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Nematodes are devastating pests that infect most cultivated
plant species and cause considerable agricultural losses
worldwide. The understanding of metabolic adjustments in-
duced during plant–nematode interaction is crucial to generate
resistant plants or to select more efficient molecules to fight
against this pest. Matrix-assisted laser desorption/ionization
mass spectrometry imaging (MALDI-MSI) has been used herein
for in situ detection and mapping endogenous polypeptides
and secondary metabolites from nematode-induced gall tissue.
One of the major critical features of this technique is sample
preparation; mainly, the generation of intact sections of plant
cells with their rigid cell walls and vacuolated cytoplasm. Our
experimental settings allowed us to obtain sections without
contamination of exogenous ions or diffusion of molecules and
tomap the differential presence of low and highmolecular weight
ions in uninfected roots compared with nematode-induced galls.
We predict the presence of lipids in both uninfected roots and
galls, which was validated byMALDI time-of-flight tandemmass
spectrometry and high-resolution mass spectrometry analysis of
lipid extracts. Based on the isotopic ion distribution profile, both
esters and glycerophospholipids were predicted compounds and
may be playing an important role in gall development. Our re-
sults indicate that theMALDI-MSI technology is a promising tool
to identify secondary metabolites as well as peptides and proteins
in complex plant tissues like galls to deciphermolecular processes

responsible for infection and maintenance of these feeding sites
during nematode parasitism.

Plant-parasitic nematodes are devastating pathogens that in-
fect most cultivated plant species and cause considerable agri-
cultural losses worldwide. During parasitism, root-knot nematodes
(RKN; Meloidogyne spp.) modify the vascular cell metabolism,
inducing large feeding sites, named galls. These galls harbor five
to nine hypertrophied giant-feeding cells and numerous pro-
liferating neighboring cells, resulting in a typical root swelling.
Gall cells are interconnected by plasmodesmata together with
phloem and xylem elements to facilitate nutrient transport for
nematode feeding (Hofmann et al. 2010). Giant cells are multi-
nucleate due to the intense mitotic activity followed by nuclear
enlargement caused by endoreduplication (de Almeida Engler
et al. 1999, 2012). The cytoplasm of these nematode-feeding
cells contains a dense cytoplasm filled with organelles, reflecting
its high metabolic activity. The resulting multilayered cellular
feeding structure encloses the nematodes until the end of its life
cycle (from juvenile to adult female), and will finally deprive the
plant of its nutrients (Jones and Northcote 1972).
The understanding of metabolic adjustments induced during

plant–nematode interactions is crucial to generate resistant
plants or to select more efficient tools to fight against this pest.
Most studies involve transcriptomic and proteomic analyses
(Barcala et al. 2012; Baldacci-Cresp et al. 2012), followed by
mRNA in situ hybridizations (de Almeida Engler et al. 2009,
2012; Vieira et al. 2013). Although these strategies are useful
to elucidate important features during the plant–nematode in-
teraction, it is based on the indirect measurement of proteins or
mRNA. Immunocytochemical methods have been applied to
localize specific proteins present in galls and within nematodes
(Banora et al. 2011; Clément et al. 2009; de Almeida Engler et al.
2004; Vieira et al. 2012). However, this technique remains lim-
ited to few types of macromolecules, it is costly, and it is not
efficient to gain insight into small molecules such as metabolites.
Low molecular weight compounds, namely secondary me-

tabolites, can play important roles in defense mechanisms against
natural pests in plants. This class of molecules, including iso-
prenoids, phenylpropanoids, alkaloids, and fatty acids, can act in
both constitutive and inducible defense mechanisms in plants
against natural pests of plants (Cheng et al. 2007; Fujimoto et al.
2015; Vogt 2010; Ziegler and Facchini 2008). It is believed that
secondarymetabolites play a role in repelling and attracting RKN
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in a species-specific way (Williamson et al. 2009). However, the
identification and characterization of candidate secondary me-
tabolites is not an easy task. Up to now, there has been no reliable
methodology describing the identification and localization of
metabolites directly in nematode-induced galls.
A promising technique that can be applied to map molecules in

biological tissues is matrix-assisted laser desorption/ionization
mass spectrometry imaging (MALDI-MSI) (Caprioli et al. 1997;
Chaurand et al. 1999, 2006). The main feature of MALDI-MSI is
the ability to determine the spatial distribution of compounds and
to identify known and unknown molecules with minimal tissue
manipulation. MALDI-MSI has been applied to study and map
molecules of different biological sources such as peptides of frog
skin secretion (Barbosa et al. 2015; Brand et al. 2006; Magalhães
et al. 2008) and rat pituitary cells (Sosnowski et al. 2015), as well
as of food metabolome (Ibáñez et al. 2013) and plant metabolites
such as hesperidin and rutin present in leaves and stems of Citrus
limonia (Kaspar et al. 2011; Soares et al. 2015).
In recent years, the use of MALDI-MSI applied to plant

tissues has increased and is becoming a useful tool for the
identification of molecules from any tissue type. The main
application has involved the detection and localization of small
molecules, mainly metabolites (Dong et al. 2016; Lee et al.
2012) such as carbohydrates (Veličković et al. 2014), lipids
(Horn et al. 2012, 2013; Zaima et al. 2010), alkaloids (Lu et al.
2010), and phenolics (Becker et al. 2014; Franceschi et al.
2012). Although analysis involving MALDI-MSI of peptides
and proteins in plants has been considered particularly chal-
lenging in general (Dong et al. 2016), relatively few studies
describe such application (Gemperline et al. 2016; Grassl et al.
2011; Kaspar et al. 2011; Peukert et al. 2014).
The value of MALDI-MSI technology to study plant–

microbe interactions has been demonstrated in previous reports.
MALDI-MSI was applied to map hesperidin, a flavanone pro-
duced by citrus plants associated withXylella fastidiosa infections,
on petiole and leaf transversal sections of infected and uninfected
plants, suggesting that hesperidin acts as a phytoanticipin in
plant–pathogen interactions (Soares et al. 2015). In another work,
MALDI-MSI results indicated the relevance of cyclopeptides in
endophyte-endophyte interspecies neighbor communication by
mapping these molecules in bulb tissue of Narcissus tazetta plants
(Wang et al. 2015). Finally, organic acids, amino acids, sugars,
lipids, flavonoids, and their conjugates were identified and
mapped by MALDI-MSI in root nodules formatted by symbiotic
associations between Medicago truncatula and Sinorhizobium
meliloti, highlighting the benefits of MALDI-MSI experiments
applied to plant–microbe interaction studies (Ye et al. 2013).
Herein, we describe a first application of MALDI-MSI for

identification and determination of the spatial distribution of
peptides, proteins, and secondary metabolites present in galls of
tomato roots (Solanum lycopersicum) induced by the RKN
Meloidogyne incognita. An optimized tissue preparation protocol
for galls was established, allowing the mapping of molecules
differentially distributed between infected and uninfected root
tissues. We proposed the structure of 18 low molecular weight
ions (LMWI), of which 3 were confirmed by additional experi-
ments. These were characterized as lipid molecules, specifically
glycerophospholipids (GPL), suggesting that GPL may be in-
volved in the processes related to infection and maintenance of
nematode feeding cells as well as for root development.

RESULTS

Sample preparation.
Galls at different time points (14 to 30 days after inoculation

[DAI]) were collected from nematode-infected tomato roots for
sectioning for MALDI-MSI experiments (Fig. 1A). At 14 DAI,

galls are still developing and, at 30 DAI, galls are fully dif-
ferentiated and have stopped expanding although, at both
stages, they present high metabolic activity. Initially, we used a
vibratome to generate thick slices, which ranged from 50 to
300 µm, with the best morphology observed at a thickness of
120 µm (Fig. 1B). Slices containing moderately fixed giant
cells, floating on distilled water, were selected using a stereo-
microscope and placed on glass slides in water, coverslipped,
and observed in bright-field microscopy to evaluate tissue and
section quality. Images were recorded (Fig. 1B) and sections

Fig. 1. Matrix-assisted laser desorption/ionization (MALDI) mass spec-
trometry imaging applied to map molecules having high molecular mass in
a nematode-induced gall. A, Image of a nematode-infected root system,
some of them indicated by arrows. B, Micrograph showing a gall 14 days
after inoculation sectioned with a vibratome containing giant cells. C,
Image for acquisition software use (FlexImaging 4.0) of the same section
after transferring to the MALDI plate. Square shows the fraction of the gall
shown in B and D. D, Distribution of ions identified on the gall tissue. Note
that most of the ions are shifted to the surroundings of the gall section,
indicating that ions moved out of the sample. The vertical scale bar rep-
resents ion signal intensity. NFS = nematode feeding site, asterisk (*) =
giant cell, and bars = 400 µm.
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were subsequently transferred to a MALDI target plate. Suc-
cess of tissue preservation during transfer was monitored by
taking another micrograph to be used for software acquisition
(Fig. 1C). Distribution of ions observed on gall tissue indicated
a loss and apparent mobility of cellular content, suggesting that
molecules were not properly fixed in the tissue, making this
strategy inappropriate to MALDI-MSI experiments (Fig. 1D).
To avoid the problem of diffusion and loss of cellular content

as observed in mildly fixed and vibrosliced gall tissue, galls
were alternatively embedded in egg yolk, gelatin, or agarose

and submitted to cryosectioning at _15�C. Although these
procedures are more delicate to preserve tissue integrity, they
were less prone to component diffusion. Only blocks prepared
with egg yolk enabled us to obtain sections with a thickness of
down to 10 µm. Blocks with galls embedded in gelatin or
agarose became quickly brittle under low temperature for
cryosectioning. When egg yolk was used as an embedding
medium, samples presented a good texture for sectioning. Be-
cause thinner sections down to 10 µm resulted in holes in the
larger giant cells and loss of cytoplasm, gall cryosections were

Fig. 2. Matrix-assisted laser desorption/ionization mass spectrometry imaging applied to map molecules having high molecular mass in a nematode-induced
gall. A, Micrograph showing a gall cryosection 14 days after inoculation containing intact giant cells. B, Overall resulting mass spectrum. C to L, Spatial
localization of the different ions identified. The vertical scale bar represents ion signal intensity. Asterisk, giant cell. Bar = 400 µm.
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increased to 90 µm in thickness to solve this problem, avoiding
cell damage and making the process of sample preparation for
MALDI-MSI more suitable (Supplementary Fig. S1). More-
over, after sectioning approximately 30 galls at 14 and 30 DAI,
it was shown to be easier to obtain intact sections containing
giant cells at the first time point. As such, galls 14 DAI were chosen
for all subsequent experiments.

MALDI-MSI of high molecular weight ions
on galls infected by M. incognita.
Subsequent to microscopy observation, intact gall sections

were submitted to matrix deposition using an artistic airbrush and
submitted to MALDI-MSI of high molecular weight ions
(HMWI). All matrices tested promoted ionization of molecules at
different intensity levels; however, sinapinic acid (SA) proved to
be more efficient to generate HMWI signals across tissues over

the m/z range analyzed. Therefore, it was used to investigate
peptides and proteins in nematode feeding sites (Fig. 2A and B).
Ten well-resolved ions with distinct m/z values (3,000 to 11,000)
were mapped in developing galls (Fig. 2C to L). The analysis of
galls obtained from different plants showed global mass spectra
presenting a similar pattern of ionization and ions distribution
(Supplementary Fig. S2). The global mass spectrum generated
from MALDI-MSI of HMWI of uninfected roots is visibly dif-
ferent from that obtained from galls (Supplementary Fig. S3) and
more ions were detected in uninfected roots compared with galls.

MALDI-MSI of low molecular weight ions
on galls infected by M. incognita.
Following microscopy observation, intact sections were

submitted to MALDI-MSI of LMWI with and without ma-
trix deposition. The global spectrum obtained from analyzes

Fig. 3. Matrix-assisted laser desorption/ionization mass spectrometry imaging applied to map compounds having low molecular mass in a nematode-induced
gall. A, Overall resulting mass spectrum of ions from infected roots. B, Isotopic profile of ions at m/z 736.40 and 738.41. C, Micrograph showing a gall
cryosection containing giant cells 14 days after inoculation. D, Ion located in the vascular tissue, giant cells, and neighboring cells. E, Ion located in epidermal
cells. F, Ion located in epidermal cells, vascular tissue, giant cells, and neighboring cells. The vertical scale bar represents ion signal intensity. Definitions: n =
nematode, VT = vascular tissue, NC = neighboring cells, asterisk (*) = giant cell, and bar = 320 µm.
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performed without matrix deposition on a thick gall of 14 DAI
cryosectioned (Fig. 3A) revealed the presence of several ions
with different intensity values, allowing us to map approxi-
mately 44 molecules with m/z values ranging from 104.18 to
923.83 (Fig. 3; Supplementary Fig. S4). The isotopic distribu-
tion patterns seen for almost all ions present in all spectra ac-
quired for LMWI was interesting. This isotopic profile has the
base peak represented by the second isotope rather than the

first, as was shown for the ions at m/z 736.40 and 738.41 (Fig.
3B). Concerning the spatial location of low molecular mass
molecules in galls (Fig. 3C), some ions were localized in vas-
cular cells and cells neighboring giant cells (Fig. 3D) or, most
likely, in epidermal cells (Fig. 3E), while others were wide-
spread in all cell types, including giant cells (Fig. 3F).
The global mass spectra resulting from MALDI-MSI acqui-

sitions performed in sections of uninfected roots and galls 14 DAI

Fig. 4.Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) applied to map compounds having lowmolecular mass inA to L,
uninfected roots andM to Z, a nematode-induced gall. A andM, Global mass spectra obtained. B and N,Micrographs showing the root and gall cryosections,
respectively, subjected to MALDI-MSI analysis. Spatial location of different ions identified for C to L, an uninfected root andO to Z, a gall. The vertical scale
bar represents ion signal intensity. Asterisk (*) = giant cell and bar = 600 µm.
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have different ion profiles for an uninfected root (Fig. 4A and B)
and for a gall (Fig. 4M and N). Our results revealed that some
ions restricted to epidermal cells are similarly distributed in un-
infected root cells (Fig. 4C) and galls (Fig. 4O). Other ions are
located at the epidermis and vascular cells of uninfected roots
(Fig. 4D and G) and gall cells (Fig. 4P and S). In addition, certain
ions are present only in the vascular tissue, as shown for an
uninfected root (Fig. 4E) and for a gall (Fig. 4Q). However,
particular ions showed a major distribution in uninfected roots
(Fig. 4F) compared with infected roots (Fig. 4R). Although we
did not detect ions exclusively present in galls, certain ions
mainly present in epidermal cells were found exclusively in
uninfected roots (Fig. 4H to L and T to Z).
Aiming to predict structures related to the LMWI detected

during our MALDI-MSI experiments, after research in the lit-
erature and in the metabolic database Lipid Maps (Sud et al.
2007), the spectra acquired were meticulously analyzed accord-
ing to the mass value, isotopic distribution pattern, and biologi-
cal significance of tissue localization. Thus, we proposed the
structure of 18 LMWI, and almost all have been characterized as
GPL molecules, in addition to two fatty acyls and two naturally
positive charged molecules: a choline and a phosphocholine (PC)
(Table 1).
The MALDI-MSI analyses performed after 2,5-dihydroxy

benzoic acid (DHB) matrix deposition by sublimation on two
distinct uninfected root sections and galls 14 DAI revealed
approximately 36 ions with a similar pattern of distribution.
The exception was the ion m/z 235.2 that was observed only in
galls (Supplementary Figs. 5 and 6).

Lipid extraction and identification.
To confirm whether LMWI identified in the MALDI-MSI

experiments are of lipid nature ionized as lithium adduct and to
give more confidence to the predicted structures, lipid extraction
of uninfected roots was performed. Lipid extracts were analyzed
by MALDI time-of-flight mass spectrometry (TOF-MS) in the
reflective positive mode of acquisition and ions were selected for
fragmentation in the LIFT mode (tandem mass spectrometry
[MS/MS]). The spectra obtained from the MALDI-MSI experi-
ment (Fig. 5A) and from lipid extract of uninfected roots (Fig.
5B) sharedmolecules with similar isotopic distribution ionized as

lithium adduct although, globally, they are slightly different
(Supplementary Fig. S7). The adduct [M+7Li]+ = 788.6 was se-
lected as precursor ion for MS/MS experiments and the in-
terpretation of the resulting spectrum (Fig. 5C) revealed ions
corresponding to the fragmentation of a glycerophosphocholine
(GPC), a GPL. Molecules of this class consist of a glycerol to
which two fatty acid (FA) chains are attached as esters to sn-1 and
sn-2 carbon positions. Here, FA chains were designed to have
18 carbons with two unsaturations (18:2/18:2). At sn-3 carbon, a
phosphoric acid is linked in the sameway and a positively charged
quaternary ammonium bound to the phosphate (Fig. 5C, top).
We also did the characterization of other GPC from uninfected
root extract, in addition to a PC (Supplementary Fig. S8).
The lipid extract was analyzed by high-resolution MS aiming

to determine the accurate masses of adducts submitted toMALDI-
TOF-MS/MS experiments and corroborate spectra interpretations
by determining the mass accuracy. Two of the adducts fragmented
by MALDI experiments were evaluated by electrospray ion-
ization quadrupole (ESI-Q)-TOF-MS as well ([M+7Li]+ =
788.5780 and [M+7Li]+ = 764.5781). The molecular formula of
the structures related to these ions were C44H80NO8P and
C42H80NO8P, resulting in a mass accuracy of 0.2 and 0.1 ppm,
respectively (Supplementary Fig. S9).

Protein extraction and identification.
In order to test whether HMWI identified by MALDI-MSI in

galls can be isolated for future characterization, protein extrac-
tion was performed. Galls were triturated and subjected to
peptide/protein extraction using a solution of Milli-Q H2O/
acetonitrile. The solution was centrifuged and the supernatant
content was fractionated by ultrafast liquid chromatography
(UFLC) (Fig. 6). Chromatographic fractions were collected
and analyzed by MALDI-TOF-MS in the linear positive mode
of acquisition. The m/z values of ions identified in all chro-
matographic fractions analyzed are presented in Table 2.

DISCUSSION

To our knowledge, the MALDI-MSI-based approach was
applied here for the first time to investigate polypeptides and
metabolites from tomato plant roots and nematode-induced

Table 1. Structure of low molecular ions predicteda

Adduct Molecular formula m/zT m/zEx Category Subclass or name

[M]+ C5H14NO 104.10699 104.13 Quaternary ammonium salt Cholineb

[M]+ C5H15NO4P 184.07332 184.04 … Phosphocholine
[M+7Li]+ C35H64NO8P 664.45153 664.46* Glycerophospholipids Diacylglycerophospho-ethanolamines
[M+7Li]+ C35H66NO8P 666.46814 666.46* Glycerophospholipids Diacylglycerophospho-ethanolamines
[M+7Li]+ C39H78NO8P 726.56205 726.44* Glycerophospholipids Diacylglycerophosphocholines or

diacylglycerophospho-ethanolamines
[M+7Li]+ C50H98O2 737.77225 737.4* Fatty acyls Wax esters
[M+6Li]+ C50H100O2 738.78691 738.41 Fatty acyls Wax esters
[M+7Li]+ C44H80O8P 788.57770 788.58* Glycerophospholipids Diacylglycerophosphocholinesb

[M+6Li]+ C47H91O10P 852.64956 852.65 Glycerophospholipids Diacylglycerophosphoglycerols
[M+7Li]+ C48H93O10P 867.66620 867.61* Glycerophospholipids Diacylglycerophosphoglycerols
[M+6Li]+ C48H95O10P 868.68086 868.61 Glycerophospholipids Diacylglycerophosphoglycerols
[M+6Li]+ C49H93O10P 878.66521 878.66 Glycerophospholipids Diacylglycerophosphoglycerols
[M+6Li]+ C49H95O10P 880.68086 880.67 Glycerophospholipids Diacylglycerophosphoglycerols
[M+6Li]+ C47H83O13P 892.57170 892.61 Glycerophospholipids Diacylglycerophosphoinositols
[M+7Li]+ C50H95O10P 893.68185 893.63* Glycerophospholipids Diacylglycerophosphoglycerols
[M+6Li]+ C47H85O13P 894.58735 894.64 Glycerophospholipids Diacylglycerophosphoinositols
[M+6Li]+ C50H97O10P 894.69651 894.64 Glycerophospholipids Diacylglycerophosphoglycerols
[M+6Li]+ C47H87O13P 896.60300 896.63 Glycerophospholipids Diacylglycerophosphoinositols
[M+6Li]+ C51H97O10P 906.69651 906.72 Glycerophospholipids Diacylglycerophosphoglycerols
[M+6Li]+ C52H99O10P 920.71216 820.67 Glycerophospholipids Diacylglycerophosphoglycerols

a Superscripts T = theoretical value and Ex = experimental value. An asterisk (*) indicates that the [M+7Li]+ adduct was used instead [M+6Li]+ because the
second presented very low intensity.

b Confirmed by tandem mass spectrometry experiment.
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galls. In this study, we were able to detect molecules of low and
high molecular weight in nematode-induced galls in tomato roots
and to predict the structure of some LMWI. The procedure was
applied on thick gall sections and compared with uninfected to-
mato roots. Tomato is a natural RKN host, and the MALDI-MSI
methodology was used to investigate key molecules such as
proteins and peptides as well as secondary metabolites that partic-
ipate in the mechanisms of infection, development, and main-
tenance of galls induced by these nematodes. Information
generated by MALDI-MSI can be potentially applied for the
development of novel strategies to obtain nematode-resistant
plants or to identify target compounds.

Using egg yolk to mount galls for cryostat sectioning.
In order to be able to subject plant tissues to MALDI-MSI,

several precautions have to be considered with respect to
sample fixation, embedding, sectioning, and mounting. Mainly,
the presence of a rigid cell wall, aqueous vacuoles, and air
pockets can make sectioning problematic. The use of classical
fixatives such as aldehydes can lead to changes in the mass of
molecules, thereby interfering with accurate interpretation of

results. We showed that the vibroslice method was ineffective
in preventing molecule diffusion across tissues during the pro-
cess of sectioning. Although a different fixation regime might
yield better results for vibroslice approach, we opted for an al-
ternative method based on cryosectioning.
Cryosectioning has been shown to be far more effective in

preserving the location of molecules in nematode-induced galls.
This method appeared crucial to avoid poor signal and unwanted
polymer signals in mass spectra (Chaurand et al. 2006; Sosnowski
et al. 2015) of our samples analyzed by MALDI-MSI. Thus,
herein, the use of egg yolk to support tissues for MALDI-MSI of
compounds having anm/z range of 3,000 to 11,000 or secondary
metabolites did not interfere with the ionization of endogenous
molecules, and ions related to molecules that could be potentially
present in egg yolk were not observed, corroborating previous
results observed in animal tissues such as rat pituitary cells
(Sosnowski et al. 2015).
To obtain intact giant cells, cryosections of 90 µm were

generated, instead of the conventional 10 to 60 µm generally
used for plant tissues (Bencivenni et al. 2014; Grassl et al.
2011; Kusari et al. 2014; Mullen et al. 2005; Soares et al. 2015;

Fig. 5. Characterization of a glycerophospholipid (glycerophosphocholine [GPC]) from uninfected tomato root by matrix-assisted laser desorption/
ionization time-of-flight tandem mass spectrometry (MALDI-TOF MS/MS). Mass spectra from A, MALDI MS imaging of uninfected root after
cryosectioning and B, MALDI-TOF MS of uninfected root lipid extract in the same mass range showing the ion at m/z 788.6. C, MS/MS spectrum of
the precursor ion [M+7Li]+ = 788.6 and showing all fragment ions corresponding to the fragmentation of GPC (18:2/18:2) (top). All peaks were assigned according
to loss and adduct involved. Unsaturation position was only placed for illustrative purpose because they cannot be set by this method. PC = phosphocholine
and FA = fatty acid.
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Veličković et al. 2014). Nematode-induced giant-feeding cells
are significantly larger than other cells present in Arabidopsis
tissues and harbor a large volume of water, also interfering with
the cryosectioning procedure. Manipulating young galls (up to
14 DAI) also was found to be far more suitable to obtain intact
sections containing well-fixed giant cells and their contents. In
addition, this time point is characterized by cells with a high
cell cycle (de Almeida Engler et al. 1999) and metabolic ac-
tivity (Baldacci-Cresp et al. 2012, 2015; Jones 1981). Therefore,
molecules which are potentially important for this susceptible
interaction will be most likely present during this phase of gall
development.

MALDI-MSI of HMWI to identify proteins related
to root infection by M. incognita.
Although hundreds of molecules can be present in a tissue

sample, the MALDI-MSI technique can preferentially detect
some ions more efficiently due to factors such as their con-
centration and ionization capacity. Thus, the global mass
spectra resulting from HMWI acquisition of uninfected roots
suggest a facet of metabolic adjustment promoted by the plant
host during nematode infection, herein characterized by a
downregulation of some polypeptides. Indeed, transcriptomic
analysis has suggested that these metabolic changes are char-
acterized by the overexpression or inhibition of molecules
(Barcala et al. 2010; Portillo et al. 2013; Shukla et al. 2018;
Weiß et al. 2017). This is in accordance with our findings,
although gene expression is subject to fluctuations during the
infection process. Probably, each downregulated protein in
galls under the conditions tested has a specific biological sig-
nificance and its concentration is finely adjusted during nema-
tode parasitism. Their presence and concentration in feeding
sites will most likely characterize the emergence and mainte-
nance of galls.
Another hypothesis to explain the protein downregulation is

that some of these polypeptides might be ingested by the
nematode as a nutrient source via feeding tubes. Nematodes
constantly inject secretions to maintain the feeding site, and are
nourished on molecules present in these feeding cells (Jones
and Northcote 1972) to be able to develop and lay eggs.

MALDI-MSI of LMWI performed without matrix
application revealed molecules present exclusively
in noninfected roots.
Among the 44 well-resolved LMWI identified by MALDI-

MSI without matrix application, a cluster of ions (m/z 850 to
950) presented in all tissues analyzed showed a pattern of ion
distribution similar to that of natural lipids ionized as lithium
adduct by MALDI-MS (Cerruti et al. 2011; Vrkoslav et al.
2009, 2010). Indeed, the isotopic pattern presented by these
ions matched those expected for lithium adducts in the mass
spectra, characterized mainly by a peculiar isotope abundance
of 6Li (7,59%) and 7Li (92,41%) (Cvačka and Svatos 2003;
Kaftan et al. 2014). Therefore, because tomato roots have
a relatively high concentration of lithium salts (Bach and
Gallicchio 1990; Schrauzer 2002), we predicted the structures
of lipids that were imaged on infected and noninfected tomato
roots based on their monoisotopic masses. The predicted mol-
ecule at [M+7Li]+ = 738.41 belongs to a lipid group known as
wax esters that, in plants, is present in the epicuticular layer and
prevents nonstomatal water loss (Kunst and Samuels 2003).
Although it is impossible to predict the exact structure of this
ion by a simple MS experiment, this lipid was found by our
MALDI-MSI acquisition in the epidermal cells, where they
might act to prevent water loss of galls.
Three of the five ions exclusively found in uninfected roots

(m/z 664, 666, and 726) were predicted as GPL. Although we

do not predict the structures of the other two ions (m/z 552 and
554), we believe that they may also belong to the lipid group
based on their isotopic ion distribution profile. This result led us
to speculate that nematode infection might modulate the lipid
bilayer to facilitate diffusion of molecules in gall cells during
nematode parasitism. Also, lipids or their precursors present
in galls may act as signaling molecules. In addition, inositol
phospholipids are involved in the regulation and activation of
cell proliferation in plants (Connett and Hanke 1986; Heim
and Wagner 1986) and, maybe, expanding galls. Thus, nem-
atode parasitism may involve modulation of cell metabolism
through generation of secondary messengers produced from
lipids constituting a lipid bilayer. A full characterization of
these lipid structures may help us to identify metabolite
pathways involved in the nematode infection or maintenance
process.
Here, we performed the partial characterization of three GPC

structures. All interpreted spectra have the fragment ion at m/z
184, a diagnostic fragment for GPC (Stübiger et al. 2008),
corresponding to PC. The fragmentation performed for other
precursor ions identified from the lipid extract revealed the
same diagnostic fragment, suggesting that these are GPC as
well. This evidence supports the reliability of the structures
predicted based on the mass value, isotopic distribution pattern,
and chemical nature. More robust analyses such as liquid
chromatography (LC)-MS experiments can be performed to
further characterize other LMWI identified from MALDI-MSI
procedures.

MALDI-MSI of LMWI performed after DHB
sublimation revealed one molecule present exclusively
in nematode-infected roots.
Only when MALDI-MSI of LMWI was performed in roots

and galls applying 2,5-DHB matrix by sublimation were we
able to identify an LMWI exclusively present in galls (m/z
235.2). It will be interesting to perform chromatography and
MS to elucidate the structure of this molecule and infer its
biological significance. The use of other matrices might also
potentially reveal different LMWI present only in galls. MALDI-
MSI has been used to map metabolites in roots and nodules of
M. truncatula during nitrogen fixation, identifying 19 molecules
after DHB coating deposition (Ye et al. 2013). Only the ion atm/z
104.18 related to choline correlated with our observations of
LMWI analysis in galls and uninfected roots. In addition, gas
chromatography MS and nuclear magnetic resonance analysis
have been used for the identification of metabolites from leaves

Fig. 6. Ultrafast liquid chromatography of proteins extracts obtained from
galls. Numbers indicate the fractions identified.
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and stems of tomato plants (Eloh et al. 2016) and roots of
Medicago truncatula (Baldacci-Cresp et al. 2015). Amino acids
and sugars were the molecules more abundantly characterized
and differentially identified using these approaches. The ap-
plication of different methodologies is important for comparative
analyses and to generate additional data, helping scientists to
decipher metabolic changes and adjustments occurring during
RKN–plant interaction.

Isolation of proteins identified by MALDI-MSI in galls
infected by Meloidogyne incognita.
Previous work described proteomic strategies applied to

study the mechanisms of plant–nematode interaction, focusing
on identification of large proteins of more than 10 kDa (Calvo
et al. 2005; Franco et al. 2010; Ledger et al. 2002; Navas et al.
2002; Villeth et al. 2015). In our experiments, we isolated
peptides and proteins ranging from m/z 3,441.9 to 11,520.6,
even when some ions can represent a [M+2H]2+ adduct. We
showed that, using a simple extraction procedure, polypeptides
identified by our HMWI MALDI-MSI analysis can be poten-
tially obtained to characterize candidate ions. The use of chro-
matography followed by MALDI-TOF-MS for a comparison
between polypeptides from uninfected roots and galls must be
performed under the approach where proteins are digested by
proteolysis before analysis. This is needed because the mass
resolution in the linear mode is inefficient to distinguish be-
tween high masses of close value. Alternatively, accurate data
can be obtained using a high-resolution mass spectrometer
such as an ESI-Q-TOF. The chromatographic strategy used
here can be improved, using an enhanced separation of the
molecules by applying LC-MS or nano LC-MS analysis when
more peptides and proteins can be accurately detected. Future
experiments should be employed to isolate and elucidate the
structure of the target ions identified by MALDI-MSI to infer
a potential function in the formation and maintenance of
nematode-induced feeding sites.

Concluding remarks.
MALDI-MSI technology is an attractive tool with which to

study the presence or absence of molecular components in
complex plant tissues such as RKN-induced galls. This tool is

unique for guiding the selection and characterization of sec-
ondary metabolites and polypeptides aimed at elucidating the
biological processes involved during the plant–nematode in-
teraction. First, sample preparation was a critical step for the
use of this technique, and the use of egg yolk followed by cry-
osection preparation proved to be essential to keep plant com-
pounds in their original locations. Our experimental settings
allowed us to obtain images from root and gall sections without
contamination of exogenous ions or diffusion of molecules and to
faithfully map HMWI as well as LMWI in roots and galls. We
identified LMWI present in galls and roots, with one ion exclu-
sively present in nematode feeding sites and others exclusively in
uninfected roots that we believe to be phospholipids. MALDI-MSI
acquisitions of LMWI in the fragmentation mode (MS/MS) will
help to elucidate the structure of some ions identified. In addition,
it will be interesting to verify whether components secreted by the
nematodes during parasitism can be detected within giant cells
during parasitism.
Moreover, in future work, sample preparation as described

here can be applied for experiments of HMWI imaging using
a mass spectrometer with higher resolution, such as MALDI-
Furrier Transform-MSI or desorption ESI-MSI. As such, masses
of HMWI identified in infected and uninfected roots can be
measured with even higher accuracy to determine peptide and
protein structures.

MATERIALS AND METHODS

Reagents.
Calibrant mixture (Protein Calibration Standard I and Pep-

tide Calibration Standard II), a-cyano-4-hydroxycinnamic acid
(a-cyano), and 2,5-DHB were purchased from Bruker Dal-
tonics. The SA was purchased from Sigma. All other reagents
were of spectrometry and chromatography grade.

Plant growth and nematode inoculation.
Seed of tomato cultivar Santa Cruz were sown in a seed bag

containing sterile soil in a proportion of two parts of sand and
one part of clay (2:1). The seed bag was placed in a greenhouse
under a controlled temperature, with a maximum of 30�C. After
15 days, tomato seedlings were transplanted to sterile soil (2:1)

Table 2. Average mass values identified by linear matrix-assisted laser desorption/ionization (MALDI) time-of-flight mass spectrometry performed on
chromatographic fractions obtained from gall extracts 14 days after inoculation

Values of m/z per fractiona

1 2 3 4 5 6 7 8 9 10 11 12

3,442 3,443 3,441 3,980 3,547 3,638 3,786 4,091 3,640 3,442 3,443 3,368
3,973 4,128 3,970 4,103 3,619 3,785 4,863 4,125 3,788 4,303 4,128 4,303
4,128 5,062 3,979 4,127 3,660 4,863 5,794 4,352 4,096 4,532 4,304 4,532
4,303 5,430 4,126 4,846 3,733 5,792 … 4,385 4,298 5,593 4,533 5,381
5,064 5,593 5,059 4,862 3,919 … … 5,058 4,356 5,795 5,063 5,591
5,594 5,795 5,230 5,061 4,103 … … 5,229 5,795 6,734 5,384 5,794
5,698 5,815 5,378 5,149 4,836 … … 5,377 8,219 7,610 5,795 6,025
5,795 5,836 5,402 5,214 4,845 … … 5,790 … 7,670 7,611 6,737
7,529 5,856 5,695 5,378 4,862 … … 20,336 … 8,216 7,674 7,514
7,610 6,025 5,791 5,590 4,875 … … 20,434 … 8,245 8,026 7,609
8,213 7,611 5,813 5,793 5,618 … … … … 8,589 8,219 7,670
8,606 7,635 5,828 5,814 7,607 … … … … 8,605 8,247 8,217
11,518 7,660 7,604 7,608 8,601 … … … … 8,811 8,607 8,245
… 8,218 8,212 8,602 … … … … … … 8,631 8,604
… 8,248 8,239 … … … … … … … 8,741 8,624
… 8,606 10,866 … … … … … … … 8,812 8,735
… 11,521 11,361 … … … … … … … … 10,875
… … 11,377 … … … … … … … … …
… … 11,393 … … … … … … … … …
… … 11,401 … … … … … … … … …

a Ions whose values match those identified in MALDI mass spectrometry imaging experiments are marked in bold.
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in single pots. Thirty-day-old plants were then inoculated
with 700 freshly hatched second-stage juveniles Meloidogyne
incognita.

Tissue sections.
Infected and noninfected (control) roots were collected at 14

to 30 DAI and the galls dissected from roots were submitted to
two sectioning procedures.
Fresh galls and uninfected roots were gradually dehydrated

in 30, 60, and 90% ethanol and mounted in 3% agarose. Sections
of 50 to 300 µm were made with a vibratome (Vibratome 3000
EP; MyNeuroLab). Tissue slices were first mounted on a glass
slide for microscopic observations and images were taken with a
digital camera (Axiocam; Zeiss). After that, tissues were
transferred and attached to a MALDI target plate using an
electrical conductive double-sided adhesive tape (3M) and
imaged again using the same digital camera coupled to a
magnifying glass.
Fresh galls and uninfected roots were mounted in an egg

block, as previously described by Sosnowski et al. (2015), in
10% gelatin or 5% agarose. Subsequently, samples were grad-
ually cooled for 1 h at 4�C and then for 1 h at _20�C, and stored
overnight at _80�C. Sections of 10 to 90 µm were generated
at _15�C using a cryostat (HYREX C50; Zeiss) in a chamber
maintained at _35�C. Tissue sections were thaw mounted on
ITO glass slides (Bruker Daltonics), dried in a vacuum desic-
cator, and stored at _80�C. Microscopy analyses were performed
using brightfield optics and images were obtained with a digital
camera (Axiocam; Zeiss).

MALDI-MSI of HMWI.
Tissue sections were defrosted, dried in a vacuum desiccator

for 10 min, and washed for 30 s in a chloroform/isopropanol
solution (1:1). The following matrix solutions were tested: SA,
a-cyano, and 2,5-DHB. The matrixes were sprayed over the
whole tissue section using an artistic airbrush (Lee Pro Tools
601115) connected to nitrogen gas. For this, 20 to 30 cycles of
matrix application were composed of short 1- to 2-s sprays
deposited 30 cm over a slide at 10-s intervals.
MALDI-MSI of HMWI was performed using an UltraFlex

III mass spectrometer (Bruker Daltonics) in the linear-positive
mode, with constant laser (solid-state) intensity, 60-µm reso-
lution, and in the m/z range of 2,000 to 15,000. The mass
spectrometer was calibrated using a drop of Protein Calibration
Standard I applied to a tissue section. Automatic scanning steps
were accomplished using the Flex Imaging 4.0 software. Global
spectra were generated for each image from 100 laser shots at
each position in the global maps.

MALDI-MSI of LMWI.
Tissue sections were defrosted and dried in a vacuum des-

iccator for 10min, thenwashed for 30 s in a chloroform/isopropanol
solution (1:1). For acquisition of LMWI, two strategies were
performed: no matrix deposition and 2,5-DHB deposition by
sublimation using a home-built device. The deposited amount of
DHB was 14 mg/slice. MALDI-MSI of LMWI without matrix
deposition was performed on an UltraFlex Xtreme mass spec-
trometer (Bruker Daltonics) in the reflective-positive mode,
with constant laser (solid-state) intensity, 60-µm resolution,
and in the m/z range of 70 to 1,500. The mass spectrometer
was calibrated according to adducts of a-cyano matrix, ap-
plied on a specific tissue section. Automatic scanning steps
were accomplished using FlexImaging 4.0 software. Global
spectra were generated for each image from 1,000 laser shots
at each position within the global maps. MALDI-MSI of
LMWI carryout after DHB sublimation was performed on
a Rapidflex MALDI tissue typer mass spectrometer (Bruker

Daltonics) in a reflective-positive mode with constant laser
(solid-state) intensity, 10 µm of resolution, and in the m/z
range of 100 to 1,400. The mass spectrometer was calibrated
using Peptide Calibration Standard II (Bruker Daltonics).
Automatic scanning steps were accomplished using Flex-
Imaging 5.0 software. The global spectrum was generated
for each image from 200 laser shots at each position in the
global maps.

Lipid extraction and analysis.
A pool of uninfected roots representing the same de-

velopmental stage as those used for other analyses was con-
verted into powder, of which 3 mg was used for lipid extraction
according to Ren et al. (2017), with minor modifications.
Briefly, 500 µl of methanol, 250 µl of chloroform, and 500 µl of
Milli-Q water were mixed to root powder in a 1.8-ml tube and
subjected to an ultrasound treatment on ice water for 20 min.
Another 250 µl of chloroform was added to the mixture and
sonicated for 10 min. The mixture was centrifuged at 4,000 rpm
for 5 min and the lower layer, consisting of chloroform con-
taining the extracted lipids, was pipetted out and evaporated in
a speed-vac.
The lipid extract was dissolved in 30 µl of acetonitrile, of

which 1 µl was mixed with 3 µl of DHB matrix (7.5 mg in
250 µl of ethanol/Milli-Q water [1:1] containing 100 mMLiCl),
and deposited on a MALDI plate. The molecular masses of
the lipids were determined by MALDI-TOF-MS using an
UltraFlex III mass spectrometer (Bruker Daltonics) in the
reflective-positive mode controlled by the FlexControl soft-
ware. The precursor ions were selected and fragmented using
the LIFT mode (MS/MS). The spectrometer was calibrated
using Peptide Calibration Standard I mixture and DHB ions
before analysis. The mass range analyzed was between m/z 100
and 1,500. The mass spectra (MS and MS/MS) were analyzed
using the FlexAnalysis 3.5 software.
The lipid extract was analyzed in an impact II Q-TOF mass

spectrometer (Bruker Daltonics) coupled to an ESI ion source
operating in the positive mode. The sample was dissolved in
150 µl of a 1:4 chloroform/methanol solution containing
1 mM LiCl and injected directly into the ion source using a
Hamilton syringe at a flow rate of 180 µl/h. The ion source
parameters were nebulizer = 0.4 bar, dry gas = 4.0 liters/min,
dry heater = 200�C, capillary = 4500 V, and end plate offset =
_500 V. The mass range was between m/z 100 and 2,500. The
spectrometer was calibrated using Na formate ions to achieve
£0.2 ppm of accuracy. The acquisitions were controlled by
oTOFControl software (Bruker Daltonics) and results were
analyzed using the Compass DataAnalysis 4.3 software
(Bruker Daltonics).

Protein extraction and analysis.
A pool of galls of the same stage of development as used for

other analyses (14 DAI) was converted into powder and 10 mg
of this powder was used for protein extraction with a water/
acetonitrile mixture (1:1). The solution was vigorously vortexed
for 3 min, then centrifuged for 15 min. The supernatant was
transferred to another tube and, after freezing, the sample was
dried using a speed-vac (Labconco).
The separation of the extract content obtained from galls was

performed by injecting 10 µl of an aqueous solution of 30 µg/µl
into a reverse-phase Shim-pack column XR-ODS (2.0 mm i.d.
by 50 mm; Shimadzu Co.) in a UFLC LC-20AD system
(Shimadzu Co.). A linear gradient of 5 to 95% of acetonitrile was
performed over 20 min, with a flow rate of 0.4 ml/min. Chro-
matographic fractions, monitored at 216 and 280 nm, were
manually collected, frozen, and dried using a speed-vac
(Labconco).
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The chromatographic fractions were dissolved using Milli-Q
water according to the absorbance intensity (10 to 50 µl). So-
lution corresponding to chromatography fractions (1 µl) was
mixed with 3 µl of a-cyano matrix (5 mg in 500 µl of ethanol/
Milli-Q water [1:1] containing 1% triflouroacetic acid) and de-
posited on a MALDI plate. The molecular masses of the proteins
were determined by MALDI-TOF-MS using an UltraFlex III
mass spectrometer (Bruker Daltonics) in the linear-positive
mode controlled by the FlexControl software. The spectrometer
was calibrated using a Protein Calibration Standard I mixture
before analysis. The mass range analyzed was between m/z
2,500 and 15,000. The mass spectra were analyzed using the
FlexAnalysis 3.5 software.
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