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SUMMARY

In order to cope with the presence of unfavorable compounds, plants can biotransform xenobiotics,
translocate both parent compounds and metabolites, and perform compartmentation and segregation at
the cellular or tissue level. Such a scenario also applies to mycotoxins, fungal secondary metabolites with a
pre-eminent role in plant infection. In this work, we aimed to describe the effect of the interplay between
Zea mays (maize) and aflatoxin B1 (AFB1) at the tissue and organ level. To address this challenge, we used
atmospheric pressure scanning microprobe matrix-assisted laser desorption/ionization mass spectrometry
imaging (AP-SMALDI MSI) to investigate the biotransformation, localization and subsequent effects of AFB1
on primary and secondary metabolism of healthy maize plants, both in situ and from a metabolomics stand-
point. High spatial resolution (5 um) provided fine localization of AFB1, which was located within the root
intercellular spaces, and co-localized with its phase-l metabolite aflatoxin M2. We provided a parallel visual-
ization of maize metabolic changes, induced in different organs and tissues by an accumulation of AFB1.
According to our untargeted metabolomics investigation, anthocyanin biosynthesis and chlorophyll meta-
bolism in roots are most affected. The biosynthesis of these metabolites appears to be inhibited by AFB1
accumulation. On the other hand, metabolites found in above-ground organs suggest that the presence of
AFB1 may also activate the biochemical response in the absence of an actual fungal infection; indeed, sev-
eral plant secondary metabolites known for their antimicrobial or antioxidant activities were localized in the
outer tissues, such as phenylpropanoids, benzoxazinoids, phytohormones and lipids.

Keywords: plant defense metabolites, mass spectrometry imaging, aflatoxins, metabolomics, phytotoxicity,
Zea mays.

INTRODUCTION _— . . . .
eliciting a variety of physiological and metabolic responses.

Plants are sessile organisms, with the capability to adapt
and thrive that is mediated by an ability to interact with their
surroundings and provide optimal responses to multiple
stimuli and threats. Such versatility is also the result of an
intricate chemical interplay with other organisms, including
the regular exchange of organic compounds that can be
both released in the rhizosphere or taken up by the roots
(Jones et al., 2009; van Dam and Bouwmeester, 2016). This
bidirectional flow involves substances modulating soil
microbiota, providing kin recognition between plants or

© 2021 The Authors.

Besides allowing the uptake/release of carbon or nitrogen,
it also involves plant and microbial secondary metabolites
(Buer et al., 2007; Biedrzycki and Bais, 2010; Bonfante and
Genre, 2010; Zhalnina et al., 2018). The overall consequence
is the evolutionary result of conflicting needs, a dynamic
balance between the advantages of increased environmen-
tal control and the drawbacks of xenobiotics causing
unwanted effects on plant metabolism. Like any other sys-
tem of this kind, chemical signaling pathways at the soil-
root interface can be hijacked by third parties to alter plant
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physiology in order to gain some sort of advantage (Venturi
and Keel, 2016). This form of hijacking has been reported in
a variety of species affected by the radical uptake of
cyanobacterial microcystins and benzoxazinones or strigo-
lactones produced by other plants for allelopathic purposes
(Peuthert et al., 2007; Crush et al., 2008; Schulz et al., 2013).
Thought of as an adaptation to the evolutive pressure
exerted by these substances, the absorption of specific
chemical compounds is also known to act as an alert sys-
tem in plants, eliciting precise metabolic responses, such as
activating pathways that lead to the increased biosynthesis
of defensive metabolites or the expression of enzymatic
pools responsible for xenobiotic degradation of any origin
(Siminszky, 2006; D'Abrosca et al., 2013). To cope with the
absorption of unfavorable compounds, plants are thus cap-
able to biotransform xenobiotics, translocate both parent
compounds and metabolites, and perform compartmenta-
tion and segregation at the cellular or tissue level in organs
programmed for senescence (Schroder and Collins, 2002;
Herzig et al., 2011).

Such a scenario also applies to the heterogeneous class
of mycotoxins, fungal secondary metabolites produced by
genera involved in plant pathology and food spoilage,
such as Alternaria, Aspergillus, Fusarium and Penicillium.
Being hemibiotrophic pathogens, these fungi produce tox-
ins known in some cases to hijack their host secondary
metabolic pathways. Until now, the role of these patho-
gens has mostly been described during the necrotrophic
phase (Perincherry et al, 2019). A phytotoxic role has
been defined for deoxynivalenol (DON) and alternariol,
along with a potential role as a virulence factor during an
actual infection, facilitating the colonization of host plants
by Fusarium and Alternaria spp. (Proctor et al, 2002;
Wenderoth et al., 2019; Wipfler et al., 2019). At the same
time, growing evidence shows that most mycotoxins,
including aflatoxins, ochratoxins, patulin, citrinin and
fumonisins, can be absorbed by roots and translocated to
above-ground organs, as noted in asymptomatic Arachis
hypogaea (peanut), Asparagus officinalis (asparagus), Cof-
fea arabica (coffee), Lactuca sativa (lettuce), Oryza sativa
(rice), Saccharum officinarum (sugarcane) and Zea mays
(maize) crops (Mertz et al., 1980; Llewellyn et al., 1982;
Walker et al., 1984; Snigdha et al., 2015; Hariprasad et al.,
2015). More recently, the uptake, biotransformation and
distribution of zearalenone, DON, T2 toxin and HT-2 toxin
in different plant organs was demonstrated in healthy
maize and Triticum aestivum (wheat) plants, confirming
that the biochemical response of plants is also activated
in the absence of an actual fungal infection (Righetti et al.,
2017; Rolli et al., 2018; Righetti et al., 2019). It is not yet
known if such a phenomenon, occurring in healthy plants
exposed to substances released by fungi in the soil, is
somewhat involved in plant resistance or fungal attack
strategies. It is instead known that the plant response to

xenobiotics is the consequence of regioselective and
stereospecific reactions mediated by P450 cytochromes
and actuated by the differential distribution of their prod-
ucts, resulting in a dynamic and variable portfolio of
structures defined as the ‘xenobolome’. Our understand-
ing of the xenobolome has been greatly increased by the
availability of metabolomic techniques, such as those
based on mass spectrometry, with a growing number of
so-called ‘masked’ or ‘modified” mycotoxins obtained
in planta (Berthiller et al., 2013; Rychlik et al., 2014; Zhang
et al., 2019).

At present the literature is most focused on the descrip-
tion of the chemical diversity of the xenobolome, however,
and limited information is available regarding the correla-
tion between plant tissues, uptake, biotransformation and
distribution, without taking full advantage of modern ana-
Iytical tools like those made available by mass spectrome-
try imaging (MSI). For instance, despite the growing
number of plant metabolites of mycotoxins described, we
currently do not have indications about fundamental
aspects relevant for a proper understanding of the plant
response to aflatoxin exposure: the weakening or stimulat-
ing effect on plant primary or secondary metabolism and
the absorption dynamics of aflatoxins or their modified
forms in different tissues and organs. Aflatoxin B1 (AFB1)
in particular is the most potent and abundant difura-
nocoumarin-based secondary metabolite produced by
Aspergillus flavus and Aspergillus parasiticus. As a result
of the combination of carcinogenicity and distribution,
AFB1 represents a serious issue in food chains, but is also
produced in surface soil in the presence of maize residues,
and may therefore be involved in crosstalk between plants
and fungi at the root level (Accinelli et al., 2008).

In this regard, modern metabolomics coupled with MSI
may allow for a better insight into the interplay between
plants and mycotoxins, highlighting potential variations in
distribution and biotransformation between different tissue
and cell types. The fine combination of chemical and histo-
logical data may not only elucidate the molecular entities
involved in these processes but also their spatial distribu-
tion within the organism (Boughton et al, 2016). Atmo-
spheric pressure scanning microprobe matrix-assisted
laser desorption/ionization (AP-SMALDI) MSI, for instance,
is versatile enough to cover a broad range of plant natural
products. Recently it has been applied to the metabolic
effects of biotic and abiotic stress (Bhandari et al., 2018) or
to the simultaneous localization of multiple secondary
metabolites and xenobiotics, also at the cellular level, but
has never been used before to describe the consequences
of mycotoxins in living plants, including those related to
AFB1 (Tenenboim and Brotman, 2016; Villette et al., 2019).

Here, we present an initial attempt to describe the effects
of the interplay between plants and aflatoxins at the tissue
and organ level in the most common and relevant
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mycotoxins produced by some Aspergilli species and
strains. We used AP-SMALDI MSI in situ and from a meta-
bolomics standpoint to investigate the biotransformation,
distribution, localization and subsequent effects of AFB1,
and its potential modified forms, on primary and sec-
ondary metabolism of healthy maize plants.

RESULTS
MALDI matrices for aflatoxin ionization

Given the limited availability of ad hoc MSI methods for
aflatoxins (de Oliveira et al., 2014; Hickert et al., 2016), an
optimization of ionization and detection parameters for
AFB1 was performed. The matrices a-cyano-4-hydroxycin-
namic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB),
and different combinations of solvents, were tested with
the AFB1 standard (1 ug mI™"). CHCA (50% acetonitrile)
yielded the best signal in the dried-droplet MALDI experi-
ment, in agreement with Hickert et al. (2016); however,
when performing on-tissue MSI, DHB (50% acetone) pro-
vided the highest signal for AFB1. Consequently, DHB was
chosen as the matrix for MALDI-MSI experiments with
maize samples. Note that DHB is also appropriate for
detecting plant metabolites at high sensitivity in positive-
ion mode (Bjarnholt et al., 2014; Bhandari et al., 2015), and
thus is also suitable to detect variations in the plant meta-
bolome in response to AFB1 exposure.

AFB1 localization in maize root

Simultaneous analysis of tissue sections of control and
AFB1-treated roots was performed. Both samples were
mounted on the same glass slide and acquired on the
same analytical run to minimize technical error, and thus
intersample variability.

In our experiment, plant roots were fully immersed in
medium containing AFB1 for 7 and 14 days. The intact
plantlets rapidly took up the AFB1, which was completely
removed from the medium after 14 days and was almost
90% absorbed after 7 days, confirming previous studies
reporting root uptake and translocation to above-ground
organs in asymptomatic Z. mays (Mertz et al., 1980). The
percentage of AFB1 uptake from the medium was deter-
mined by ultra-high-performance liquid chromatography
(UHPLC) high-resolution tandem mass spectrometry
(HRMS/MS) analysis (Appendix S1; Figure S1).

After 7 days of treatment, images from AP-SMALDI mea-
surements (see Figure S2) show the spatial distribution of
AFB1, accumulated in epidermal root cells. The AFB1 distri-
bution changed in roots treated for 14 days, indicating
time-dependent root uptake. Compared with the shorter
treatment (Figure S2), AFB1 was detected spreading in the
cortex cells and in the root stele (see Figure 1a), suggest-
ing its distribution through the xylem vessels and a poten-
tial translocation to the aerial parts of the plantlet. AFB1
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was detected exclusively in the treated root and not in the
control sample, as shown in Figure 1(a), thereby confirm-
ing the identity of the molecule despite the lack of HRMS/
MS data caused by the weak signal intensity. AFB1 was
detected as protonated, sodium or potassium adducts,
with the latter giving the highest intensities. The three
adducts showed the same spatial distribution.

The UHPLC HRMS/MS using the authentic standard
compound supported the results of the AP-SMALDI MSI.

Upon entry to plant tissues, AFB1 seems to undergo a
fate similar to most xenobiotics, being biotransformed by
the plant enzymatic pool involved in detoxification, with
the production of so-called masked mycotoxins. Our AP-
SMALDI MSI data confirmed such a hypothesis and, for
instance, aflatoxin M2 (AFM2) was found to be the most
abundant metabolite. Indeed, AFM2 was already detected
after 7 days of treatment and was co-localized with AFB1.
AP-SMALDI imaging results (Figure S2) indicated that
AFM2 mainly accumulates in the epidermis, suggesting co-
localization with the pool of enzymes capable of converting
AFB1 into AFM2. As for AFB1, in the root treated for
14 days the localization of AFM2 changed, spreading
throughout the cortex cells (Figure 2). AFM2 identification
was confirmed by comparison with the analytical standard
by running the same sample using UHPLC HRMS/MS (Fig-
ure S3). Sample preparation and UHPLC HRMS/MS analy-
sis are described in Appendix S1.

Distribution images of AFB1 and its metabolite AFM2
were obtained exclusively from the root, whereas in the
stem and leaf organs their ion intensities were below the
limit of detection of AP-SMALDI MSI. Indeed, the majority
of the 200 pg of AFB1 spiked in the growing medium accu-
mulated in the root (63%), whereas only a smaller quantity
was translocated through the stem (34%) and leaves (3%)
(Figure S1). This accumulation in the root is to be
expected, as the growing medium was spiked with AFB1
and thus AFB1 entered the plant through root uptake. The
translocation of AFB1 and AFM2 to the aerial part of the
plantlets is likely to occur as previously demonstrated
(Mertz et al., 1980), and was confirmed by UHPLC HRMS/
MS analysis (Appendix S1; Figure S1).

Evidence for apoplastic uptake and storage of aflatoxins

The detoxification of xenobiotics in the plant, including
mycotoxins, has been suggested to occur in the Golgi
apparatus, followed by the release of the metabolites into
the apoplast via exocytosis (Coleman et al., 1997).

Based on our results, AFB1 uptake followed the apoplas-
tic route, through the interconnected cell wall spaces.
Based on the image with 5-um resolution (see Figure 3),
zoomed in and enlarged for better visualization, it was
found that AFB1 was located within the intercellular
spaces, outside of the outermost layer of the cell walls,
which was not discernable at 10 um (Figure 1a). This
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(d)

EbiHErTE Endodermis

AFB1-treated Control

Figure 1. AP-SMALDI mass spectrometry imaging of control and AFB1-treated Zea mays (maize) root sections after 14 days of the experiment. (a) Aflatoxin B1
[M + KI*, m/z 351.0265, is accumulated in the epidermis cells and in the cortex cells. (b) Cyanidin glucoside [M]*, m/z 449.1076, and (c) pheophytin a [M + HI",
my/z 871.5729, spatial distribution in root. (d) Optical image of AFB1-treated and control maize root sections, with major morphological features labeled. (e) Red—
green-blue (RGB) overlay image of AFB1 [M + K", m/z 351.0265 (red), pheophytin a [M + HI", m/z 871.5729 (green), and cyanidin glucoside [M]*, m/z 449.1076
(blue). (f) RGB metabolite image, overlain with the optical image. All images are normalized to the total ion current on a 0-70% intensity scale. MS images of
maize roots were generated with 295 x 145 pixels, with a pixel size of 10 pum and an m/z bin width of +5 ppm. Scale bars: 500 um.

AFB1-treated Control

Figure 2. AFM2 distribution after 14 days of treatment. AFM2 [M + KI", m/z 369.0371, was found to be located mainly within the epidermis and cortex cells. The
image was normalized to the total ion current on a 0-50% intensity scale. The MS image of maize root was generated with 295 x 145 pixels, with a pixel size of
10 um and an m/z bin width of +5 ppm. Scale bar: 500 um.

demonstrates the necessity of high resolution for the eluci- Individual cell walls can be observed within the epider-
dation of fine localization information. This distribution mis (7 days root) and cortex (14 days root) layers using 5-
pattern is more evident at this resolution, especially when um resolution, as shown in Figure 3. These cells have a
overlain with the optical images (see Figure 3). diameter of around 30 um, and therefore measurement
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Figure 3. Magnified ion images of AFB1 in maize root after 7 days (a) and after 14 days (b). AFB1 [M + K]", m/z 351.0265 (green), accumulated in the epidermis
cell wall (a), and after 14 days was located within the cortex cells in the root apoplast. MS images of maize root were generated with: (a) 177 x 191 pixels, with
a pixel size of 5 um and an m/z bin width of +5 ppm; (b) 230 x 240 pixels, with a pixel size of 5 um and an m/z bin width of £5 ppm.

with a lateral resolution of 5 pm was adequate to obtain
fine localization information by retaining enough signal
intensity.

Location of metabolites involved in the defense against
aflatoxin accumulation

Plant changes induced by aflatoxin accumulation have
been investigated, mainly using genomics and transcrip-
tomics, whereas the effects on plant metabolism and thus
the metabolic response of plants to such exposure are
poorly studied. Here, we applied an untargeted MSI-based
metabolomics workflow to visualize changes in the maize
metabolome following AFB1 accumulation.

At first, exploratory unsupervised data mining, including
principal components analysis (PCA) and segmentation

analysis, was performed. PCA was applied to the pre-pro-
cessed data to identify discriminating m/z values and to
detect underlying structures based on similarities or differ-
ences among the pixel-based mass spectra (Kulkarni et al.,
2018). Significant metabolites involved in the defense
mechanism were selected from the resulting loading plots.
Root, stem and leaf samples were processed indepen-
dently, considering that AFB1 is expected to exert different
phytotoxicity on the three studied organs, depending on
the extent of its AFB1 accumulation in tissue. Therefore, the
location of metabolites involved in the defense against afla-
toxin accumulation is discussed accordingly. The metabo-
lites detected in the different maize organs and those
discussed throughout the article are listed in Table 1. Addi-
tional discriminant metabolites are reported in Table S2.

Table 1 Selected metabolites assigned in Zea mays (maize) organs by AP-SMALDI MS, the m/z images of which are presented in the

figures
Higher
Molecular Exact Error  Localization metabolite Identification

Subclass Compounds formula Adduct mass ppm  (organ) intensity in level®

Furanocoumarins AFB1 C17H1206 [M+ K" 351.0265 0.83 Epidermis and  AFB1-treated |
cortex (root)

Furanocoumarins AFM2 C17H1404 [M+KI®  369.0371 0.8 Epidermis and  AFB1-treated |
cortex (root)

Chlorins Pheophytin a CssH7405N,  [M]+ 871.5732 0.62 Endodermis Control Il
(root) sample
mesophyll
(leaf)

Flavonoid glycosides Cyanidin Cy1H21014 IMI* 449.1078 0.57 Cortex cells Control 11}

glucoside (root) sample

Steroid lactones Deoxybrassinolide CoygH450s [M+KI" 503.3133 0.01 Leaf epidermis ~ AFB1-treated Il
(stem)

Carbohydrates and HDMBOA-Glc CygH21NOo [M + HI®  388.1238 1.09  Leaf sheath AFB1-treated Il

carbohydrate (stem)
conjugates

Glycosyldiacylglycerols DGDG (34:2) CuoHgg015 [M + Na]" 939.6015 0.2 Collenchyma AFB1-treated Il
(leaf)

Flavonoid glycosides Malvidin C47H1507 [M]+ 331.0812 0.8 Vascular tissue  Control Il
(leaf) sample

aLevel of metabolite identification according to the Metabolomics Standard Initiative (Schymanski et al., 2014): |, confirmed structure by
reference standard; Il, probable structure by library spectrum match; lll, tentative candidate.
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AFB1-treated

AFB1-treated

Figure 4. Exploratory data analysis for AP-SMALDI imaging of a maize root sample to visualize inter- and intra-sample comparison. Two unsupervised
approaches are compared: (a-c) principal component analysis (PCA); and (d-f) bisecting k-means segmentation. (a-c) PCA-score images of the first (a), second
(b) and third (c) principal components. Images scaled to 0-100% score and displayed with a rainbow color gradient (black, low values; white, high values). (d-f)
Segmentation clusters expanded to the first (d), second (e) and third (f) layers. At the first iteration (d), the out-of-tissue (yellow) and in-tissue (blue) clusters
were identified. At the second and third iterations, the distinct clusters correlate with root histology, such as epidermis (orange cluster), cortex (blue and violet
cluster) and pith (cyan cluster). The hierarchy relations between clusters are shown in the legend.

Roots

Plant roots are actively involved in plant-environment
interactions at the soil level, and both their structure and
metabolism are the result of a series of necessary compro-
mises between two opposite necessities: the uptake of
water, nutrients and chemical signals; and the defense
against biotic and abiotic stress. Therefore, changes of
endogenous metabolites in different root regions are
essential to reveal the adaptation mechanisms. Roots are
composed of a variety of tissue types on a small scale (e.g.
xylem, phloem, cortex and pith; see Figure 1d), and high
spatial resolution is crucial for the mapping of chemical
distribution at the cellular level. In particular, root samples
were acquired using a pixel size of 10 um, and analyses
were repeated with a higher spatial resolution (5 pm) to
obtain fine localization information for certain metabolites.

Simultaneous analyses of control and AFB1-treated
roots were performed, by mounting both samples on the
same glass slide.

To perform PCA (see Figure 4a—c), we selected three
principal components (PCs) based on the total variance
captured (92%). PC1 captures 73% of the total variation,
whereas combined PC2 and PC3 explain a total of 19%. As
shown in Figure 4, the score images for PC1, PC2 and PC3
show an enhanced chemical contrast between the treated
and the control root. In addition, the score images of PC1
and PC2 capture the variation in intensity arising from the
histology of the root surface, which includes the outer epi-
dermis and the pith.

In parallel, segmentation analysis was performed reveal-
ing different regions of interest (ROls) (Figure 4d-f). The
first layer expansion (Figure 4d) discriminates out-of-tissue
(green cluster) and in-tissue (blue cluster) signals, whereas
the second (Figure 4e) and third cluster layers (Figure 4f)
nicely distinguish between plants treated with AFB1 and
the controls. Furthermore, the distinct clusters strongly
correlate with the root tissue compartments, such as the
epidermis (orange cluster), cortex (violet cluster) and pith
(cyan cluster).

© 2021 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2021), 106, 185-199



Overall, the output from both unsupervised exploratory
approaches reported consistent results, revealing the hid-
den differential metabolic distribution profiles between
control and treated roots, and defining important compart-
mentation regions at the plant tissue level. It should be
mentioned that PCA and segmentation are independent
analyses that are based on different algorithms, and thus
the consistency in the results suggest a significant differ-
ence in the metabolic profile of control and treated roots.

Subsequently, five ROls for each cluster were generated
and underwent further multivariate statistical analysis,
namely PCA (with the score plot reported in Figure S4).

A grouping of samples according to treatment, following
the direction of the first PC (Figure S4), whereas the sec-
ond PC better explained intra-sample variation arising from
different tissues. Therefore, PC1/PC2 loading plots were
investigated to isolate metabolites differentially accumu-
lated and distributed in mycotoxin-treated samples versus
control samples.

Chlorophylls seem to be particularly affected by the
presence of AFB1. Indeed, several derivates including
pheophytin a, pheophytin b, chlorophyllide a and chloro-
phyllide b were detected exclusively in control roots, thus
suggesting degradation or inhibited synthesis in plantlets
exposed to AFB1 (Table 1). This remarkable inhibitory
effect on chlorophyll synthesis was reported previously in
maize (McLean et al., 1992) and other crops (McLean et al.,
1995; Ismaiel and Papenbrock, 2015) treated with AFB1.

These compounds appear to be co-localized in the endo-
dermis cell layer (Figures 1 and Sb; for compound identifi-
cation, see Figure S6). The site of accumulation of
chlorophylls in the root is consistent with results previ-
ously obtained in illuminated Arabidopsis roots as a conse-
quence of a precise cytokinin/auxin ratio (Kobayashi et al.,
2012); however, their biosynthesis in plantlets treated with
AFB1 may suggest a direct or indirect capability to disrupt
such activity in maize, at least in vitro where roots are
exposed to light.

A similar trend but a different localization was observed
for anthocyanidin compounds. The predominant antho-
cyanidins found in roots of untreated plantlets were mal-
vidin, cyanidin-malonylglucoside and peonidin glucoside,
followed by cyanidin glucoside and pelargonidin gluco-
side. These compounds are known to be present in maize
and are known for their involvement in a variety of stress-
related responses in plants, and in monocots in particular
(Salinas Moreno et al., 2005). Along with other flavonoids,
anthocyanins may act as phytoanticipins, and therefore
may be transformed into more active substances (phy-
toalexins) when plants are under threat from microorgan-
isms. At the same time, they are overproduced when
plants suffer drought, cold or exposure to UV light. Their
reduced biosynthesis in AFB1-treated samples and the
apparent lack of related phytoalexins may suggest a
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possible weakening of the defensive system of maize
exerted by AFB1.

As noted for chlorophylls, variations in anthocyanidin
levels were reported with several compounds exclusively
found in the control root, showing accumulation in the
root cortical parenchyma, but not in plantlets treated with
AFB1. In particular, cyanidin glucoside (IMI" m/z 449.1076)
was found to be exclusively present in the control root,
showing accumulation mainly in the root parenchyma cor-
tex cells (see Figure 1b).

Co-localized ion signals were extracted, highlighting sev-
eral features sharing the same distribution and trend
regarding treatment. The MS images of these features,
most likely anthocyanidin-like metabolites, are collected in
Figures S7 and S8.

Stems

Stems are a part of the shoot plant system with support
and transport functions. The plant stem not only helps to
transport absorbed water and minerals but also the prod-
ucts of photosynthesis and metabolism. Thus, detailed
knowledge on metabolite distribution in the maize stem is
fundamental for the understanding of molecular transport
and nutrient storage networks. As in maize, the lower part
of each leaf encloses the stem, forming a leaf sheath, with
three main structures: the stem pith, the leaf sheath and
the vascular bundles (for an optical image with the major
morphological features labeled, see Figure 4d). In contrast
to root, considering the stem diameter (approximately
2 mm) and the morphological organization, a pixel size of
30 um was used in MSI experiments. A higher resolution
would have led to lower signal intensities and significantly
increased acquisition times.

As for the roots, exploratory data analysis was per-
formed and the resulting PCA and segmentation analysis
are reported in Figures S9 and S10. The result from the
PCA shows a sample clustering, influenced both from the
treatment and the tissue, suggesting a less significant
effect of AFB1-induced stress compared with the root (Fig-
ure S10). Consistent with this, AFB1 accumulation in the
stem (34%) was lower than in the roots (63%) (Figure S1).
All these observations correlate with the assumption of
compartmentalized metabolism in plants among different
organs.

Compared with roots, few significant metabolites
selected from the loading plot were found to be modulated
by treatment with AFB1. This is likely to be a consequence
of the lower accumulation of aflatoxins resulting from the
diluting and dynamic effects of transportation.

The MSI measurement demonstrated the fine localiza-
tion of constitutive and defense-related metabolites. Distri-
bution of monogalactosyldiacylglycerol 36:6 (MGDG)
(Figure 5a) was found to be not affected by the treatment,
and its ion image correlates well with the optical image
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Figure 5. AP-SMALDI mass spectrometry imaging of AFB1-induced defense-related metabolites in the stem (a—c). (a) MGDG (36:6) [M + K]*, m/z 813.4914, was
found to be widespread in both control (right) and treated (left) stems. HDMBOA-Glc (b) and deoxybrassinolide (c) were found to be present in the outer leaf
sheath of the treated stem. In particular, HDMBOA-Glc [M + HI", my/z 388.1234, accumulated in the leaf sheath, whereas deoxybrassinolide [M + KI*, m/
7503.3133, was found to be enriched in the vascular bundles of the leaf sheath. (d) Optical image of AFB1-treated versus control maize stem sections, with
major morphological features labeled. (e-f) Overlay image of MGDG (36:6), m/z 813.4914 (blue), HDMBOA-Glc [M + H]", m/z 388.1234 (green), and deoxybrassi-
nolide [M + K]", m/z 503.3133 (red). All images were normalized to total ion current on a 0-70% intensity scale. MS images of the maize stem were generated
with 338 x 172 pixels, with a pixel size of 30 um and an m/z bin width of £5 ppm. Scale bars: 500 um.

(Figure 5d). In contrast, defense compounds, including
hydroxydimethoxy benzoxazinone glucoside (HDMBOA-
Glc) (Figure 4b) and deoxybrassinolide (Figure 4c) were
found to be differentially distributed among control and
treated stems, and were located in the outer tissues. Both
metabolites were exclusively found in the AFB1-treated
stems.

HDMBOA-Glc ([M + HI* m/z 388.1234) belongs to the
benzoxazinoids, which are secondary plant metabolites,
widely acknowledged for their importance in plant defense
in both above- and below-ground parts of cereal plants
(Zhou et al., 2018). The compound was found accumulated
in the mesophyll cells of the AFB1-treated leaf sheath.
Instead, deoxybrassinolide ([M + KI* m/z 503.3133) was
found to be enriched in the vascular bundles of AFB1-trea-
ted leaf sheath. This compound belongs to the new class
of phytohormones with protective effects, growth effects,
chlorophyll biosynthesis and membrane stability in maize
(He et al., 1991).

Additional metabolites associated with stem defense
against AFB1 accumulation are shown in Figure S11.

Leaves

A wide range of processes takes place simultaneously in
leaves, including transpiration, respiration, plant-pathogen
interaction and plant defense. Considering the morphological

organization of a leaf, a pixel size of 10 um was chosen for
MSI acquisition.

In this case, it was not possible to mount both treated
and control samples on the same glass slides, because of
the fragility of the tissue. To obtain uniform sections, adhe-
sive tape was used over the trimmed sample during the
cryosectioning step.

The presence of AFB1 in the leaf of treated maize plant-
lets was assessed using UHPLC HRMS/MS analysis. Only
3% of the total AFB1 administered to the medium was
translocated to the leaf organ (Figure S1). Consistent with
this, few differences in the metabolome profile were identi-
fied, as suggested also by the result of the exploratory data
analysis reported in the Figures S12 and S13.

As shown in Figure 6, the distribution of pheophytin a
(Figure 6¢,d) was homogeneous, regardless of the treat-
ment, and accumulated in the mesophyll cells. This local-
ization is consistent with the results described previously
for healthy maize leaves (Duenas et al., 2017).

In contrast, digalactosyl diacylglycerol (DGDG) (34:1)
(Figure 6e,f) and malvidin (Figure 6g,h) were found to be
differentially accumulated in response to AFB1 treatment.
Malvidin was found to be reduced in the bundle sheath of
treated leaves, whereas DGDG (34:1) was stored in the col-
lenchyma of the treated leaf. Alterations and remodeling in
galactolipid composition were recently studied in two
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Figure 6. Optical images of maize leaf sections, with major morphological features labeled (a, b). AP-SMALDI mass spectrometry imaging of AFB1-induced
defense-related metabolites in leaves (c-h). (i-}) RGB overlay image of DGDG (34:1), m/z 939.6017 (red), pheophytin a [M + K]", m/z 909.5291 (green), and mal-
vidin [M]*, m/z 331.0814 (blue). All images were normalized to total ion current on a 0-60% intensity scale. MS images of maize leaves were generated with
388 x 172 pixels, with a pixel size of 30 um and an m/z bin width of +5 ppm. Scale bars: 500 um.

maize cultivars differing in drought-induced leaf senes-
cence (Chen et al., 2018), suggesting an increase of the
galactolipid DGDG during leaf stress. Furthermore, the
accumulation of DGDG leads to an increase in the DGDG/
MGDG ratio, which may help to maintain the chloroplast
membrane in the bilayer conformation, necessary for its
biological functions (Chen et al., 2018).

DISCUSSION

Metabolic changes occur when plants are exposed to xeno-
biotics, providing both localized and systemic responses.
Here, MSI was employed to simultaneously explore the
spatiotemporal distribution and the metabolic fate of
AFB1, its putative modified forms (masked mycotoxins),
and plant-stress metabolites induced by their accumulation
in different cells, tissue and organs. In other words, a visu-
alization of how and where maize biotransforms AFB1 after
physiological uptake was provided, and the resulting
changes to the plant metabolome were described.
Following radical uptake by maize plantlets, AFB1 was
absorbed from the growing medium after 14 days, accu-
mulated in the root, translocated through stem and leaf,

© 2021 The Authors.

and metabolized. AFB1 is indeed recognized by the plant
as a xenobiotic, exhibiting phytotoxicity, and thus is
metabolized into less toxic forms, with among others
AFM2 as the oxidized form of AFB2.

Xenobiotic residues resulting from phase | (transforma-
tion) and phase Il (conjugation) are usually segregated in
vacuoles or accumulated in the apoplast (phase lll), includ-
ing cell wall bonding. In our study, the distribution of AFB1
elucidated by high spatial resolution MSI is consistent with
an earlier hypothesis on the compartmentalization of
mycotoxins (Coleman et al., 1997). Indeed, our results indi-
cate that after 14 days AFB1 is mostly found in the root
apoplast, and its distribution to above-ground organs is at
least slowed by this organ, probably allowing the whole
plant a longer time to prepare against potential fungal
infection. Other xenobiotics, including herbicides, pesti-
cides, fungicides (i.e. atrazine, fenapanil, fenarimol, gly-
phosate and oxamyl) and host-selective toxin Ptr ToxB
have been detected before in the plant apoplast, but their
distribution has been traditionally investigated using
immunocytochemical methods (i.e. fluorescence micro-
scopy) (Martin and Edgington, 1981; Jachetta et al., 1986;
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Figueroa et al., 2015; Bartikova et al., 2015). Here, we
disclose the exact location of AFB1, taking advantage of
the MSI capabilities, including the use of high spatial reso-
lution MSI. Not only AFB1 but also its metabolite AFM2
was co-localized in the root apoplast. This result suggests
that AFB1 is sensitive to enzymatic pools present in the
root apoplast (Nelson, 2006). In mammals, AFB1 under-
goes a variety of modifications in the liver under the action
of the superfamily of CYP450 microsomal enzymes, and
particularly through the mixed-function oxidase enzymes.
For instance, their activity induces the hydroxylation neces-
sary to obtain AFM1, and therefore similar enzymes may
be involved in the conversion observed in maize roots. As
a rule of thumb, the extent of apoplast accumulation of a
given compound is considered to be a consequence of sev-
eral parameters (i.e. osmotic potential, pH, charge, parti-
tioning coefficient, carriers): among these, water solubility
slows down penetration in the symplast (Martin and Edg-
ington, 1981; Jachetta et al., 1986; Meinzer and Moore,
1988). Therefore, a distinct behavior might be expected for
mycotoxins with different polarities, such as zearalenone,
a lipophilic mycotoxin. Indeed, distinct distributions were
reported for herbicides with different solubilities. Atrazine
(water solubility =33 mg L™"; log P=2.6) has been
demonstrated to penetrate the symplast of maize root tis-
sue (Jachetta et al., 1986), whereas glyphosate (water solu-
bility = 10 g L™"; log P = —3.4) remains in the apoplast.

The findings presented here suggest that AFB1 may act
as an extracellular effector localized in plant extracellular
spaces, a chemical presence that maize plants may con-
sider as a potential risk even when no infection is pre-
sent. This result, albeit obtained in a simplified system,
might represent a step towards a better understanding of
the role of these natural toxins in disease susceptibility
and modulation of pathogenesis when fungal species are
also present. How AFB1 is transported remains to be
examined, however, and whether at given conditions
AFM2 may be present in significant quantities in aerial
organs. At the same time, the recourse to an in vitro
approach, relying on radical uptake and on leaf transpira-
tion for systemic distribution of AFB1 and its metabolites,
may depict a different scenario from that present when
maize ears or aerial organs are actually infected by
Aspergillus fungi.

We provided a parallel visualization of maize metabolic
changes, induced in different organs and tissues by an
accumulation of AFB1. Mycotoxins may also activate the
biochemical response of plants in the absence of an actual
fungal infection (Rolli et al., 2018; Righetti et al., 2019). In
our maize-AFB1 system, we observed a strong difference
between treated and untreated plantlets, and most relevant
metabolic responses were observed in roots; this is not
surprising, considering the higher exposure of such organs
to AFB1. On the other hand, AFB1-induced stress was

significantly lowered in stem and leaf, consistent with the
assumption of compartmentalized metabolism in plants,
among different organs, but suggesting an influence in the
overall defensive strategy of maize.

According to our untargeted metabolomics investiga-
tion, anthocyanin biosynthesis and chlorophyll metabolism
in roots are most affected. The biosynthesis of these
metabolites seems to be inhibited by AFB1 accumulation.
Both anthocyanin and chlorophylls were exclusively found
in control roots, exhibiting a tissue-specific accumulation.
Such a phenomenon may be related to a scarcely explored
hypothesis, suggesting that at least in Z mays (McLean
et al., 1992) and Nicotiana tabacum (McLean et al., 1995),
aflatoxins may interfere with the normal functioning of
chloroplasts. The inhibition of chlorophyll synthesis is
reported to be more pronounced with increasing concen-
trations of AFB1. At a higher dose (25 pg ml™"), Nicotiana
tabacum plantlets are also reported to fail to develop roots,
following 3 weeks of exposure. This will depend on the
developmental stage at which a plant is likely to be
exposed to the toxin, i.e. in the developing seed (likely to
be more sensitive) or in plants that are already established
(likely to be less sensitive). Similarly, in the interplay
between plants and fungi, inoculation of plantlets with
fungi has been involved in the repression of anthocyanin
biosynthesis, with the blockage of genes encoding key
enzymes involved in the production of these secondary
metabolites, such as flavanone 3-hydroxylase, dihy-
droflavonol 4-reductase and anthocyanidin synthase (Lo
and Nicholson, 1998).

In plants, chloroplast development is regulated by cyto-
kinin molecules. Recently, it was revealed that the cytoki-
nin signaling pathway is also involved in the regulation of
chloroplast development in the root, through the upregula-
tion of transcription factor (golden2-like) in non-photosyn-
thetic organs (Kobayashi et al, 2012). These
phytohormones are key regulators of many aspects of
plant development and may mediate plant stress
responses, including anthocyanin accumulation (Deikman
and Hammer, 1995). In this study, several anthocyanins
were found to be exclusively located in the root cortex of
untreated maize, and their presence was inhibited by AFB1
exposure. These results may suggest a possible involve-
ment of aflatoxins in mediating a hormone-like response,
through the inhibition of the cytokinin signaling pathway,
resulting, among other effects, in the alteration of chloro-
phyll metabolism and the inhibition of anthocyanin biosyn-
thesis. It remains to be determined whether these effects
are the result of a metabolic response elicited by AFB1,
with maize repressing less essential metabolic activities as
a means of compensating for future defensive response
needs, or a direct hacking/toxic activity against plant physi-
ology. Involvement as a virulence factor cannot be
excluded, however.

© 2021 The Authors.
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Indeed, conversely to what has been thought previously,
there is growing evidence that in certain situations several
mycotoxins, including alternariol, DON and gliotoxin, may
play a role in facilitating the growth and spread of fungi in
the host plant (Hof, 2008; Wenderoth et al., 2019).

This assumption is also supported by evidence at the
protein level, corroborating the hypothesis of an interac-
tion between phytohormones, such as cytokinins (Chen
et al., 2010), with a pathogenesis-related protein (i.e. PR10)
induced in an aflatoxin-resistant maize line (Chen et al.,
2010). Indeed, several constitutively expressed maize pro-
teins were reported to have a role as the first line of
defense against aflatoxin (Chen et al., 2010), including the
biosynthesis of thioredoxin, which regulates various bio-
logical processes during chloroplast development (i.e. syn-
thesis of chlorophylls and assembly of photosynthetic
protein—cofactor complexes) (Buchanan and Balmer, 2005).

On the other hand, metabolites found in above-ground
organs suggest that the plant may react to the presence of
AFB1 in the same way as it reacts during fungal infection.
Indeed, several plant secondary metabolites known for
their antimicrobial or antioxidant activities (i.e. flavonoids,
phenylpropanoid, hydroxycinnamic acids, alkylresorcinols)
have been previously reported to be differentially modu-
lated in the presence of mycotoxins (i.e. DON) (Gunnaiah
and Kushalappa, 2014; Etzerodt et al., 2016). In response to
AFB1 treatment, we identified some benzoxazinoids com-
pounds previously reported to inhibit DON accumulation
(Etzerodt et al., 2016) in wheat cultivars. These compounds
are considered as phytoanticipins, and given their defen-
sive role, HDMBOA-Glc accumulated in the outer leaf
sheath of the AFB1-treated stem may be produced in
advance to face a potential fungal attack, as anticipated
from the limited level of aflatoxins (Ahmad et al., 2011).

A different class of phytohormones, namely brassinos-
teroids, were found to be modulated in maize as a
response to AFB1. Indeed, deoxybrassinolide, found to be
accumulated in the outer leaf sheath of the treated stem, is
known to have protective effects on growth, chlorophyll
biosynthesis and membrane stability in maize (He et al.,
1991; Katsumi, 1991). Recently, the critical role of brassi-
nosteroids in the regulation of xenobiotic metabolism in
crop plants was revealed (Zhou et al., 2015). The authors
reported that their physiological concentration is capable
to upregulate the machinery of the detoxifying response
against pesticides, mostly mediated by the activity of glu-
tathione S-transferase (Zhou et al., 2015). Therefore, the
increased biosynthesis of brassinosteroids, noted in trea-
ted plantlets, should be considered as a first step towards
the activation of a defensive system in the detoxifying
strategy of maize against mycotoxins.

In summary, our results suggest a possible role of AFB1
in maize pathogenesis, supporting the hypothesis that the
production and the environmental exposure of certain

© 2021 The Authors.
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mycotoxins may increase pathogen virulence or act as an
alert system for maize plantlets.

Overall, major metabolism disruption was observed in
roots, with significant interference with chlorophyll and
anthocyanin biosynthesis, which may potentially be ascrib-
able to cytokinin pathway inhibition. On the other hand, a
smaller effect was observed in the leaf chloroplast, which
is the photosynthetic organ, because the quantity of AFB1
translocated to the leaves was not enough to exert phyto-
toxicity. The in vitro plant system used could help in inves-
tigating the phytotoxicity mechanism that should then be
translated to the open field scenario. Indeed, the fungal
infestation occurs in the aerial part of the plant, leading to
an accumulation of aflatoxin in the leaf and the potential
consequent disruption of chloroplast metabolism in the
photosynthetic organ. The natural reservoir of Fusarium
and mycotoxigenic fungi is, however, represented by the
soil, and their large presence in the rhizosphere may deter-
mine a higher exposure via root uptake (Edel-Hermann
et al., 2015). This may pave the way to above-ground infec-
tions by weakening the plant defensive system or elicit the
biochemical immune response of maize itself by increasing
phytoanticipin and phytoalexin biosynthesis.

A more detailed molecular characterization of the mech-
anism of phytotoxicity of aflatoxins is necessary to confirm
the putative role and crosstalk of cytokinin-signaling path-
ways in the defense response of maize. The integration of
different omics techniques is necessary to acquire the big
picture of the multifactorial mechanism of plant resistance,
which could be useful as a breeding target for the control
of mycotoxins in cereals and may help to further elucidate
the intricate chemical interplay between plants and other
organisms.

EXPERIMENTAL PROCEDURES
Chemicals

AFB1 (2 mg L™ in acetonitrile) was obtained from Romer Labs
(https://www.romerlabs.com) and AFM2 (100 pg) was obtained
from Tebu-Bio (https://www.tebu-bio.com). 2,5-Dihydroxybenzoic
acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA), trifluo-
roacetic acid (TFA), MilliQ water, MS-grade acetone and acetoni-
trile were purchased from Sigma-Aldrich (https://www.sigmaaldric
h.com). Gelatin, used for embedding, was obtained from VWR
International (https://www.vwr.com). Glass microscope slides
(ground edges, super frost) were obtained from R. Langenbrinck
(http://www.langenbrinck.com).

Plant material and growth conditions

Belgrano maize (Z. mays) hybrid (FAO class 300) seeds were ger-
minated to obtain plantlets as previously reported (Righetti et al.,
2017; Rolli et al, 2018). Briefly, plants were placed for 7 and
14 days in a glass jar containing Murashige and Skoog medium,
spiked with 200 pg of AFB1. The experiment time was previously
optimized to avoid the occurrence of visual symptoms in the con-
trol experiments (i.e. leaf senescence). Liquid medium without
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mycotoxin was used in all experiments as a control. All the
experiments were carried out in triplicate. Immediately after sam-
pling, 20-mm segments of roots, stems and leaves were obtained
by transverse cuts with a scalpel (Figure S14).

Evaluation of MALDI matrices for mycotoxins

The dried-droplet method of sample application was initially used
to assess the matrices of CHCA (5mgml~") and DHB
(30 mg mI~"), by mixing 1 pl of AFB1 standard with 1 pl of matrix
solution and spotting 0.5 ul onto 80-well stainless-steel plates.

Sample preparation

Sample preparation for MALDI was performed following a previ-
ously optimized protocol (Bhandari et al., 2015). Briefly, fresh sam-
ples were embedded in 2% (w/v) gelatin solution in a cryo-mold
and then 20-um-thick sections were cut at —20°C using a cryomi-
crotome (HM525 cryostat; ThermoFisher Scientific, https:/www.
thermofisher.com). The sections were transferred to a glass slide
and kept at —80°C until the day of analysis. Before matrix applica-
tion, optical images of the sections were taken, using a digital
microscope (VHX-5000; KEYENCE, https://www.keyence.com).
DHB (30 mg ml™") in acetone:water (50:50, v/v, 0.1% TFA) was
chosen as a matrix and sprayed using an automated pneumatic
sprayer system (SMALDIPrep; TransMIT, https://www.transmit.de)
(Bouschen et al. 2010) to ensure the uniform coating of tissue sec-
tions with microcrystalline matrix. The size and uniformity of the
deposited crystals were checked prior to AP-SMALDI MSI experi-
ments. At least two biological replicates of each tissue (i.e. root,
stem and leaf) were analyzed by MSI.

AP-SMALDI MSI analysis

Plant tissue section imaging experiments were performed using a
high spatial resolution (>5 um laser spot size) atmospheric pres-
sure scanning microprobe matrix-assisted laser desorption/ioniza-
tion MSI ion source (AP-SMALDI5 AF; TransMIT) coupled to a Q
Exactive HF orbital trapping mass spectrometer (ThermoFisher
Scientific).

The minimum laser-beam focus results in an ablation spot
diameter of 5 um (Rompp et al. 2010, Rompp et al., 2013). For
the experiments described below, laser step sizes between 5
and 30 um were set, depending on the tissue under investiga-
tion. The mass spectrometer was operated in positive-ion mode.
The following parameters were set: scan range, m/z = 250-1000;
spray voltage, +3 kV; capillary temperature, 250°C; automatic
gain control (AGC) was disabled; cycle time for one pixel was
1 s in pixelated mode at a mass resolution of 240 000 at an m/z
of 200. Internal mass calibration was performed using known
matrix ion signals as lock mass values (m/z 716.12462), provid-
ing a mass accuracy of better than 2 ppm root-mean-square
error over the entire measurement. High-resolution (HR) AP-
SMALDI MS/MS analysis was performed on a tissue section pre-
pared identically to that used for MSI, if the ion intensities were
high enough. Furthermore, UHPLC HRMS/MS analysis was per-
formed on maize extract to confirm the identity of the metabo-
lites investigated in the present study. The sample extraction
method and HRMS/MS detection parameters are summarized in
Appendix S1.

Data processing and image generation

Raw data (imzML format) were imported and processed using Li-
posTARMSI (Tortorella et al., 2020). Descriptions of user data import
and identification parameters are provided in Table S1.

Exploratory data analysis was applied to mine complex MSI
datasets using both bisection k-means segmentation analysis and
PCA (Kulkarni et al., 2018). Segmentation was performed via
bisecting k-means with spatial de-noise data processing and with
total ion current (TIC) normalization (Alexandrov et al., 2011,
Alexandrov, 2012). Based on plant tissue compartmentalization
suggested by exploratory data analysis (PCA, bisecting k-means),
ROIls were manually defined, average spectra calculated with an m/
z tolerance of 2 ppm and multivariate statistical analysis (i.e. PCA)
was performed. A background ROl for each sample was created
and used to subtract all ions generated from the matrix. Metabolite
annotation of MSI data was performed against publically available
LIPID MAPS and PlantCyc databases by accurate m/z matching
within user-set tolerances. Metabolite identification was completed
by checking the HRMS/MS spectra (when available) and following
the guidelines made by Schymanski et al. (2014).

lon images of selected m/z values were generated with an m/z
bin width of +£2 ppm and normalized to TIC. To better visualize
the localization of selected metabolites, TIC images for each data
set were calculated and used to semi-automatically (by using two
arbitrary teaching points on the high-resolution and TIC image)
co-register with corresponding high-resolution images.

Raw data were deposited on the METASPACE platform (https://
metaspace2020.eu) (Palmer et al., 2017).
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Figure S1. Residual AFB1 in the growing medium and its distribu-
tion in plant organs.

Figure S2. Optical image of a root cross section.
Figure $3. HRMS/MS spectrum of AFM2.

Figure S4. Principal component analysis score plots built using
the ROI resulting from the segmentation analysis for root.

Figure S5. Co-localization of different adducts of pheophytin a.
Figure S6. In-tissue HRMS/MS spectrum of protonated species of
pheophytin a and pheophytin b.

Figure S7. Spatial distribution of anthocyanidins in root organ.
Figure $8. Malvidin spatial distribution in maize roots.

Figure S9. Exploratory data analysis for AP-SMALDI imaging of a
maize stem sample to visualize inter- and intrasample compari-
son.

Figure S$10. Principal component analysis score plots built using
the ROI resulting from the segmentation analysis for the stem.

Figure S11. Additional metabolites associated with stem defense
against AFB1 accumulation uncovered by AP-SMALDI MSI.

Figure S12. Exploratory data analysis for AP-SMALDI MSI maize
leaf samples.

Figure S$13. Principal component analysis score plots built using
the ROI resulting from the segmentation analysis for leaf samples.
Figure $14. lllustration of the root, stem and leaf segments used
in this study.

Appendix S1. Sample preparation and UHPLC-HRMS/MS analysis.
Table S1. Data import MSI processing settings.

Table S2. List of metabolites imaged in maize organs based and
differentially accumulated in control versus AFB1-treated
plantlets.
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