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Summary

e Understanding when and where metabolites accumulate provides important cues to the
gene function. Mass spectrometry imaging (MSI) enables in situ temporal and spatial mea-
surement of a large assortment of metabolites, providing mapping information regarding their
cellular distribution.

e To describe the current state and technical advances using MSI in plant sciences, we
employed MSI to demonstrate its significant contribution to the study of plant specialised
metabolism.

e We show that coupling MSI with: (1) RNA interference (RNAI), (2) virus induced gene
silencing (VIGS), (3) agroinfiltration or (4) samples derived from plant natural variation pro-
vides great opportunities to understand the accurate gene-metabolite relationship and dis-
cover novel gene-associated metabolites. This was exemplified in three plant species (i.e.
tomato, tobacco and wheat) by mapping the distribution of metabolites possessing a range of
polarities. In particular, we demonstrated that MSI is able to spatially map an entire metabolic
pathway, including intermediates and final products, in the intricate biosynthetic route to
tomato fruit steroidal glycoalkaloids.

e We therefore envisage MSI as a key component of the metabolome analysis arsenal

employed in plant gene discovery strategies.

Introduction

Given the ever-increasing numbers of plant species whose full
genomes have been sequenced, there is a growing demand for
gene functional annotation (Tohge & Fernie, 2010). Typically,
only 50% or less of the genes in a newly reported genome can be
assigned to some extent using homology searching (Ossipov
et al., 2007; Putri er al., 2013). Monitoring metabolites is crucial
for assigning gene function; while mRNAs and proteins are
viewed as media in the flow of gene expression, metabolites are
the end products and directly reflect changes in phenotype and
function (Putri er al, 2013). Metabolomics has been applied
widely to link phenotypes to genotypes in diverse biological sys-
tems (Ossipov ez al., 2007; Matsuda er al, 2012; Zampieri &
Sauer, 2017), and has evolved as an important functional
genomics tool (Bino ez al., 2004; Saito & Matsuda, 2010; Putri
et al., 2013). This technology exhibits several key limitations
including the intricacy of data acquisition at cell type and subcel-
lular levels. This links tightly to a second constraint of
metabolomics, namely obtaining wide metabolome coverage
when analysing minute amounts of a specific sample.
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Plants are highly differentiated multicellular organisms that
consist of multiple specialised organs and tissues with unique
anatomical features; anatomical differentiation often parallels dif-
ferential gene expression and metabolite profiles (Saito & Mat-
suda, 2010; Zampieri & Sauer, 2017). As such, information on
metabolite distribution has been regarded as an important read-
out of dssue-level gene function (D. Li ¢t 4/, 2016).

Unfortunately, spatial information is usually lost in holistic
metabolomics studies in which the analysis is performed on tissue
or organ homogenates (Moussaieff ez al, 2013; Dong et al.,
2016a). Therefore, it is not surprising that spatially resolved
metabolomics is increasingly recognised as an essential functional
genomics tool. This approach offers at least two unique advan-
tages: (1) it enables the detection of highly spatially localised
metabolites that are typically undetectable due to sample dilution
effect in bulk metabolomics analysis; and (2) it provides accurate
tissue-specific, gene-to-metabolite correlation, from which signif-
icant clues regarding gene functions involved in the biosynthesis
of related metabolites could be obtained (Sumner ez 4/, 2015).

In recent years, mass spectrometry imaging (MSI) has emerged
as one of the most effective tools for spatially resolved
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metabolomics. It enables the determination of the mass-to-charge
ratio (m/z), relative abundance and spatial distribution of a large
assortment of molecules directly from the tissue section. During
MSI analysis the tissue section is measured in a predefined raster,
which generates a mass spectrum at each measurement point (i.e.
pixel). The ion intensity for a specific m/z value is then extracted
from each pixel and arranged into a heat map-like image, namely
an MS image. In addition, the optical image of the sample can be
co-registered with the MS image for precise visual inspection of
the molecular distribution (Heyman & Dubery, 2016; Sturtevant
et al., 2016) (Fig. S1). Several ion sources have been used for MSI,
among them matrix-assisted laser desorption/ionisation (MALDI),
desorption electrospray ionisation (DESI) and secondary ion mass
spectrometry (SIMS) are the three major examples (Horn &
Chapman, 2014a; B. Li ez al, 2016). To date, MALDI has been
the most widely used MSI technology (Palmer ez al, 2016).

Recently MSI has received considerable attention in plant
research, and has demonstrated its potential in various applications
such as plant physiology and development (Bhandari et al., 2015;
Sturtevant et al, 2020), natural products identification (Horn
et al., 2013; Fu ez al, 2019), and plant—environment interactions
(Costa er al., 2019; Korenblum ez 4/, 2020). In this study, we
demonstrated that MSI can be coupled with different reverse
genetics approaches to elucidate gene function. Metabolite profiles
of model and commercially relevant plant species, which were
either silenced or harbour mutations in a specific gene of interest,
were compared with those of control plants using MALDI imag-
ing. Tomato (Solanum lycopersicum), Nicotiana benthamiana (N.
benthamiana) and wheat (Triticum aestivum) lines that were genet-
ically different due to either RNA interference (RNAI), virus
induced gene silencing (VIGS), agroinfiltration or natural varia-
tion were used in this study. Parallel results acquired by liquid
chromatography- or gas chromatography-mass spectrometry (LC-
MS or GC-MS) of tissue homogenates were employed in these
experiments. Finally, this work discusses the current limitations,
advantages and opportunities of coupling MSI with reverse genet-
ics approaches to infer the function of genes.

Materials and Methods

Plant material and gene manipulation

GAME25 silencing construct (RNAi, GAMEZ251) preparation and
Agrobacterium-mediated tomato (cv Micro Tom) transformation
were performed as described previously (Sonawane et al., 2018).
Green and red fruit from positive GAMEZ25-silenced transgenic
lines (selected by quantitative real time-PCR; qRT-PCR) were
subjected to MALDI imaging and LC-MS analysis. For VIGS of
GAME3]I in tomato (Solanum lycopersicum; cv Micro Tom)
plants expressing DELILA (Del) and ROSEAI (RosI) transcrip-
tion factors under fruit-specific promoter E8 (E8:Del/Ros1 MT)
were grown in a climate-controlled glasshouse at 24°C: 18°C,
day : night regime with natural light. The GAME31 VIGS con-
struct was generated by introducing a 298-bp GAME31 fragment
(Forward primer: GAATTCATGGATTGATGTGATTATTT
CACC, Reverse primer: GAATTCCTTGAAAAGATCACT
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TGGAGGAG) to pCR8/GW/TOPO (using EcoRI restriction
enzyme) and further cloning to the pTRV2 binary vector using
the Gateway LR Clonase II enzyme mix (Invitrogen). The VIGS
experiment was performed on mature green-stage fruit (in which
purple pigmentation started to accumulate), as described previ-
ously (Orzaez ez al., 2009) except that the final Agrobacterium
optical density (ODggg) was 0.3. Tomato plants infected with
Agrobacterium, containing the pTRV2 vector and harbouring
only the Del/RosI sequences were used as the control. Due to co-
silencing of the desired gene (here GAME31) and Del/Rosl tran-
scription factors, clear visible red sectors appeared on the back-
ground of purple fruit upon maturation. Silenced red patched
fruit tissues were collected at 3- or 4-wk post infection and anal-
ysed for SGA profile by MALDI imaging and LC-MS. For
agroinfiltration-mediated expression,  Nicotiana
benthamiana plants were grown in a climate room (22°C, 70%

transient

humidity; 18h:6h, light:dark). Transient gene expression
assays with the pDODAI1, pAD1-GT, pYFP, pADG and pX11
vectors were performed as described previously (Polturak er al,
2016, 2018). Leaf tissues used for MALDI imaging and LC-MS
analysis were sampled 7 d post infiltration. Glaucous BL and the
glossy CASL*2BS wheat lines were kindly provided by Moshe
Feldman (Weizmann Institute of Science). They were grown in a
glasshouse (22°C: 20°C, day : night). Flag leaf sheaths were used
for MALDI imaging and GC-MS analysis.

MALDI imaging analysis

Sample preparation, MALDI imaging analysis and data process-
ing were performed as described previously (Schleyer e al., 2019;
Korenblum et al., 2020). Detailed MALDI imaging methods are
provided in Supporting Information Methods S1. Three biologi-
cal replicates were used for each study.

Scanning electron microscopy imaging

Cryo-scanning electron microscopy images of BL and
CASL*2BS flag leaf sheath surfaces were obtained using a Jeol
JSM-6360 LV scanning electron microscope (Tokyo, Japan)
for X500 magnification images. The sample preparation method
was as described previously (Hen-Avivi ez al., 2016).

Liquid and gas chromatography-mass spectrometry (LC-
MS/GC-MS)

Sample preparation and metabolic profiling of steroidal glycoal-
kaloids (SGAs), anthocyanins, betalains and epicuticular wax
compounds in tomato fruit, V. benthamiana and wheat leaves
were performed as described previously (Hen-Avivi ez al., 2016;
Polturak et al., 2016, 2018; Sonawane et al., 2018). Detailed LC-
MS and GC-MS methods are provided in Methods S1.

Data analysis

MALDI imaging raw data (.msi) were converted to the imzML
format using FLEXIMAGING software (v.4.1, Bruker Daltonics,

New Phytologist (2020) 228: 19862002
www.newphytologist.com



1988 Research

Germany). The imzML files were then loaded to MATLAB-
based software, MSIREADER (v.1.01) (Bokhart ez 4/, 2018), to
extract the average peak intensity for relative quantification. LC-
MS data were processed using the TARGETLYNX program (Waters,
Milford, MA, USA), and the peak area was used for relative
quantification. GC-MS data were processed using MSD CHEMS-
TATION software (Agilent), and the normalised peak area against
the C24 alkane internal standard signal was used for relative
quantification. Extracted peak intensities from MALDI imaging
and peak areas from LC-MS or GC-MS were saved in .csv format
for further statistical analysis. Statistical analysis was performed
using the open source software R (R Core Team, 2019). Differ-
ences between paired groups were tested for significance using
the Wilcoxon’s signed-rank test; differences among multiple
groups were tested for significance using Kruskal-Wallis test. Bar
charts were produced using the R package cgrLor2 (Wickham,
2016), and the y-axis was square root transformed for better visu-
alisation of extreme values. Clustering of samples was performed
using principal component analysis (PCA) with R package
GGFORTIFY (Tang ez al., 2016).

Results

Using ultra-high mass resolution MALDI imaging to trace
the steroidal glycoalkaloids pathway in tomato fruit

Steroidal glycoalkaloids (SGAs) are nitrogen-containing spe-
cialised metabolites renowned for their production in Solanaceae
species. They typically accumulate in different tissues, providing
the plant with a constitutive chemical barrier against a broad
range of pathogens and predators (Yamanaka er 4/, 2009; Sch-
wahn er al, 2014; Sonawane er al, 2018). The presence or
absence of a double bond at the C-5,6 position (termed here
unsaturated and saturated, respectively), determines a significant
part of the large structural diversity among SGAs (Sonawane
et al., 2018). In tomato, o-tomatine (saturated) and dehydro-
tomatine (unsaturated) are the major SGAs accumulating in
green fruit tissues. Once tomato fruit ripens and reaches the
mature red ripe stage, o-tomatine and dehydrotomatine are con-
verted into various saturated and unsaturated SGA derivatives,
and ultimately to esculeosides and dehydroesculeosides, respec-
tively (Itkin ez al, 2011) (Fig. 1).

In cultivated tomato fruit, unsaturated SGAs represent only
2.5-10% of their saturated counterparts (Sonawane ez al., 2018).
The short-chain dehydrogenase/reductase GLYCOALKALOID
METABOLISM25 (GAME25) has been recently reported to
catalyse the committed step in the conversion of dehydrotoma-
tidine (unsaturated) to tomatidine (saturated) in tomato fruit
(Sonawane et al, 2018). To further elucidate the role of
GAME25 in SGA metabolism, we silenced GAMEZ25 in tomato
plant using RNAi. GAME25 transcript levels were found to be
significantly reduced in GAME25i tomato fruits at both mature
green and mature red ripe stages (2<0.05) (Fig.S2). PCA of
metabolic profiles also showed clear discrimination between
GAME?25i and wild-type (WT) tomato fruits at mature green
and mature red ripe stages, respectively (Fig. S3). As o-tomatine
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and dehydrotomatine are the major SGAs in green fruit, we first
compared their distribution and abundance in wild-type and
GAMEZ25i green tomato fruits using MALDI imaging. Both
metabolites were detected in wild-type and GAME25i tomato
fruits, and they were distributed homogeneously across the fruit
sections except that their abundances were relatively low in seeds
(Fig. 2a). Although similar in spatial localisation, these SGAs vary
significantly in their amounts: o-tomatine is abundant in wild-
type while dehydrotomatine accumulated to a higher level in
GAME25i fruit (Fig. 2a) (Yamanaka ez 2/, 2009). Unexpectedly,
a severe decline in the mass measurement accuracy (MMA) of o-
tomatine was observed in GAMEZ25i tomato fruit; it was detected
at m/z 1034.5446 with a mass accuracy of 8 ppm. By contrast, it
was detected at 7/z 1034.5533 in wild-type tomato fruit with a
mass accuracy of —0.29 ppm. The degradation of MMA was
clearly not due to instrument malfunction during data acquisi-
tion as the mass accuracies for a-tomatine in wild-type, and dehy-
drotomatine in wild-type and GAME251 tomato fruit were all
within the accepted mass accuracy window (<2 ppm). A careful
examination of the MALDI imaging spectra showed that it was
due to insufficient mass resolution (Fig. 2b). The ion peak m/z
1034.5446 detected in GAMEZ25i appeared to be the unresolved
o-tomatine peak (CsoHgsNO,y, [M+H]*, theoretical m/z
1034.5530) and mainly the second °C isotope peak of dehydro-
("*C45"°C,HgoNO,;,  [M+H]", theoretical  m/z
1034.5441) (Fig.2c). Apparently, the mass resolution of
R=115 000 at 7/z 400 used in our MALDI imaging experiment
was insufficient to resolve the a-tomatine ion (m/z 1034.5530)

tomatine

and the second '’C isotope of dehydrotomatine ion (m/z
1034.5441). A minimum mass resolution of ¢. R=287 500 at m/
z 400 was required to distinguish the two neighbouring peaks.
Therefore, an ultra-high mass resolution MALDI imaging was
performed with mass resolution being R= 1400 000 at m/z 400.
The two ions were well separated under the new instrument set-
tings, with o-tomatine ion being detected at 7/z 1034.5529 with
a mass accuracy of —0.18 ppm in GAMEZ25; fruit (Fig. 2¢). Simi-
larly, as shown in Fig. 2a, both metabolites were abundant in
fruit epidermis and pericarp, but a-tomatine was higher in wild-
type and dehydrotomatine higher in GAME25i fruit (Fig. 2d).
The major metabolic change in SGA composition during
tomato fruit ripening is the conversion of the entire pool of a-
tomatine to esculeosides, and dehydrotomatine to dehydroes-
culeosides by several ‘decorating’ reactions including hydroxyla-
tion, acetylation and glycosylation (Schwahn ez al,, 2014). Next,
we employed MALDI imaging to visualise and quantify SGAs
composition in wild-type and GAME25i tomato fruits at the
mature red ripe stage. The entire repertoire of saturated and
unsaturated SGAs shown in Fig. 1 were identified using
MALDI imaging and LC-MS analysis of tissue homogenates
(Fig. 3; Tables S1, S2). The results showed that, upon silencing
of the GAMEZ25 gene, levels of o-tomatine and its downstream
saturated SGA derivatives were all significantly reduced com-
pared with wild-type fruit. By contrast, levels of dehydro-
tomatine and its downstream unsaturated SGA derivatives were
all increased in mature red ripe GAME25i fruit (Fig. 3b,c). In
particular, MALDI images showed that saturated SGAs and
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Fig. 1 Biosynthesis of steroidal glycoalkaloids (SGAs) during tomato fruit development. SGAs biosynthesis begins with the conversion of cholesterol (1) to
unsaturated dehydrotomatidine (2'), which is the first steroidal alkaloid aglycone produced in green tomato fruit. Dehydrotomatidine is then converted to
saturated tomatidine (2). Both dehydrotomatidine and tomatidine are glycosylated to form the predominant SGAs in green tomato fruit, namely,
dehydrotomatine (3') and «-tomatine (3), respectively. Next, unsaturated and saturated hydroxy- and acetoxy-derivatives of «-tomatine (4-7) and
dehydrotomatine (4'-7') start to accumulate at the breaker stage. In mature red ripe fruit, unsaturated and saturated esculeosides and lycoperosides (8’
and 8) are the most abundant SGAs. Silencing of the GAME25 gene diverts the entire ‘saturated’ SGAs profile to the production of unsaturated SGAs.
Dashed and solid arrows denote multiple and single enzymatic reactions in the pathway, respectively.

their respective unsaturated forms (e.g. esculeoside A and dehy-
droesculeoside A) exhibited very similar distribution patterns in
wild-type and GAMEZ25; fruit. During conversion of o-tomatine
to esculeosides, and dehydrotomatine to dehydroesculeosides,
saturated and unsaturated SGAs intermediates mostly accumu-

lated in the epidermis layer of both wild-type and GAME25i

fruit. Semiquantitative and distribution information together
suggested that silencing of GAME25 reroutes the entire satu-
rated SGA repertoire towards the unsaturated SGAs branch,
while the spatial distribution of saturated SGAs and their
respective unsaturated forms remain the same in wild-type and

GAME25i fruit (Fig. 3).
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The capability to resolve isobaric species (molecules possessing
the same nominal mass but different monoisotopic mass) using
ultra-high mass resolution measurement offers several unique
advantages to MSI. First, it increases the number of detected
mass peaks; second, it improves confidence in molecular identifi-
cation (Manicke ez al., 2010); third, it ensures more precise spa-
tial distribution information as the isobaric ions may have
different spatial distribution pattern (Feldberg ez al., 2018); and
finally, it provides more accurate semiquantitative information.
However, it is worth noting that ultra-high mass resolution MSI
is not always the preferred choice as the amount of acquisition
time is significantly increased. For instance, the overall analysis
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Fig.2 MALDI imaging of dehydrotomatine and «-tomatine in wild-type (WT) and GAME25i mature green tomato fruits. High mass resolution MALDI
imaging was performed at mass resolution R =115 000 (at m/z 400). (a) MALDI images of dehydrotomatine (2, 5) and a-tomatine (3, 6) in wild-type (1)
and GAME25i fruits (4). (b) Representative MALDI imaging mass spectra of a-tomatine and dehydrotomatine from wild-type and GAME25i fruits. (c)
Comparison of ion peak m/z 1034.5446 with simulated second ">C isotope peak of dehydrotomatine ("2C,5">C,HgoNO4q, [IM+H]", theoretical m/z
1034.5441) and simulated o-tomatine peak (CsoHgaNO»4, [IM+H]", theoretical m/z 1034.5530). Ultra-high mass resolution MALDI imaging was
performed at mass resolution R = 1400 000 (at m/z 400). (d) Comparison of a-tomatine peak (m/z 1034.5529) with simulated second "*C isotope peak of
dehydrotomatine ("?C4g"3CoHgaNO54, IM+HI™, theoretical m/z 1034.5441) and simulated «-tomatine peak (CsoHgsNOy4, [IM+H]", theoretical m/z
1034.5530). (€) MALDI images of dehydrotomatine (2, 6), second 3¢ isotope of dehydrotomatine (3, 7), and a-tomatine (4, 8) in wild-type (1) and
GAME25i fruits (5). MALDI images were generated with 65 um spatial resolution, and m/z bin width of Am/z =45 ppm for R=115 000, and Am/z =+

1 ppm for R= 1400 000. Scale bar, 2 mm. The blue-red rainbow colour scale indicates the range of root-mean-square normalised intensity. The same
metabolite is visualised under identical scale intensity for their semiquantitative comparison. It should be noted that it is not straightforward to compare the
relative abundance of different metabolites using MALDI images due to the reason that their ionisation efficiencies may be different.
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Fig. 3 Visualisation of steroidal glycoalkaloid (SGA) pathway in wild-type (WT) and GAME25i mature red ripe tomato fruits using MALDI imaging and LC-
MS. (a) Simplified SGA pathway in tomato fruit. (b) MALDI images of SGAs in WT and GAME25i tomato fruit. MALDI images were generated with 65 pm
spatial resolution, and m/z bin width of Am/z=+1 ppm. Bars, 2 mm. The blue-red rainbow colour scale indicates the root mean square normalised
intensity. The same SGA was visualised under identical scale intensity to allow semiquantitative comparison. It should be noted that it is not straightforward
to compare the relative abundance of different metabolites using MALDI images as their ionisation efficiencies may be different. (c) Comparison of SGA
levels between WT and GAME25i using LC-MS. Bar plot represents mean + SD (n = 3) of square root transformed peak area (LC-MS). Asterisks denote
significant differences (*, P<0.05, **, P<0.01, ***, P<0.0001; Wilcoxon signed-rank test) between WT and GAME25i tomato fruit. nd, not detected.
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time increased from 2 h to more than 20 h when mass resolution
was changed from R= 115 000 to R= 1400 000 at 2/z400.

Combining VIGS with MALDI imaging to uncover gene—
metabolite relationship

As a complement to other reverse genetics approaches, VIGS
transiently downregulates the expression of candidate genes in
intact plant tissues, generating loss-of-function phenotypes
within several weeks (Orzaez ez al, 2009; Fantini et al., 2013).
One technical limitation associated with VIGS is that the pene-
tration of VIGS-silenced phenotype is irregular and shows patchy
tissue distribution in most plant species (Orzaez et al, 2009),
which complicates the dissection of nonvisual silenced phenotype
for subsequent metabolite analysis. This limitation has been alle-
viated in tomato by fruit-specific overexpression of the De/ and
Ros1 transcription factors that trigger the accumulation of antho-
cyanins to form purple-fruited phenotype in tomato plants (ES8:
Del/Ros1), and the modification of the VIGS vector to contain
partial De/ and RosI genes sequences for silencing. Co-silencing
of Del/Ros1 and the gene of interest (GOI) prevents anthocyanin
pigments accumulation, leading to red-fruited phenotype in
tomato. In this way, anthocyanin pigmentation serves as a visual
reporter to guide the dissection of silenced, anthocyanin-free sec-
tors from nonsilenced, anthocyanin-containing sectors (Orzaez
et al., 2009; Fantini ez al., 2013) (Fig. 4b).

The use of anthocyanin-guided VIGS, however, does not com-
pletely circumvent this limitation, as there are no clear bound-
aries between silenced and nonsilenced sectors. Compared with
LC-MS or GC-MS analysis of sample extracts, MSI does not
require manual tissue dissection of silenced or nonsilenced
regions. Instead, the co-existence of multiple phenotypes in the
same sample facilitates the quantitative comparison of different
phenotypes, because the intersample variations and batch effects
are eliminated. Burkhow and colleagues (Burkhow ez al., 2018)
spatially characterised the biochemical changes in maize leaves
following VIGS-based silencing using multimodal Raman and
MALDI imaging. In a similar manner, by combining VIGS,
MALDI imaging and LC-MS we studied GAME31, a 2-oxoglu-
tarate dependent dioxygenase, catalysing the hydroxylation of o-
tomatine to hydroxytomatine in the tomato esculeoside A biosyn-
thetic pathway (Cirdenas er al., 2019) (Fig. 4a). Tomato fruit
(E8:Del/RosI) were agroinfiltrated at the mature green stage using
a tobacco rattle virus (TRV) vector carrying fragments of the
DelLl/Rosl and GAME31 genes. Following 3—4 wk of infection,
fruit showed clear visible red sectors on the background of purple
fruit (nonsilenced sectors) (Fig. 4b). To assess whether VIGS by
itself has any influence on SGAs metabolism, E8: Del/Ros] tomato
fruit infected with the TRV plasmid harbouring merely the Del/
Ros1 sequence (without the GOI) were used as a control. PCA of
metabolic profiles showed that nonsilenced sectors from control
and GAME31-VIGS tomato fruits were clustered together, while
VIGS-silenced sectors from control and GAME3I-VIGS tomato
fruits were clearly separated (Fig. S4).

We first mapped the distribution of anthocyanins in VIGS-si-
lenced tomato fruit. Due to the positive charge on the C ring,
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anthocyanins were readily detected as radical ions in the positive
ion mode. Delphinidin (7/z 303.0500, [M]™), petunidin (/2
317.0656, [M]™) and malvidin (m/z 331.0812, [M]") were the
three major anthocyanidins found in purple sectors of GAME31-
VIGS and control tomato fruit. In total, 7 and 10 anthocyanins
were identified using MALDI imaging and LC-MS, respectively,
which were the combination of the three anthocyanidins and
their glycosyl and acyl moieties (Tables S3, S4). Anthocyanins are
prone to in-source fragmentation during MALDI analysis and
the fragmentation efficiency of each individual anthocyanins can
vary significantly among samples (Wang ez al., 2000), therefore
semiquantitative assessment of each anthocyanin is challenging.
Nevertheless, the distribution patterns of each anthocyanidin (the
anthocyanin aglycone) were found to be nearly identical to their
corresponding anthocyanins. Consequently, the distribution of
the three anthocyanidins was used to represent the spatial accu-
mulation of anthocyanin. As shown in Fig. 5a, distribution of the
three anthocyanidins was all well correlated with the localisation
of the purple colour, and their ion intensities increased with the
level of purple pigmentation. Semiquantitative comparisons
using MALDI and LC-MS confirmed that anthocyanidins were
significantly higher in nonsilenced sectors (2<0.001) (Fig. 5b,
d). Apart from their introduction as visual reporters to guide tis-
sue dissection, anthocyanins are also ideal quality controls for the
assessment of MALDI imaging performance as they are coloured
compounds and their distribution can be easily resolved by the
naked eye.

Next, we compared the SGA profile between silenced and non-
silenced sectors in control tomato fruit to check whether VIGS
by itself affects SGA metabolism. As mentioned previously, a-
tomatine is the predominant SGA in green tomato fruit and is
converted to esculeoside A during maturation. The content of a-
tomatine in green fruit could reach up to 500 mgkg ' of fresh
fruit weight, which is then reduced to ¢. 5 mgkg " of fresh fruit
weight in mature red ripe fruit (Mintz-Oron et al., 2008; Fried-
man, 2013). Both o-tomatine and esculeoside A were detected in
mature control fruit using MALDI imaging. Esculeoside A was
localised homogeneously between silenced and nonsilenced sec-
tors, while only trace amounts of o-tomatine were detected
(Fig. 5a). Nevertheless, MALDI imaging and LC-MS results
showed that there were no statistically significant differences in
levels of the two major SGA contents between silenced and non-
silenced sectors in mature fruit, suggesting that VIGS by itself
does not affect SGAs metabolism.

Compared with control fruit, high levels of o-tomatine were
detected in GAME31-VIGS mature fruit (Fig.5c,d). The
MALDI image showed that o-tomatine was mostly localised in
GAME31-VIGS-silenced sectors and its content was negatively
correlated with the abundance of anthocyanins (Fig. 5¢). Relative
quantification of MALDI imaging and LC-MS data showed that
o-tomatine content was significantly higher (2<0.01) in silenced
sectors compared with nonsilenced sectors (Fig. 5d). Apart from
o-tomatine, three additional upstream SGAs, namely dehydro-
tomatidine, tomatidine, and dehydrotomatine (Fig. S5, and see
SGA pathway in Fig. 1), were also exclusively localised in silenced
sectors of GAME31-VIGS tomato fruit. However, the contents
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Fig. 4 Anthocyanin-mediated visualisation of GAME317 gene virus induced gene silencing (VIGS) in tomato fruits. (a) Wild-type (WT) tomato fruits were
subject to VIGS assay at mature green stage using a TRV vector carrying fragments of the Del and Ros7 visual reporter genes and a GAME31 fragment. As
a consequence, the conversion of «-tomatine to its downstream hydroxy- and acetoxy-derivatives were blocked. (b) The nonuniform accumulation of
anthocyanins distinguishes the nonsilenced (1: anthocyanin-rich) and silenced (2: anthocyanin-free) sectors in the same tomato fruit. Bars, 100 um.

of downstream SGAs, for example esculeoside A, were not found
to be significantly reduced in silenced sectors of mature red ripe
GAME31-VIGS fruit (Fig. 5d). This might be because the reduc-
tion in GAME31 expression by VIGS silencing is not strong
enough and/or activities of GAME31-like genes compensate the
production of downstream SGAs.

As discussed previously, functions of many genes remain elu-
sive, because either their corresponding metabolites are unknown
or the gene—metabolite relationship is unclear. As demonstrated
in this example, the combination of VIGS with MALDI imaging
provides a direct way to investigate the exact gene—metabolite
relationship, as the distribution patterns of the corresponding
metabolites were found to be highly correlated to the gene silenc-
ing pattern (i.e. anthocyanin-free sectors). In addition, this strat-
egy can also be applied in untargeted MSI analysis for
discovering novel gene-related metabolites by screening for
metabolites with highly positive or negative correlation to a speci-
fic gene expression pattern (Horn & Chapman, 2014b) (nontar-
geted approach with MSI, to be described later).

Coupling agroinfiltration with MALDI imaging for rapid
gene function analysis

In addition to VIGS, transient expression of exogenous genes in
plant tissues such as agroinfiltration (Agrobacterium-mediated
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gene expression) is another powerful tool to assess gene function
(Wroblewski ez al., 2005). Betalains are tyrosine-derived pig-
ments widely used as natural colourants, strong antioxidants and
health-promoting compounds (Gandia-Herrero & Garcia-Car-
mona, 2013; Polturak & Aharoni, 2018). According to their
chemical structure, betalains can be classified into red-violet beta-
cyanins and yellow betaxanthins. Betacyanins are iminium
adducts of betalamic acid and cyclo-dihydroxyphenylalanine (cy-
clo-DOPA), whereas betaxanthins are biosynthesised by conden-
sation of o-amino acids or amines with betalamic acid (Polturak
et al., 2016) (Fig. 6). Despite their great potential in food, indus-
trial and pharmaceutical applications, betalains have not been as
well studied compared with other plant pigments, i.e. antho-
cyanins and carotenoids (Tanaka ez 4/, 2008). MALDI imaging
has been used to compare the accumulation of lipid droplets and
spatial distribution of different triacylglycerol (TAG) molecular
species between wild-type and transgenic V. benthamiana leaf tis-
sues (Vanhercke ez al, 2014). In this example, we employed
agroinfiltration to produce betalains in N. benthamiana leaves
and examined the use of MALDI-imaging to detect metabolic
changes in infiltrated leaves. Co-infiltration of the red beet
BvDODAI and CYP76ADI genes and the Mirabilis jalapa
cDOPAS5GT gene leads to the production of betacyanins (pX11
plasmid; Fig. 6), while expression of CYP76ADG6 and BvDODAI
results in the accumulation of betaxanthins (pX13 plasmid;
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Fig.5 Localisation and semiquantitative comparison of anthocyanins and major steroidal glycoalkaloids (SGAs) in control and GAME37-VIGS mature red
ripe tomato fruits using MALDI imaging and LC-MS. (a, ¢) Optical images of control and GAME37-VIGS tomato fruits (1). MALDI images of delphinidin
(2), petunidin (3), malvidin (4), a-tomatine (5) and esculeoside A (6) in control and GAME37-VIGS tomato fruits. MALDI images were generated with
150 um spatial resolution, and m/z bin width of Am/z=+ 5 ppm. Bars, 5 mm. The blue-red rainbow colour scale indicates the range of root-mean-square
normalised intensity. The same metabolite was visualised under identical intensity scale in order to allow semiquantitative comparison. It should be noted
that it is not straightforward to compare the relative abundance of different metabolites using MALDI images as their ionisation efficiencies may be
different. (b, d) Comparison of delphinidin, petunidin, malvidin, «-tomatine and esculeoside A levels between nonsilenced and silenced sectors in control
and GAME31-VIGS tomato fruits using MALDI imaging and LC-MS. Bar plot represents the mean + SD (n =3) of square root transformed ion intensity
(MALDI) or peak area (LC-MS). Asterisks denote significant differences (ns: not significant; *, P<0.05; **, P<0.01; ***, P<0.0001; Wilcoxon signed-
rank test) between nonsilenced and silenced sectors in control and GAME37-VIGS tomato fruits.
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Fig. 6). Infiltration of an empty vector (30.1) was used as a con-
trol to exclude possible mass signals that are produced upon infil-
tration but not directly related to betalain biosynthesis.

© 2020 The Authors
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Ideally, we would like to map the distribution of betalains in
intact V. benthamiana leaves without cryo-sectioning. However,
the presence of leaf cuticle hinders the direct metabolite analysis
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by MALDI imaging, because the laser cannot easily penetrate the
leaf cuticle (Dong et al., 2016b). Physical (e.g. pressing the leaf
with a metal plate) or chemical (e.g. chemical wash with chloro-
form for 10's) removal of the leaf cuticle indeed permitted direct
detection of betalains, but the ion signals were too low and usu-
ally unstable, resulting in poor quality images (Fig. S6). Never-
theless, betalains were readily detected as protonated ions
(IM+H]") in cryo-sectioned leaves of infiltrated N. benthamiana
using MALDI imaging. Four betacyanins, including betanin
(mlz 551.1505, C,4H,6N,0O;3), betanidin (m/z 389.0978,
Ci3H16N,0g), and two unknown betacyanins (unknown beta-
cyanin I: m/z670.1874, C31H31N3014 and unknown betacyanin
II: m/z 655.1773, C5;H30N,04) were exclusively identified in
pX11-infiltrated leaf sections (Table S5). Localisation of beta-
cyanins was highly correlated with the spatial distribution of the
red-violet coloration (Fig. 7a). Similarly, three betaxanthins were
detected in pXI13-infiltrated leaf areas including vulgaxanthin
(m/z 340.1138, C,4H;7N30), dopaxanthin-hexoside (m/z
391.1132, C;gH;sN,Og4) and one unknown betaxanthin (m/z
342.1147, C13H;9N30y) (Table S5). MALDI imaging showed
that betaxanthins accumulated exclusively in the infiltrated leaf
areas (Fig.7a). In addition, betalamic acid (m/z 212.0553,
CyHyNO:s), an intermediate in the betaxanthin biosynthetic
pathway, was also found localised merely in infiltrated leaf areas
of pX13 N. benthamiana. As in the case of anthocyanins and
VIGS in tomato fruit, chlorophyll a was also used here for initial
evaluation of MALDI imaging performance because its distribu-
tion could be visually resolved and was not affected by agroinfil-
tration. Indeed, MALDI images showed that chlorophyll 2
(IM+H]", m/z 893.549, CssH73MgN4Os) was homogeneously
distributed in the pX11- and pXIl3-expressing leaf sections
(Fig. 7a), indicating that the performance of the entire MALDI
imaging system was optimal.

LC-MS extract analysis of infiltrated N. benthamiana leaves
confirmed the results from MALDI imaging, except that an addi-
betanin (iso-betanin, RT =9.38 min, m/z
551.1509, C,4H,6N,0;3) and one extra vulgaxanthin isomer
(iso-vulgaxanthin, RT =2.74 min, m/z 340.1145, C,4H;7,N50-)
were detected in pX11 and pX13 leaves, respectively (Table S6).
The inability of distinguishing most isomers by MSI has been
well documented (elaborated further below). Nevertheless,
MALDI imaging and LC-MS results are in good agreement that
all detected betacyanins and betaxanthins are statistically signifi-
cantly higher (£<0.01) in infiltrated leaf areas of pX11 and
pX13 N. benthamiana (Fig. 7b). Plant pigments include various

tional isomer
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compounds of a wide range of polarities from nonpolar
carotenoids and chlorophylls to polar anthocyanins and betalains.
This makes their simultaneous detection using a single LC-MS
workflow impossible. For instance, the dedicated LC-MS method
used here for betalain detection is unable to detect any chloro-
phylls from N. benthamiana leaves (Fig.7b). By contrast, our
previous results have shown that all the four major classes of plant
pigments, that is anthocyanins, carotenoids, betalains and chloro-
phylls, can be detected simultaneously in a single MALDI imag-
ing analysis (Polturak e al, 2017). In addition, the spatial
information obtained from MALDI imaging can be also used to
assist metabolite identification. For instance, in LC-MS three
unknown peaks: (1) unknown betacyanin I: RT =13.04 min,
mlz 670.1873, C3;H3;N30;4 (2) unknown betacyanin II:
RT =16.12, m/z655.1769, C3;H3,N,0,4; and (3) an unknown
betaxanthin: RT = 6.86 min, m/z 342.1454, C;3sH;9N3014, were
assigned as betalains based on their typical betalain UV-vis
absorptions (A, ¢. 535 nm for betacyanins, and A, . 480 nm
for betaxanthins) and MS/MS  fragments
(Table S5). The high correlation between the spatial distribution
of the three unknown ions and the area of pigmentation corrobo-

characteristic

rates the identity of these ions as betalain related.

As agroinfiltration enables the introduction of multiple vectors
into different areas of a single leaf (Vaghchhipawala ez 4/, 2011),
we anticipate that the coupling of MSI with agroinfiltration can
be applied in a microarray-like approach for conducting multiple
assays on the same sample. Compared with LC-MS, coupling
MSI with agroinfiltration provides a rapid and efficient approach
for primary characterisation of candidate gene function, gene
product detection and localisation.

High mass accuracy MSI phenotyping of wheat epicuticular
waxes

Apart from artificially generated mutations, naturally occurring
genetic variants are available for many plant species (Koornneef
et al., 2004; Alonso-Blanco et al., 2009). Hence, natural variants
provide another important source to identify multiple allelic dif-
ferences that contribute to a single trait or phenotypic variation.
Epicuticular waxes (EW) are specialised compounds deposited on
the outer surface of plant cuticles that function as a protective
layer against various environmental cues (Eigenbrode & Jetter,
2002; Huang ez al., 2017). In wheat, B-diketones are major EW
components providing blue-grey coloration (glaucous) to stems,
leaves and flower heads (Huang ez 4/, 2017). The opposing

Fig. 7 Localisation and semiquantitative comparison of betalains and chlorophyll a in agroinfiltrated Nicotiana benthamiana leaves using MALDI imaging
and LC-MS. (a) MALDI imaging of PX11-, PX13-expressing and control N. benthamiana leaves. (1), (6) and (11) are optical images of PX11-, PX13-
expressing and control N. benthamiana leaf sections; (2), (7) and (12) are their zoomed images. The MALDI images showed that betacyanins (3, 4) and
betaxanthins (8, 9) were exclusively synthesised in PX11 and PX13 agroinfiltrated areas of N. benthamiana leaves, respectively. Chlorophyll a was used as a
quality control, and it was found homogeneously distributed in the leaf sections. MALDI images were generated with 60 um spatial resolution, and m/z bin
width of Am/z =+ 5 ppm. Bars, 1 mm. The colour scale indicates the range of root-mean-square normalised intensity. The same metabolite was visualised
under identical intensity scale in order to allow semiquantitative comparison. It should be noted that it is not straightforward to compare the relative
abundance of different metabolites using MALDI images as their ionisation efficiencies may be different. (b) Semiquantitative comparison of betacyanins
(3-4), betaxanthins (8-9) and chlorophyll a (5) from agroinfiltrated areas of PX11-, PX13-expressing and control N. benthamiana leaves using MALDI
imaging and LC-MS. Bar plot represents mean + SD (n = 3) of square root transformed ion intensity (MALDI) or peak area (LC-MS). Different letters denote
significant differences (P <0.01, Kruskal-Wallis test) among infiltrated areas of PX11, PX13 expressing and control N. benthamiana leaves. nd: not
detected.
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phenotype is known as nonglaucous or glossy, which is used to  abundance and distribution of the EW between the glaucous

describe plants that show a bright-green colour (Hen-Avivi ez al,,  Bethlehem BL (BL) and the glossy CASL*2BS wheat lines (Rong
2016). Both glaucous and glossy phenotypes are present among et al., 2000) (Fig. 8a) using MALDI imaging and GC-MS. EWs

wild wheat species. Here we compared the composition,  have been studied extensively using a brief chloroform extraction
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Fig. 8 Characterisation of epicuticular wax in flag leaf sheaths of BL and CASL*2BS wheat lines using MALDI imaging and GC-MS. (a) The epicuticular wax
of wheat flag leaf sheaths were examined with optical microscope (2) and cryo-scanning electron microscopy (1, 3). Magnification: x10 000. Bars, 2 um.
(b) Segmentation map analysis of MALDI imaging results of BL and CASL*2BS flag leaf sheaths (1). Bars, 1 mm. Segmentation map was performed using
bisecting k-means clustering (2), and the hierarchical relationship between clusters is shown in the cluster dendrogram. (c, d) Semiquantitative compassion
of diketones and alcohols between flag leaf sheaths of BL and CASL*2BS. Both MALDI imaging and GC-MS showed that the contents of diketones, for
example C29-B-diketone, C29-hydroxy-diketone, C31-B-diketone, and C31-hydroxy-diketone, were statistically significantly higher on the flag leaf
sheath of BL (c), and the contents of alcohols, for example C24-, C26-, C28-, C30- and C32-alcohol, were statistically significantly higher on the flag leaf
sheath of CASL*2BS (d). Bar plot represents mean + SD (n = 3) of square root transformed ion intensity (MALDI) or peak area (GC-MS). Asterisks denote
significant differences (nd: not detected, **, P<0.01; ***, P<0.0001; Wilcoxon signed-rank test).

followed by GC-MS analysis. However, as chloroform can
rapidly penetrate the deeper layers of the cuticle and indiscrimi-
nately extract both epi- and intracuticular waxes, the resulting
extracts typically represent the total wax composition rather than
the composition of the EW alone (Jetter & Schiffer, 2001;
Buschhaus ez 4/, 2007). By contrast, MALDI imaging provides a
selective approach to determine the chemical composition of the
EW, as its laser ablation depth is ¢ 50-200 nm (Dreisewerd,
2003), which is in accordance with the typical thickness of this
layer (up to 240 nm in wheat; Fernandez ez al., 2014).
Cryo-scanning electron microscopy (cryo-SEM) indicated that
the flag leaf sheaths of the BL cultivar are covered with tube-
shaped EW crystals that are typical for B-diketones deposition.
The flag leaf sheaths of CASL*2BS, conversely, largely accumu-
late platelet-shaped crystals associated with the abundance of
alcohol-rich wax (Bianchi & Figini, 1986; Hen-Avivi er al.,
2016) (Fig. 8a). To minimise the batch effects and any variations
that could arise during sample preparation, we dissected the flag
leaf sheaths from both BL and CASL*2BS cultivars, and attached
them onto the same glass slide. They were then analysed by
MALDI imaging as ‘one sample with two phenotypes” (Fig. 8b)
in a similar manner as described for VIGS in tomato and

New Phytologist (2020) 228: 1986-2002
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agroinfiltrated . benthamiana leaves. The acquired MALDI
imaging data were first examined using bisecting k-means cluster-
ing to obtain image segmentation of the two wheat lines accord-
ing to their chemical composition. This procedure clustered all
MS spectra into different groups based on their similarity, and
each group was assigned a specific pseudocolour (Fig. 8b). The
resulting segmentation map well represents the morphological
regions of the sample with three clusters: the yellow cluster
denotes BL flag leaf, the purple denotes CASL*2BS flag leaf, and
the green denotes the blank region between the two tissues
(Fig. 8b).

In addition to highlighting the distinct anatomical regions, the
segmentation map can also be used to identify mass peaks associ-
ated with these regions. In total, 106 mass peaks (after '*C-deiso-
toping) were found to be highly co-localised with either BL or
CASL*2BS flag leaf sheaths with Pearson correlation coefficient
higher than 0.85 and a P-value <0.05. In total, 95 of them were
tentatively identified based on accurate mass and isotope pattern
from MALDI imaging, GC-MS results of the tissue extracts, and
previous reports (Racovita & Jetter 2016) (TablesS7, S8).
Among them, 48 mass peaks corresponding to 21 metabolites
were found to be co-localised in the BL flag leaf sheath. They
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were distributed homogeneously over the leaf sheath, with C31
hydroxy-B-diketone and C31 B-diketone being the predominant
metabolites. The result was in good agreement with GC-MS data
and previous reports, showing that these two compounds make
up 79% of the total wax amount, and are responsible for the
glaucous appearance of BL wheat cultivar (Zhang et al., 2013;
Hen-Avivi ez al., 2016; Huang et al., 2017) (Fig. 8¢). In addition,
trace amounts of C29 hydroxy-fB-diketone and C29 B-diketone
were only detected by MALDI imaging, demonstrating its com-
plementarity to GC-MS in metabolite detection. Conversely, 48
mass peaks, corresponding to 25 metabolites, were found co-lo-
calised with CASL*2BS flag leaf sheath. Among them, C24,
C26, C28, C30 and C32 primary alcohols were the prevalent
wax species, which is in agreement with GC-MS data and the
previous reports showing that the absence of B-diketones is com-
pensated by an increase of primary alcohols (Zhang ez al., 2013;
Hen-Avivi ez al., 2016). Previous results have suggested that three
candidate genes, namely, Diketone Metabolism-PKS (DMP),
Diketone  Metabolism-Hydrolase (DMH)  and  Diketone
Metabolism-CYP450 (DMC), encode enzymes responsible for B-
diketone biosynthesis, and that they are significantly expressed in
glaucous BL but repressed in glossy CASL*2BS (Hen-Avivi ez /.,
2016). Here the correlation of the three gene expression patterns
with B-diketone accumulation revealed by MALDI imaging fur-
ther supports their functions in wheat B-diketone production.

Unlike the examples described in previous sections in which
the spatial distribution of targeted metabolites was mapped and
compared between mutants and controls, here an untargeted
approach was applied using spatial segmentation to find all rele-
vant biomarkers that distinguish the glaucousness and glossiness
phenotypes in wheat flag leaf sheaths. It is important to note that
the use of high mass resolution, high mass accuracy and lock mass
functionality allows direct determination of elemental composi-
tion of most biomarkers with 7/z <550 Da within 1 ppm mass
accuracy in MALDI imaging (Table S8). As elemental composi-
tion is the foundation of any further identification, the capability
of direct assignment of elemental composition greatly facilities
the process of biomarker identification in MS imaging.

Discussion

Despite its untargeted nature, MSI is stll mostly used for tar-
geted analysis, which limits its power in discovering novel gene-
associated metabolites. The lack of such ‘discovery’ type analysis
in MSI is mainly due to: (1) difficulty in high confidence
metabolite identification; and (2) the number of detected
metabolites is relatively low (Dong ez al., 2016a). Unlike LC- or
GC-MS, MSI analyses molecules directly on a sample tissue sur-
face without any prior extraction or chromatographic separation.
Therefore, molecules are annotated only based on their 72/z val-
ues, isotopic distribution and tandem MS fragmentation pat-
terns. The use of high mass resolution and high mass accuracy
mass spectrometers such as Fourier-transform ion cyclotron reso-
nance (FT-ICR) MS indeed allows the direct determination of
elemental composition of small molecules up to 500 Da. Yet, it
does not provide unambiguous identification of the compound.
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In addition, the lack of chromatographic separation makes MSI
prone to ion suppression effects especially in complex biological
samples, which deters its capability to detect less abundant
molecular species (Dong er al., 2016a). Another major limitation
associated with MSI is that it hardly distinguishes isomeric com-
pounds, and this can lead to inaccurate assessment of their spatial
distribution. For instance, with LC-MS we have identified two
betanin isomers (RT at 8.53 and 9.38 min, C,4H,sN,O;3,
[M+H]") and two vulgaxanthin isomers (RT at 2.08 and
2.74 min, C;4H7N30,, [M+H]") from PX11- and PX13-ex-
pressing N. benthamiana leaves, respectively (Table S6). How-
ever, it is practically difficult to study the distribution of each
isomer by MALDI imaging, even when tandem MSI is applied as
there are no distinctive fragments for each isomer (Table S6).
Nevertheless, these isomers are expected to have similar distribu-
tion patterns, because their distribution is highly correlated to the
pigment localisation. However, it is not always the case that iso-
meric metabolites show the same distribution pattern. As dis-
cussed above due to the positive charge on the C ring of
delphinidin, it was readily detected as a radical ion (m/z
303.0499, C;sH;,;05, [M]™) in the positive ion mode. As a
result of in-source fragmentation during MALDI imaging,
quercetin, one of the major flavonoid aglycones in tomato, was
detected as a protonated ion (m/z 303.0499, C;sH;;O-,
[M+H]"), which possesses the same accurate 72/z value as the del-
phinidin radical ion. In this case, MALDI imaging was unable to
differentiate the two ions as well as their spatial localisation.
Therefore, the MALDI image of delphinidin shown in Fig. 5 was
in fact an overlaid MALDI image of delphinidin and quercetin.
However, as nearly no anthocyanins were present in the silenced
sectors of control and GAME31-VIGS tomato fruit, the ion
intensity of m/z 303.0499 in the silenced sectors most likely cor-
responded to the quercetin ion. It can be seen clearly in Fig. 5a
that the ion intensity of m/z 303.0499 was much lower in the
silenced sectors compared with that from nonsilenced sectors,
suggesting that the ion intensity of delphinidin was significantly
higher than that of quercetin. Consequently, delphinidin largely
determined the distribution pattern of m/z 303.0499. In addi-
tion, the high correlation between the pattern of pigmentation
and delphinidin distribution in both control and GAME3I-
VIGS silenced tomato fruit (Fig. 5a,c) also suggested that del-
phinidin is the dominant ion in the overlaid MALDI image of 2/
z 303.0499. To further corroborate our conclusion, we used
wild-type tomato fruits to study the spatial accumulation of
quercetin, as they do not contain any delphinidin. The result
showed that quercetin is only present in the tomato fruit epider-
mis (Fig. S7). By contrast, in control and GAME31-VIGS
silenced fruit, m/z 303.0499 was detected in the entire fruit sec-
tion including pericarp and placenta (Fig. 5a,c), indicating that
the delphinidin ion was the major contributor to the MALDI
image of m/z 303.0499 in nonsilenced sectors of control and
GAME31-VIGS silenced tomato fruit.

Reverse genetics, the creation of a phenotype by disrupting or
modifying a specific gene or gene product, has rapidly become
the method of choice for understanding the 7z vivo function of
genes (Schwachtje er al., 2008). Once gene expression has been
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altered, expression products such as metabolites are quantified
and the resultant changes are assessed to infer the gene function
(Sumner ¢t al., 2003). MSI could potentially yield a better under-
standing of gene functions with respect to tissue- or cell-specific
genes, as it is able to provide high spatial and temporal resolution
images of localised metabolites. In particular, the use of ultra-
high mass resolution and high mass accuracy MSI significantly
improves metabolite detection, and eliminates interferences from
isobaric ions, thus allowing discovery of novel gene-associated
metabolites and more accurate gene—metabolite relationship.
Currently, there are only few tools available to characterise the
spatial localisation of gene expression products at tissue or cellular
level (Burkhow ez al., 2018). The coupling of MSI with different
reverse genetics approaches has provided an rapid and cost-effec-
tive way to study gene—metabolite relationship and discover novel
gene-associated metabolites. While it is laborious and time-con-
suming to dissect different phenotypic sectors from samples gen-
erated by VIGS or agroinfiltration for LC- or GC-MS analysis,
MSI is a perfect tool for such sample types as it does not require
any manual tissue dissection and separation, and it is free from
batch effects. In cases when gene products are ‘colourless” and no
visible phenotypes are observed, it is advisable to select multiple
and large sample areas for imaging analysis in order to capture
heterogeneous biochemical responses (Burkhow ez 4/, 2018).

Even though there is still progress to be made in the areas of
sample preparation, matrix development, spatial resolution,
instrumental sensitivity and speed, to accommodate high
throughput analysis and widespread use of MALDI and other
MSTI technologies (Sturtevant et al., 2016; Qin et al., 2018), MSI
is being greatly adopted in plant science to map the distribution
of a broad range of chemical compounds. Our examples demon-
strate that a wealth of spatial information can be obtained from
MSL. If this approach is combined with classical LC-MS or GC-
MS and applied on a larger scale, it could be used as an effective
spatial metabolomics tool to discover associations of overall
metabolic changes with a particular organ, tissue or cell. Thus, in
the next decade, MSI will most likely become a routine and
essential tool to study gene function.
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Fig. S1 Overview of a typical MALDI imaging workflow.

Fig. 82 Comparison of GAMEZ25 expression between GAME25-
RNAIi transgenic tomato lines and wild-type tomato fruits at
mature green (MG) and mature red (MG) stages using quantita-
tive real time-PCR assay.

Fig. 83 Score plots of principal component analysis of metabolic
profiles showed clear discrimination between GAME25-RNAi
transgenic tomato lines and wild-type tomato fruits at mature
green and mature red stages.

Fig. S4 Score plot of principal component analysis of metabolic
profiles showed that nonsilenced sectors from control and
GAME31-VIGS tomato fruits were clustered together, while

New Phytologist (2020) 228: 1986-2002
www.newphytologist.com

New
Phytologist

VIGS-silenced sectors from control and GAME31-VIGS tomato
fruits were clearly separated.

Fig. S5 Localisation and quantitative comparison of steroidal gly-
coalkaloids (SGAs) in GAME31-VIGS tomato fruits at mature
red ripe stage.

Fig. $6 Direct MALDI imaging of betalains from PX11 express-
ing N. benthamiana leaves following agroinfiltration.

Fig. 87 Comparison of the spatial distribution of m/z 303.049
from GAME31-VIGS, Control and wild-type tomato fruits.

Methods S1 MALDI imaging, LC-MS analysis of steroidal gly-
coalkaloids, anthocyanins and betalains, GC-MS analysis of epi-
cuticular wax, and quantitative real-time PCR analysis.
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and wild-type tomato fruit using LC-MS analysis.
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and wild-type tomato fruit using MALDL
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and control tomato fruit using LC-MS analysis.
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pressing V. benthamiana leaves following agroinfiltration using
MALDI.

Table S6 Putative betalains identified in PX11 and PX13
expressing N. benthamiana leaves following agroinfiltration using
LC-MS analysis.

Table S7 Putative epicuticular waxes identified in BL and
2BS*CASL flag leaves using GC-MS analysis.
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2BS*CASL flag leaves using MALDI.
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