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rospray ionization mass
spectrometry imaging reveals chemical defense of
Burkholderia seminalis against cacao pathogens†

F. D. S. Araújo, *a R. L. Vieira,a E. P. L. Molano,b H. J. Máximo,c R. J. D. Dalio,c

P. H. Vendramini,a W. L. Araújod and M. N. Eberlina

Fungal and oomycete diseases are responsible for significant economic losses of cacao crops worldwide.

Such diseases are caused mainly by the fungus Moniliophthora perniciosa, and the oomycetes

Phytophthora citrophtora, P. capsici, and P. palmivora. The endophytic bacterium Burkholderia seminalis

has showed antagonistic action against several plant pathogens. Herein, desorption electrospray

ionization mass spectrometry imaging (DESI-MSI) was applied to map spatial metabolic distributions

from B. seminalis and cacao pathogen monocultures, as well as to monitor interkingdom interactions of

the endophytic bacterium with the fungus and oomycetes. DESI-MSI was successful in the direct analysis

of fungus and oomycete pathogens on dehydrated agar plate, detecting several phospholipids and other

unidentified metabolites. Chemical defense of B. seminalis against cacao pathogens was evidenced by

the detection of partially diffuse rhamnolipid, which probably act in synergism with other unidentified

diffuse metabolites.
1. Introduction

The main threats to cacao (Theobroma cacao L.) production are
the fungal and oomycete diseases. On a global scale, the most
important disease is the brown rot caused by Phytophthora spp.,
followed the witches' broom caused by Moniliophthora perni-
ciosa and the frost rot caused by Moniliophthora roreri. It is
estimated that these diseases are responsible for losses around
20% of cacao beans worldwide.1–3

M. perniciosa, previously known as Crinipellis perniciosa, has
reduced the cacao production in South American and Carib-
bean countries. The witches' broom attacks the young devel-
oping leaves and the meristematic tissue of embedded shoots.
The owers and young green beans are also susceptible to
infections, directly reducing the crop yields.4,5 Fungicides alone
are ineffective against witches' broom and biological control
has been used to control the disease propagation.6,7
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The black pod of cacao, caused by several species of genus
Phytophthora, occurs in all producing countries. Of the three
species that cause the black pod, P. citrophthora is the most
virulent followed by P. palmivora and P. capsici. In Brazil, the P.
hevea species has also been reported, but its pathogenicity to
cacao has been considered moderate. Black pod infects the
whole plant, but the greatest damages are observed in the
fruits.8–11

The traditional methods of chemical control of fungal cacao
diseases are oen too expensive for small farmers, as well as
hazardous to human health and the environment. Several
studies involving endophytic microorganisms as biocontrol
agents have therefore been developed trying to alter the
microbial ecology of the cacao tree in the hope to suppress the
diseases.4,8,12–19 Cladobotryum amazonense, a fungus found
parasitizing M. perniciosa basidiocarps, produced an antibiotic
substance capable of inhibiting the mycelial growth and in vitro
germination of fungus basidiospores.20 The fungus Trichoderma
stromaticum was promisor in the biocontrol of M. perniciosa at
saprophytic phase, demonstrating the reduction of growth,
sporulation and propagation of the pathogen through direct
mycoparasitism or production of bioactive metabolites.4 The co-
inoculation of cacao leaves with a pool of seven endophytic
fungi showed higher resistance to Phytophthora sp.17 Endo-
phytic fungi isolated from cacao trees resistant to the M. per-
niciosa were identied and evaluated in vitro and in vivo against
this pathogen, verifying that Gliocladium catenulatum (currently
named Clonostachys rosea) reduced the incidence of the disease
around 70%.7 Cacao endophytic fungi demonstrated in vitro
RSC Adv., 2017, 7, 29953–29958 | 29953
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antagonism against M. roreri, P. palmivora and M. perniciosa,
and eld tests againstM. roreri and P. palmivora in four farms in
Panama signicantly reduced pod losses caused by P. palmivora
in the treatment with Colletotrichum gloeosporioides, and
reduction of lesions caused by M. roreri when treated with C.
rosea.18

The endophytic bacterium Burkholderia seminalis strain
TC3.4.2R3, isolated from the surface of disinfected sugarcane
roots, has recently been characterized by secondary metabolite
productions in monoculture and coculture with Fusarium oxy-
sporum using matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI).21 This bacterium showed
antagonism against plant pathogens Fusarium verticillioides and
Xanthomonas albilineans,22 and to suppress orchid necrosis,
caused by Burkholderia gladioli.41

Desorption electrospray ionization mass spectrometry
imaging (DESI-MSI) has emerged as an efficient technique to
monitor the spatial distributions of microbial metabolites,23–25

including cross talking processes.26–28 In the present study, we
report an investigation of the potential of B. seminalis TC3.4.2R3
in the inhibition of the main cacao pathogens (M. perniciosa, P.
capsisi, P. palmivora, and P. citrophtora) by DESI-MSI.
2. Experimental
2.1 Strains and materials

M. perniciosa, P. palmivora, P. citrophthora, and P. capsici strains
were isolated from cacao. The sugarcane root endophyte B.
seminalis TC3.4.2R3 was obtained from Saccharum officinarum.
All strains were maintained in culture medium PDA (potato
dextrose agar, Difco) or TSA (tryptic soy agar, Merck). Methanol
HPLC grade ($99.9%) was purchased from J. T. Baker (Center
Valley, PA, USA), and acetonitrile ($99.9%) from Sigma-Aldrich
(Steinheim, Germany). n-Butylamine (99.5%), taurocholic acid
sodium hydrate ($95%), and sodium dodecyl sulfate ($98.5%)
were purchased from Sigma-Aldrich (Steinheim, Germany),
caffeine from Sigma Chemical Company (Saint Louis, MO,
USA), MRFA from Thermo Scientic (Germany), Ultramark 1621
from Abcr (Karlsruhe, Germany), glacial acetic acid (99.7%)
from Synth (Diadema, SP, Brazil).
2.2 Preparation of microbial monocultures and cocultures

B. seminalis and cacao pathogens were cultivated on PDA
medium in biochemical oxygen demand (B.O.D.) incubator at
28 �C. For monocultures, the bacterium cells grown for 48 h
were suspended in sterile water and 1 mL of this suspension was
applied on a glass slide placed in a sterile Petri dish and
previously recovered with a thin lm of PDA medium. The
pathogen mycelia, with 24 to 48 h of incubation, were cut and
applied on glass slides also containing the PDA medium. All
glass slides with microorganisms were inoculated in B.O.D. at
28 �C. Aer incubation, the slides were removed from the Petri
dishes, dehydrated in a desiccator under vacuum, and indi-
vidually analyzed by DESI-MSI.21,23 For cocultures, B. seminalis
cells suspended in sterile water (1 mL) were inoculated on glass
slides recovered with PDA medium, and pathogen mycelia was
29954 | RSC Adv., 2017, 7, 29953–29958
applied 5 mm away. All samples were incubated in B.O.D., at
28 �C, for 30 (M. perniciosa coculture), 12 (P. capsici coculture),
and 18 h (P. citrophthora and P. palmivora cocultures). Aer, the
microbial glass slides were dehydrated under vacuum and
analyzed by DESI-MSI. Prior the instrumental analyses, all
dehydrated agar plates containing the fungi and oomycetes
were sprayed with methanol to ensure a uniform surface.
2.3 DESI-MSI analysis

An ionization source from Prosolia (Model OS-3201) coupled
with mass spectrometer Thermo Scientic Q Exactive Hybrid
Quadrupole-Orbitrap was used for imaging experiments, which
were optimized by signal intensity and image quality. The
analyses were performed in positive and negative ion modes
using methanol ow of 3.0 mL min�1. The spray solution was
electrically charged to 5 kV, the ion transfer capillary was held at
320 �C, the nebulizer gas pressure was set at 150 psi, and S-lens
of 100 V. The scan range was acquired of m/z 150–1500, with
spatial resolution of 200 mm, and scan speed of 740 mm s�1. An
incidence angle was of 55� to the surface plane was used for
DESI spray. The instrument was previously calibrated using an
Ion Max API source with HESI probe attached. For positive ion
mode was used a blend containing caffeine, MRFA, ultramark
1621, and n-butylamine H2O:acetonitrile:methanol with 0.1% of
acetic acid, and for negative ion mode a blend containing
taurocholic acid, sodium hydrate, sodium dodecyl sulfate, and
ultramark 1621 in the same solvent. The spectrometer was
controlled by Xcalibur 2.0 soware (Thermo Fisher Scientic).
2.4 Imaging dataset analysis

The Firey 2.1.05 soware was used to convert the DESI data to
the imaging datasets. The BioMAP 3.8.04 soware was used to
visualize the images, in mass range of m/z 150–1500, and using
a hypothetical color assigned to a xed value, in order to enable
a relative comparison among each experiment replicates.
2.5 Identication of interest metabolites

The metabolites of each microorganism, previously inoculated
in adequate conditions, were extracted with methanol (1 mL),
sonicated (30 min), centrifuged (15 min), and the supernatants
were separated of the cells. The extracts were analyzed by ESI-
MS to acquire high accuracy mass and fragmentation ion
patterns obtained by collision-induced dissociation with colli-
sion energy of 10–45 eV and isolation widths of 0.4 Da. The ESI
experiments were performed using the Ion Max API source with
HESI probe, operating in positive and negative ion modes. The
instrumental parameters were as follows: ow rate, 5 mL min�1;
nitrogen sheath gas, 100 psi; spray voltage, 3.5 kV; source
temperature, 320 �C. The mass range was of m/z 150–1500, with
resolution of 70 000. The data was acquired and processed
using Xcalibur 2.0 soware (Thermo Fisher Scientic). The
identications were performed by searches in METLIN and
LipidMaps databases, combined to fragmentation studies
based in previous reports.
This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1 DESI-MSI of B. seminalis monocultures

Diffuse and colony-associated metabolites were detected in B.
seminalis by DESI(�)-MSI (Fig. S1 and S2†). Tandem mass
spectrometry (ESI-MS/MS) of these ions was performed using
methanolic extracts of B. seminalis. The high accurate masses
and fragmentation patterns allowed seaches for their struc-
tures in METLIN, and LIPID MAPS databases, as well as
previous reports as detailed below. The metabolites of m/z
704, 712, 726 and 738 were identied as protonated mole-
cules of the glycerophosphoethanolamine (PE) class, respec-
tively [PE(33:1) + H]+, [PE(32:1) + Na]+, [PE(33:1) + Na]+, and
[PE(34:2) + Na]+ (Table S1†). The MS/MS of these ions were
characterized for showing neutral losses of ethanolamine
phosphate (141 Da) (Fig. S3 and S4†). The sodiated molecules
(Fig. S4†) showed a neutral loss of ethyleneamine (43 Da) as
well as the product ion of m/z 164 corresponding to sodiated
phosphoethanolamine, and the neutral loss of phosphoric
acid (98 Da) from the fragment [M + H � 43]+.29,30 Phospho-
lipids were also detected as their deprotonated molecules in
the negative ion mode, that is, glycerophosphatidic acid
[PA(16:0/17:1) � H]� of m/z 659 (Fig. S5†), and the following
glycerophosphoglycerols: [PG(16:0/16:0) � H]�, [PG(16:0/
17:1) � H]� and [PG(19:1/16:0) � H]� of m/z 721, 733, and
761, respectively (Fig. S6†). These phospholipids are the
major components of bacterial cell membranes, playing
central roles as permeability barrier for controlling the
diffusion of ions and molecules in and out of bacterial cells.31

The metabolite of m/z 785 was identied as the sodiated
molecule of the rhamnolipid Rha–Rha–C14–C14 (Fig. S7†),
a cytotoxic exolipid previously detected in Burkholderia pseu-
domallei.32 The rhamnolipid Rha–Rha–C15–C14 detected by
the ion of m/z 799 [M + Na]+ (Fig. S7†) was also detected by
DESI-MSI, together with its corresponding potasiated mole-
cule [M + K]+ ofm/z 815. The gene cluster for biosynthesis and
efflux of rhamnolipids (Bsem_06536-06543) was already
annotated in the B. seminalis TC3.4.2R3 genome,42 and the
roles in motility, cell signaling, biolm formation and anti-
bacterial activity have been proposed.43 The ion of m/z 254
was identied as the pyrrolnitrin metabolite with an accurate
Fig. 1 DESI-MSI of metabolites identified in B. seminalis.

This journal is © The Royal Society of Chemistry 2017
m/z 254.9746 (Table S1 and Fig. S5†), a classic antifungal
found in Pseudomonas spp., Myxococcus fulvus, and Enter-
obacter agglomerans.33–35 Fig. 1 shows the DESI-MSI of these
metabolites identied in B. seminalis colonies. This result
conrmed the genome information, which described the
presence of a cluster (Bsem 0612-06815) encoding the
complete pathway for this antifungal metabolite.
3.2 DESI-MSI of pathogen monocultures

Several colony-associated metabolites were detected in M. per-
niciosa, P. citrophthora, P. capsici, and P. palmivora colonies by
DESI(�)-MSI (Fig. S8–S15†). The analysis in the positive ion
mode of M. perniciosa (Fig. 2) identied phospholipids of the
glycerophosphoethanolamine and glycerophosphocholine
classes. The ions of m/z 500 and 738 were characterized by the
formation in MS/MS experiments of the product ion of m/z 164
attributed to sodiated phosphoethanolamine, as well as by
a neutral loss of phosphoethanolamine (141 Da), and were
therefore identied as sodiated Lyso-PE(18:2), and PE(34:2),
respectively (Fig. S16 and Table S2†). The ions of m/z 480, 520,
758, 780, and 804 were respectively identied as [LysoPC(O-
16:1) + H]+, [LysoPC(18:2) + H]+, [PC(34:2) + H]+, [PC(36:5) +
H]+, and [PC(38:7) + H]+. Their MS/MS showed the product ion
of m/z 184, which is typical of phospholipids containing phos-
phocholines, as well as by a neutral loss of the (CH3)3Nmolecule
(59 Da) (Fig. S17–S19†).29,36 In the negative ion mode (Fig. 2), the
ion of m/z 758 was identied as the deprotonated molecule of
glycerophosphoserine PS[16:0/18:2] metabolite (Fig. S20 and
Table S2†). This ion showed by MS/MS a neutral loss of 87 Da,
which is characteristic of the serine polar head group. Its
product ion of m/z 391 [(M � H)� � 87 � R2COOH], which is
more abundant that of m/z 415, results from the loss of a fatty
acid (FA) at the sn-2 position, whereas the ion ofm/z 415 [M�H
� 87� R1COOH]� results from the loss of another FA at the sn-1
position. The product ions of m/z 409 [M � H � 87 � R0

2-
COOH]� and 433 [M � H � 87 � R0

1COOH]� are formed due to
ketene losses from the sn-2 and sn-1 positions, respectively.29,37

The metabolite of m/z 782 also showed the same characteristic
product ions and was, therefore, identied as deprotonated PS
[18:2/18:2] (Fig. S20 and Table S2†). The ions ofm/z 714 and 738
Fig. 2 DESI-MSI for the metabolites identified in a M. perniciosa
culture.

RSC Adv., 2017, 7, 29953–29958 | 29955
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Fig. 4 DESI-MSI of somemetabolites detected in the interactions of B.
seminalis with the cacao pathogens. (1) B. seminalis; (2) B. seminalis
withM. perniciosa; (3) B. seminaliswith P. citrophthora; (4) B. seminalis
with P. capsici. (5) B. seminalis with P. palmivora.
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(Fig. S21 and Table S2†) were respectively identied via MS/MS
as the deprotonated forms of PE(16:0/18:2) and PE(18:2/18:2),
by the characteristic fragment ions of m/z 196 [M � H �
R1COOH � R2CH]C]O]� corresponding to neutral loss of the
sn-2 fatty acid as a ketene.29,38 The ion of m/z 833 was identied
as deprotonated glycerophosphoinositol PI(16:0/18:2) showing
in its MS/MS the product ion of m/z 241, which is characteristic
of the inositol head group. The most abundant fragment ion of
m/z 279 corresponded to the deprotonated FA (R2COO

�) from
the sn-2 position, whereas the less abundant product ion of m/z
255 corresponded to the FA (R1COO

�) at the sn-1 position
(Fig. S21 and Table S2†).

DESI(+)-MSI (Fig. 3A) was also able to identify in the P. cit-
rophthora colonies glycerophosphoethanolamines [PE(32:1) +
Na]+ (m/z 712) and [PE(33:1) + Na]+ (m/z 726), and the glycer-
ophosphocholines [PC(34:3) + H]+ (m/z 756, Fig. S22†), [PC(34:2)
+ H]+ (m/z 758), [PC(36:5) + H]+ (m/z 780), and [PC(38:7) + H]+ (m/
z 804, Table S2†). In the negative ion mode, the glycer-
ophosphoglycerols PG(16:1) of m/z 481, PG(16:0/17:1) of m/z
733, and PG(17:1/17:1) and/or PG(16:1/18:2) of m/z 745, glycer-
ophosphoinositol PI(18:2) of m/z 435, and the glycer-
ophosphatidic acid PA(17:1) of m/z 595 (Fig. S23, S24 and Table
S2†) were also identied. For P. capsici, a few phospholipids
were also identied: [PE(32:1) + Na]+ (m/z 712) and [PE(33:1) +
Na]+ (m/z 726) (Fig. 3B and Table S2†). For P. palmivora several
ions were detected (Fig. S14 and S15†), but remained
unidentied.
Fig. 3 DESI-MSI of metabolites identified in P. citrophthora (A) and P.
capsici (B).

29956 | RSC Adv., 2017, 7, 29953–29958
3.3 Interactions between B. seminalis and pathogens by
DESI-MSI

The coculture experiments between B. seminalis and M. perni-
ciosa pointed the considerable inhibition of the fungus growth
when evaluated for 48 h (Fig. 4 and S25†). Also, the interaction
of B. seminalis with the oomycetes showed signicant inhibition
of P. palmivora for 48 h, followed of P. citrophthora and P. capsisi
when evaluated for 24 and 18 h, respectively (Fig. 4 and S26–
S28†). The defense mechanism of B. seminalis is based on the
production of antimicrobial metabolites. The partially diffuse
rhamnolipid (m/z 799 and 815, Fig. 4) identied in B. seminalis
may have an important role in the antifungal properties.
Rhamnolipids from Pseudomonas aeruginosa showed antifungal
activity against oomycete and fungi such as Phytophthora cap-
sici, and were able to suppress the development of C. orbiculare
infection on leaves of cucumber plants, as well as to control red
rot disease of sugarcane caused by the fungus Colletotrichum
falcatum.39,40 The antifungal pyrrolnitrin plays a central role in
the inhibition of pathogens,33–35 however their DESI images
were localized within the B. seminalis colony (m/z 254, Fig. 4)
suggesting a low involvement in the inhibitory activity in the
equipament conditions and incubation times used in our
experiments. Many diffuse metabolites of unknown identify
(Fig. S1 and S2†) were detected in B. seminalis by DESI-MSI (for
instance, m/z 364 and 396 in Fig. 4), and more ions were found
in comparison with previous MALDI-MSI analysis.21 The side-
rophore pyochelin detected by MALDI-MSI21 was not found by
DESI-MSI in the conditions analyzed. Probably the defense
mechanism of B. seminalis is resulted of the synergistic action of
This journal is © The Royal Society of Chemistry 2017
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partially diffuse rhamnolipids, pyochelin and other unidenti-
ed diffuse metabolites.

4. Conclusions

DESI-MSI was successful in the analysis of fungus and
oomycete pathogens directly from dehydrated agar plates,
being able to detect and characterize many phospholipids.
The mapping of B. seminalis showed many diffuse and
colony-associated metabolites potentially involved in the
antimicrobial activity. The interaction experiments pointed
to the potential of B. seminalis in the growth inhibitions of
cacao pathogens.
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W. L. Araújo, M. N. Augusti, M. N. Eberlin and
L. G. Oliveira, Anal. Chem., 2015, 87, 6925.

24 J. Watrous, P. Roach, T. Alexandrov, B. S. Heath, J. Y. Yang,
R. D. Kersten, M. van der Voort, K. Pogliano, H. Gross,
J. M. Raaijmakers, B. S. Moore, J. Laskin, N. Bandeira and
P. C. Dorrestein, Proc. Natl. Acad. Sci. U. S. A., 2012, 109,
E1743.

25 D. D. Nguyen, C. H. Wu, W. J. Moree, A. Lamsa,
M. H. Medema and X. Zhao, Proc. Natl. Acad. Sci. U. S. A.,
2013, 110, E2611.

26 A. Tata, C. Perez, M. L. Campos, M. A. Bayeld, M. N. Eberlin
and R. I. Demian, Anal. Chem., 2015, 87, 12298.

27 J. Watrous, N. Hendricks, M. Meehan and P. C. Dorrestein,
Anal. Chem., 2010, 82, 1598.

28 M. F. Traxler, J. D. Watrous, T. Alexandrov, P. C. Dorrestein
and R. Kolter, mBio, 2013, 4, e00459.

29 M. Pulfer and R. C. Murphy, Mass Spectrom. Rev., 2003, 22,
332.

30 J. I. Zhang, N. Talaty, A. B. Costa, Y. Xia, A. Tao, R. Bell,
J. H. Callahan and G. Cooks, Int. J. Mass Spectrom., 2011,
301, 37.

31 T. Y. Lin and D. B. Weibel, Appl. Microbiol. Biotechnol., 2016,
100, 4255.
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