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   Abstract. Species of genus Burkholderia display different interaction profiles in the
environment, causing either several diseases in plants and animals or being bene-
ficial to some plants, promoting their growth, and suppressing phytopathogens.
Burkholderia spp. also produce many types of biomolecules with antimicrobial activ-
ity, which may be commercially used to protect crops of economic interest, mainly
against fungal diseases. Herein we have applied matrix-assisted laser desorption/
ionization mass spectrometry imaging (MALDI-MSI) to investigate secondary metab-
olites produced by B. seminalis TC3.4.2R3 in monoculture and coculture with plant
pathogen Fusarium oxysporum. The siderophore pyochelin and the rhamnolipid
Rha-Rha-C15-C14 were detected in wild-type B. seminalis strain, and their produc-

tions were found to vary in mutant strains carrying disruptions in gene clusters associated with antimicrobial
compounds. Two mycotoxins were detected in F. oxysporum. During coculture with B. seminalis, metabolites
probably related to defense mechanisms of these microorganisms were observed in the interspecies interaction
zone. Our findings demonstrate the effective application of MALDI-MSI in the detection of bioactive molecules
involved in the defensemechanism ofB. seminalis, and these findings suggest the potential use of this bacterium
in the biocontrol of plant diseases caused by F. oxysporum.
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Introduction

Current insights into microbial interactions in the environ-
ment have emerged from model studies with crop plant

species, based on the species abundance and functional
metagenomics. However, over the past years, the molecular
features related to microbial interactions have attracted interest,
allowing the identification of new molecules related to micro-
bial interaction and also the use in applied sciences [1]. Rhizo-
sphere microorganisms are ideal as biocontrol agents for pro-
viding a front line defense for roots against pathogen attack [2,
3]. This defense can occur through several mechanisms such as

competition for nutrients, parasitism, induced systemic resis-
tance, or the release of biologically active secondary metabo-
lites (antibiosis) [4].

Species of Burkholderia spp. have shown great potential in
disease suppression and bioremediation by antimicrobial metabo-
lite production [5–7]. The antagonism of Burkholderia spp. main-
ly against phytopathogenic fungi and oomycetes is well
established [8–11], and several secondary metabolites have been
characterized such as pyrrolnitrin [12], phenazines [13],
cepacidines [14], lipopeptides [15], rhamnolipids [16],
cepaciamides A and B [17], siderophores [18], glidobactins [19,
20], altericidin [21], and 2-hydroxymethyl-chroman-4-one [22].

The B. seminalis strain TC3.4.2R3 has been isolated from
the surface of disinfected sugarcane roots, and was found to
present antagonism against plant pathogens Fusarium
verticiloides and Xanthomonas albilineans [23], and to sup-
press orchid necrosis caused by Burkholderia gladioli [7].
Although some genes related to this interaction have been
identified [7], the metabolites involved in this microbial
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interaction have remained unknown. Recently, matrix-assisted
laser desorption/ionization mass spectrometry imaging
(MALDI-MSI) has been introduced as an efficient tool to
screen the 2D spatial distribution of biomolecules involved in
metabolic exchanges during microbial interactions [24–26].
Such chemically selective imaging has led to advanced under-
standing of the chemical signaling processes, allowing simul-
taneous detection and spatial monitoring of multiple metabo-
lites. F. oxysporum is a fungus that causes diseases in several
crops of major agricultural interest such as bean, sugarcane
[27], and banana [28]. Herein we have applied MALDI-MSI to
spatially monitor and characterize secondary metabolites pro-
duced by B. seminalis TC3.4.2R3 in monocultures and cocul-
tures with F. oxysporum.

Experimental
Strains and Materials

The sugarcane root endophyte B. seminalis TC3.4.2R3 and the
phytopathogen F. oxysporum were obtained from Saccharum
officinarum and maintained in culture medium PDA (potato
dextrose agar, Difco). The TC3.4.2R3 mutants present a TN5
transposon inserted in the wcbE gene, which encode a glyco-
syltransferase [7].

The α-cyano-4-hydroxy-cinnamic acid (CHCA, 99%),
trifluoroacetic acid (TFA, 99%), acetonitrile (≥99.9%), and
methanol (≥99.9%) HPLC grade were purchased from
Sigma-Aldrich (Steinheim, Germany), conductive indium tin
oxide (ITO)-coated glass slides and peptide calibration stan-
dard II from Bruker Daltonics (Bremen, Germany).

Monoculture and Coculture of Microorganisms

Conductive indium tin oxide (ITO)-coated glass slides were
placed in a sterile Petri dish and deposited a thin film 0.5–
1.0 mm of PDAmedium (approximately 10 mL). On this plate,
0.5 μL of cell suspension of wild-type B. seminalis strain,
suspended in sterile water (1:1, m/v), was applied. After incu-
bation, theMALDI glass slide was removed from the Petri dish
and dehydrated in a desiccator under vacuum. The matrix
CHCA was prepared using 50% acetonitrile:water in 2.5%
trifluoroacetic acid, and then it was manually sprayed on the
slide using a glass sprinkler. An optical image was taken of the
slide before and after the matrix application. The slide was
supported in a MTP slide-adapter II (Bruker Daltonics, Bre-
men, Germany) and the target loaded into the MALDI-TOF
spectrometer (Supplementary Scheme S1). Wild and mutant
B. seminalis strains were analyzed by MALDI-MSI in growth
times of 24, 48, and 72 h. The MALDI glass slides of
F. oxysporum were prepared similarly and examined by
MALDI-MSI at 30 h of incubation. For coculture experiments,
cell suspension of B. seminalis was applied at 5 mm distance
from a F. oxysporum inoculum on MALDI glass slides con-
taining PDA medium placed in Petri dishes, inoculated in
biochemical oxygen demand (B.O.D.) incubator at 30 °C for

30 h. Similar experiments were developedwith mutants and the
fungus, and analyzed by MALDI-MSI (Supplementary
Scheme S1) [24].

MALDI-MSI Conditions

Slides containing the microorganisms were submitted to MSI
in the Autoflex Bruker Daltonics TOFmass spectrometer in the
positive ion reflector mode, with 200 μm laser intervals in XY,
controlled by FlexControl 3.3 software package (Bruker
Daltonics) using the RP_pepMix.par method. Data were ac-
quired in the AutoXecute command with accumulation in
parent mode on, and sum up to 600 satisfactory shots in 600
shots. Laser power was adjusted to 50% and voltage of the ion
source 1, ion source 2, lens, reflector 1, and reflector 2 were set
to 20.00, 17.47, 8.80, 22.00, and 10.10 kV, respectively. The
pulsed ion extraction timewas 30 ns, the suppression mass gate
was set tom/z 100, and the detector gain was 7. The processing
method used was FC_PepMix, which corresponds to a param-
eter set to pick picking, smoothing, and baseline subtract. The
calibration of the equipment was performed using peptide
calibration standard II and matrix ions. All MSI experiments
were performed in triplicate.

MALDI-MSI Data Processing

After acquisitions, datasets were analyzed by FlexImaging.
The resulting mass spectrum was filtered manually in 0.5–
1.0 Da increments by selecting ions of interest from the average
spectrum or from individual spectra, with individual colors
assigned to the specific masses. The spectra were internally
calibrated by matrix ions, and the images normalized using the
TIC mode.

Data Analysis Using SCiLS Lab

Image datasets were also analyzed using the software SCiLS
Lab (SCiLS GmbH, Bremen, Germany). The dataset was used
with minimal m/z value of 150–850 Da and interval width of
±0.2 Da, and submitted to the baseline removal, normalization
regarding total ion count (TIC), and peak alignment. The
datasets of wild-type B. seminalis and mutant strains were
compared by principal component analysis (PCA) applied to
the individual spectra [29].

Identification of Interest Compounds

For identification of ions detected by MALDI-MSI, MS/MS
data were obtained by direct analysis of the cells by MALDI-
MS/MS, or from extracts of each microorganism by
electrospray ionization coupled with Fourier-transform ion cy-
clotron resonance mass spectrometry (ESI-FT-ICR-MS, Ther-
mo Fisher Scientific Inc., Bremen, Germany) or electrospray
ionization coupled with quadrupole time-of-flight mass spec-
trometry (ESI-Q-TOF-MS, Agilent Technologies Inc., Santa
Clara, CA, USA). For MALDI-MS/MS analysis, B. seminalis
(wild-type and mutants) and F. oxysporum strains were grown
on PDA medium, in a B.O.D. incubator at 30 °C and 24 h.
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After this time, the microorganism cells were suspended in
sterile water (1:1, m/v). The suspensions (5 μL) of each micro-
organism were diluted in 100 μL sterile water and spotted
(1 μL) onto a steel target plate (MSP 96 polished-steel target;
Bruker Daltonics, Bremen, Germany), allowed to dry at room
temperature, and covered with the matrix solution (1 μL),
which consisted of CHCA dissolved in 50% acetonitrile and
2.5% trifluoroacetic acid. Subsequently, the droplet was
completely evaporated and the target loaded into the MALDI-
TOF mass spectrometer. For ESI-FT-ICR-MS or ESI-Q-TOF-
MS analyses, the extracts were prepared via cultivation of each
microorganism on PDAmedium, and small pieces of agar were
extracted with H2O:acetonitrile:TFA (50:50:2.5). ESI-FT-ICR-
MS conditions: MS and MS/MS spectra were acquired in a
LTQ FT Ultra 7 T mass spectrometer by direct infusion oper-
ating at a flow rate of 10 μl min-1, source voltage of 3.64 kV,
capillary temperature of 280 °C, and capillary and tube lens
voltages of 47.97 V and 134.73 V, respectively. The ions of
interest were isolated by linear ion trap and fragmented by
collision induced dissociation (CID) using collision energy at
15–45 eV. The data were acquired and processed using
Xcalibur 3.0.63 software. ESI-Q-TOF-MS conditions: a 6550
iFunnel Q-TOF LC/MS mass spectrometer was used by flow
injection analysis with injection volume of 5 μL, flow rate of
0.4 mL min–1, and elution with 50% of solvent B (solvent A =
water containing 0.1% of formic acid; solvent B = acetonitrile).
The capillary voltage was set at 3000 V, nozzle voltage of
320 V, gas temperature of 290 °C, pressure of nebulizer gas of
45 psig, sheath gas of 12 L min–1 and 350 °C, voltages of
Fragmentor and Octopole 1 rf Vp-p were 100 and 750 V,
respectively. Collision energy was used at 15–45 eV for frag-
mentation. The accurate m/z and fragmentation patterns were
compared with those reported in databases, such as MassBank
and METLIN, as well as in previous reports.

Results and Discussion
To determine spatial and temporal distributions of the secreted
metabolites, wild-type B. seminalis TC3.4.2R3 colonies were
submitted to MALDI-MSI after 24, 48, and 72 h of incubation.
After 24 h, many metabolites produced by the bacterium were
detected by MALDI-MSI (Supplementary Figure S1), and the
colony-localized ones could be differentiated from the diffus-
ible metabolites. Diffusible metabolites are of special interest
since they may have an important role in the antimicrobial
activity. Larger spatial distributions of diffuse metabolites were
observed as a function of incubation time. To better character-
ize these metabolites, a B. seminalis extract was analyzed by a
high accuracy and high resolution mass spectrometer, that is,
via ESI-FT-ICR-MS. For the ion of nominal m/z 325, the
accurate m/z 325.0672 (Supplementary Figure S2) determined
for the protonated molecule, as well as its dissociation pattern
accessed via ESI-FT-ICR-MS/MS experiments, permitted its
identification as pyochelin (Δ = –1.2 ppm; Figure 1a and
Supplementary Figure S3). This molecule is a known

siderophore also found in the bacterium P. aeruginosa, and it
may promote the virulence of B. seminalis, since pyochelin
plays a central role in iron sequestration [25, 30]. The gene
cluster for this siderophore was already identified in the
B. seminalis TC3.4.2R3 genome [7]. For m/z 799, its accurate
m/z 799.5186 (Supplementary Figure S2) and the dissociation
pattern of its sodiated molecule [M + Na]+ pointed to L-
rhamnosyl-L-rhamnosyl-3-hydroxypentadecanoyl-3-
hydroxytetradecanoate (Rha-Rha-C15-C14) (Δ = 1.0 ppm;
Figure 1a and Supplementary Figure S4). Based on the chem-
istry of analogous molecules [31–33], the ESI-FT-ICR-MS/
MS of the sodiated rhamnolipid display fragment ions of m/z
653 likely due to the loss of rhamnose residue, m/z 169
assigned to the rhamnose residue [Rhares + Na]+, m/z 187 due
to the loss of a rhamnose unit [Rha + Na]+, and m/z 559 due to
the loss of the terminal fatty acid chain. The production of Rha-
Rha-C15-C14 by B. seminalis was also corroborated by the
detection by ESI-FT-ICR-MS of the [M + K]+ ion of m/z
815.4926 (Δ = 1.0 ppm). In addition, genome analysis of this
TC3.4.2R3 strain [7] has also show a gene (Bsem_06536-
06543) associated with its production. Rhamnolipids, such as
Rha-Rha-C15-C14, have also been found in B. pseudomallei
showing cytotoxic and hemolytic activities [33], and in
Burkholderia thailandensis [31], but are mainly produced by
Pseudomonas aeruginosa, in which they facilitate surface mo-
tility and affect biofilm architecture contributing to survival in
diverse environments [34–36]. The colony-localized ion ofm/z
714 was characterized by theMALDI-MS/MS and attributed to
polyglutamate (Figure 1a and Supplementary Figure S5),
which is known to be a marker for extracellular matrix previ-
ously found in Bacillus subtilis [24], P. aeruginosa, and
B. pumilus [37].

Cultures of strains carrying disruptions in the gene wcbE
were also subjected to MALDI-MSI. This gene encodes a
glycosyltransferase, and mutants have been found to lose the
ability to suppress orchid necrosis caused by B. gladioli [7] and
inhibit the fungus F. oxysporum [38]. The software SCiLS Lab
(SCiLS GmbH) was used to compare and evaluate theMALDI-
MSI datasets by chemometric analysis [29]. The PCA of all
individual spectra was able to separate the wild-type
B. seminalis strain TC3.4.2R3 (blue) from the mutant strains
at 24 h of incubation time (Figure 1b). But at longer incubation
times (48 h and 72 h), the PCA separation efficiency dimin-
ishes. After 24 h of incubation, the diffuse metabolites detected
for the wild-type B. seminalis (m/z 247, 275, 277, 279, and 325
in Supplementary Figure S1) were absent for almost all mutants
(M3,M4, and M7), confirming the involvement of such diffuse
metabolites in the inhibitory activity ofB. seminalis. Later (48 h
and more at 72 h), however, these diffuse metabolites are again
detected at lower abundances (see, for instance, the detection of
pyochelin in Figure 1c), demonstrating that their productions
have not been fully silenced but only delayed. Interestingly, the
productions of almost all colony-associated ions in the mutants
remained the same compared with wild-type strain (see
polyglutamate in Figure 1a, and all ions in Supplementary
Figure S1), except the rhamnolipid (m/z 799), which seems to
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be altered in the mutants (Figure 1a). Rhamnolipids are synthe-
sized through sequential glycosyltransferase reactions compris-
ing two distinct rhamnosyltransferase enzymes [39]. Although
the gene cluster for rhamonolipids was annotated in the
B. seminalis TC3.4.2R3, the present result suggests that this

glycosyltransferase, of which the related gene is also present in
another cluster and which was knockout in the mutant, may
participate in the synthesis of this rhamnolipid.

F. oxysporum cells were also characterized byMALDI-MSI
at 30 h of incubation (Figure 2 and Supplementary Figure S6).

m/z 325
Pyochelin

m/z 714
Polyglutamate

24 h       48 h         72 h

Optical 
image

Wt M3 M4 M7
24 h   48 h   72 h 24 h    48 h     72 h 24 h    48 h     72 h

m/z 799
Rha-Rha-C15-C14

24 h 48 h 72 h

(a)

(b)

(c)

Figure 1. (a) MALDI-MSI of B. seminalis metabolites in incubation times of 24, 48, and 72 h on PDA medium. (b) Comparison
among wild-type B. seminalis (blue) and M3 (red), M4 (green), and M7 (light blue) mutant strains by PCA of the individual spectra of
each image obtained. (c)Box plot of the ion abundances (m/z 325) of pyochelin.Wt: wild-typeB. seminalis; M3/M4/M7=B. seminalis
mutants
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To better characterize such ions, a F. oxysporum extract was
also analyzed by ESI-FT-ICR-MS and ESI-Q-TOF-MS.
Bikaverin [40] was detected in its protonated (m/z 383.0758,
Δ = –0.8 ppm), sodiated (m/z 405.0578, Δ = – 0.8 ppm), and
potassiated (m/z 421.0316, Δ = –1.0 ppm) forms (Supplemen-
tary Figures S7–S9), whereas fusarin C [41, 42] was detected
solely as its sodiated molecule ofm/z 454.1831 (Δ = –1.1 ppm,
Supplementary Figures S7 and S10). Additionally,
polyglutamate of m/z 714 was also detected in F. oxysporum
byMALDI-MSI. The reddish pigment bikaverin detected here-
in for F. oxysporum is known to be produced by many
Fusarium species [43], as well Mycogone jaapii [44]. This
mycotoxin has been found to display antibiotic activity against
oomycete pathogens, plant pathogenic fungi, and protozoa, as
well as antitumoral activity against different cancer cell lines
[40, 45]. For F. oxysporum, therefore, antibiotic effects of
bikaverin probably provide advantages to its survival in com-
petitive environments. Fusarin C is also a mycotoxin found in
several Fusarium species [42, 46, 47], is mutagenic, and its
carcinogenic properties represent a potential health risk to
humans and animals [47, 48].

The bacterial and fungal strains were also inoculated in a side-
by-side interaction on PDA medium, and a significant fungal
inhibition in the interaction with wild-type B. seminalis
TC3.4.2R3 was observed byMALDI-MSI at 30 h. No pyochelin
production was detected in all mutants during coculture at 30 h of
incubation (Figure 2 and Supplementary Figure S11), suggesting
that the B. seminalis antagonism results from the antifungal
activity of pyochelin, perhaps working in synergy with other
unidentified biomolecules, since other diffuse metabolites of
unknown identity (m/z 275 and 277) were also detected in
B. seminalis, which varied greatly in the interspecies interactions
of the mutants with the F. oxysporum. Also, since these mutants
are defective in the expression of a glycosyltransferase gene
present in the wcb cluster, the result suggests that this gene is
related to the function of pyochelin cluster, or to the synthesis of
synergisticmolecules that workwith pyochelin in this interaction.

Observing the optical image, there is a similarity in the inhibition
effectuated by the M4 mutant strain with the wild-type
B. seminalis strain (Figure 2), but this similarity was not observed
to the molecular level. It is possible that M4 strain produces
bioactive molecules that are not detectable by MALDI-MSI.
The colony-associated polyglutamate remained unchanged in
the interactions, but no Rha-Rha-C15-C14 production was de-
tected. Both bikaverin and fusarin C continued to be produced by
F. oxysporum during the interactions, but the MALDI-MSI spa-
tial distribution of fusarin C remained unchanged in the coculture
of the fungus with the mutants. Interestingly, the interaction zone
between wild-type B. seminalis and F. oxysporum showed addi-
tional molecules (m/z 175, 189, 244, 765, 806, 822, and 839,
Figure 2) produced by the defense mechanisms of either the
fungus or the bacterium. Again, to try to better characterize these
molecules, inhibition zone extracts were subjected to ESI-FT-
ICR-MS, but the trace defense metabolites detected by MALDI-
MSI, and likely produced at very low abundances, could not be
detected when diluted in the extracts.

Using MALDI-MSI, we found, therefore, that the metabo-
lite pyochelin is used by B. seminalis TC3.4.2R3 to inhibit
F. oxysporum growth, probably in a synergistic action with
other diffuse metabolites. The bikaverin and fusarin C myco-
toxins were also detected, probably acting as defense molecules
of F. oxysporum against the bacteria. A better understanding of
this chemical interaction mechanism may provide an approach
to find new bioactive metabolites. Our preliminary study points
to molecules related to the interaction of B. seminalis and
F. oxysporum, which coexist in the sugarcane roots, hence
pointing to a potential strategy to biocontrol this phytopatho-
gen, and likely other plant pathogens.
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