
UCLA
UCLA Previously Published Works

Title
Broad-spectrum antimicrobial activity by Burkholderia cenocepacia TAtl-371, a strain 
isolated from the tomato rhizosphere.

Permalink
https://escholarship.org/uc/item/3zh0x007

Journal
Microbiology (Reading, England), 164(9)

ISSN
1350-0872

Authors
Rojas-Rojas, Fernando Uriel
Salazar-Gómez, Anuar
Vargas-Díaz, María Elena
et al.

Publication Date
2018-09-01

DOI
10.1099/mic.0.000675
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3zh0x007
https://escholarship.org/uc/item/3zh0x007#author
https://escholarship.org
http://www.cdlib.org/


Downloaded from www.microbiologyresearch.org by

IP:  131.179.58.25

On: Mon, 18 Jun 2018 22:35:26

Broad-spectrum antimicrobial activity by Burkholderia
cenocepacia TAtl-371, a strain isolated from the tomato
rhizosphere

Fernando Uriel Rojas-Rojas,1 Anuar Salazar-Gómez,1 María Elena Vargas-Díaz,1 María Soledad V�asquez-Murrieta,1

Ann M. Hirsch,2,3 Ren�e De Mot,4 Maarten G. K. Ghequire,4 J. Antonio Ibarra1,* and Paulina Estrada-de los Santos1,*

Abstract

The Burkholderia cepacia complex (Bcc) comprises a group of 24 species, many of which are opportunistic pathogens of

immunocompromised patients and also are widely distributed in agricultural soils. Several Bcc strains synthesize strain-

specific antagonistic compounds. In this study, the broad killing activity of B. cenocepacia TAtl-371, a Bcc strain isolated from

the tomato rhizosphere, was characterized. This strain exhibits a remarkable antagonism against bacteria, yeast and fungi

including other Bcc strains, multidrug-resistant human pathogens and plant pathogens. Genome analysis of strain TAtl-371

revealed several genes involved in the production of antagonistic compounds: siderophores, bacteriocins and hydrolytic

enzymes. In pursuit of these activities, we observed growth inhibition of Candida glabrata and Paraburkholderia phenazinium

that was dependent on the iron concentration in the medium, suggesting the involvement of siderophores. This strain also

produces a previously described lectin-like bacteriocin (LlpA88) and here this was shown to inhibit only Bcc strains but no

other bacteria. Moreover, a compound with an m/z 391.2845 with antagonistic activity against Tatumella terrea SHS 2008T

was isolated from the TAtl-371 culture supernatant. This strain also contains a phage-tail-like bacteriocin (tailocin) and two

chitinases, but the activity of these compounds was not detected. Nevertheless, the previous activities are not responsible for

the whole antimicrobial spectrum of TAtl-371 seen on agar plates, suggesting the presence of other compounds yet to be

found. In summary, we observed a diversified antimicrobial activity for strain TAtl-371 and believe it supports the

biotechnological potential of this Bcc strain as a source of new antimicrobials.

INTRODUCTION

Burkholderia sensu lato includes Burkholderia, Parabur-
kholderia, Caballeronia species and Robbsia andropogonis,
and it has been suggested that Burkholderia rhizoxinica may
represent another genus [1–4]. In Burkholderia sensu stricto,
a group of 24 species are included in the Burkholderia cepa-
cia complex (Bcc) [5]. This group comprises known oppor-
tunistic pathogens for immunocompromised patients and is
responsible for nosocomial infections. However, the Bcc is
also part of the soil microbial community [6]. Together, the
different Bcc species produce a wide range of antimicrobial
compounds that inhibit fungal and bacterial (phyto)

pathogens [7]. Peptidic molecules with activity against fila-
mentous fungi and yeasts include the cepacidines produced
by B. cepacia AF 2001 [8], xylocandins by B. pyrrocinia

ATCC 39277 [9], glidobactins by some B. cepacia strains
[10], occidiofungin by Burkholderia contaminans MS14 [11,
12], burkholdins by Burkholderia ambifaria 2.2N [13, 14],
and altericidins synthesized by B. cepacia KB-1 that have
limited activity on the phytopathogenic fungus Alternaria

kikuchiana [15]. In addition to these peptides, several other
secondary metabolites have been characterized as antifungal
in the Bcc, including hydroxamate siderophores [16],
uncharacterized volatile compounds [17] and phenazine-
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like pigments [18]. Unlike antifungal compounds, only
some antibacterial compounds have been described in Bcc
strains. Two types of bacteriocins encoded in B. cepacia
complex genomes have been produced recombinantly and
showed antagonistic activity against other Bcc strains: the
lectin-like bacteriocin from Burkholderia cenocepacia
AU1054, which has activity against B. ambifaria, Burkholde-
ria anthina, B. cenocepacia, B. contaminans and Burkholde-
ria metallica [19], and the colicin M-like bacteriocins from
B. ambifaria AMMD and MEX-5 [20]. Other examples of
proteinaceous compounds produced by B. cepacia complex
strains are the bacteriocin-like inhibitory substance (BLIS)
produced by Burkholderia ubonensis A21 that acts against
Burkholderia pseudomallei, the pathogen causing melioido-
sis [21], and a phage-tail-like bacteriocin, also known as tai-
locin [22], produced by B. cenocepacia BC0425, which
inhibits several Bcc and non-Bcc species [23]. Also, second-
ary metabolites such as hydroxamate and catecholate side-
rophores [24, 25], the acetylenic compounds cepacins [26],
a polyene compound produced by B. cenocepacia P525 [27],
and the enacyloxins produced by Bcc species [28] have been
reported to have antibacterial activity. Broad antimicrobial
activity against fungi, yeast and bacteria has been reported
for pyrrolnitrin produced by Burkholderia pyrrocinia [29,
30], B. cepacia [18, 31–36] and B. cenocepacia [37]. The
variety of antimicrobial compounds produced by the Bcc,
underlines the biotechnological potential of this group of
species.

Most of the antagonism studies in Burkholderia have
focused on the activity of a single compound in a single
strain. Indeed, by genome mining multiple genes and gene
clusters have been found in several genomes of Bcc strains
[38].

Our research group carried out a study exploring the ability
of different environmental Burkholderia species to produce
antagonistic compounds. From this search we found that
B. cenocepacia TAtl-371 [39] was able to antagonize not
only bacteria but also multiple fungi and yeasts, some of
them with clinical and agricultural relevance. The aim of
this work was to characterize the antimicrobial activity spec-
trum of B. cenocepacia TAtl-371 and the compounds
responsible for such activity.

METHODS

Micro-organisms and culture media

B. cenocepacia TAtl-371, originally identified as Burkholde-
ria unamae and in the current study reclassified as B. ceno-
cepacia, was isolated from the tomato rhizosphere by
Caballero-Mellado et al. [39] in Atlatlahuacan, Morelos,
Mexico. The type strain B. cenocepacia J2315T was used as
the reference [40]. The antimicrobial activity from TAtl-371
and J2315T was tested against the bacterial and fungal
strains listed in Table 1. All strains were stored in 35% (v/v)
glycerol at �70 �C and propagated in the appropriate cul-
ture medium and temperature before the experiments. The
fungal strains were stored and cultured on potato dextrose

agar (PDA) plates at room temperature. The culture media
employed included both potato dextrose broth (PDB) and
Luria–Bertani (LB) broth. For solid and soft media prepara-
tion, agar was added to a final concentration of 1.5 and
0.5%, respectively.

Multilocus sequence analysis

The housekeeping genes gltB, lepA and recA and 16S rRNA
fragment were PCR-amplified, sequenced and analysed
according to Estrada-de los Santos et al. [41]. The atpD
gene was also PCR-amplified as described by Baldwin et al.
[42], and included in this analysis.

Plant beneficial activities

The B. cenocepacia strains were tested for siderophore pro-
duction, phosphate solubilization, and growth on phenol, as
previously described [39]. Paraburkholderia xenovorans
LB400T was used as a positive control.

Transmissibility marker gene detection

The presence of cblA and esmR genes, two transmissibility
marker genes associated with B. cenocepacia epidemic
strains, was investigated using the specific primers CBL1/
CBL2 and BCESM1/BCESM2 following the PCR conditions
previously described [43, 44].

Antimicrobial activity assays

The ability to produce antimicrobial compounds was
detected using the double-layer agar technique for bacteria
and yeast as described previously [45]. Briefly, B. cenocepa-
cia TAtl-371 and J2315T were spotted (2 µl volume) on
PDA at 30 �C for 72 h. Next, plates were exposed to chloro-
form vapours and overlaid with soft agar medium seeded
with the respective bacteria or yeast strains to be tested.
Antimicrobial activity was reported as an inhibition zone
around the B. cenocepacia TAtl-371 and J2315T colonies.
For fungi, cylinders of 5mm carrying mycelial growth were
cut from 10-day-old cultures on PDA and placed in the cen-
tre of a fresh PDA plate. At 8 equidistant points to the fun-
gal cylinder, 5 µl volumes of B. cenocepacia cells grown to
OD600 0.1 were inoculated. The plates were incubated for 2
to 3 days at 29 �C and measured inhibition zones [46].

Antimicrobial production in batch cultures

TAtl-371 and J2315T strains were grown in aerated 400ml
PDB batch cultures for 72 h at 30 �C. The supernatant frac-
tion was recovered by centrifugation (2722 g for 30min at
4 �C) and 200ml were frozen for 72 h, at �20 �C. Lyophili-
zation was performed for 3 days or until the supernatant
was completely dry. The resulting powder was rehydrated
with 5ml of distilled water thus concentrating 40 times.
Drops of 10 µl were placed on PDA plates overlaid with soft
PDA inoculated with the strains of interest.

Effect of temperature, pH, chemicals and enzymes
on antimicrobial activity

Various temperatures, pH values, chemicals and enzymes
were tested for their effects on the antimicrobial activity of
the culture concentrated supernatant of strain TAtl-371. For
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Table 1. Antimicrobial activity spectrum of Burkholderia cenocepacia TAtl-371 and J2315T on agar plates and TAtl-371 supernatant

Susceptibility tested strain Burkholderia cenocepacia Inhibition by TAtl-371 lyophilized batch culture supernatant

J2315T TAtl-371

Clinically important bacteria

Acinetobacter baumannii ATCC BAA-747* � + �

Pseudomonas aeruginosa PAO1 � + �

Staphylococcus aureus 55C1 + + +

Burkholderia cepacia complex

B. ambifaria

LMG 17828 � + �

LMG 17829 � + �

LMG 19182T � + �

LMG 19466 � + +

LMG 19467 � � ND

MEX-5 � + �

B. anthina

LMG 20980T � + ND

LMG 20983 � + ND

B. arboris

LMG 24066T + + +

R-132 + + +

B. cenocepacia

LMG 19230 � + �

LMG 18863 � + �

LMG 18824 � + ND

LMG 16659 � + �

LMG 21462 + + �

LMG 6986 � � �

LMG 18829 + + ND

LMG 18828 � + �

LMG 18827 + + +

LMG 24506 � + +

LMG 18826 + + ND

B. cepacia

LMG 1222T* � � ND

LMG 18821 � + ND

B. contaminans

LMG 16227 � + +

R-12710 � + ND

B. dolosa

LMG 18943T* + + +

LMG 18941 + + �

B. diffusa

LMG 24065T � + +

LMG 24266 � + +

B. lata

LMG 6992 � + ND

R-9940 � + ND

B. latens

LMG 24064T � + �

LMG 24264 � + ND

R-11768 + + +

B. metallica

LMG 24068T � + �
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Table 1. cont.

Susceptibility tested strain Burkholderia cenocepacia Inhibition by TAtl-371 lyophilized batch culture supernatant

J2315T TAtl-371

R-2712 � + �

B. multivorans

LMG 13010T* + + �

LMG 18825 � � ND

B. pyrrocinia

LMG 14191T + + +

LMG 21824 � � ND

B. seminalis

LMG 24067T + + ND

LMG 24272 � � ND

B. stabilis

LMG 14294T + + �

LMG 14086 + + �

B. vietnamiensis

LMG 10929T � � ND

LMG 18835 � � ND

B. ubonensis

LMG 20358T � + ND

LMG 24263 � + �

Non-Burkholderia cepacia complex

B. glumae

LMG 2196T + + +

1277 + + +

B. gladioli LMG 2216T + + +

Paraburkholderia

P. phenazinium LMG 2247T � + +

P. phymatum LMG 21445T � + �

P. tuberum LGM 21444T � + +

P. unamae MTl-641T � � ND

P. xenovorans LB 400T � + �

Cupriavidus

C. gilardii LMG 5886T � + +

C. metallidurans LMG 1195T � + +

C. numazuensis LMG 26411T � + �

C. plantarum LMG 26296T � + +

C. taiwanensis LMG 19424T � + +

Enterobacteriaceae

Escherichia coli

DH5a � � ND

GM33 � � ND

JM110 � + �

Raoultella planticola ATCC 33531T � + �

R. terrigena ATCC 33257T � + +

Salmonella Typhimurium

LT2 + + �

ATCC 13311* + + +

ATCC 14028* + + �

S. Typhi ATCC 6539 + + �

Tatumella citrea LMG 22049T + + +

T. ptyseos H36T + + �

T. punctata LMG 22050T + + +
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analysis of thermal stability, the sample was exposed to tem-
peratures ranging from 30 to 100 �C for 1 and 2 h. The effect
of pH values between 1.0 to 13.0 was investigated by adjust-
ing the supernatant with different 1� buffers: a glycine-HCl
buffer for ranges of pH 1.0–3.0; an acetate-based buffer for
pH 4.0–5.0; a citric acid-phosphate buffer for pH 6.0–7.0; a
Tris-HCl buffer for pH 8–9; a glycine-NaOH buffer for pH
10.0–12.0; and a KCl-NaOH buffer for pH 13.0 [47]. The
pH stability was determined by an overnight incubation of
the fraction in the appropriate 1� buffer at different pH val-
ues at 4 �C. After, the pH of the fraction was restored by
adding the appropriate 2� or 3� buffer (glycine-HCl or cit-
ric acid phosphate). The given pH in this later step was
adjusted to the one observed for the supernatant at the end
of the incubation period for strains TAtl-371 and J2315T

cultures, pH 3.0 and 6.0, respectively. The effect of chemi-
cals was determined by incubating the supernatant at 25 �C
for 1 h with the following: water, dimethyl sulfoxide, aceto-
nitrile, benzyl alcohol, methanol, ethanol, acetone, propa-
nol, butanol, ethyl acetate, chloroform, benzene, ethyl
benzene, xylene and trichloroethylene (10% v/v). The pro-
teolytic enzymes tested were pepsin, pancreatin, lysozyme,
proteinase K, commercial Streptomyces griseus protease,
peptidase and lipase (Sigma-Aldrich). These enzymes were
tested at working concentrations of 10 and 20 mg ml�1 at
37 �C for 1 and 2 h. Media served as a negative control for
antimicrobial activity, lyophilized non-inoculated PDB was

used instead of the culture supernatant. After all the treat-
ments, the antibacterial activity of the culture supernatant
was tested by placing 100 µl drops on PDA and overlaying it
with soft medium inoculated with T. terrea SHS 2008T.

Reversed-phase high-performance liquid
chromatography

The culture supernatant, fractions and purified compounds
were analysed by RP-HPLC using a C18 column (4.6 by
250mm) fitted to a Perkin Elmer HPLC system with a Per-
kin Elmer Flexar PDA Plus LC detector. Analysis of the
chromatogram was performed using CHROMERA software.
The mobile phase was composed of 0.1% trifluoroacetic
acid (A) and methanol (B). A 30min gradient from 90 : 10
to 20 : 80 (A:B) was used. Absorbance of the effluent was
monitored at 280 nm.

B. cenocepacia TAtl-371 genome analysis

The draft genome of B. cenocepacia TAtl-371 was generated
at the Department of Energy-Joint Genome Institute (DOE-
JGI) using the Pacific Bioscienc (PacBio) sequencing tech-
nology [48] and deposited in The European Nucleotide
Archive database (SAMN05443026) and the National
Center of Biotechnology Information (NCBI) database (Bio-
Project PRNJA332745) (Rojas-Rojas et al. in revision).
Genes or proteins related to (the biosynthesis of) antimicro-
bial compounds were identified using the antiSMASH

Table 1. cont.

Susceptibility tested strain Burkholderia cenocepacia Inhibition by TAtl-371 lyophilized batch culture supernatant

J2315T TAtl-371

T. terrae SHS 2008T + + +

Phytopathogenic bacteria

Agrobacterium tumefaciens AGJI-04 � + +

P. savastanoi pv. phaseolicola PSRF-01 � + +

Ralstonia solanacearum

LMG 2299T � + �

LMG 2300 + + +

Robbsia andropogonis � + +

Xanthomonas axonopodis pv. phaseoli XHFR-02 � + +

Clinically important yeast

Candida albicans

ATCC 10231 � + +

30 � + +

C. glabrata

CBS 138 � + �

43 � + +

Phytopathogen fungi and oomycetes

Phytophthora sp. PTCA-14 � + +

Pythium sp. PYFR-14 � + +

Rhizoctonia sp. RHCH-14 � + +

*Multidrug-resistant micro-organism. ND, not determined. The antimicrobial activity of both strains was tested on PDA after the growth of the pro-

ducer strain for 72 h using the double-layer technique.

ATCC, American Type Culture Collection. LMG, BCCM/LMG Belgian Co-ordinated Collections of Micro-organisms.
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platform for secondary metabolite biosynthesis [49] and
probabilistic profile hidden Markov models using HMMER
(http://hmmer.org) to detect remote homologues to protein-
aceous antimicrobial compounds using different profile
databases of bacteriocin and enzyme sequences. Compara-
tive genomics analysis using TAtl-371 and J2315T genomes
was performed with progressiveMAUVE (http://darlinglab.
org/mauve/mauve.html) [50] to identify loss or gain of
genes between both strains.

Antibacterial activity in iron-deficient and iron-
sufficient conditions

Antibacterial activity of B. cenocepacia TAtl-371 was tested
under iron-deficient and iron-sufficient (50 and 100 µM
Fe3+) conditions against all strains sensitive to TAtl-371
(Table 1). Iron-deficient and iron-sufficient PDA plates
were prepared as previously reported [51] using a method
adapted from the CAS [52] with a CAS solution without
Fe3+ to prepare CAS plates. Antagonism was tested follow-
ing the protocol described above.

Cloning, expression, purification and activity of
bacteriocin LlpA

B. cenocepacia TAtl-371 llpA genes were amplified by PCR
Q5 High-Fidelity DNA Polymerase (New England BioLabs),
using a C100 Thermal Cycler (Bio-Rad). The amplification
of the llpA88 bacteriocin gene was performed using primers
FURR0001 (5¢TTGCTAcatatgAAGATCCTTGGCTCAAAT
GAAACA3¢) with NdeI restriction site (marked with small
letters) and FURR0002 (5¢TTGCTActcgagTCAGAAG
GCGGCACCC3¢) with XhoI. PCR products were purified
using the GeneElute PCR Clean-Up Kit (Sigma), digested
with NdeI and XhoI (New England BioLabs), ligated in
pET15b with T4 DNA ligase (Invitrogen) and transformed
into E. coli DH5a. Restriction and ligase enzymes were used
according to the supplier’s specifications. Preparation of
competent E. coli cells and heat shock transformation were
performed according to standard methods [53]. Transform-
ants were verified for the presence of an insert by colony
PCR using the appropriate primers. The confirmed plasmid
(pET15_llpA88) was purified and sequenced using primers
PGPRB-5104 and PGPRB-5105 [19] at GATC Biotech
(Constance, Germany). Plasmids with inserts were used to
transform E. coli BL21 (DE3) chemically competent cells.
Induction of expression, lysis of harvested cells by mechanic
breakdown from E. coli BL21 (DE3) carrying expression
constructs pET15_llpA88 have been described previously
[54]. The protein concentration of the free cell protein
extract was measured using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific). Recombinant protein LlpA88
was purified by nickel affinity chromatography, using an
Äkta Purifier (GE Healthcare Life Sciences) with a 5ml His-
Trap column as described previously [19]. The Bcc strains
sensitive to B. cenocepacia TAtl-371 were inoculated on
10ml of soft LB agar and a 10 µl spot of purified recombi-
nant LlpA88 (1mgml�1) was applied. Dialysis buffer (NaCl
200mM, TRIS 20mM; pH 7.5) was used as a negative

control. Plates were incubated at 37 �C and scored for the
presence of halo the following day.

Sequential solvent fractionation and purification of
secondary metabolites with antibacterial activity

Purification of secondary metabolites with antibacterial
activity was performed by sequential solvent fractionation
as follows. B. cenocepacia TAtl-371 culture supernatant was
lyophilized and rehydrated with 5% of its initial volume
and then extracted with hexane (HEX), dichloromethane
(DCM) and ethyl acetate (EtOAc). Each step of the extrac-
tion was performed three times with individual batches and
combined into one fraction to be concentrated on a rotary
evaporator. Concentrated fractions were dissolved in meth-
anol, spotted on agar plates and overlaid with T. terrea SHS
2008T for evaluation of antibacterial activity. The active
fraction was analysed by TLC on silica 60 plates, using
HEX:EtOAc as a mobile phase (50 : 50 v/v), followed by UV
detection at 254 and 365 nm. Compounds were separated
and purified on a silica gel (70–230 mesh) column using
TLC conditions. Active extract and purified compounds
were analysed by reversed-phase high-performance liquid
chromatography (RP-HPLC) as described above. The active
peak, designated as compound 1, was tested with all sensi-
tive strains spotting 10–20 µg and using the double-layer
technique.

Mass spectrometry

The accurate molecular mass of compound 1 was obtained
using an electrospray ionization time-of-flight mass spec-
trometry (ESI-TOF-MS) high accuracy method at the
SCRIPPS Center of Metabolomics (https://masspec.scripps.
edu/).

RESULTS

Bacterial identification and plant-beneficial
activities

Strain TAtl-371 was originally identified as B. unamae [39],
but the newly analysed 16S rRNA sequence was highly simi-
lar (>97%) to that of the Bcc (data not shown). To ascertain
the identity of this strain, a MLSA was carried out. The
maximum likelihood tree positioned strain TAtl-371
together with B. cenocepacia (Fig. S1, available in the online
version of this article). The strain was originally character-
ized as a plant growth promoting rhizobacterium (PGPR)
[39], and these traits were re-tested. Strong siderophore
production and weak phosphate solubilization by strain
TAtl-371 were observed (Fig. S2). These traits were less pro-
nounced for B. cenocepacia J2315T, the type strain of the
species. The TAtl-371 phenotypes are in agreement with the
previous report. However, the ability to fix nitrogen could
not be confirmed; strain TAtl-371 grew on semisolid N-free
medium but it did not reduce acetylene to ethylene in nitro-
gen fixation experiments (data not shown). Strain TAtl-371
was also able to grow on phenol as the sole carbon source,
as reported previously.
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Antimicrobial spectrum of B. cenocepacia TAtl-371

The antibacterial and antifungal activities of B. cenocepacia
TAtl-371 and J2315T were tested on PDA plates after 72 h
with several bacterial and fungal strains (Fig. 1, Table 1).
Both strains inhibited the growth of several Gram-negative
bacteria, including Bcc species from cystic fibrosis patients
such as Burkholderia arboris, B. cenocepacia, Burkholderia
dolosa, Burkholderia latens, Burkholderia multivorans,
B. pyrrocinia, Burkholderia seminalis and Burkholderia sta-
bilis. Also, Staphylococcus aureus, Salmonella Typhimurium,
Salmonella Typhi, the rice pathogen Burkholderia glumae,
the soil species Tatumella terrea, the clinical species Tatu-
mella ptyseos, and also the phytopathogen Ralstonia solana-
cearum were inhibited. Strain TAtl-371 showed a
significantly wider inhibitory spectrum than strain J2315T.
For example, beside the strains inhibited by both strains,
TAtl-371 also inhibited the multidrug-resistant pathogens
Acinetobacter baumannii and Pseudomonas aeruginosa
(Gammaproteobacteria), the Bcc species B. ambifaria, B.
anthina, B. cepacia, B. contaminans, Burkholderia diffusa,
Burkholderia lata, B. metallica and B. ubonensis, as well as
other members of the Betaproteobacteria (Paraburkholderia,
Cupriavidus) and Gammaproteobacteria (Raoultella planti-
cola, E. coli). The TAtl-371 antagonistic spectrum also com-
prised the phytopathogenic species Agrobacterium
tumefaciens (Alphaproteobacteria), R. andropogonis (Beta-
proteobacteria), Xanthomonas axonopodis pv. phaseoli and
Pseudomonas savastanoi pv. phaseolicola (Gammaproteo-
bacteria) were also negatively affected. Moreover, B. cenoce-
pacia TAtl-371 inhibited the growth of fluconazole-resistant
yeasts Candida albicans 30 and Candida glabrata 43, as well
as the phytopathogenic oomycetes Phytophthora sp. PTCA-
14 and Pythium sp. PYFR-14and the basidiomycete Rhizoc-
tonia sp. RHCH-14. These results demonstrate the remark-
able ability of B. cenocepacia TAtl-371 to inhibit several
clinically and agriculturally important micro-organisms.

To characterize the antimicrobial activities of B. cenocepacia
TAtl-371 grown in liquid medium, lyophilized supernatant
was obtained and drops from 10 to 100 µl were used to test
antimicrobial activity against the sensitive strains. Interest-
ingly, several bacteria were no longer sensitive to concen-
trated TAtl-371 supernatant: A. baumannii, P. aeruginosa,
some strains of different Bcc species such as B. ambifaria,
B. cenocepacia, B. dolosa, B. latens, B. metallica, B. multivor-
ans B. stabilis and B. ubonensis, non-Bcc species Parabur-
kholderia phymatum, P. xenovorans, and other genera like
Cupriavidus numazuensis, E. coli, R. planticola, S. Thyphi
and S. Typhimurium, T. ptyseos, R. solanacearum and
C. glabrata (Table 1). These data suggested that the antimi-
crobial activity of B. cenocepacia TAtl-371 might result
from different compounds of which some could only be
produced in solid media.

Physicochemical properties of the antimicrobial
activity of TAtl-371 concentrated supernatant

T. terrea SHS 2008T was the strain most sensitive to TAtl-
371 and selected as an indicator strain to further

characterize the corresponding antimicrobial activity pres-
ent in the concentrated supernatant. The activity in the
supernatant was capable of inhibiting T. terrea SHS 2008T

after boiling for 2 h (Fig. 2A). Interestingly, the antibacterial
activity was even only slightly reduced when the TAtl-371
supernatant was autoclaved (121 �C, 15 psi for 15min) (data
not shown). The B. cenocepacia TAtl-371 culture superna-
tant was active over a wide pH range, from 1 to 11 (Fig. 2B).
The activity was preserved after an overnight exposure to
pH values between 1.0 and 13.0, and then being readjusted
to pH 3.0, corresponding to the pH of the TAtl-371 strain
culture at the end of the incubation period. Moreover, the
antibacterial activity was stable even after mixing the super-
natant with solvents of different polarities or with 2-mer-
captoethanol (data not shown). A diminished antimicrobial
activity was observed in the B. cenocepacia TAtl-371 super-
natant after treatment with 20 mg ml�1 peptidase for 1 h,
suggesting the presence of some proteinaceous compounds.
Taken together, the data strongly suggest that the anti-Tatu-
mella activity of the TAtl-371 culture supernatant is linked
to one or more thermally and chemically stable compound
(s). Additionally, it is likely that some of the inhibitory
activity is of a proteinaceous nature.

Genes encoding antimicrobial compounds in
B. cenocepacia TAtl-371 genome

While this project was in progress, the final draft genome of
the TAtl-371 strain was obtained (Rojas-Rojas et al. in revi-
sion) and screened for genes coding for potential antimicro-
bial compounds. Through homology searches genes linked
to the biosynthesis of a non-ribosomal peptide (NRP), side-
rophores, chitinases and bacteriocins were identified. In this
regard, a cluster of 15 genes likely responsible for the NRP
siderophore ornibactin was found in chromosome 1. Addi-
tionally, a cluster of eight genes related to the hydroxamate
siderophore pyochelin was also found in the same genetic
element. These clusters have been reported in more than 40
genomes of different Burkholderia strains including B. ceno-
cepacia J2315T [38]. Moreover, two genes encoding lectin-
like bacteriocins (LlpA) were also found (llpA87 and
llpA88). Also, a gene cluster encodes a tailocin present in
the TAtl-371 genome (scaffold 1). Finally, two genes encod-
ing chitinases were found: one on the larger scaffold and
one on the medium-sized scaffold.

The genes coding for the siderophores, chitinases and
phage-tail-like bacteriocin were found in the genomes of
both TAtl-371 and J2315T. The genes coding for LlpA bac-
teriocins on TAtl-371 genome, however, are located in a
gene block that is not present on J2315T. The block contains
also four hypothetical proteins, a methyl transferase and an
integrase in a fragment of 7.1 Kbp. The block is only present
in other B. cenocepacia strains, namely MC0-3, CR318,
HI2424, AU1054, FL-5-3-30-S1-D7 and VC12802. Taken
together these searches showed that TAtl-371 encodes mul-
tiple genes with potential antimicrobial activity and some of
these are not common within the species.
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Fig. 1. Growth inhibition of bacteria, fungi, and oomycetes by Burkholderia cenocepacia TAtl-371 and J2315T. (A) Antagonism of B. cen-

ocepacia J2315T and TAtl-371 against bacteria. A colony of B. cenocepacia TAtl-371 (on the left of each plate) and J2315T (on the right

of each plate) was overlayed with soft agar seeded with the indicator strains: (a) Acinetobacter baumanni ATCC BAA-007; (b) A. bau-

manni ATCC BAA-747; (c) Burkholderia multivorans LMG 13010T; (d) Burkholderia dolosa LMG 18943T; (e) Staphylococcus aureus 55C1; (f)

Salmonella Typhimurium LT2; (g) Agrobacterium tumefaciens, AGJI-04; (h) Robbsia andropogonis LMG 2129T; (i) Burkholderia glumae

LMG 2196T; (j) Ralstonia solanacearum LMG 2299T; (k) Tatumella terrea SHS 2008T; (l) Tatumella ptyseous H36T; (m) Pseudomonas aeru-

ginosa PAO1; (n) Candida albicans 30; (o) Candida glabrata 43. (B) Antagonism of B. cenocepacia J2315T and TAtl-371 against phytopath-

ogenic basidiomycete Rhizoctonia sp. and the oomycetes Pythium sp., Phytophthora sp.
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Antimicrobial activity in iron-deficient and iron-
sufficient condition

The siderophores’ ornibactin and pyochelin production was
identified in the TAtl-371 genome. Given that antimicrobial
activity has been reported for several siderophores [55], we
decided to study the involvement of these compounds in
the antimicrobial activity of TAtl-371. PDA plates with dif-
ferent Fe3+ concentrations were used for these experiments.
First, we confirmed that the production of siderophores is
modified by variation in the concentration of Fe3+ using a
method adapted from the Chrome Azurol S (CAS) assay
[52]. Siderophore production-associated halos on PDA and
PDA without Fe3+ (hydroxyquinoline-treated) were not sig-
nificantly different (Fig. S3) demonstrated that some Fe3+

remained on the PDA plates. However, after hydroxyquino-
line treatment and the addition of 50 and 100 µM Fe3+ the
siderophore production was clearly reduced (Fig. S3). A sig-
nificant difference in antagonism was identified for only
two micro-organisms. Inhibition of P. phenazinium LMG
2247T and C. glabrata 43 was decreased at both 50 and
100 µM Fe3+ (Fig. 3). This result suggests that siderophore
production of TAtl-371 contributes to the inhibition of both
species.

Antagonism by bacteriocin LlpA

To enable testing the potential antibacterial activity of TAtl-
371 LlpA bacteriocins, heterologous expression in E. coli
was performed. The B. cenocepacia TAtl-371 gene encoding
llpA88 was cloned into pET15b and strain E. coli BL21
pET15_llpA88 was obtained. Expression of the 30 kDa pro-
tein was detected for E. coli BL21 pET15_llpA88 after IPTG
induction. The same methodology was followed for llpA87
but its expression was not observed (data not shown). After
recombinant protein purification, bacteriocin activity of
LlpA88 was assayed applying spots of purified protein on
indicator-seeded agar plates to visualize growth inhibition
as a halo formed in a confluent lawn of bacterial target cells.

Among the tested strains of Bcc species, only nine were sen-
sitive to LlpA88 (Table 2). Also, other Burkholderia, Para-
burkholderia, Cupriavidus, Rasltonia, Pseudomonas and
Xanthomonas species were negative (data not shown).

Identification of an antimicrobial compound purified
from the TAtl-371 culture supernatant

In order to identify additional antimicrobial compounds,
present in the culture supernatant of TAtl-371, the superna-
tant concentrated by lyophilization was analysed by RP-
HPLC. The resulting chromatographic pattern showed the
presence of a predominant peak signal with a retention time
of 3.01min (Fig. 4A). This peak was collected, lyophilized
and tested for antagonism showing antimicrobial activity
against T. terrea SHS2008T. After a sequential solvent frac-
tionation of the lyophilized culture supernatant, only the
DCM extract had antimicrobial activity against T. terrea
SHS2008T, indicating that the antimicrobial compound(s)
had been fractionated from the original culture supernatant.
This solvent extract was analysed by RP-HPLC and the pre-
dominant peak signal found was to be the same as that
observed on the original lyophilized culture supernatant
(Fig. 4A). Further purification of the DCM extract led to the
isolation of a compound, named compound 1, which was
only active against T. terrea SHS2008T (Fig. 4B). ESI-TOF-
MS analysis in the positive ion mode exhibited an intense
[M+H]+ ion at m/z 391.2845 for compound 1 (Fig. S4).

DISCUSSION

Bacteria from the genus Burkholderia are ubiquitous, and
some species act as human, animal or plant pathogens,
whereas others are opportunistic pathogens, e.g. many
members of the Bcc. As a result of their metabolic versatil-
ity, Burkholderia species secrete numerous metabolites,
including antimicrobial compounds [7]. A significant
amount of information related to the production of antimi-
crobial compounds synthesized by Bcc species and also by

Fig. 2. Effects of temperature and pH on the antibacterial activity of the culture supernatant from Burkholderia cenocepacia TAtl-371

against Tatumella terrea SHS 2008T. (A) Temperature effect on the B. cenocepacia TAtl-371 culture supernatant. Samples were exposed

to the indicated temperatures for 1 h (black bars) or 2 h (hatched bars). The white bar indicates activity for the control samples. (B)

Activity on different pH ( ) and stability to pH changes ( ).
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the B. pseudomallei group exists. Bioinformatics analysis
have demonstrated the presence of different gene clusters
for antimicrobials in Burkholderia genomes. However, the
majority of the studies have focused on the activity of a spe-
cific type of compound for individual strains. Hence, the
aim of this study was to describe the antagonistic perfor-
mance of an environmental B. cenocepacia strain, and to
characterize multiple compounds involved in antimicrobial
activity.

Bacteria in the Bcc are reported to synthesize antimicrobial
compounds [38], but most studies have focused on clinical
strains and, to the best of our knowledge, not on environ-
mental isolates. We tested several environmental isolates
from our in-house Burkholderia collection, first selecting
B. cenocepacia TAtl-371. Strain TAtl-371 was originally
identified as B. unamae and characterized as PGPR [39].
However, the MLSA revealed that this strain belongs to the
species B. cenocepacia. Despite being identified as a member
of the Bcc, strain TAtl-371 does not contain the cblA and
esmR genes, two transmissibility factors associated with the
highly transmissible epidemic strains of B. cenocepacia (data
not shown), suggesting that strain TAtl-371 is unlikely to be
pathogenic.

This strain exhibited a remarkable broad range of antimi-
crobial activity against clinically and agronomical important
micro-organisms, including opportunistic pathogens, plant
pathogens, environmental isolates and even some human
pathogenic yeasts and phytopathogenic fungi and oomy-
cetes. We observed that B. cenocepacia antimicrobial activity

was strain-dependent, e.g. the antagonistic spectra of the
TAtl-371 and J2315T strains differed. More bacterial strains
and fungi were sensitive to TAtl-371. Recently, a lectin-like
bacteriocin was described in B. cenocepacia AU1054 [19].
The authors reported that the expressed LlpA has a genus-
specific, narrow-spectrum activity, contrary to what is
shown with strain TAtl-371. A previous study performed
with several Bcc strains showed activity especially from the
B. cenocepacia isolates, against a strain of S. aureus and one
of C. albicans, but showed no activity against P. aeruginosa
[28], which contrasts with our results. Although B. cepacia,
B. contaminans and B. ambifaria inhibit phytopathogenic
fungi and oomycetes [56], B. cenocepacia TAtl-371 inhibits
a different group of phytopathogenic fungi, namely Rhizoc-
tonia sp. and the oomycete Pythium sp. and Phytophthora
sp. We did not find any reports on the inhibition of
A. tumefaciens, R. andropogonis, B. glumae, R. solanacearum
and X. axonopodis by other B. cenocepacia strains, suscepti-
ble bacteria belonging to different phylogenetic clades.
Thus, B. cenocepacia TAtl-371 most likely synthesizes a dif-
ferent array of antimicrobial compounds than those
described for other Burkholderia species.

With regard to the activity on pathogenic yeasts, our results
showed that the TAtl-371 strain inhibits the growth of both
C. albicans and C. glabrata. These species are important in
nosocomial infections worldwide [57, 58]. C. albicans
growth inhibition has been documented for a B. cenocepacia
strain [28], but an effect on C. glabrata has not been
reported. Not many antifungal compounds are available for
therapeutic use because several have negative effects on

Fig. 3. Inhibition of Burkholderia cenocepacia TAtl-371 on PDA plates with different concentrations of Fe3+. (A) antagonism against Par-

aburkholderia phenazinium LMG 2247T. (B) antagonism against Candida glabrata 43. The experiments were performed in triplicate and

halo sizes were measured (mm).
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mammalian cells. With increasing resistance of C. albicans
and C. glabrata strains to various antifungal drugs, it is criti-
cal to continue investigating compounds that could limit
the growth of these pathogens.

On the other hand, we found that peptidase treatment
reduced the antimicrobial activity, strongly suggesting that
some compound(s) in the supernatant fraction are of pro-
teinaceous nature. Prerequisites for potential biomedical
and biotechnological applications of antibacterial proteina-
ceous compounds include high stability to physical and
chemical factors [59]. High thermal stability has been
shown for such proteinaceous antibacterial compounds as
bacteriocins [60, 61], peptides [62] and lipopeptides [63].
From a biotechnological perspective, heat stability is a useful

characteristic during food preparation and preservation as
many food-processing methods require a heating step.
Additionally, the stability at different pH values suggests the
potential of B. cenocepacia TAtl-371 compounds to resist
the harsh intestinal environment, which could make them
useful as antibiotics. Similar features have been reported for
non-proteinaceous antibacterial compounds such as CF66I,
which is produced by B. cepacia CF-66 [64]. From our
results, we believe that B. cenocepacia TAtl-371 antibacterial
compounds have potential value. To determine their poten-
tial feasibility, the compounds should be purified and tested
for endurance at high temperature and extreme pH, in addi-
tion to their toxicity in cells and animals. In this context, we
tested haemolytic activity of strain TAtl-371 and its

Table 2. Antagonism of recombinant LlpA88 bacteriocin against the Burkholderia cepacia complex

Strain Recombinant

LlpA88*

Strain Recombinant

LlpA88*

B. cenocepacia B. latens

LMG 19230 + LMG 20358 �

LMG 18863 � LMG 24263 �

LMG 18824 � R-11768 �

LMG 16659 � LMG 24064T �

LMG 16656T � B. ambifaria

LMG 21462 � LMG 19467 �

LMG 6986 � LMG 26702 �

LMG 18829 � LMG 17828 +

LMG 18828 � LMG 17829 +

LMG 18827 � LMG 19182T +

LMG 24506 � LMG 19466 +

LMG 18826 � B. diffusa

B. cepacia LMG 24266 �

LMG 1222T � LMG 24065T �

B. multivorans B. arboris

LMG 13010T � LMG 24066T �

LMG 18825 � R-132 �

B. vietnamiensis B. seminalis

LMG 18835 � LMG 24272 �

LMG 10929T � LMG 24067T �

B. stabilis B. metallica

LMG 14086 � LMG 24068T +

LMG 14294T � R-2712 �

B. dolosa B. lata

LMG 18941 � LMG 6992 �

LMG 18943T � R-9940 �

B. anthina B. contaminans

LMG 20983 � R-12710 +

LMG 20980T + LMG 16227 +

B. pyrrocinia

LMG 21824 �

LMG 14191T �

An amount of 10 µl of purified recombinant LlpA at 1mgml�1 was spotted and overlaid with soft agar previously inoculated with the B. cepacia

complex strains.
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supernatant on blood agar plates. The output was negative
for both (data not shown), and this encourages us to con-
tinue the study of strain TAt-371, its antimicrobial activity
and its potential use in biotechnology.

The TAtl-371 genome analysis identified two gene clusters
encoding for the siderophores ornibactin and pyochelin.
Both siderophores have been reported to be involved in
antibacterial activity on B. paludis MSh1T [24] and B. con-
taminans MS14 [25], members of the Bcc. Siderophores are
secondary metabolites produced by micro-organisms to sur-
vive under iron-deficient conditions [65]. Antimicrobial
activity mediated by siderophores has been reported to
change in response to different concentrations of Fe3+ in
culture media [51]. Using different concentrations of Fe3+,
the inhibition decreased only with P. phenazinium LMG
2247T and C. glabrata 43. This shows that the broad antimi-
crobial activity of B. cenocepacia TAtl-371 is not solely due
to siderophore production, but siderophores contribute to
this activity.

The heterologous expression of LlpA88 encoded by the
TAtl-371 genome resulted in the inhibition of nine Bcc
strains. By contrast, these strains were not sensitive to
J2315T. Homologues of these genes have been reported in
strains of Pseudomonas [66–68], Burkholderia [19] and
Xanthomonas [67]. Heterologous expression and a similar
antagonistic spectrum was reported by Ghequire et al. in
2013 for a lectin-like bacteriocin identical to LlpA88

encoded by the B. cenocepacia AU1054 genome [19]. Inter-
estingly, most of LlpA88-sensitive strains belong to the
species B. ambifaria, and thus further experiments are in
progress in order to identify the mode of action of this bac-
teriocin on B. ambifaria. In Pseudomonas this bacteriocin
was shown to use the essential outer-membrane protein
BamA as a target (Ghequire et al. 2018, in press), though it
remains unclear whether this is the case for Burkholderia
LlpA(s) as well.

A tailocin was found to be encoded on a gene cluster in scaf-
fold 1 of the TAtl-371 genome. This gene cluster is widely
distributed in Burkholderia and other genera. This com-
pound was purified from the culture supernatant of
B. cenocepacia BC0425 and showed activity against Bcc,
non-Bcc strains and P. aeruginosa PAO1 and derivatives
[69]. Also, the tailocin showed activity when exposed at
50 �C for 1 h and lost activity at 80 �C for 1 h and at 100 �C
for 3min. A similar thermal treatment was applied on the
TAtl-371 lyophilized culture supernatant. However, activity
persisted against all sensitive strains indicated in Table 1,
suggesting that the antagonism observed on the TAtl-371
culture supernatant is not completely given by the tailocin,
if this compound is expressed since by SDS-PAGE the tailo-
cin is not detected in the supernatant of the TAtl-371 strain
as it was reported previously for B. cenocepacia BC0425
[69]. In B. gladioli, one of the proteins of this gene cluster
was reported to act as a T3SS effector with a broad-

Fig. 4. Analysis by RP-HPLC and antimicrobial activity of B. cenocepacia TAtl-371 batch culture supernatant, DCM (dichloromethane)

extract and purified compound 1. (A) RP-HPLC chromatogram. (B) activity of (i) dichloromethane fraction; (ii) batch culture supernatant

and (iii) purified compound 1 on Tatumella terrea SHS2008T
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spectrum antifungal activity [70]. However, no similar pro-
teins where found in the TAtl-371 culture supernatant.

Chitinases have been reported and characterized mainly in
strains of B. gladioli [71, 72], but only one chitinase has
been characterized in the Bcc [73]. Although two chitinase-
encoding genes were identified in the TAtl-371 genome, no
chitinolytic activity was detected in culture supernants of
PDB, or other media designed to induced chitinases expres-
sion (data not shown), suggesting that TAtl-371 chitinase
genes are not involved in the antifungal activity observed
against R. solani.

Attempts to isolate the antagonistic compound derived in
the purification of compound 1, which only has anti-T. ter-
rea activity. The determination of the molecular mass of
compound 1 showed that the same molecular mass has not
been verified to be produced by any Burkholderia species,
suggesting a new molecule produced by Bcc. Nuclear mag-
netic resonance spectroscopy experiments and knock out
mutagenesis are underway to reveal the chemical structure
of compound 1 and the genes involved in the production of
this compound. Elucidation of the chemical nature of this
potentially novel compound and the knock out mutants will
be instrumental to identify the corresponding biosynthetic
gene(s).

Conclusions

B. cenocepacia TAtl-371 displays the broadest antimicrobial
spectrum reported so far amongst the Bcc species. The char-
acterization of the antibacterial compounds suggests that
the compound(s) preserve its/their structure and function
even under extreme conditions, making them useful for bio-
medical and biotechnological applications. Siderophores are
involved in the inhibition of some bacteria, and the lectin-
like bacteriocin is related to the inhibition of some Bcc
strains. However, the spectrum goes beyond those com-
pounds suggesting that more substances are involved in the
inhibition activity.
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