 
in 1% agarose gel electrophoresis. The concentration and 
purity were measured in a NanoDrop spectrophotometer 
(Thermo Scientific). RNA (4 mg) was treated with DNaseI 
(Thermo Fisher Scientific) according to manufacturer’s 
instructions. For synthesis of cDNA, 2 mg of DNA-free 
RNA was used. cDNA was generated with the Transcriptor 
High Fidelity cDNA Synthesis Kit (Roche) according to 
manufacturer’s instructions. The toxA gene expression 
was evaluated by PCR amplification of a fragment of 181 
bp using the oligonucleotides RTP3 (5`-GTT CAG CTT CTA 
CCG CTG GA-3`) [45] and TOXA2 (5`-TCA AGG CTT GCA 
GAC CAG-3`) [48]. A 412 bp fragment of 16S rDNA gene 
was amplified as control of constitutive expression with 
the oligonucleotides Fwd (5`-GTG CCA GCM GCC GCG GTA 
ATA C-3`) and Rev (5`-CCG TCA ATT CCT TTG AGT TT-3`) 
[67]. 1 µl of cDNA was used for amplification of both, toxA 
and 16S rDNA with the following conditions: 96oC for 2 
min, 30 cycles at 96oC for 1 min, 50oC for 1 min for toxA; 
and, for 16 rDNA, 58oC for 1 min and a final extension at 
72oC for 30 s.

2.9  Assay for virulence in onion and lettuce

B. gladioli UAPS07070, BG1232, BG87 and BG79 were 
grown until reaching the stationary phase at 30oC in Luria-
Bertani broth. Cultures were washed twice with sterile 
culture medium and adjusted to OD620 = 0.05 (ca. 107 cfu/
ml). For the onion assay a modification of the method of 
Jacobs et al. [68] was used. Fragments of ‘Yellow Globe’ 
onion bulbs (ca. 10 cm2) were inoculated with 5 ml of 
bacterial suspension inside of the inner surface from a 
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nt 1582191 (GenBank CP002600.1). The gene is transcribed 
independently and encodes for a LysR-type protein of 322 
a.a. (Table 2). The Himar1 insertion was located near the 
C-terminal domain (nucleotide 634) that is essential for 
binding the co-inducer (Fig. 2B). The antibiosis of BG79 
against the sensitive strain was severely diminished, 
suggesting a positive regulation of genetic elements 
involved in the synthesis and/or transport of toxoflavin. 
All of the B. gladioli sequenced genomes, including BSR3, 
show this same region with identical gene context among 
them (Results not shown). In all of them, downstream 
to the lysR locus there is a hypothetical protein in the 
opposite transcription direction. Upstream to lysR there 
is one hypothetical OmpC family outer membrane protein 
and one hypothetical protein, both in the opposite 
transcription direction to the lysR gene. In the regulatory 
circuit of toxoflavin production by B. glumae BGR1, ToxR 
positively regulates the toxoflavin biosynthesis and 
transport genes. It is a LysR-type protein that recognizes 
toxoflavin as a co-inducer [49]. The sequence of lysR, is 
interrupted by Himar1 in BG79, and exhibits low sequence 
homology to the toxR sequences of B. glumae BGR1 and 
B. gladioli BSR3 (data not shown) suggesting that it could 
detect a toxoflavin alternative co-inducer.

We explored the production of a yellowish pigment, 
indicative of toxoflavin production [49] in B. gladioli 
UAPS07070. Normally, UAPS07070 produces toxoflavin on 
solid medium. However, the mutants BG1232, BG87, and 
BG79 do not (Fig. 1C). It has been reported that some B. 
gladioli phytopathogenic genotypes produces toxoflavin, 
and it is QS-dependent [52,53]. B. gladioli UAPS07070 is 
an endophytic bacterium isolated from inner tissues of 
pineapple. It exhibits strong antimicrobial activity against 
several bacteria and fungi [39]. It might also antagonize 
the phytopathogenic bacterium Tatumella ptyseos under 
natural conditions in pineapple plants [39]. 

While our results indicate that UAPS07070 synthesizes 
toxoflavin in culture media (Fig. 1C). We cannot discount 
the production of other antimicrobial metabolites. Kim 
et al. [52] observed that the expression of B. gladioli BSR3 

similarity to tofI, tofM and tofR sequences (Table 2), which 
is related to the Acyl homoserine lactone quorum sensing 
system (AHL QS). The insertion in BG1232 interrupted a 
sequence corresponding to the putative Acyl-homoserine 
lactone synthase tofI (Table 2), and in the mutant BG87, 
affected the putative QS regulator tofR (Table 2, Fig. 2A). 
The QS circuitry that regulates pathogenicity of both B. 
gladioli, including UAPS07070 and B. glumae corresponds 
to the topological arrangement of M1 described in 
Proteobacteria [71,72]. The arrangement in the group M1 
is characterized by the divergent transcription of tofI and 
tofR. Besides, tofM, a negative regulator homolog to rsaM, 
is found in the intergenic region between tofI and tofR. 
Both tofM and tofI are transcribed in tandem, and tofR 
is transcribed divergently to tofMI [72]. Domain search of 
TofI of B. gladioli UAPS07070 with Interproscan identified 
domains related to acyl transferase activity, autoinductor 
synthase activity and autoinductor binding (Fig. S5). 
The same analysis of TofR showed the presence of four 
characteristic domains of LuxR (Fig. S6). 

The tofIMR genes are implicated in the regulation 
of toxoflavin biosynthesis and swarming movement 
in the plant-pathogenic bacteria, B. glumae BGR1, 
336gr-1 and B. gladioli BSR3 [49-53,73]. Toxoflavin is a 
virulence factor demonstrated by the phytopathogen 
B. glumae [49,50,74,75] and potentially involved in the 
phytopathogenicity of B. gladioli [53]. In both models, 
N-hexanoyl homoserine lactone (C6-HSL), and N-octanoyl 
homoserine lactone (C8-HSL), are synthesized by TofI, 
the ortholog of the AHL synthase LuxI [49,76]. This TofR-
C8-HSL complex activates the regulatory cascade of 
toxoflavin synthesis and its transport in B. glumae [49]. 
Besides its virulence role in plant-pathogenic bacteria, 
toxoflavin shows strong antimicrobial activity. Recently, 
the genome analysis of 88 isolates of a B. gladioli collection 
revealed that the toxoflavin biosynthetic pathway is 
conserved across all genomes [77]. The genetic element 
interrupted by the transposon Himar1 in BG79 shows a 
99% nucleotide identity with a gene of the lysR family, 
harbored in chromosome 2 of B. gladioli BSR3, nt 1581223 to 

Table 2. Identity of the QS and lysR peptides identified in B. gladioli UAPS07070. 

TofI TofM TofR LysR

B. gladioli BSR3 98.5%
AEA63554.1

97.3%
AEA63555.1

100%
AEA63556.1

99.4%
AEA63716.1

B. glumae BGR1 86.7%
ACR31808.1

78.7%
ACR31807.1

92.1%
ACR31806.1

83.5%
ACR31745.1

B. glumae PGI 86.2%
AJK49063.1.1

79.3%
AJK49064.1

94.6%
AJK49065.1

87.4%
AJK49176.1

The identity was determined by ClustalW alignment of the amino acids.
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Fig. 1. Role of Quorum-sensing and LysR in antagonism, toxoflavin synthesis, motility, and virulence. A, Acyl homoserine lactones detec-
tion. a, UAPS07070; b, BG1232; c, BG1232-pAHL-7; d, BG1232-pBBR1MCS-5; e, CV026; f, BG87; g, BG87-pQSR-15; h, BG87-pBBR1MCS-5. 
Positive reaction is by the presence of a violet halo around of the colony (marked with a white arrow). An aliquot of 10 µl of the suspension of 
the tested cells was placed onto a dry layer of C. violaceum CV026 distributed over a PSUC plate. B, Antagonism assay against Acinetobacter 
sp. UAPS0169. Inhibition halos produced by UAPS07070, BG1232, BG87, BG79, BG1232-pAHL-7 and BG87-pQSR-15. Double layer assay in LB 
plates incubated for 24 h. S.D. Standard deviation of five replicates. C, Toxoflavin detection. Toxoflavin level detected to 393 nm of absor-
bance with a standard deviation of six repeats of the strain UAPS07070, BG1232, BG87, BG79, BG1232-pAHL-7 and BG87-pQSR-15. D, Moti-
lity assay. a and e, UAPS07070; b, BG1232; c, BG1232-pAHL-7; d, BG1232-pBBR1MCS-5; f, BG87; g, BG87-pQSR-15; h, BG87-pBBR1MCS-5. 
Motility was determined in LB agar, 0.4 %, after incubation for 48 h at either 30 or 37°C. E. Virulence lettuce assay, the inoculated strains 
are indicated in the figure. Observations was determined after incubation for 5 days at 30°C. The arrows indicate control inoculation.
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Fig. 1. Role of Quorum-sensing and LysR in antagonism, toxoflavin synthesis, motility, and virulence. A, Acyl homoserine lactones detec-
tion. a, UAPS07070; b, BG1232; c, BG1232-pAHL-7; d, BG1232-pBBR1MCS-5; e, CV026; f, BG87; g, BG87-pQSR-15; h, BG87-pBBR1MCS-5. 
Positive reaction is by the presence of a violet halo around of the colony (marked with a white arrow). An aliquot of 10 µl of the suspension of 
the tested cells was placed onto a dry layer of C. violaceum CV026 distributed over a PSUC plate. B, Antagonism assay against Acinetobacter 
sp. UAPS0169. Inhibition halos produced by UAPS07070, BG1232, BG87, BG79, BG1232-pAHL-7 and BG87-pQSR-15. Double layer assay in LB 
plates incubated for 24 h. S.D. Standard deviation of five replicates. C, Toxoflavin detection. Toxoflavin level detected to 393 nm of absor-
bance with a standard deviation of six repeats of the strain UAPS07070, BG1232, BG87, BG79, BG1232-pAHL-7 and BG87-pQSR-15. D, Moti-
lity assay. a and e, UAPS07070; b, BG1232; c, BG1232-pAHL-7; d, BG1232-pBBR1MCS-5; f, BG87; g, BG87-pQSR-15; h, BG87-pBBR1MCS-5. 
Motility was determined in LB agar, 0.4 %, after incubation for 48 h at either 30 or 37°C. E. Virulence lettuce assay, the inoculated strains 
are indicated in the figure. Observations was determined after incubation for 5 days at 30°C. The arrows indicate control inoculation.
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species of Burkholderia. A putative box was detected 
between positions 63-80 nucleotides upstream of the 
first ATG in tofI (Table S1). While tofM exhibits a putative 
lux-box 36 bp upstream of the start codon (Table S1). There 
was no lux-box found upstream of tofR (Table S1). We also 
did not find any lux-box upstream to lysR gene of BG79 
(data not shown). The synthesis of signaling molecules 
associated to the putative QS system of UAPS07070 was 
confirmed with the reporter strain C. violaceum CV026. 
Apparently BG1232 did not synthesize short chain N-acyl 
homoserine lactones (Fig. 1A). In B. glumae, TofR, the 
ortholog to LuxR, activates the transcription of itself and 
of tofI in the presence of C8-HSL [52]. Interestingly, the 
mutant in the regulator, B. gladioli BG87, was not affected 
in the synthesis of signal molecules detected by C. 
violaceum CV026 (Fig. 1A). In that mutant the transposon 
insertion is close to the codon of residue D70 of TofR 
(TraR nomenclature of Agrobacterium tumefaciens), 
which is essential for the activity of this regulator [82,83]. 
In B. glumae BGR1, the expression of tofI is completely 
dependent on the TofR-C8-HSL complex [49]. Thus, a tofR 
mutant derived of B. glumae 336gr-1 does not synthesize 
AHLs [50]. In contrast, a different regulation of tofI is 
exhibited by B. gladioli UAPS07070. The mutant BG87 
(tofR::Himar1) still synthesized AHLs, demonstrating that 

polyketide genes related to the synthesis of the putative 
antibiotic bacillaene is QS-dependent [52]. Furthermore, 
other genotypes of B. gladioli synthesize antagonistic 
molecules like enacyloxin, bongkrekic acid, gladiolin, 
and a cyclic peptolide antibiotic [38,40,41,48,77], but the 
relationship to QS regulation remains to be elucidated. 
In addition to QS, the regulation of the toxoflavin 
synthesis in B. glumae includes an alternative pathway 
comprised of different loci, among them an orphan luxR 
[50,51,78]. The B. gladioli mutants BG87 and BG1232 
exhibit slight antimicrobial activity against the sensitive 
strain Acinetobacter sp. UAPS0169 (Fig. 1B). This suggests 
alternative pathways of regulation in the residual 
production of inhibitory substances in UAPS07070 or 
the production of multiple antimicrobial molecules, 
as has been reported in Pantoea agglomerans Eh318 or 
Pseudomonas protegens Pf-5 [79,80].

3.2  Search of putative lux-box and autoindu-
cer signal detection 

The mutated region was aligned with the cep-box 
consensus sequence of B. cenopacia and B. ambifaria 
[54,81]. These two lux-boxes are well characterized in 

Fig. 2. A, Map of the quorum sensing region of B. gladioli UAPS07070. The site of insertion of the transposon is indicated with ‘Himar1 fol-
lowed by the mutant name’. B, Map of the lysR gene region of B. gladioli UAPS07070. The site of the insertion of the transposon is indicated 
with ‘Himar1 followed by the mutant name’. The principal domains of LysR-type protein, DNA binding domain (HTH) and co-inducer binding 
domain (substrate binding) in the LysR-type protein of UASP07070 are indicated below. 

a
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the synthesis of toxoflavin, toxA and toxB in B. gladioli 
UAPS07070 were sequenced and compared by BLAST 
(data not shown). The transcription of toxA under 
experimental condition was evaluated using end-point 
RT-PCR. This revealed undetectable transcription of 
toxA in the mutants BG1232, BG87 and BG79 (Fig. 3). In 
contrast, an intense amplicon of toxA from RNA was 
observed in B. gladioli UAPS07070 (Fig. 3). These results 
strongly suggest toxoflavin acting as an antimicrobial of 
B. gladioli UAPS07070 here.

The transcription of toxA was undetectable in BG79 
indicating a regulatory role of the LysR-type protein 
for the synthesis of toxoflavin. Our data revealed the 
participation of QS and of a LysR-type regulator in the 
toxoflavin production. However, the dependency between 
both regulation systems is unknown. To elucidate if both 
regulation systems are related, we explored the synthesis 
of acyl homoserine lactone by BG79. We found that the 
synthesis of autoinducer molecules was not hindered in 
BG79 (Fig. 1A), suggesting a higher hierarchical position 
of the system QS than the regulator LysR-type.

UAPS07070 tofI can be transcribed regardless of the tofR 
mutation. An example of TofR-independent regulation 
of tofI is demonstrated by B. pseudomallei, in which two 
of three AHL synthases (bpsI2 and bpsI3) are expressed 
constitutively [84]. In UAPS07070 the constitutive 
expression of tofI might provoke a fast response to 
environmental changes before reaching high cell density. 
This aligns with the production of inhibitory molecules 
by UAPS07070 in the exponential phase [39]. Another 
possible explanation is that tofI might possess another 
regulatory sequence besides the lux box. Further research 
is required to clarify the self-regulation QS system in B. 
gladioli UAPS07070.

3.3  Detection of toxA expression

The wild type strain, B. gladioli UAPS07070, released a 
deep yellowish pigment into the agar which is indicative 
of toxoflavin synthesis. This in contrast to the mutants 
BG1232, BG87 and BG79 (Fig. 1C). Two of the genes for 

Fig. 3. End-point RT-PCR of toxA gene. A, Agarose gel electrophoresis of toxA amplified by approximately 181 bp: lane 1 UAPS07070 (gDNA); 
lane 2 UAPS07070; lane 3 BG1232; lane 4 BG87; lane 5 BG79, line M leader 100 bp (GeneCraft). B, End-point RT-PCR of 16S rDNA gene of 
approximately 412 bp: lane 1 UAPS07070 (gDNA); lane 2 UAPS07070; lane3 BG1232; lane 4 BG87; lane 5 BG79.



QS and LysR are associated with antagonism in B. gladioli   175

in rice. Thus, the regulation in this bacterium might have 
evolved differently to B. gladioli BSR3 and B. glumae 
BGR1, since in those strains the inactivation of QS system 
abolished the virulence in onion, toxoflavin production 
and the swarming motility [49,52,53,58]. Interestingly, two 
strains of the same species B. glumae, BGR1 and PG1, show 
different regulatory QS behavior [49,86]. It is known that B. 
glumae 237-5, an avirulent strain in rice does not produce 
toxoflavin and keeps its virulence in onion, indicating that 
the tissue maceration in onion is not attributed exclusively 
to toxoflavin [75]. 

Acknowledgments: We thank Herbert P. Schweizer for 
his valuable gift of the plasmid pHBurk3. This work was 
supported by grant CONACYT CB-2009 128235-Z and BUAP 
VIEP. We are grateful for English edition to Joseph Bradley 
(English Teaching Assistant, Fulbright García-Robles) 
and to an anonymous professional. We recognize Braulio 
Fuentes for preparing final figures.

Conflict of interest: Authors state no conflict of interest.

References
[1] Popat R., Comforth D.M., McNally L., Brown S.P., Collective 

sensing and collective responses in quorum-sensing bacteria, 
J. R. Soc. Interface, 2015, 12, 20140882, http://dx.doi.
org/10.1098/rsif.2014.0882

[2] Bassler B.L., Wright M., Showalter R.E., Silverman M.R., 
Intercellular signaling in Vibrio harveyi: sequence and 
function of genes regulating expression of luminescence, Mol. 
Microbiol., 1993, 9, 773–786

[3] Piper K.R., Beck von Bodman S., Farrand S.K., Conjugation 
factor of Agrobacterium tumefaciens regulates Ti plasmid 
transfer by autoinduction, Nature, 1993,  362, 448–450

[4] Latifi A., Winson M.K., Foglino M., Multiple homologs of 
LuxR and LuxL control expression of virulence determinants 
and secondary metabolites trough quorum sensing in 
Pseudomonas aeruginosa PAO1, Mol. Microbiol., 1995, 17, 
333–343

[5] Costa J.M., Loper J.E., EcbI and EcbR: Homologs of LuxI and 
LuxR affecting antibiotic and exoenzyme production by Erwinia 
carotovora subsp. Betavasculorum, Can. J. Microbiol., 1997, 43, 
1164–1171

[6] Hassett D.J., Ma J.F., Elkins J.G., McDermott T.R., Ochsner U.A., 
West S.H.E., Huang C.T., Fredericks J., Burnett S., Stewart 
P.S., McFeters G., Passador L., Iglewski B.H. Quorum sensing 
in Pseudomonas aeruginosa controls expression of catalase 
and superoxide dismutase genes and mediates biofilm 
susceptibility to hydrogen peroxide, Mol. Microbiol., 1999, 34, 
1082–1093

[7] Chun H., Choi O., Goo E., Kim N., Kim H., Kang Y., Kim J., 
Moon J.S., Hwang I., The quorum sensing-dependent gene 
katG of Burkholderia glumae is important for protection from 

3.4  Swarming phenotype and virulence in 
onion and lettuce

Swarming is a multicellular movement over a solid or semi-
solid surface, and requires flagellae, cell-cell interactions 
and surfactant [55]. This is exhibited by B. gladioli 
UAPS07070 at 30°C with a dendritic pattern (Fig. 1D). A 
previous study in B. gladioli BSR3 showed QS-dependent 
swarming motility at 28°C with a movement pattern 
different than the dendritic one [52]. The interruption of 
tofI or tofR genes altered the swarming phenotype of B. 
gladioli UAPS07070 at 30°C (Fig. 1D). This may be related 
to the QS regulation of the synthesis of rhamnolipids, 
as what occurs in B. glumae [58]. In that model, a tofI 
mutant showed a significantly diminished synthesis of 
surfactant and decreased swarming activity. We show 
clearly that in B. gladioli UAPS07070, swarming motility 
is QS-dependent.

B. gladioli UAPS07070 inhabits pineapple as an 
avirulent bacterium [85]. In in vitro assays, we detected 
synthesis of toxoflavin, an important virulence factor 
involved in the pathogenicity of B. gladioli and B. glumae 
in rice and onion [53,75]. Although we have not detected 
pathogenic activity of B. gladioli UAPS07070 in pineapple. 
In in vitro assays in onions, this strain induces pathogenic 
symptoms. Peculiarly, the BG1232, BG87 and BG79 
mutants seem to induce tissue maceration in onion bulb 
scales (Results not shown). Mutants BG1232 and BG79 
showed less severe soft rotting in lettuce leaves (Fig. 1E). 
On the other hand, mutant in the tofR locus, BG87, did 
not show apparent decrease in virulence in lettuce (Fig. 
1E). This is probably due to the AHL synthesis that could 
regulate toxoflavin-independent virulence mechanisms 
(Fig. 1A). QS regulatory networks of B. glumae, the close 
relative to B. gladioli are diverse as has been shown for 
strains BGR1 and PG1 [49,86]. Pathogenicity in B. glumae 
PG1 seem to be regulated by two different quorum sensing 
systems while in BGR1 is only regulated by one system 
[49,86]. B. gladioli BSR3 possess two distant quorum 
systems in different replicons (Acc. Nums. NC_015376 and 
NC_015382) [72]. It is unknown if UAPS07070 possesses 
more than one quorum loci and if one or both of them 
are related to pathogenicity.  Lee et al. [53] reported that 
between B. gladioli and B. glumae there are differences 
in the participation of quorum sensing regulation. B. 
gladioli strain KACC11889 carries the genetic elements 
for the biosynthesis of toxoflavin but does not possess 
the quorum sensing genes for activating the synthesis 
of the phytotoxin. Nevertheless, B. gladioli KACC11889 
still induces tissue maceration of onion bulb scales and 
exhibits swarming movement and cannot cause damage 



176   E. Seynos-García, et al.

of the Burkholderia cepacia complex, Environ. Microbiol., 
2009, 11, 1422–1437

[22] Ji X., Lu G., Gai Y., Gao H., Lu B., Kong L., Mu Z., Colonization of 
Morus alba L. by the plant growth-promoting and antagonistic 
bacterium Burkholderia cepacia strain Lu10-1, BMC Microbiol., 
2010, 10, 243, https://doi.org/10.1186/1471-2180-10-243

[23] Lin H.H., Chen Y.S., Li Y.C., Tseng I.L., Hsieh T.H., Buu L.M., 
Chen Y.L., Burkholderia multivorans acts as an antagonist 
against the growth of Burkholderia pseudomallei in soil, 
Microbiol. Inmmunol., 2011, 55, 616–624

[24] Tenorio-Salgado S., Tinoco R., Vazquez-Duhalt R., Caballero-
Mellado J., Perez-Rueda E., Identification of volatile compounds 
produced by the bacterium Burkholderia tropica that inhibit the 
growth of fungal pathogens, Bioengineered, 2013, 4, 236–243

[25] Duerkop B.A., Varga J., Chandler J.R., Peterson S.B., Herman 
J.P., Churchill M.E., Parsek M.R., Nierman W.C., Greenberg E.P., 
Quorum-sensing control of antibiotic synthesis in Burkholderia 
thailandensis, J. Bacteriol., 2009, 191, 3909–3918

[26] Seyedsayamdost M.R., Chandler J.R., Blodgett J.A., Lima P.S., 
Duerkop B.A., Oinuma K., Greenberg E.P., Clardy J., Quorum-
sensing-regulated bactobolin production by Burkholderia 
thailandensis E264, Org. Lett., 2010, 12, 716–719

[27] Deng P., Wang X., Baird S.M., Showmaker K.C., Smith L., 
Peterson D.G., Lu S., Comparative genome-wide analysis 
reveals that Burkholderia contaminans MS14 possesses 
multiple antimicrobial biosynthesis genes but not major 
genetic loci required for pathogenesis, MicrobiologyOpen, 
2016, 5, 353–369

[28] Kennedy M., Coakley R., Donaldson S., Aris R.M., Hohneker 
K., Wedd J.P., Knowles M.R., Gilligan P.H., Yankaskas J.R., 
Burkholderia gladioli: Five year experience in cystic fibrosis 
and lung transplantation center, J. Cystic Fibrosis, 2007, 6, 
267–73

[29] Segonds C., Clavel-Batut P., Thouverez M., Grenet D., Le 
Coustumier A., Plésiat P., Chabanon G., Microbiological and 
epidemiological features of clinical respiratory isolates of 
Burkholderia gladioli, J. Clin. Microbiol., 2009, 47, 1510–1516

[30] Foley P.L., Lipuma J.J., Feldman S.H., Outbreak of otitis media 
caused by Burkholderia gladioli infection in immunocom-
promised mice, Comp. Med., 2004, 54, 93–99

[31] Marom A., Miron D., Wolach B., Gavrieli R., Rottem M., 
Burkholderia gladioli-associated facial pustulosis as a first 
sign of chronic granulomatous disease in a child - Case report 
and review, Pediat. Allerg. Imm., 2018, 29, 451-453, DOI: 
10.1111/pai.12884

[32] Vigliani M.B., Cunha, C.B., Multiple recurrent abscesses in 
a patient with undiagnosed IL-12 deficiency and infection by 
Burkholderia gladioli, IDCASES, 2018, 12, 80-83

[33] Lincoln S., Fermor T., Stead D., Sellwood J., Bacterial soft rot of 
Agaricus bitorquis. Plant Pathol., 1991, 40, 136–144

[34] Matsuyama N., Presumptive identification of several phytopa-
thogenic bacteria by novel diagnostic tests, J. Agric. Kyushu 
Univ., 1998, 43, 337–343

[35] Elshafie H.S., Camele I., Racioppi R., Scrano L., Iacobellis N.S., 
Bufo S.A., In vitro antifungal activity of Burkholderia gladioli 
pv. agaricicola against some phytopathogenic fungi, Int. J. Mol. 
Sci., 2012, 13, 16291–16302

[36] Jha G., Tyagi I., Kumar R., Ghosh S., Draft genome sequence 
of broad-spectrum antifungal bacterium Burkholderia gladioli 

visible light, J. Bacteriol., 2009, 191, 4152-4157, DOI: 10.1128/
JB.00227-09

[8] Huber B., Riedel K., Hentzer M., Heydorn A., Gotschlich A., 
Givskov M., Molin S., Eberl L., The cep quorum-sensing system 
of Burkholderia cepacia H111 controls biofilm formation and 
swarming motility, Microbiology, 2001, 147, 2517–2528

[9] Loh J., Lohar D.P., Andersen B., Stacey G., A two component 
regulator mediates population-density-dependent expression 
of the Bradyrhizobium japonicum nodulation genes, J. 
Bacteriol., 2002, 184, 1759–1766

[10] Shih P.C., Huang C.T., Effects of quorum-sensing deficiency 
on Pseudomonas aeruginosa biofilm formation and antibiotic 
resistance, J. Antimicrob. Chem., 2002, 49, 309–314

[11] Jang M.S., Goo E., An J.H., Kim J., Hwang I., Quorum sensing 
controls flagellar morphogenesis in Burkholderia glumae, Plos 
One, 9, e84831, doi:10.1371/journal.pone.0084831

[12] Kang Y., Goo E., Kim J., Hwang I., Critical role of quorum 
sensing-dependent glutamate metabolism in homeostatic 
osmolality and outer membrane vesiculation in Burkholderia 
glumae, Sci. Rep., 2017, 7, 44195  

[13] Maddocks S.E., Oyston P.C.F., Structure and function of the 
LysR-type transcriptional regulator (LTTR) family proteins, 
Microbiology, 2008, 154, 3609–3623

[14] Dobritsa A.P., Samadpour M., Transfer of eleven species of 
the genus Burkholderia to the genus Paraburkholderia and 
proposal of Caballeronia gen. nov. to accommodate twelve 
species of the genera Burkholderia and Paraburkholderia, Int. 
J. Syst. Evol. Microbiol., 2016, 66, 2836-2846

[15] Lopes-Santos L.,  Castro D.B.A., Ferreira-Tonin M., Alves Corrêa 
D.B., Weir B.S., Park D., Mariscal Ottoboni L.M., Rodrigues 
Neto J., Lanza Destéfano S.A., Reassessment of the taxonomic 
position of Burkholderia andropogonis and description of 
Robbsia andropogonis gen. nov., comb. nov., Antoon. Leeuw. 
Int. J. G., 2017, 110, 727–736

[16] Sawana A., Adeolu M., Gupta R.S., Molecular signatures 
and phylogenomic analysis of the genus Burkholderia: 
proposal for division of this genus into the emended genus 
Burkholderia containing pathogenic organisms and a new 
genus Paraburkholderia gen. nov. harboring environmental 
species, Front. Genet., 2014, 5, 429, https://doi.org/10.3389/
fgene.2014.00429

[17] Coenye T., Vandamme P., Diversity and significance of 
Burkholderia species occupying diverse ecological niches, 
Environ. Microbiol., 2003, 5, 719–729

[18] Vial L., Groleau M.C., Dekimpe V., Déziel E., Burkholderia 
diversity and versatility: An inventory of the extracellular 
product, J. Microbiol. Biotechnol., 2007, 17, 1407–1429

[19] Estrada-de los Santos P., Vinuesa P., Martínez-Aguilar L., 
Hirsch A.M., Caballero-Mellado J., Phylogenetic analysis of 
Burkholderia species by multilocus sequence analysis, Curr. 
Microbiol., 2013, 67, 51-60

[20] Vandamme P., Opelt K., Knöchel N., Berg C., Schönmann 
S., De Brandt E., Eberl L., Falsen E., Berg G., Burkholderia 
bryophila sp. nov. and Burkholderia megapolitana sp. nov., 
moss-associated species with antifungal and plant-growth-
promoting properties, Int. J. Syst. Evol. Microbiol., 2007, 57, 
2228–2235

[21] Schmidt S., Blom J.F., Pernthaler J., Berg G., Baldwin A., 
Mahenthiralingam E., Eberl L., Production of the antifungal 
compound pyrrolnitrin is quorum sensingregulated in members 



QS and LysR are associated with antagonism in B. gladioli   177

strain NGJ1, isolated from healthy rice seeds, Genome 
Announc., 2015, 3, e00803-15, doi:10.1128/genomeA.00803-15

[37] Yan Q.H., Zhou J.X., Li H.Z., Zhi Q.Q., Zhou X.P., He Z.M., 
Coexistence of and interaction relationships between an 
aflatoxin-producing fungus and a bacterium, Fungal Biol., 2015, 
7, 605–614

[38] Ross C., Opel V., Scherlach K., Herweck C., Biosynthesis of 
antifungal and antibacterial polyketides by Burkholderia 
gladioli in coculture with Rhizopus microspores, Mycoses, 
2014, 3, 48–55

[39] Marin-Cevada V., Muñoz-Rojas J., Caballero-Mellado J., 
Mascarúa-Esparza M.A., Castañeda-Lucio M., Carreño-López 
R., Estrada-de los Santos P., Fuentes-Ramírez L.E., Antagonistic 
interactions among bacteria inhabiting pineapple, Appl. Soil. 
Ecol., 2012, 61, 230–235

[40] Subik J., Behun J., Effect of bongkrekic acid on growth and 
metabolism of filamentous fungi, Arch. Microbiol., 1974, 97, 
81–88

[41] Moebius N., Ross C., Scherlach K., Rohm B., Roth M., Hertweck 
C., Biosynthesis of the respiratory toxin bongkrekic acid in the 
pathogenic bacterium Burkholderia gladioli, Chem. Biol., 2012, 
19, 1164–674

[42] Latuasan H.E., Berends W., On the origin of the toxicity of 
toxoflavin, Biochim. Biophys. Acta, 1961, 52, 502–508

[43] Buckle K.A., Kartadarma E., Inhibition of bongkrek acid 
and toxoflavin production in tempe bongkrek containing 
Pseudomonas cocovenenans, J. Appl. Bacteriol., 1990, 68, 
571-576

[44] Furuya N., Iiyama K., Shiozaki N., Matsuyama N., Phytotoxin 
produced by Burkholderia gladioli, J. Fac. Agr. Kyushu Univ., 
1997, 42, 33-37

[45] Suzuki F., Sawada H., Azegami K., Tsuchiya K., Molecular 
characterization of the tox operon involved in toxoflavin 
biosynthesis of Burkholderia glumae, J. Gen. Plant Pathol., 
2004, 70, 97–107

[46] Philmus B., Shaffer B.T., Kidarsa T.A., Yan Q., Raaijmakers J.M., 
Begley T.P., Loper J.E., Investigations into the biosynthesis, 
regulation, and self-resistance of toxoflavin in Pseudomonas 
protegens Pf-5, Chembiochem., 2015, 16, 1782–1790

[47] Song L.J., Jenner M., Masschelein J., Jones C., Bull M.J., Harris 
S.R., Hartkoorn R.C., Vocat A., Romero-Canelon I., Coupland P., 
Webster G., Dunn M., Weiser R., Paisey C., Cole S.T., Parkhill J., 
Mahenthiralingam E., Challis G.L., Discovery and biosynthesis 
of gladiolin: A Burkholderia gladioli antibiotic with promising 
activity against Mycobacterium tuberculosis, J. Am. Chem. Soc., 
2017, 139, 7974-7081

[48] Jenner M., Masschelein J., Dashti Y., Jones C., Harris S., Parkhill 
J., Pearce C., Mahenthiralingham E., Challis G.L., Biosynthesis 
of a ‘fungal’ peptide antibiotic by Burkholderia gladioli, Planta 
Med., 2016, 82, abstr. P1112 

[49] Kim J., Kim J.G., Kang Y., Jang J.Y., Jog G.J., Lim J.Y., Kim S., Suga 
H., Nagamatsu T., Hwang I., Quorum sensing and the LysR-type 
transcriptional activator ToxR regulate toxoflavin biosynthesis 
and transport in Burkholderia glumae, Mol. Microbiol., 2004, 
54, 921–934

[50] Chen R.X., Barphagha I.K., Karki H.S., Ham J.H., Dissection 
of quorum-sensing genes in Burkholderia glumae reveals 
non-canonical regulation and the new regulatory gene tofM for 
toxoflavin production, Plos One, 2012, 7, e52150

[51] Chen R., Barphagha I.K., Ham J.H., Identification of potential 
genetic components involved in the deviant quorum-sensing 
signaling pathways of Burkholderia glumae through a 
functional genomics approach, Front. Cell Infect. Microbiol., 
2015, 5, 22, https://www.frontiersin.org/articles/10.3389/
fcimb.2015.00022

[52] Kim S., Park J., Choi O., Kim J., Seo J.-S., Investigation of 
quorum sensing-dependent gene expression in Burkholderia 
gladioli BSR3 through RNA-seq analyses, J. Microbiol. 
Biotechnol., 2014, 24, 1609-1621

[53] Lee J., Park J., Kim S., Park I., Seo Y.S., Differential regulation of 
toxoflavin production and its role in the enhanced virulence of 
Burkholderia gladioli, Mol. Plant Pathol., 2016, 17, 65-76

[54] Chapalain A., Vial L., Laprade N., Dekimpe V., Perreault J., 
Deziel E., Identification of quorum sensing-controlled genes in 
Burkholderia ambifaria, MicrobiologyOpen, 2012, 2, 226–242

[55] Kearns D.B., A field guide to bacterial swarming motility. Nat. 
Rev. Microbiol. 2010, 8, 634–644

[56] Partridge J.D., Harshey R.M., Swarming: flexible roaming plans, 
J. Bacteriol., 2013, 195, 909–918

[57] Daniels R., Vanderleyden J., Michiels J., Quorum sensing and 
swarming migration in bacteria, FEMS Microbiol. Rev., 2004, 
28, 261–289

[58] Nickzad A., Lépine F., Déziel, E., Quorum sensing controls 
swarming motility of Burkholderia glumae through regulation 
of rhamnolipids, Plos One, 2015, 10, e0128509

[59] Rholl D.A., Trunck L.A., Schweizer H.P., Himar1 in vivo 
transposon mutagenesis of Burkholderia pseudomallei, Appl. 
Environ. Microbiol., 2008, 74, 7529–7535

[60] Somprasong N., McMillan I., Karkhoff-Schweizer R.R., 
Mongkolsuk S., Schweizer H.P., Methods for genetic 
manipulation of Burkholderia gladioli pathovar cocovenenans, 
BMC Res. Notes, 2010, 3, 308, https://doi.org/10.1186/1756-
0500-3-308

[61] Choi K.H., Khumar A., Schweizer H.P., A 10-min method 
for preparation of highly electrocompetent Pseudomonas 
aeruginosa cells: Application for DNA fragment transfer 
between chromosomes and plasmid transformation, J. 
Microbiol. Meth., 2006, 64, 391–397

[62] Muñoz-Rojas J., Fuentes-Ramírez L.E., Caballero-Mellado 
J., Antagonism among Gluconacetobacter diazotrophicus 
strains in culture media and in endophytic association, FEMS 
Microbiol. Ecol., 2005, 54, 57–66

[63] Thompson J.D., Higgins D.G., Gibson T.J., CLUSTAL W: improving 
the sensitivity of progressive multiple sequence alignment 
through sequence weighting, position-specific gap penalties 
and weight matrix choice. Nucleic Acids Res., 1994, 22, 
4673–4680

[64] McClean K.H., Winson M.K., Fish L., Taylor A., Chhabra S.R., 
Camara M., Daykin M., Lamb J.H., Swift S., Bycroft B.W., Stewart 
G.S.A.B., Williams P., Quorum sensing and Chromobacterium 
violaceum: exploitation of violacein production and inhibition 
for the detection of N-acylhomoserine lactones, Microbiology, 
1997, 143, 3703–3711

[65] Jung W.S., Lee J., Kim M.I., Ma J., Nagamatsu, T., Structural and 
functional analysis of phytotoxin toxoflavin-degrading enzyme, 
Plos One, 2011, 6, e22443

[66] Atshan S.S., Shamsudin M.N., Lung L.T., Ling K.H., Sekawi Z., 
Pei C.P., Ghaznavi-Rad E., Improved method for the isolation of 



178   E. Seynos-García, et al.

RNA from bacteria refractory to disruption, including S. aureus 
producing biofilm, Gene, 2012, 494, 219–224

[67] Yu Z., Morrison M., Comparisons of different hypervariable 
regions of rrs genes for use in fingerprinting of microbial 
communities by PCR-denaturing gradient gel electrophoresis, 
Appl. Environ. Microbiol., 2004, 70, 4800–4806

[68] Jacobs J.L., Fasi A.C., Ramette A., Smith J.J., Hammerschmidt 
R., Sundin G.W., Identification and onion pathogenicity 
of Burkholderia cepacia complex isolates from the onion 
rhizosphere and onion field soil, Appl. Environ. Microbiol., 
2008, 74, 3121-3129

[69] Ibrahim M., Tang Q.M., Shi Y., Almoneafy A., Fang Y., Xu L.H., 
Li W., Li B., Xie G.L., Diversity of potential pathogenicity and 
biofilm formation among Burkholderia cepacia complex water, 
clinical, and agricultural isolates in China, World J. Microb. 
Biot., 2012, 28, 2113-2123, DOI: 10.1007/s11274-012-1016-3

[70] Kovach M.E., Elzer P.H., Hill D.S., Robertson G.T., Farris 
M.A., Roop R.M.II, Peterson K.M. Four new derivatives of the 
broad-host-range cloning vector pBBR1MCS, carrying different 
antibiotic-resistance cassettes, Gene, 1995, 166, 175–176

[71] Gelencsér Z., Choudhary K.S., Coutinho B.G., Hudaiberdiev 
S., Galbáts B., Venturi V., Pongor S., Classifying the topology 
of AHL-driven quorum sensing circuits in proteobacterial 
genomes, Sensors, 2012, 12, 5432–5444

[72] Choudhary K.S., Hudaiberdiev S., Gelencsér Z., Gonçalves 
Coutinho B., Venturi V., Pongor S., The organization of the 
quorum sensing luxI/R family genes in Burkholderia, Int. J. Mol. 
Sci., 2013, 14, 13727–13747

[73] Jang M.S., Goo E., An J.H., Kim J., Hwang I., Quorum sensing 
controls flagellar morphogenesis in Burkholderia glumae, Plos 
One, 2014, 9, e84831

[74] Ham J.H., Melanson R.A., Rush M.C., Burkholderia glumae: 
Next major pathogen of rice? Mol. Plant Pathol., 2011, 12, 
329–339

[75] Karki H.S., Shrestha B.K., Han J.W., Groth D.E., Barphagha I.K., 
Rush M.C., Melanson R.A., Kim B.S., Ham, J.H., Diversities in 
virulence, antifungal activity, pigmentation and DNA fingerprint 
among strains of Burkholderia glumae, Plos One, 2012, 7, 
e45376

[76] Prashanth S.N., Bianco G., Cataldi T.R.I., Iacobeli N.S., 
Acylhomoserine lactone production by bacteria associated 
with cultivated mushrooms, J. Agric. Food Chem., 2011, 59, 
11461–11472

[77] Jones C., Bull M.J., Jenner M., Song L., Dashti Y., Harris S.R., 
Parkhill J., Connor T.R., Challis G.L., Mahenthiralingam E., 
Genome mining and characterisation of multiple bioactive 
compounds from a Burkholderia gladioli isolate collection, 
Planta Med., 2016, 82, 1, abstr. SL42

[78] Naughton L.M., An S.Q., Hwang I., Chou S.H., He Y.Q., Tang 
J.L., Ryan R.P., Dow J.M., Functional and genomic insights into 

the pathogenesis of Burkholderia species to rice, Environ. 
Microbiol., 2016, 18, 780–790

[79] Wright S.A., Zumoff C.H., Schneider L., Beer, S.V., Pantoea 
agglomerans strain EH318 produces two antibiotics that inhibit 
Erwinia amylovora in vitro, Appl. Environ. Microbiol., 2001, 67, 
284–292

[80] Quecine M.C., Kidarsa T.A., Goebel N.C., Shaffer B.T., Henkels 
M.D., Zabriskie T.M., Loper J.E., An interspecies signaling 
system mediated by fusaric acid has parallel effects on 
antifungal metabolite production by Pseudomonas protegens 
strain Pf-5 and antibiosis of Fusarium spp, Appl. Environ. 
Microbiol., 2015, 82, 1372–1382

[81] Chambers C.E., Lutter E.I., Visser M.B., Law P.P., Sokol P.A., 
Identification of potential CepR regulated genes using a cep 
box motif-based search of the Burkholderia cenocepacia 
genome, BMC Microbiol., 2006, 22, 104

[82] Koch B., Liljefors T., Persson T. Nielsen J., Kjelleberg S., Givskov 
M., The LuxR receptor: the sites of interaction with quorum-
sensing signals and inhibitors, Microbiology, 2005, 151, 
3589–3602

[83] Zhang R.G., Pappas T., Brace J.L., Miller P.C., Oulmassov T., 
Molyneaux J.M., Anderson J.C., Bashkin J.K., Winans S.C., 
Joachimiak A., Structure of a bacterial quorum-sensing 
transcription factor complexed with pheromone and DNA, 
Nature, 2002, 417, 971-974

[84] Kiratisin P., Sanmee, S., Roles and interactions of Burkholderia 
pseudomallei BpsIR quorum-sensing system determinants, J. 
Bacteriol., 2008, vol. 190, 7291–7297

[85] Marin-Cevada V., Caballero-Mellado J., Bustillos-Cristales R., 
Muñoz-Rojas J., Mascarúa-Esparza M.A., Castañeda-Lucio 
M., López-Reyes L., Martínez-Aguilar L., Fuentes-Ramírez 
L.E., Tatumella ptyseos an unrevealed causative agent of Pink 
disease in pineaple, J. Phytopathol., 2010, 158, 93–99

[86] Gao R., Krysciak D., Petersen K., Utpatel C., Knapp A., 
Schmeisser C., Daniel R., Voget S., Jaeger K.-E., Streit W.R., 
Genome-wide RNA sequencing analysis of quorum sensing-
controlled regulons in the plant-associated Burkholderia 
glumae PG1 strain, Appl. Environ. Microbiol., 2015, 81, 
7993–8007, doi:10.1128/AEM.01043-15

[87] Bustillos-Cristales M.R, Corona-Gutierrez I., Castañeda-Lucio 
M., Águila-Zempoaltécatl C., Seynos-García E., Hernández-
Lucas I., Muñoz-Rojas J., Medina-Aparicio L., Fuentes-Ramírez 
L.E., Culturable facultative methylotrophic bacteria from the 
cactus Neobuxbaumia macrocephala possess the locus xoxF 
and consume methanol in the presence of Ce3+ and Ca2+, 
Microbes Environ., 2017, 32, 244-251, https://www.jstage.jst.
go.jp/browse/jsme2, doi:10.1264/jsme2.ME17070 

[88] Hanahan D., Studies on transformation of Escherichia coli with 
plasmids, J. Mol. Biol., 1983, 166, 557–580

Supplemental Material: The online version of this article (DOI: 
10.1515/biol-2019-0019) offers supplementary material.


