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SUMMARY

Although plants harbor a huge phytochemical diversity, only a fraction of plant metabolites is functionally
characterized. In this work, we aimed to identify the genetic basis of metabolite functions during harsh envi-
ronmental conditions in Arabidopsis thaliana. With machine learning algorithms we predicted stress-specific
metabolomes for 23 (a)biotic stress phenotypes of 300 natural Arabidopsis accessions. The prediction
models identified several aliphatic glucosinolates (GLSs) and their breakdown products to be implicated in
responses to heat stress in siliques and herbivory by Western flower thrips, Frankliniella occidentalis. Bivari-
ate GWA mapping of the metabolome predictions and their respective (a)biotic stress phenotype revealed
genetic associations with MAM, AOP, and GS-OH, all three involved in aliphatic GSL biosynthesis. We,
therefore, investigated thrips herbivory on AOP, MAM, and GS-OH loss-of-function and/or overexpression
lines. Arabidopsis accessions with a combination of MAM2 and AOP3, leading to 3-hydroxypropyl domi-
nance, suffered less from thrips feeding damage. The requirement of MAM2 for this effect could, however,
not be confirmed with an introgression line of ecotypes Cvi and Ler, most likely due to other, unknown sus-
ceptibility factors in the Ler background. However, AOP2 and GS-OH, adding alkenyl or hydroxy-butenyl
groups, respectively, did not have major effects on thrips feeding. Overall, this study illustrates the complex
implications of aliphatic GSL diversity in plant responses to heat stress and a cell-content-feeding
herbivore.

Keywords: (a)biotic stresses, MAM, AOP, metabolomics, quantitative genetics.

INTRODUCTION modifications of existing metabolites (Kant et al., 2015).

Plants are exposed to a wide range of stresses, such as
drought, heat, salinity, pathogens, and herbivorous
insects. To maximize their fitness, they evolved sophisti-
cated strategies to cope with their unpredictable environ-
ment, including reallocation or recycling of resources for
the biosynthesis of metabolites and protective structures.
Plant resistance strategies involve both constitutive and
induced strategies (Kant et al., 2015). Constitutive thick epi-
cuticular wax layers, thorns, and protective compounds are
eminent adaptations to severe (a)biotic stresses (Gomez &
Zamora, 2002; War et al.,, 2012). On the other hand,
induced responses act upon unpredictable environmental
changes or infections and trigger de novo biosynthesis or

© 2024 The Author(s).

Depending on the cost-benefit analysis, plants invest in
these different strategies to improve their fitness (Neilson
et al., 2013; Steppuhn & Baldwin, 2008). The biosynthesis
of plant secondary metabolites is considered to be an
adaptive and dynamic strategy to cope with stressful con-
ditions in a fluctuating environment (Isah, 2019). Apart
from their central role in regulating plant development and
growth, via their interactions through signaling processes
and pathways, secondary metabolites play a major part in
orchestrating plant reactions to biotic and abiotic stresses
(Ashraf et al., 2018; Grotewold, 2005).

Secondary metabolites, also called specialized com-
pounds, can be classified into three major groups based
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on their biosynthetic pathways: terpenes, phenolics (flavo-
noids and phenylpropanoids), and nitrogen-containing
compounds, the latter including cyanogenic glycosides,
alkaloids, and glucosinolates (Degenhardt, 2008; Qualley &
Dudareva, 2008). Glucosinolates (GSLs) are a distinct class
of sulfur-containing secondary metabolites mainly found
in the Brassicaceae family. Structurally, they are anions
composed of three moieties: thiohydroximates containing
an S-linked p-glucopyranosyl residue and an O-linked sul-
fate residue with a variable aglycone side chain derived
from an a-amino acid which is then classified into (1) ali-
phatic GSLs (derived from alanine, leucine, isoleucine,
valine, or methionine), (2) indole GSLs (derived from tryp-
tophan), and (3) aromatic GSLs (derived from phenylala-
nine or tyrosine) (Halkier & Gershenzon, 2006). GSLs are
usually stored in vacuoles and chemically stable, but when
plant cells are damaged, they come into contact with myr-
osinase enzymes that hydrolyze GSLs into electrophilic
compounds (Bones & Rossiter, 1996; Pang et al., 2009).
Several GSL hydrolysis products, such as isothiocyanates,
nitriles, epithionitriles, and thiocyanates, play a central role
in plant defense against herbivorous insects and microbial
pathogens. Of these hydrolysis products, isothiocyanates
are the most studied and known to be toxic to a wide
range of plant pathogens and herbivores (Gimsing & Kirke-
gaard, 2009; Halkier & Gershenzon, 2006) and considered
to be involved in drought-induced stomatal closure (Sale-
hin et al., 2019).

In the last decade, genome-wide association (GWA)
studies have become a standard tool for studying the
genetic architecture of quantitative traits (Tibbs Cortes
et al., 2021). With the advances in high-throughput genotyp-
ing technologies and the progress in high-resolution liquid
and gas chromatography-mass spectrometry (LC- and GC/
MS), plant metabolomes, or metabolite traits, can be char-
acterized and compared in a comprehensive manner (Keur-
entjes et al., 2008). Consequently, the challenge of including
such omics data in genetic analyses is pertinent. Joint asso-
ciation analysis of multiple traits in a genome-wide associa-
tion study offers several advantages and opportunities over
individual association analysis of single traits or metabo-
lites. Multi-trait GWA mapping makes use of the extra infor-
mation provided by the correlation between traits to gain
statistical power (Korte et al., 2012; Zhou & Stephens, 2014).
Additionally, it has the ability to identify the multigenic
basis of complex traits and to unravel genotypic variants
with pleiotropic effects where single genetic variants are
involved in the expression of multiple traits. Nevertheless,
multi-trait GWA studies are often limited to small numbers
of traits due to the upscaling of the computational cost,
hence precluding the integration of large omics data with
high-resolution SNP arrays (Porter & O'Reilly, 2017). Dimen-
sion reduction techniques (Arouisse et al., 2021) are a viable
option to overcome these limitations.

In this study, we aimed to dissect the genetic basis of
biochemical pathways of individual plant stress responses
in Arabidopsis thaliana, using a bivariate GWA mapping of
the metabolome, consisting of both primary and second-
ary metabolites, and the stress response of a natural GWA
population. When exposing this population to a diverse set
of 23 (a)biotic stresses (Data S1), including caterpillars,
whiteflies, aphids, Botrytis cinerea, drought and salt,
strong associations were revealed between certain bio-
chemical pathways and feeding damage of the Western
flower thrips, Frankliniella occidentalis, and heat stress.
Thrips are cell-content feeders and particularly F. occiden-
talis is known to be affected by the jasmonic acid pathway
(Abe et al., 2008; Escobar-Bravo et al., 2017), which is
renowned for the induction of several secondary metabo-
lite classes, including terpenes and GSLs (van der Fits &
Memelink, 2000). Heat stress, in contrast, induces abscisic
acid and is often connected to the accumulation of flavo-
noids that function as antioxidants and UV filters (Li et al.,
2021). Here, we found that Arabidopsis responses to both
stresses are affiliated with natural variation in aliphatic
GSLs and their biosynthetic loci.

RESULTS

Bivariate GWA mapping with metabolomic prediction
reveals new QTLs

To decipher the complex biochemical processes underly-
ing Arabidopsis resistance to 23 (a)biotic stresses, penal-
ized regression analysis on constitutive primary and
secondary metabolomic profiles was performed, resulting
in a predicted response to different stress treatments. This
initial step reduced the multidimensionality of the second-
ary and primary metabolites to a single metabolomic esti-
mate for each genotype. Bivariate GWA mapping on the
stress response and its metabolic prediction identified sev-
eral SNPs located across various candidate genes that are
putatively involved in the regulation of stress responses in
Arabidopsis (Data S1). Among these were associations
between the number of eggs laid by Aleyrodes proletella
whiteflies and SNPs in TREHALOSE PHOSPHATE
SYNTHASE10 (TPS10), an interesting candidate as TPS11
was previously found to be involved in Arabidopsis
defense against the phloem feeder Myzus persicae (Singh
et al., 2011). Also, SNPs in genes involved in the biosynthe-
sis of GSLs and their hydrolysis products were identified in
relation to thrips and heat stress. These SNPs were neither
captured by previous univariate GWA mapping of the
stress responses (Thoen et al., 2017), nor by univariate
GWA mapping with SNP imputations (Figure 1; Data S1).

MAM and AOP loci associated with thrips feeding damage

Out of the total of 449 considered metabolites, 13 were
selected by LASSO to build the prediction model to infer
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FIGURE 1. Univariate GWA mapping of stress responses and bivariate GWA mapping of stress responses and their metabolomic prediction in a population of
300 natural Arabidopsis accessions. (a) Univariate GWA mapping of thrips, F. occidentalis, feeding damage, (b) Bivariate GWAS of thrips feeding damage and
its metabolomic prediction, (c) Univariate GWAS of the number of siliques after heat stress, (d) Bivariate GWAS of the number of siliques after heat stress and
its metabolomic prediction. Left column represents the -log(p) of SNPs for effect on only the stress response. Right column represents the -log(p) of SNPs for a
common effect on the stress response and its metabolomic prediction. Gray line indicates the Bonferroni threshold [- log 10 (p) ~ 7.13].

the feeding damage by thrips, F. occidentalis. This metabo-
lite prediction correlated with thrips feeding damage with
a Pearson correlation coefficient of 0.49. Among these
metabolites, the aliphatic GSL glucoibarin and the GSL
breakdown product 1-butene-4-isothiocyanate showed the
highest correlation coefficients, that is, 0.08 and 0.12,
respectively (Table S1). Three loci were significantly asso-
ciated with thrips feeding damage: MAM1 (AT5G23010),
AOP1 (AT4G03070), and AOP3 (AT4G03050). In addition,
polymorphisms near GS-OH (AT2G25450) were just above
the threshold for significance (Figure 1b; Data S1). The
MAM and AOP loci showed the highest —log10(p) values
ranging from 9 to 11. Methylthioalkylmalate synthases
(MAMs) determine the number of methionine side-chain
elongations in aliphatic GSLs and play a central role in the
diversification of aliphatic GSL structures in Arabidopsis
and related plants (Kroymann et al., 2003). The 2-
oxoglutarate-dependent dioxygenases AOP2 and AOP3 are
known for the conversion of methylsulfinyl groups on the
aliphatic GSL side chains, resulting in alkenyl or hydro-
xyalkyl GSLs, respectively (Halkier & Gershenzon, 2006;
Kliebenstein, Gershenzon, & Mitchell-Olds, 2001; Klieben-
stein, Kroymann, et al.,, 2001; Kliebenstein, Lambrix,
et al., 2001). GS-OH can hydroxylate the alkenyl group that
resulted from combined MAM1 and AOP2 activity (Klieben-
stein, Gershenzon, & Mitchell-Olds, 2001; Kliebenstein,
Kroymann, et al., 2001; Kliebenstein, Lambrix, et al., 2001).

© 2024 The Author(s).

Haplotype analysis based on the significant SNPs in the
MAM region for thrips feeding damage showed the pres-
ence of two haplotype blocks. Block 1 contained six haplo-
types and block 2 four haplotypes (Figure S1). Analysis of
variance was performed on two contrasting haplotypes
that occurred in more than 10% of the accessions. For
both blocks, the Col-0 haplotype 2 had significantly more
feeding damage than haplotype 1 (P=2.41x10"* and
P=4.37x1073, respectively, Figure 2a,b; Table S2). The
remaining haplotypes 3 to 6 were a combination of the two
extreme haplotypes 1 and 2 (Figure S1b). Haplotype analy-
sis of the significant SNPs in the AOP region revealed the
presence of only one block, with two major haplotypes
(Figure S2). Analysis of the variance of the inferred haplo-
types, with correction for the population structure, revealed
the presence of two contrasting haplotype groups in terms
of feeding damage (P=7.83x 1073, Table S2). The Col-0
AOP haplotype 2 exhibited significantly less feeding
damage than haplotype 1 (Figure 2c). Overall, these results
indicate that the two Col-0 haplotypes had contrasting
effects on thrips, with a susceptible haplotype for MAM
and a resistant haplotype for the AOP region.

AOP locus is associated with seed development after
heat stress

For heat stress during flowering (Bac-Molenaar
et al., 2015), we observed significant associations in both
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FIGURE 2. Feeding damage by F. occidentalis thrips and silique development during heat stress between inferred haplotypes constructed with significant SNPs.
(a) Thrips feeding damage in relation to MAM haplotypes in block 1, and (b) in block 2. (c) Thrips feeding damage in relation to haplotypes of the AOP locus. (d)
Number of siliques after heat stress in relation to AOP haplotypes. Phenotypes are displayed as best linear unbiased estimators (BLUEs). Inside boxplots, the
bold line represents the median, box edges first and third quartile, and whiskers extend 1.5 x the interquartile distance (third quartile - first quartile) beyond the
quartiles. Symbol *** is used to indicate P< 0.001 for test on the difference between haplotypes (Table S2).

univariate- and bivariate GWA mapping (Figure 1c,d).
Twenty-four metabolites were selected by LASSO to build
the model to predict silique development after heat stress
with a Pearson correlation of 0.58. Among these metabo-
lites, allyl-isothiocyanate, a breakdown product of aliphatic
GSLs, had the highest coefficient (—0.17, Table S1). Heat
stress revealed significant associations with the Arabidop-
sis AOP locus that is involved in GSL side-chain modifica-
tions. Several SNPs located in AOP3 and several SNPs
located in AOP1 were significantly associated with silique
formation after heat stress (—log10(p) value of 7.55
(Figure 1d; Data S1)). Haplotype analysis showed the pres-
ence of four haplotypes based on the significant SNPs

located in AOP7and AOP3 loci (Figure S2). Analysis of var-
iance of the inferred haplotypes revealed the presence of
two contrasting haplotype groups (P=5.30x107°), with
the Col-0 haplotype 1 being associated with the formation
of fewer siliques during heat stress (Figure 2d; Table S2).
Other candidate genes presenting a significant common
effect relating to heat stress included AtNDX (AT4G03090),
which is involved in ABA signaling, a pathway involved in
drought and heat stress responses (Wang et al., 2017),
BRI1T SUPPRESSOR 1 (AT4G03080), which interferes with
the brassinosteroid (BR) signal-transduction pathway that
regulates a wide range of developmental and physiological
processes, including stress tolerance (Nolan et al., 2020)
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Alk, alkenyl; Allyl, allyl-glucosinolate; But, 3-butenyl; C3, carbon side chain length 3; C4, carbon side chain length 4; F, functional; MSO, methylsulfinyl; NF, nonfunctional; OH, hydroxyl;

Results of independence tests between the two most frequent haplotypes of AOP and MAM loci and GSL chemotypes are displayed in the two lower rows for each locus.
OH-But, 2S-OH-3-Butenyl; 3MSO, 3-methylsulfinylpropyl; 30HP, 3-hydroxypropyl; 4MSO, 4-methylsulfinylbutyl.

TABLE 1 Contingency table with counts of individual Arabidopsis accessions per GSL chemotype

MAM haplotypes
AOP haplotypes
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and stomatal aperture (Kim et al., 2018), and ABP1
(AT4G02980), which is involved in a broad range of growth
and developmental processes and responses to heat stress
(Gelova et al., 2021).

Haplotypes for thrips feeding link to GSL chemotypes

The natural diversity in aliphatic GSLs in Arabidopsis is
largely determined by the presence or absence of func-
tional MAM, AOP, and GS-OH loci. With the GSL classifica-
tion system from Katz et al. (2021) we could match 102
accessions to a GSL chemotype, and test whether these
chemotypes were related to a particular haplotype for heat
stress and thrips feeding damage.

As expected, the independence test revealed strong
and significant associations between MAM haplotypes and
carbon side chain length and AOP haplotypes and alkenyl
(Alk) or hydroxy-alkyl groups (OH, Table 1). We also
observed reciprocal effects of AOP on carbon chain length
(the MAM status) and effects of MAM on methylsulfinyl
modifications (the AOP status), indicative of long-range LD
between the MAM and AOP loci putatively caused by
co-selection (Katz et al., 2021). The MAM haplotype 1 is
associated with C3 chemotypes (MAM2 functionality), hap-
lotype 2 with C4 chemotypes (MAM1 functionality), while
the AOP haplotype 1 is associated with alkenyl (AOP2 func-
tionality) and methylsulfinyl (no AOP functionality) side
chains, while the AOP haplotype 2 associated with
hydroxy-alkyl side chains (AOP3 functionality). Moreover, a
strong association was revealed between these haplotypes
and the functionality of the other aliphatic GSL modifica-
tion gene, GS-OH (Table 1). From this, we conclude that
haplotypes associated with reduced thrips herbivory (Fig-
ure 2) involved chemotypes with C3 methylsulfinyls (via
MAM2 in combination with no AOP functionality) and
3-hydroxypropyl GSLs (30HP, via functional MAM2 and
AOP3).

Accessions with 30HP dominance suffer less from thrips

The involvement of AOP in responses to herbivory was
also found when comparing chemotypes at the accession
level. Accessions with AOP2 suffered from more feeding
damage than accessions with AOP3 or non-functional
AOPs (P=0.012, Figure 3b-e and Table S3). Functional
GS-OH, which is indirectly associated with a functional
AOP2, also increased herbivory (P=0.005). In contrast to
the haplotype-based approach, however, there was no
effect of MAM status (P=0.153), implying that methylsulfi-
nyl chain length on itself was not relevant for thrips. How-
ever, accessions with the combination of MAM2 and AOP3
(30HP dominant), experienced less feeding damage than
accessions with AOP2-derived alkenyls, confirming the
haplotype effect. For heat stress, chemotypes did not affect
the level of stress resistance of accessions (P=0.075,
P=0.817, P=0.55 for AOP, GS-OH, and MAM status,
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FIGURE 3. Aliphatic GSL chemotype effects on thrips and heat stress. (a) Involvement of MAM, AOP, and GS-OH enzymes in the biosynthesis of dominant GSL
chemotypes (adapted from Katz et al. 2021). (b-e) Chemotype effects on thrips feeding damage, and (f-i) number of siliques after heat stress. Phenotypes are
displayed as best linear unbiased estimators (BLUEs). Inside boxplots, the bold line represents the median, box edges represent the first and third quartile, and
whiskers extend 1.5 x the interquartile distance (= third quartile - first quartile) beyond the quartiles. Indications of significance represent the probability of no
difference between chemotype effects on the phenotype (***: P<0.001, **: P<0.05 and NS: P> 0.05, Alk, alkenyl (via AOP2); Allyl, allyl-glucosinolate; C3, car-
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Butenyl; 3-But, 3-butenyl; 3MSO, 3-methylsulfinylpropyl; 30HP, 3-hydroxypropyl; 4MSO, 4-methylsulfinylbutyl; 4OHB, 4-Hydroxybutyl; Data S1; Table S3).

respectively, Figure 3f-i and Table S3). As the combination
of MAM1 and AOP3 was rare (only 2 accessions), the effect
of 4-hydroxybutyl GSL (4OHB) remained unclear.

Validation of GSL chemotype effects on thrips herbivory

To further elucidate the effects of aliphatic GSLs on thrips,
several Arabidopsis transgenic mutants were screened for
thrips damage. The myc2myc3myc4 triple mutant, which is
defective in JA signaling and GSL induction and highly

susceptible to the generalist caterpillar Spodoptera littora-
lis (Schweizer et al., 2013) showed increased F. occidentalis
feeding damage compared to the Col-0 wild type
(P=0.002, Figure 4a; Table S4), indicating that GSLs may
be involved in Arabidopsis resistance to thrips. No effects
of knocking out MAM1 and MAMS3, leading to more C3 and
less long-chain GSLs, respectively (Textor et al., 2007), on
thrips were observed in the Col-0 background (P=0.238,
Figure 4b; Table S4), confirming that variations in
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FIGURE 4. Validation of thrips feeding damage on plant lines with manipulated aliphatic GSL composition. F. occidentalis feeding damage on (a) myc2myc3-
myc4 triple mutants and the Col-0 wild type (myc234: n=14, WT: n=15), (b) Two mam1 and two mam3 knockout mutants in the Col-0 background (mam1_1:
n=20, mam1_2: n=20, mam3_1: n=20, mam3_2: n=20, Col-0 WT: n=19), (c) an AOP2 overexpression line in Col-0, and an AOPZ2 overexpression line in the
background of a gs-oh knockout of Col-0 (AOP: n=17, GS-OH knockout: n=17, Col-0 WT: n=17), and (d) Cvi, Ler and the LCN5-2 near-isogenic line in the Ler
background (Cvi: n=19, Ler: n=12, NIL: n=20). Inside boxplots, the bold line represents the median, box edges represent the first and third quartile, and whis-
kers extend 1.5 x the interquartile distance (= third quartile - first quartile) beyond the quartiles. Indications of significance represent the probability of no differ-
ence between genotype effects on the phenotype using ANOVA (***: P<0.001, **: P< 0.05 and NS: P> 0.05).

methylsulfinyl chain length did not affect F. occidentalis. In
addition, no differences were observed in feeding damage
when AOP2 was overexpressed in the Col-0 background
(expected to result in more 2-hydroxy-3-butenyl and
3-butenyl GSLs (Burow et al., 2015)), or when AOP2 was
overexpressed in a gs-oh knockout of Col-0 (expected to
deliver only 3-Butenyl GSLs (Burow et al., 2015),
P=0.3698, Figure 4c; Table S4). To test if the AOP3 effect
was dependent on MAM2 functionality, we used a
near-isogenic introgression line (NIL) that allowed us to
compare a 30HP-dominant accession (Ler, having MAM2
and AOP3), with a 3-butenyl-dominant accession (Cvi, hav-
ing MAM1 and AOP2), and a NIL that was presumably
40HB-dominant (MAM1 and AOP3 in Ler background)
(Keurentjes et al., 2007; Kliebenstein, Gershenzon, &

© 2024 The Author(s).

Mitchell-Olds, 2001; Kliebenstein, Kroymann, et al., 2001;
Kliebenstein, Lambrix, et al., 2001). According to trips feed-
ing damage in the GWA population, Ler was particularly
susceptible in comparison to other 30HP-dominant lines
(Data S1). Assessment of feeding damage on the three
lines confirmed the susceptibility of Ler in comparison to
Cvi, but no further increase in susceptibility was observed
in the NIL due to the change from MAM2 to MAM1
(P=0.0025, Figure 4d; Table S4). In summary, from the
total population of 300 Arabidopsis lines, particularly
accessions with 30HP dominance suffered less from F.
occidentalis infestations, suggesting that the combination
of MAM2 and AOP3, which results in the accumulation of
C3-hydroxy-alkyl GLSs, reduces thrips infestations.
Whether MAM2 is required for this phenotype, or whether
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40HB-dominant accessions with the MAM1 and AOP3
combination show a comparable reduction in feeding dam-
age, is still unclear due to the limited amount of accessions
with this specific chemotype in our population (n=2), and
due to the potential influence of the susceptible Ler back-
ground on our results.

DISCUSSION
Implications of aliphatic GSL recombination events

The associations of AOP1, AOP3, and/or MAM1 with thrips
feeding and heat stress represent both the wide biological
importance of aliphatic GSLs in (a)biotic stress responses,
as well as the major recombination events that have taken
place in these loci. In Arabidopsis, the MAM locus contains
up to three genes, MAM1, MAMZ2, and MAMS3, with,
depending on the specific accession, functionality of all or
some of these genes. MAM3 is responsible for the basic
confirmation of the GSL side chains, MAM2 is specifically
involved in the synthesis of short (C3) side chains, while
MAM?1 is required for C4 GSLs, with four methylene
groups in the side chain (Textor et al., 2007). Similarly, the
AOP locus contains different conformations of three AOP
genes and is in LD with the MAM locus (Chan et al., 2010).
AOP2 and AOP3 are known to be involved in the conver-
sion of specific short-chain methylsulfinylalkyl GSL precur-
sors to alkenyl GSLs and hydroxy-alkyl GSLs, respectively
(Jensen et al., 2015; Kliebenstein, Gershenzon, & Mitchell-
Olds, 2001; Kliebenstein, Kroymann, et al., 2001; Klieben-
stein, Lambrix, et al., 2001). Noteworthy, the genotypic
data used in our GWA mapping are based on the Col-0
genome, which lacks the MAMZ2 gene and AOP functional-
ity (Kroymann et al., 2003). Despite this, significant associa-
tions were found that can be considered as a hallmark for
associations with the MAM and AOP genes in these two
LD regions. Katz et al. (2021) reported that MAM1 and
AOP2 plus AOP3 manifest an epistatic interaction for GSL
accumulation. The epistatic interaction is probably linked
to the differences in AOP2 and AOP3 substrate availability
that depend on the allelic state at the MAM?1 locus, which
suggests feedback effects between these loci. This epistatic
interaction should be taken into consideration when fur-
ther validation analyses are conducted.

Aliphatic GSLs and their effects on thrips

The associations we observed between thrips feeding
damage and constitutive levels of glucoibarin (a C7 GSL),
1-butene 4-isothiocyanate, and SNPs in the MAM and AOP
loci align with previously observed negative correlations
between GSLs and thrips feeding and detrimental effects
of jasmonic acid-induced defense on the Western flower
thrips (Abe et al., 2008; Thoen, 2016). As the MAM locus
comprises three genes, MAM1, MAM2, and MAMS3, that
have been shown to be in strong LD in certain populations

(Chan et al., 2010), the significant association of MAM1
with thrips feeding damage could be considered a hall-
mark for natural variation presented in the MAM locus as a
whole. Our results indicate that side chain length (MAM1
or MAM2) on itself does not affect Western flower thrips.
Also, AOP2 functionality, leading to alkenyl GSLs, did not
seem to suppress thrips herbivory, indicating that, for
example, sinigrin (allyl) and gluconapin (3-butenyl) do not
affect thrips. Nevertheless, oxidative cleavage of methyl-
sulfinyl side chains by AOP3 was related to reduced feed-
ing damage. Within the tested Arabidopsis population we
observed that accessions holding a functional MAMZ2 and
AOP3 gene, thereby producing 30HP consisting of a C3
side chain with a hydroxy-alkyl group, suffered less from
the Western flower thrips than other accessions. The fact
that we could not confirm this in the Ler background raises
the question of whether the combined MAM2-AOP3 effect
is merely an artifact of the specific population structure.
Although our analyses did correct for kinship, we cannot
completely exclude this option. Simultaneously, it is also
well known that individual accessions differ in numerous
other traits, including metabolites that were not considered
by the applied GCMS and LCMS approaches, such as
highly polar and apolar compounds, that could have influ-
enced the eventual outcome for plant resistance. As the
Ler ecotype was more susceptible to thrips compared to
other 30HP-dominant accessions, unknown susceptibility
factors may have affected our observations.

Aliphatic GSLs and their effects on heat stress

In our study, we found strong significant associations
between heat stress in reproductive organs and
allyl-isothiocyanate and SNPs in the AOP locus. The con-
nection between aliphatic GSLs and reproductive organs is
not new, as high hydroxy-alkyl GSL pools are found in Ara-
bidopsis seeds and flowers (Brown et al., 2003; Jensen
et al., 2015; Kliebenstein, Gershenzon, & Mitchell-
Olds, 2001; Kliebenstein, Kroymann, et al., 2001; Klieben-
stein, Lambrix, et al., 2001). In addition, aliphatic GSLs are
known to be upregulated by heat stress (Guo et al., 2016;
Ludwig-Miiller et al., 2000) and previous studies reported
that the administration of isothiocyanates mitigates growth
inhibition after heat stress and induces transcriptional
reprogramming of heat stress responses in A. thaliana
(Hara et al., 2013; Kissen et al., 2016). Our metabolite pre-
diction revealed a significant effect of the electrophylic
allyl-isothiocyanates on seed embryo recovery after heat
stress, which may be related to oxidative stress responses.

Integration of metabolome profiles in GWA studies

To maximize their fitness in a dynamic environment, plants
show high plasticity and adapt their secondary metabolite
profiles accordingly (Mertens et al., 2021). Although stress
response and metabolome response are intertwined, there
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are only few papers, such as Wang et al. (2015), that try to
model jointly metabolite and downstream phenotypic trait
variation in relation to DNA variation. Such integrated
modeling may provide deeper insight into the genetic
drivers of plant defenses. With a two-stage approach rely-
ing on work by Arouisse et al. (2021) and van Heerwaarden
et al. (2015), we first reduced the metabolic dimensionality
by penalized regression of the stress response on the full
metabolome to select the most relevant metabolites. For
convenient interpretation of our metabolomic predictions,
we have chosen to use a form of penalized linear regres-
sion in this paper, although it may be advantageous to use
nonlinear methods, such as random forest regression
(Costa-Neto et al., 2021; Pérez-Rodriguez et al., 2012). Sub-
sequently, the predicted values of this regression served
as input to bivariate GWA mapping together with the tar-
get stress trait itself. The purpose of this bivariate
approach is to magnify the genetic signal of the metabolo-
mic stress response. Our results revealed new associations
between plant responses to (a)biotic stresses and genes
that would otherwise not have been detected. In particular,
we focused on the associations between aliphatic GSL bio-
synthesis genes and resistance to thrips and heat stress.

Considerations on bivariate GWA mapping

Van Heerwaarden et al. (2015) showed that the power to
detect a QTL for a target trait in a single trait GWA analysis
can be increased by adding a correlated trait in a bivariate
GWA analysis, where that correlated trait is a prediction
for the target trait from a set of environmental covariates
that represented selection forces. Here, we used a similar
strategy, but now with the correlated trait being a predic-
tion for the target trait from the plant metabolome. There-
fore, unlike in Van Heerwaarden et al. (2015), our
correlated trait did not represent a selection pressure, but
rather was hypothesized to be part of the causal, multi-
genic architecture of the (a)biotic stress response, which
was our target trait. We chose to use the full set of acces-
sions to perform the bivariate GWA analysis. This is the
usual approach in plant genetics because the number of
genotypes is typically small, although it may lead to some
overfitting. Splitting up the full set of accessions in a train-
ing and validation set can be an effective way of avoiding
overfitting, but such a strategy is sensible only when the
training set is large enough to attain sufficient power.
Therefore, we chose to accept the risk of some overfitting
to increase our QTL detection power, following the sugges-
tion made by van Heerwaarden et al. (2015). Given the
metabolomic prediction of the stress response (M) and the
stress response of interest itself (Y), the bivariate GWA
mapping focused on QTLs affecting both M and Y. One
may question whether the detected QTLs affect both M
and Y simultaneously or only one of the two traits, as it is
known that a bivariate GWA mapping will also detect a
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QTL when a sufficiently strong signal is present for only
one of the traits (Korte et al., 2012). First, even when in our
bivariate GWA mapping a QTL is detected because of
mainly M or only M, we still consider this QTL associated
with the stress response, since the prediction M reflects an
important part of the stress response. Second, we imposed
a constraint on the QTL effects of M and Y that they should
have the same allele substitution effect, which will lead to
a somewhat conservative test. As an alternative, we could
have tested for QTL effects that were unique to M and Y,
which would have been more prone to overfitting. In addi-
tion, the haplotype analyses showed significant effects of
the identified loci on Y. In case the metabolome would
mediate the QTL effects to the stress response (Haplotype
- M-Y), QTLs will be more significant in univariate GWA
mappings on M alone (Zhou & Stephens, 2014). In case of
a pleiotropic effect of the haplotype on both M and Y
(M — Haplotype—Y), the bivariate GWA mapping is
expected to be more powerful. As we did not know the full
causal chain between genes, metabolites, and stress
responses, but hypothesized that QTLs would have pleio-
tropic effects on both M and Y (the latter scenario), we
decided to use a bivariate GWA mapping approach on M
and Y to gain power in QTL detection. Simultaneously, we
tried to reduce the risk of overfitting by using a constrained
QTL model that required the allele substitution effect for M
and Y to be the same.

Genetic associations beyond experimental and tissue-
specific constraints

Although the metabolomic features used in this work were
captured in different environmental conditions as well as
in different experimental setups than the phenotypic stress
responses, we were able to detect significant associations
between several genes that orchestrate metabolomic com-
positions and biotic and abiotic stress responses. The
bivariate GWA mapping identified substantially more sig-
nificant QTLs than the univariate approach using only Ara-
bidopsis responses to stress. Among the candidate genes
were several loci involved in aliphatic GSLs and trehalose.
Glucosinolates are typically found in all parts of Arabidop-
sis plants with variable concentrations depending on the
developmental stages and types of plant tissues. Gener-
ally, the highest levels of GSLs are present in young leaves
and reproductive tissues, such as siliques and seeds,
whereas the GSL content was lower in mature leaves,
which constituted the main part of the biological material
used for our secondary metabolite dataset (Martinez-
Ballesta et al., 2013; Porter et al., 1991). Even with this limi-
tation, the bivariate GWA mapping revealed associations
between seed-related effects of heat stress and GSL com-
position in unchallenged leaves. This is not surprising in
view of the correlation between GSL content of leaves and
seeds (Kliebenstein, Gershenzon, & Mitchell-Olds, 2001;

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

The Plant Journal, (2024), doi: 10.1111/tpj.17009

95UB01 7 SUOLULLOD 9AIIe1D) 3[cedldde au Ag pausenob ke i VO ‘85N JO Sa|nJ o} Akeuqi8UIIUO A8|IM UO (SUONIPUOD-PUe-SULBIAL0D" A | 1M ARe.d jBu JUO//SdIY) SUONIPUOD PUe SWS L 8L 89S *[1Z0Z/0T/TZ] Uo AriqiTauliuo AS|Im ‘Jlupeg Jreli|ied yosessay puy Ais,Alun usbuiuefem Aq 6002T (A TTTT OT/I0p/wW0d A8 M Aeiq 1 puljuo//SAny Woij pepeojumod ‘0 ‘XETESIET



10 Bader Arouisse et al.

Kliebenstein, Kroymann, et al., 2001; Kliebenstein, Lambrix,
et al., 2001), and illustrates the relevance of local constitu-
tive metabolite profiles for predicting induced responses in
systemic tissues. In conclusion, this research presents a
study case how multivariate trait data can be integrated
into a quantitative genetics and QTL mapping framework
that can inspire future omics studies.

EXPERIMENTAL PROCEDURES
Plant material and phenotypic data

The 300 Arabidopsis thaliana accessions from the HapMap popu-
lation were originally obtained from the ABRC Stock Center (Bax-
ter et al., 2010), and previously phenotyped for responses to 23
single biotic or abiotic stresses and their combinations by Thoen
et al., (2017) (see Data S1 for an overview of the stress descrip-
tions). Abiotic stresses included salt, drought, osmotic, and heat
stress. Biotic stresses involved the necrotrophic fungus Botrytis
cinerea, the insect herbivores Western flower thrips, Frankliniella
occidentalis, Pieris rapae caterpillars, Myzus persicae aphids,
Aleyrodes proletella whiteflies, the root knot nematode Meloido-
gyne incognita, and the parasitic plant Phelipanche ramosa.

Arabidopsis mam-1 (SALK_116223C and SALK_086935C) and
mam-3 (SALK_004536C and SALK_007222C) knock-out mutants
were obtained from the Nottingham Arabidopsis Stock Centre
(NASC), and tested for homozygosity of the T-DNA insert with
PCR. Seeds from the myc234 line (Schweizer et al., 2013) were
kindly provided by Philip Reymond (Lausanne University), seeds
from the aop2 and aop2/gs-oh lines were kindly provided by Dan-
iel Kliebenstein (University of California, Davis) (Jensen
et al., 2015). The NIL LCN5-2 with the Ler background and Cvi
introgression around the MAM locus was established by Keur-
entjes et al. (2007). All plants were grown in climate-controlled
chambers at 23°C, 70% RH, 100 pmol m~2sec™" light intensity, and
a 8h:16hL:D photoperiod. Western flower thrips, Frankliniella
occidentalis (Pergande), were reared in glass bottles on green
common bean pods (Phaseolus vulgaris). To keep the offspring
synchronized, 200 adult females were transferred to bottles with
fresh bean pods twice a week. In all experiments, L1 or L2 thrips
juveniles of approximately 5 days old were used. One mature leaf
per five-week-old Arabidopsis plant was cut and inserted with its
petiole in a film of 1% agar (Oxoid™ Agar Technical, Thermo
Fisher) in a 5-cm diameter Petri dish. Each Petri dish was infested
with three juvenile thrips, and the amount of feeding damage was
determined after 6 days. Each accession was screened for 20 bio-
logical replicates.

Metabolite data

Secondary metabolites for 300 natural accessions of the Arabidop-
sis HapMap panel were measured by Kooke et al. (2021). In sum-
mary, metabolites were analyzed in unchallenged 4-week-old
rosettes grown under short-day conditions (8 h:16 h L:D photope-
riod). Two biological replicates of each accession, each consisting
of a pool of three plants, were harvested in bulk and analyzed with
(I) UPLC-Orbitrap-FTMS in order to profile semi-polar compounds
including phenylpropanoids, flavonoids, GSLs etcetera, and (ll)
headspace SPME-GC-MS in order to profile volatile organic com-
pounds. In total, 567 non-volatile and 603 volatile compounds
were detected, respectively. To avoid false-positive associations,
metabolites with missing data (non-detects) for both biological
replicates of one or more accessions were discarded, resulting in

a final set of 383 metabolites, of which the average of the two rep-
licates per accession was subsequently computed. When an
accession had only one replicate missing, this single replicate was
taken as considered as representative of the particular accession,
and its data were included in the further statistical analysis. For
most GSLs both the intact (sulfur-containing) molecule and one or
more of its specific volatile breakdown products were detected
(e.g., sinigrin with its corresponding allyl isothiocyanates, and glu-
coraphanin with its butene isothiocyanates). In addition, a
non-volatile primary metabolite collection that comprised 26
amino acids, 23 organic acids, 17 sugars, and 28 other unidenti-
fied metabolites, as detected by GCMS analysis of derivatized
polar extracts, was obtained from Wu et al., (2016). Here, metabo-
lites were analyzed by GCMS after derivatization of polar extracts
from unchallenged rosette material of 5-week-old Arabidopsis
plants, with one biological replicate per accession. All metabolite
data were subjected to a log transformation and standardized by
subtracting the mean and dividing by the standard deviation.

Dimension reduction and metabolomic prediction

Due to the high dimensionality of the metabolomics dataset, we
carried out a dimension reduction prior to GWA mapping. Follow-
ing Arouisse et al., (2021) and van Heerwaarden et al., (2015), we
performed penalized regression of each stress response on all
available metabolites. For a better interpretability, we used the
least absolute shrinkage and selection operator (LASSO) for this
regression analysis. The LASSO prediction was implemented
using the “glmnet” package in R (Friedman et al., 2010) using
10-fold cross-validation and default settings. In the second step,
we combined each individual Arabidopsis response during one of
the (a)biotic stresses (Y) with its metabolomic prediction (M) in a
bivariate genome-wide association study.

Genome-wide association studies

GWA analysis for diverse stresses and their metabolomic predic-
tion was conducted on 1 million imputed SNPs with a minor allele
frequency above 5% across the HapMap accessions (Arouisse
et al., 2020). The bivariate GWA mapping was carried out using
the statgenQTLxT package (van Rossum, 2024) in an R software
environment following the multi-trait mixed model of Korte
et al. (2012):

)3 (2) ()3

Where Y and M are nx 1 vector of observed phenotypic values for
the stress response (best linear unbiased estimators (BLUEs), cal-
culated by Thoen et al. (2017)) and its metabolomic prediction for
n genotypes respectively. 1, is the nx 1 column vector of ones. py
and ,, are trait-specific intercepts. x is the nx 1 vector of scores
of the marker under study, py and f,, are the marker effects on
the two traits. The vector of genetic background effects G is
Gaussian with zero mean and covariance V,; ® K, where V; is a
2 X2 genetic covariance matrix, and K is an nx n kinship matrix
(marker-based kinship). Similarly, the residual errors E have a
covariance V, ® I,, where V, is a 2x 2 residual covariance matrix
and /,, is the nx n diagonal matrix. To identify quantitative trait
loci (QTLs) with an effect on both the phenotypic trait and its
metabolomic prediction, we tested for a common effect, by fitting
the reduced model py=p=p and testing if =0 as in van Heer-
waarden et al. (2015). The motivation for this test is that each
metabolomic response is by construction positively correlated
with the corresponding phenotypic trait. QTLs were defined as loci
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with genome-wide significance based on the Bonferroni threshold
of 7.13 ~ —log10(0.05/number of tested SNPs), and a 20 kb LD win-
dow. The reported effect estimates are obtained from the general
model, where B, and B, can be different. For all plant stress
responses, the obtained estimates are very similar to the ones
obtained from univariate GWA mapping. The common QTL effect
size for each bivariate GWA mapping is documented in standard-
ized units for both traits in Data S1, tables 3 to 25, column
“Pheno_data.effect”.

Haplotype and chemotype analyses

Haplotype analysis was conducted based on significant SNPs that
were present in the candidate genes. The construction of strong
linkage disequilibrium (LD) blocks and haplotypes was performed
with Haploview software (Barrett et al., 2004) using the algorithm
of Gabriel et al. (2002). To study the effect of the two most fre-
quent haplotypes on plant responses under different stresses, we
fitted the following mixed model on the subset of accessions that
contained those haplotypes with ASReml version 4.0 (Butler
et al., 2018):

y=p+xB+G+E; G~ N(0,65K), E ~ N(0,06%/,)

where y is the nx 1 vector of observed phenotypic values for n
genotypes assigned to one of the two most frequent haplotypes
(Hap_1 and Hap_2), p is the general intercept, x is the nx 1 binary
vector assigning genotypes to the two most frequent haplotypes,
B is the effect of the reference haplotype, G and E are nx 1 vectors
of random genetic and residual effects, with corresponding vari-
ance components ¢4 and o%; K is a known nx n relatedness matrix
and In is the nx n identity matrix. To compare the effect of the
haplotypes on plant response under stress we tested the null
hypothesis p=0 with a Wald test, conform the ASReml procedure
(Butler et al., 2018). Additionally, we performed independence
tests to verify whether haplotypes are associated with specific
GSL chemotypes. The effects of chemotypes and Arabidopsis
mutants and their wild type on stress responses were compared
with a one-way ANOVA.

ACKNOWLEDGMENTS

This research is supported by the Perspective Programme “Learn-
ing from Nature” of the Dutch Technology Foundation STW,
which is part of the Netherlands Organization for Scientific
Research (NWO) and is partly funded by the Ministry of Economic
Affairs.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to declare.
DATA AVAILABILITY STATEMENT

Data and scripts processed in this study are available as

follows:

e BLUEs of the stress responses: Data S1 and Thoen
et al. (2017).

e Secondary metabolites: Supplemental data of Kooke
et al. (2021).

e Primary metabolites: Supporting information of Wu
et al. (2016).

e Metabolomic predictions: Data S1.

o Haplotypes: Data S1.

© 2024 The Author(s).

Glucosinolates affect thrips and heat stress 11

e Chemotypes: Data S1 and supplementary file 1 of Katz
et al. (2021).

o Scripts and source files: https://zenodo.org/doi/10.5281/
zenodo.12658371.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Haplotype structure of the MAM locus.
Figure S2. Haplotype structure of the AOP locus.

Table S1. Candidate genes containing SNPs with —log10(P) score
above Bonferroni threshold.

Table S2. MAM and AOP haplotype effects on thrips feeding dam-
age and silique development after heat stress.

Table S3. GSL chemotype effects on thrips feeding damage and
silique development after heat stress.

Table S4. Thrips feeding damage on Arabidopsis mutants and the
Cvi-Ler NIL line.

Data S1. Phenotypic data (BLUEs), bivariate GWA mapping out-
comes, and haplotype and chemotype assignments and metabolo-
mic predictions.
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