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Chapter 1 General introduction

Yuanyuan Zhang



General introduction

Plants exploit a multitude of mechanisms to defend themselves against her-
bivory in order to reduce damage and maintain fitness. They form morpho-
logical barriers, such as trichomes and a wax layer and constitutively pro-
duce defensive proteins and metabolites, such as phenolics and terpenes,
as a first layer of constitutive defense. Upon herbivory, plants also produce
defensive proteins and metabolites to repel or kill insects as induced de-
fense (War et al., 2012, Sdnchez-Sanchez and Morquecho-Contreras, 2017).
These responses, which directly affect the herbivores’ wellbeing and reduce
the population of attackers, are defined as direct defense. In addition to
diminishing herbivore number directly, plants emit volatiles upon herbiv-
ory (herbivore-induced-plant volatiles, HIPVs), which results in enhanced
attractiveness to natural enemies (Dicke, 1999). The attraction of natural
enemies, such as predatory mites and parasitoids, to minimize the number
of herbivores, is called indirect defense (Takabayashi and Dicke, 1996, Pare
and Tumlinson, 1999).

The exploitation of plant defense mechanisms, such as increasing host plant
resistance or employing natural enemies as biological control agents, en-
ables us to protect crops/plants in an environmentally friendly way. In this
thesis, | focus on metabolite-based direct defense against two-spotted spi-
der mites Tetranychus urticae Koch and indirect defense mediated by its
natural enemy, the predatory mite Phytoseiulus persimilis in Capsicum spe-
cies.

Capsicum species

Capsicum is a genus of the nightshade family, the Solanaceae (Walsh and
Hoot, 2001). The Capsicum genus contains around 30 species that are most-
ly diploid with 2n=24, while a few of the non-domesticated species are
2n=32 (Wang and Bosland, 2006). Native to the Americas, Capsicum species
have a thousands of years of history of domestication. Now it has become
a worldwide cultivated and economically important vegetable crop in many
countries. The world production of both fresh and dried pepper is about 36
million tonnes/year (Figure 1), which are mainly produced in Asian, Amer-
ican and European countries, such as China, Mexico, Turkey etc. (http://

www.fao.org).

Like in most cultivated crops, pests form the biggest threat to pepper pro-
duction. Traditional crop protection means such as the use of pesticides
harm the environment, humans and livestock. Besides, pests usually rapidly
develop resistance to pesticides. Exploring genetic resources for new plant
defense mechanisms and applying genetic approaches to introgress these
into crops is therefore a new trend in crop protection. In literature, multiple
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General introduction

herbivore-defense related proteins and metabolites have been identified in
Capsicum. Defensive proteins, such as polyphenol oxidase (PPO) and trypsin
inhibitor (TI) were shown to be induced by methyl jasmonate application
and enhanced resistance to Spodoptera litura in sweet pepper (Tan et al.,
2011). Wound-inducible Pin-Il Proteinase inhibitors (Pls) in C. annuum are
strongly elicited by mechanical wounding, the high cellular damage and
herbivore-specific elicitors introduced by Lepidopteran insects (Helicoverpa
armigera), as well as by aphids (Myzus persicae) (Mishra et al., 2012, Tam-
hane et al., 2009). The species-specific alkaloid, capsaicin (8-methyl-N-vanil-
lyl-6-nonenamide), was shown not only to play an important role in plant
defense but also to be a driving force for host adaptation by herbivores such
as Helicoverpa assulta (Ahn et al., 2011). However, with the exception of
capsaicin, most studies focus on metabolites important for the aroma of
Capsicum fruits (Garcia-Mier et al., 2015), while much less studies report on
defensive metabolites in the vegetative parts, important for plant defense,
of Capsicum.

A Production/Yield quantities of Chillies and peppers, green in World +
(Total)

2004 - 2014
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d peppers, green

Production/Yield quantities of Chillies and peppers, dry in World +
(Total)

2004 - 2014
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Chillies and peppers, dry d peppers, dry

Figure 1. Global production of fresh (A) and dry (B) chilies and peppers between 2004-
2014. Red line represents world production; Blue line represents world area harvested.
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General introduction

Two-spotted spider mites

Spider mites are cell content feeding arthropods, a member of the Acari
(mite) family Tetranychidae, which includes about 1,200 species (Bolland et
al., 1998). The typical life cycle of spider mites consists of the egg, the larva,
two nymphal stages and the adult stage. Depending on the temperature,
spider mites hatch from the egg after 3 days and complete their develop-
ment within 5 to 20 days. The adult females can live for 2 to 4 weeks and one
individual female can produce several hundred eggs (Raworth et al., 2001).
Spider mites form one of the most significant pests in agriculture, feeding
on more than 1100 plant species, which results in great production losses,
including in Capsicum. Spider mites inflict damage by puncturing the cells
from which they subsequently suck the cell content. Damage is visible from
the yellowing of leaves, the presence of areas with white spots consisting of
punctured cells that do not contain chlorophyll anymore, and the presence
of black spots consisting of fecal material (Figure 2). The short lifecycle and
high fecundity allows spider mite to develop resistance to pesticides, which
usually have a single mode of action, quickly. Therefore, biological control
with natural enemies and/or the introduction of plant resistance consisting
of multiple layers of defense would be a better way to control spider mites.

Figure 2. Two-spotted spider mites infested plants (picture from https://image.baidu.
com)

Defense mechanisms against spider mites have been studied in many plant
species. A study on tomato (Lycopersicon esculentum) suggested that the
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General introduction

octadecanoid signaling pathway promotes resistance to a broad spectrum
of cell content-feeding herbivores, including spider mites (Tetranychus urti-
cae Koch) (Li et al., 2002). Spider mites induced proteinase inhibitor activity
in tomato and activated the transcription of genes involved in jasmonate-,
salicylate- and ethylene-regulated defense and increased biosynthesis of
monoterpenes and diterpenes (Kant et al., 2004). Transcriptome analysis
on Arabidopsis thaliana and L. esculentum revealed that genes involved in
biosynthesis of JA, phenylpropanoids, flavonoids, and terpenoids were re-
cruited for defense responses against spider mites in both species (Martel et
al., 2015). In other species, multiple volatile terpenes have been identified
as being involved in indirect defense to spider mites in lima bean (Phaseolus
lunatus L.), such as (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), (S)-linalool
and (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT) (Li et al., 2018),
as well as in cucumber (Cucumis sativus), such as (E,E)-a-farnesene and (E)-
B-ocimene (Kappers et al., 2011).

Signal transduction and defensive hormone regulating network

In plants, changes occur in the transcriptome, proteome and metabolome
upon recognition of herbivory (War et al., 2012) through compounds and/
or peptides in the oral secretion of the herbivores (Alborn et al., 1997, Hal-
itschke et al., 2001) or their oviposition fluid (Hilfiker et al., 2014). These
elicitors can activate mitogen-activated protein kinases (MAPKs), wound-
ing-induced protein kinases (WIPKs), or salicylic acid (SA) induced protein
kinases (SIPKs) and induce a cascade of defense responses. For instance,
the tobacco hornworm (Manduca sexta) feeding on tobacco (Nicotiana at-
tenuata) activates WIPKs and SIPKs in both the wounded as well as the un-
wounded leaves in the same plant (Wu et al., 2007). Nilaparvata lugens, a
brown plant hopper, induced the expression of a putative MAPK, OmMKKI
in wild rice, Oryza minuta Presl (You et al., 2007). Subsequent signal trans-
duction induces defense related phytohormone pathways, such as jasmonic
acid (JA), SA and ethylene, which play an important role in regulating plant
defense responses to herbivores (Howe and Jander, 2008, Furstenberg-Hagg
et al., 2013, War et al., 2012).

JA is the dominant hormone modulating responses to wounding, necro-
trophic pathogens and a wide range of arthropod herbivores based on nu-
merous laboratory and field studies (Pieterse et al., 2012, Howe and Jander,
2008). JA is an oxylipin signaling compound derived from a-linolenic acid
(18:3) (a-LeA) (Weber et al., 1997). JA signaling is activated by M. sexta cat-
erpillars in tobacco (Schittko et al., 2000), spider mite T. urticae in tomato (Li
et al., 2002) and Pieris rapae caterpillars and Frankliniella occidentalis thrips
in Arabidopsis (Snoeren et al., 2011). Jasmonate deficient mutants showed
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compromised resistance to larvae of Bradysia impatiens in Arabidopsis (Mc-
Conn et al., 1997) and to the lepidopteran predator Manduca sexta in to-
mato (Howe et al., 1996). The application of JA enhanced resistance against
caterpillar herbivory by Spodoptera exigua, in tomato by causing production
of toxic and antinutritional proteinase inhibitors and oxidative enzymes such
as polyphenol oxidases (PPO) and peroxidases (POD) (Felton et al., 1989), as
well as production of volatiles which attracted the natural enemy of the her-
bivore, Hyposoter exiguae (Thaler, 1999).

ET also plays a role in the complex signaling network in pathogen and her-
bivore induced defenses (Adie et al., 2007, Kunkel and Brooks, 2002). In
general, ET co-regulates JA responsive genes and works synergistically with
JA (Erb et al., 2012, Pieterse et al., 2012). The expression of protease inhib-
itors is regulated by both JA and ET in tomato. Application of the ET precur-
sor, 1-amino-cyclopropane-1-carboxylic acid (ACC) to lima bean has been
reported to enhance the JA induced volatile emission of detached leaves
(Horiuchi et al., 2003). ET accumulated upon beet armyworm (S. exigua)
feeding and promoted volatile emission induced by JA in maize (Schmelz et
al., 2003). Significant overlap of defense related genes induced by both JA
and ET were revealed by microarray analysis (Schenk et al., 2000). The ex-
pression of PDF1.2, for example, was inhibited in both the JA signalling coil
mutant and the ET signaling ein 2 mutant (Penninckx et al., 1998, Thomma
et al., 2001). Several transcription factors of the ETHYLENE RESPONSE FAC-
TOR (ERF) family were identified as positive regulator of JA and ET signaling
(Lorenzo et al., 2003, McGrath et al., 2005).

SA is a benzoic acid derivative that is mainly involved in the defense against
biotrophic and hemi-biotrophic pathogens and regulates local and systemic
acquired resistance (SAR) (Verma et al., 2016). Increased SA levels induced
PATHOGENESIS RELATED (PR) proteins and conferred plants with enhanced
resistance to a wide range of pathogens (van Loon et al., 2006, Chen et al.,
1993). SA and JA act antagonistically in the defense against herbivores (Rob-
ert-Seilaniantz et al., 2011, Thaler et al., 2012). The key regulatory element
in SA signaling is NON-EXPRESSOR OF PR GENE 1 (NPR1). A redox change
induced by SA leads to the dissociation of the NPR1 complex. NPR1 mono-
mers interact with the TGA transcription factor resulting in the expression
of PR genes (Mou et al., 2003, Wu et al., 2012). Several WRKY transcription
factors also play an important role in SA signaling.

To defend against stresses in a cost-efficient manner, plants regulate their
defense responses by fine-tuning multiple phytohormones according to dif-
ferent attackers (Pieterse et al., 2012). In Micro-Tom tomato, the leaf-chew-
ing insects, larvae of S. litura and S. exigua, as well as cell-content feeder,
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General introduction

the western flower thrips (F. occidentalis) activated JA inducible genes while
the two-spotted spider mite (T. urticae) activated both JA-inducible and
SA-inducible genes (Kawazu et al., 2012).

Secondary metabolites in plant defense

The definition of plant secondary metabolites is that they are metabolites
that do not play a direct role in plant growth and development, but they
may play an important role in the interaction of plants with other organisms
(War et al., 2012, Pare and Tumlinson, 1999), because they may act as tox-
ic/deterrent/anti-feedant or attractant compounds to herbivores and their
natural enemies (Bennett and Wallsgrove, 1994). The major compound
classes of secondary metabolites are alkaloids, phenolics and terpenoids.

The alkaloids is a widely distributed class of bioactive natural products found
in many plant families, including Leguminosae (legumes), Liliaceae (lilies),
Solanaceae (nightshade plants) and Amaryllidaceae (Furstenberg-Hagg
et al., 2013, Howe and Jander, 2008). The true alkaloids are derived from
amino acids and contain nitrogen in a heterocyclic ring. The ring structure
includes pyridines, pyrroles, indoles, pyrrolidines, isoquinolines and piper-
idines (Ziegler and Facchini, 2008). Some alkaloids proved to be efficient
feeding deterrents to herbivores (Rhodes, 1994). Caffeine, for example, is
found in various plant species in which it has been demonstrated to be toxic
to feeding insects (Detzel and Wink, 1993). The alkaloid demissine that was
found in the wild potato Solanum demissum was shown to impart resistance
to the Colorado potato beetle (Leptinotarsa decemlineata) and the potato
leafhopper (Empoasca fabae) (Furstenberg-Hagg et al., 2013).

The phenolics are derived from the shikimic acid and/or malonic acid path-
way and represent a large variety of secondary metabolites containing a
phenol group. About 10,000 phenolics have been detected in plants, includ-
ing coumarins, lignins, flavonoids, isoflavonoids and tanins. Phenolics were
shown to repel feeding herbivores or to be toxic by inhibiting enzymes of
the herbivores, but also serve as attractants to pollinators (Vogt, 2010).

The terpenoids are the largest class of plant secondary metabolites, with
more than 40,000 compounds in the plant kingdom reported. Many ter-
penoids have been shown to be involved in direct and/or indirect defense.
Conifers, for example, produce terpenoids upon insect induction (Keeling
and Bohlmann, 2006). Pacific ponderosa pine (Pinus ponderosa) and white fir
(Abies concolor) displayed increased monoterpene synthases activity upon
tiger moth (Halisdota ingens) larva feeding (Litvak and Monson, 1998). The
white pine weevil (Pissodes strobi) induced accumulation of traumatic resin
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rich in terpenoids by feeding on the stem of Sitka spruce (Picea sitchensis)
(McKay et al., 2003, Miller et al., 2005). Several monoterpenes have been
identified as directly toxic to bark beetles (Raffa and Smalley, 1995, Werner,
1995). Genetic engineering of Arabidopsis with a strawberry linalool/nero-
lidol synthase gene, FaNES1, resulted in the production of (E)-DMNT and
(35)-(E)-nerolidol and this enhanced attraction of natural enemy of spider
mites, P. persimilis (Kappers et al., 2005). Overexpression of TPS10 in Arabi-
dopsis resulted in the emission of (E)-B-farnesene and (E)-a-bergamotene,
which caused attraction of females of the parasitoid Cotesia marginiventris
(Schnee et al., 2006). The biosynthesis of the terpenes starts from the lin-
ear assemblage of different numbers of isopentenyl diphosphate molecules,
isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP) (Wang and Ohnuma, 2000). These C5 precursors are produced
in the mevalonate pathway or in the methylerythritol phosphate pathway
(MEP) (Vranova et al., 2013). C10-prenyl diphosphates, geranyl diphosphate
(GPP) (trans-configuration) or neryl diphosphate (NPP) (cis-configuration)
are the substrates that are converted into monoterpenes by monoterpene
synthases; the C15-prenyl diphosphates, farnesyl diphosphate (FPP) is con-
verted into sesquiterpenes by sesquiterpene synthases; the C20-prenyl
diphosphate, geranylgeranyl diphosphate (GGPP), is converted into diter-
penes by diterpene synthases (Bohlmann et al., 1998). The plant terpene
synthase (TPS) family has been studied in many plant species, including Ara-
bidopsis (Aubourg et al., 2002), Citrus (Citrus sinensis) (Dornelas and Maz-
zafera, 2007), grapevine (Vitis vinifera) (Martin et al., 2010), tomato (Falara
et al., 2011), and Eucalyptus (Eucalyptus grandis and E. globulus) (Kiilheim
et al., 2015).

As mentioned above, compared with the great number of studies that an-
alyze terpenoids in Capsicum fruits as a component contributing to aroma
and flavor (Xiao et al., 2010, Martin et al., 2017), less research focused on
terpenes in C. annuum as defensive compounds. Still, several terpenes, such
as germacrene A, TMTT, linalool and (E)-B-ocimene, have been reported to
be induced upon spider mite infestation in C. annuum (Van Den Boom et al.,
2004). The pepper phytoalexin capsidiol was shown to play an important
role in inducible defenses against fungi. Although key enzymes for biosyn-
thesis of several terpenoids such as carotenoids (Mialoundama et al., 2010)
and capsidiol (Back et al., 2000) have been isolated and characterized, most
of the terpene biosynthetic genes that must be present in Capsicum spp.
remain unknown.
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Genetic variation in plant defense

Many aspects drive plant diversity within populations, including reproduc-
tion, life-form and environment-plant interaction (Walker, 2006). Analyzing
genetic variation facilitates identifying the multitude of factors underlying
complex phenotypic traits, such as defensive responses to bacteria, fungi
and herbivores. Genome-wide association studies (GWAS) pinpointed genes
such as GLUCAN-SYNTHASE-LIKE 11 (GSL11) and TRICHOME BIREFRIN-
GENCE-LIKE (TBL37) - that are involved in defense responses and cell wall
integrity, respectively - affect the variation in the leaf microbial community
in A. thaliana (Horton et al., 2014). The leucine rich repeat receptor-like
protein RIm2 was identified by mapping and explained the genetic varia-
tion in Brassica napus in resistance to the pathogen Leptosphaeria maculans
(Larkan et al., 2014, Larkan et al., 2015). GWAS in Medicago truncatula iden-
tified a F-box protein coding gene and its promoter responsible for resis-
tance to Aphanomyces euteiches (Bonhomme et al., 2014). Mapping using a
maize recombinant inbred population identified genes that are involved in
programmed cell death, defense response, ubiquitination, redox homeosta-
sis, autophagy, calcium signalling, lignin biosynthesis and cell wall modifica-
tion as playing a role in the hypersensitive response (HR) against pathogens
(Olukolu et al., 2014). Genetic variation in plant defense against herbivores
has been reported in multiple plant-herbivore combinations. Two Brassica
oleracea cultivars differed in transcriptional responses to P. rapae attack,
not only in timing but also in specific defense genes. The resistant geno-
type showed slower transcriptional changes than the susceptible one, but
also specifically expressed genes encoding a putative glutathione S-trans-
ferase and a putative trypsin inhibitor (Broekgaarden et al., 2007). Wheat
was reported with stronger constitutive enzyme activity of phenylalanine
ammonia-lyase (PAL), polyphenol oxidase (PPO), and peroxidase (POD) in
resistant cultivars. Although aphids (S. avenae) increased the activity of the
three enzymes, PPO and POD showed higher increases in susceptible culti-
vars (Han et al., 2009). Cucumber accessions showed genetic variation in JA
and spider mite (T. urticae) induced volatile emission resulting in different
attractiveness towards predatory mites (P. persimilis). (E)-B-ocimene and
TMTT positively correlated with attractiveness to P. persimilis while methyl
salicylate,a-patchoulene and geranyl isovalerate negatively correlated with
predaceous attraction (Kappers et al., 2011, Kappers et al., 2010). Arabi-
dopsis also displayed genetic variation in herbivore induced plant volatile
emission upon P. rapae infestation (Snoeren et al., 2010).

Studies on genotypic diversity in Capsicum species provide knowledge how
to use genetic resources for breeding optimization. Previously, analyses in
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semi-polar and volatile metabolites using untargeted approaches revealed
88 semi-polar metabolites in pepper fruits with a large proportion of flavo-
noid conjugates. Capsianosides were found highly abundant in C. annuum
genotypes. Volatile variation corresponded well to the difference in pun-
gency between accessions (Wahyuni et al., 2013). Metabolite quantitative
trait locus (mQTL) analysis in ripe pepper fruits suggested the Ca-MYB12
transcription factor and the gene encoding flavone synthase (CaFS-2) as
likely causative genes determining the variation in naringenin chalcone
and flavone C-glycosides, respectively (Wahyuni et al., 2014). However, the
semi-polar and volatile metabolites related with plant defenses were so far
not studied in Capsicum spp. in any great detail.

Integration of transcriptomics and metabolomics

Plant-herbivore interactions involve complex signaling networks and large-
scale transcriptome as well as metabolome reprogramming. It’s hard to un-
derstand such complex systems well by studying single or a limited number
of elements separately (Jost et al., 2008). High-throughput omics techniques
develop fast (e.g. genomics, proteomics, metabolomics, phenomics, etc.)
and are more and more used to obtain more global insights in biological
guestions (Barah and Bones, 2015).

Transcriptomics. Insight in the changes in the expression of all genes of a
certain species provides important information about how a phenotype
arises. High-throughput transcript sequencing techniques allow us to detect
genome-wide transcripts and facilitate understand how these profiles drive
the biological processes going on in that organism/tissue/cell. From mi-
croarray chip detecting limited number of transcripts (Schena et al., 1995)
to full transcriptome sequencing (RNA seq) (Gan et al., 2011), the tech-
nique of transcriptomics has developed fast and the cost have decreased.
Furthermore, not only transcriptome sequencing but also whole genome
sequencing of many model and non-model organisms have benefited from
the development of next-generation sequencing technologies and provided
the reference for transcriptome analysis (Egan et al., 2012). For those or-
ganism of which a reference genome is not available, de novo sequencing
can also provide transcriptome profiles (Surget-Groba and Montoya-Burgos,
2010). Decades of experimental characterization of gene functions, archived
in many gene and protein database, has facilitated the gene function pre-
diction by sequence similarity. Along with the development of sequencing
technologies, the development of various bioinformatics tools for gene clus-
tering, co-expression analysis, gene ontology analysis allow transcriptome
data to be analyzed stepwise.
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Metabolomics Secondary metabolites play an important role in plant de-
fense (Bennett and Wallsgrove, 1994). Compared with genomic and tran-
script information, the metabolome potentially directly contributes to the
defense phenotype. However, metabolite profiles mostly provide only a par-
tial explanation of results obtained by transcriptome and proteome anal-
yses (Fiehn, 2002). While targeted measurements of selected metabolites
or pathways have been beneficial in confirming gene functions. Untarget-
ed metabolite analysis approaches have been used without a priori knowl-
edge of the outcome. Combining metabolomics and transcriptomics data
provides corroborative evidence on different levels. For example, the most
significant transcriptional and metabolic changes occurred in the first few
hours after aphid infestation (Rhopalosiphum maidis) in maize (Zea mays).
SA predominately regulated responses in aphid-infested maize, while JA
was not involved. Benzoxazinoids were shown to be important for reducing
aphid reproduction (Tzin et al., 2015). Comprehensive transcriptomics anal-
ysis uncovered the variation between resistant and susceptible B. napus to
Sclerotinia sclerotiorum. A resistant line showed larger, in both number
and fold change, differences in gene expression, including genes involved in
MAPK signaling, WRKY transcriptional regulation, JA/ET signaling pathways,
and in the biosynthesis of defense-related proteins and indolic glucosino-
lates (Wu et al., 2016).

Research aim and Outline of this thesis

In this thesis, | study the metabolite-based plant direct defense - against spi-
der mites - and indirect defense — the attraction of a natural enemy, preda-
tory mites - in Capsicum spp. | use multiple approaches to give a comprehen-
sive overview of the defense mechanisms present in this genus. In Chapter
1, the General Introduction, | introduce the agronomic importance of Capsi-
cum spp. and their herbivore problems as well as what defense mechanisms
occur in plants and how these are regulated by plant hormones. In Chapter
2, | screened 22 genotypes of Capsicum spp. for their direct defense, us-
ing spider mite population development, and JA-induced indirect defense
based on the attractiveness for predatory mites. | analyzed the endogenous
and volatile metabolites using untargeted approaches and studied whether
they explained the genetic variation in the two different defense types. In
Chapter 3, | used two contrasting genotypes to reveal in the dynamic chang-
es in the endogenous and volatile metabolome as well as defense related
hormones during development of a spider mite population. In Chapter 4, |
studied the transcriptome and metabolome changes in the same two gen-
otypes upon spider mite infestation and JA induction. Compared with JA
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induction, spider mites induced both JA and SA signaling, but less genes in-
volved in JA-induced metabolic pathways. The susceptible genotype showed
more differently expressed genes but produced less metabolites compared
with the resistant one. Flavonoids and terpenoids were found to be induced
by JA and spider mites in both the transcript and metabolic level. In Chapter
5, | studied different characteristics of the terpene synthase gene family in
Capsicum, including their phylogeny, their regulation by spider mites, and
catalytic activity of selected number of them. Finally, in Chapter 6, the Gen-
eral Discussion, | discuss the results presented in the experimental chapters,
| integrate and further discuss them in relation to the literature and discuss
perspectives on hormone regulated transcription factors and the regulation
of specialized secondary metabolites.

Acknowledgements:
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Abstract

Spider mites are cosmopolitan distributed herbivores and attack a wide range
of plants, including peppers. Here, we evaluated 22 Capsicum genotypes
from eleven species (C. annuum; C. chinense; C. baccatum; C. cardenasii; C.
chacoense; C. eximium; C. frutescens; C. galapagoense; C. praetermissum; C.
pubescens and C. tovarii) for their resistance to spider mites and predatory
mite attractiveness. The selected Capsicum genotypes exhibited variation in
spider mite resistance, based on offspring density, while less variation was
observed in predatory mites attractiveness. To investigate the mechanisms
underlying direct and indirect defense we analyzed the spider-mite induced
endogenous metabolome and the jasmonic acid-induced plant volatile me-
tabolome. Untargeted metabolomic analysis showed 47.1% of semi-polar
endogenous metabolites varied between genotypes upon spider-mite infes-
tation while 22.4% of volatile metabolite features varied among jasmonic
acid induced genotypes. PCA based on both the volatile and endogenous
metabolome suggested that instead of the global metabolome, specific me-
tabolites may play an important role in plant direct and indirect defense.
Explorative multivariate statistical analysis, including correlation analysis,
multiple linear regression analysis and PLS-DA allowed the putative identifi-
cation of defense related metabolites. Several semi-polar metabolites were
identified as direct defense related based on spider mite oviposition. These
compounds mostly belong to flavonoids, alkaloids and di- and triterpene
glycosides. In addition, linalool and an isoform of TMTT were positively cor-
related with predatory mite attractiveness while 3-carene oxide, 1-isocya-
no-3-methyl-benzene and 1-octadecyne seem to repel predatory mites.



Natural variation in Capsicum spp.

Introduction

Genetic variation within a species results from interactions between plant
attributes such as reproduction, gene mutation, and environmental pa-
rameters such as biotic and abiotic stress selection and geographic isola-
tion (Nevo and Beiles, 2011, Walker, 2006). Genetic variation is important
to maintain the balance of ecology, ensuring plant populations to survive
different stresses and providing genetic sources for evolution (Reed and
Frankham, 2003, Nevo and Beiles, 2011). Studies on genetic variation help
to reveal the structure of populations, gene flow, and the direction of evo-
lution. Plant diversity was found in many plant physiological traits, as well
as in proteins and DNA. Previous studies mainly focused on explaining plant
diversity on DNA or protein level using various molecular techniques (Ar-
nold and Emms, 1998, Byrne et al., 1998, Jarne and Lagoda, 1996, Nybom
and Bartish, 2000, Mueller and Wolfenbarger, 1999, Huang and Han, 2014,
Matsuda et al., 2015).

Plants exhibit an enormous diversity in metabolites regulated by both their
genetic background and the environmental conditions they grow in (Harrig-
an et al., 2007). The interaction with herbivores is one of the most import-
ant effectors driving plant metabolite diversity. Because there is regional
and temporal variation in herbivore pressure, natural variation in secondary
metabolites is expected among different genotypes or accessions within a
certain plant species or genus. In maize (Zea mays), considerable differences
in leaf metabolites and activities of enzymes involved in primary metabo-
lism were detected between lines (Canas et al., 2017) and in Arabidopsis,
untargeted metabolomics showed only 13.4% of mass peaks were common
to all 14 accessions analyzed (Keurentjes et al., 2006), revealing a strong
intraspecific variation. The composition and level of major metabolites in
fruits of pepper varied greatly between accessions, independent of species
and geographical location (Wahyuni et al., 2011). Genetic variation in herbi-
vore induced plant volatiles has also been reported in European poplar spe-
cies (Caseys et al., 2015), Nicotiana attenuata (Li et al., 2015), Brassica nigra
(Gols et al., 2009), Cucumis sativus (Kappers et al., 2011) and Arabidopsis
thaliana (Snoeren et al., 2010).

The genus Capsicum belongs to the nightshade family Solanaceae and con-
sists of approximately 35 species (Carrizog, 2013). Capsicum is native to the
Americas and nowadays worldwide cultivated for its sweet or hot chili fruits
used as vegetable or spice, respectively. The annual world production of
both fresh and dried peppers is about 36 million tons (http://www.fao.org).
The use of Capsicum as food for humans can be traced back to 6,000 years
ago (Perry et al., 2007). After a long time of cultivating history, five species
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became domesticated and economically important, which include C. ann-
uum, C. baccatum, C. chinense, C. frutescens, and C. pubescens (Pickersgill,
1997). The genetic variation in fruit traits has been extensively studied, in-
cluding fruit shape, fruit disease resistance (Naegele et al., 2016) and fruit
secondary metabolites (Wahyuni et al., 2013, Butcher et al., 2012), while
hardly any knowledge is available about leaf traits in Capsicum in relation
to herbivory. As healthy plants are important for proper fruit production,
studying genetic variation with respect to plant resistance and susceptibili-
ty will provide physiological insights that together with genetic information
can be exploited for plant breeding.

Herbivory can be a serious threat to plant growth and fruit production. To-
gether with thrips and different aphid species, two-spotted spider mites
are the most devastating pests in Capsicum cultivation (Kumar et al., 2001).
Spider mites (Tetranychidae) can cause damage to many species of plants
as they feed by puncturing the plant leaf cells and consuming the cell con-
tent leading to chlorotic spots (Raworth et al., 2001). The silk webbing, from
which spider mites get their common name, helps to protect the colony
from predators, such as predatory mites.

The high reproductive rate of spider mites helps to quickly adapt to chem-
ical acaricides. Biological control of herbivores, using e.g. predatory mites
has been proven successful to control spider-mite population settlement
(Raworth et al., 2001). Although predatory mites including Phytoseiulus
persimilis and Neoseiulus californicus, are known to be very effective pred-
ators of spider mite eggs and adults, they are blind and rely on olfactory
cues to locate their prey (Prischmann, 2000, Lara and Hoddle, 2015). Knowl-
edge on metabolites within the spider-mite induced volatile blend that
are recognized by the predators can be helpful in breeding programs to-
wards a higher success rate of prey-finding. Previously, multiple compounds
within herbivore-induced volatile blends have been identified (War et al.,
2011), for review see e.g. (Mumm and Dicke, 2010) and several of them
have been associated with attractiveness to parasitoids and predators.
(E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) is induced by differ-
ent herbivores in various plant species, including A. thaliana (Tholl et al.,
2011), C. sativus (Kappers et al., 2011) and Medicago truncatula (Leitner
et al., 2005) and was found to be attractive to Diadegma semiclausum par-
asitoid wasps (Snoeren et al., 2010) and to P. persimilis and N. californicus
predatory mites (Kappers et al., 2011; Brillada et al., 2013). Other volatiles
related with the attractiveness of various natural enemies and hence with
indirect defence, include the benzoid compound methyl salicylate (MeSA),
the homoterpene (E)-3,8-dimethyl-1,4,7-nonatriene (DMNT), the mono-
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terpene (E)-B-ocimene and multiple green leaf volatiles (GLVs) (Vore et al.,
2011; Tieman et al., 2010; Tang et al., 2015; Hatano et al., 2015; Richter et
al., 2016; Menzel et al., 2014; Allmann and Baldwin, 2010). Metabolic en-
gineering facilitates the functional identification of these metabolites with
respect to their role in indirect defense (Schnee et al., 2006, Kappers et al.,
2005, Houshyani et al., 2013, Brillada et al., 2013). However, comprehensive
knowledge on the role of the endogenous and the volatile metabolome in
plant defense is still limited.

In Capsicum limited information is available about resistance mechanisms
towards cell-feeding herbivores in general and to spider mites in particu-
lar. Spider-mite induced responses are mainly associated with jasmonic acid
(JA) signaling (Martel et al., 2015, Kappers et al., 2010, Ament et al., 2004).
Here, we explore the quantitative and qualitative variation in endogenous
and volatile metabolites in Capsicum leaves upon spider-mite infestation
and JA treatment, respectively, and correlate these to direct defense against
the settlement of two-spotted spider mites (Tetranychus urticae) and to JA
induced indirect defense based on volatile attractiveness towards P. persimi-
lis predatory mites among 22 genetically distant genotypes, including sever-
al wild Capsicum and cultivated species.

Material and Methods

Plants and arthropods A total of 22 Capsicum genotypes were selected from
the Centre for Genetic Resources, the Netherlands (CGN) and one of the
Dutch Seed companies seed collections. Selection of genotypes was based
on variations in species and geographical origins. Among selected species,
Capsicum annuum is the most common and extensively cultivated of the
five domesticated Capsicums. Seeds were germinated in potting compost
and plants were grown in a greenhouse supplemented with high-pressure
sodium lamps (16 : 8h, 23:18°C / day : night, 50-60% relative humidity) for 5
weeks. Plants were transferred to a climate chamber (16 : 8h, 24:18°C / day
: night) two days prior to experiments.

Two-spotted spider mites, Tetranychus urticae Koch (Arachnida: Acari:
Tetranychidae) (originally obtained from Koppert BV, Berkel and Rodenrijs,
The Netherlands) were reared on lima bean plants (Phaseolus lunatus) for
many generations and kept in a BugDorm-2120 insect tent (96 x 26, 680
um aperture) on the window shelf in the lab (22°C). To obtain synchronized
mites, 300 mites were placed on a clean lima bean plant for 24 hrs and
subsequently removed. Newly emerged mites were considered to be of the
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same age and used for experiments.

ANNUUM
C. annuum  G01GO04 GOS5 GO6 GO8 G10 G19 G29
C. frutescens G03 G23 G32
_:C. chinense 634
e C. chacoense G25
C. baccatum var. praetermissum G26
_|_|:C. baccatum var. pendulum G22
C. baccatum var. baccatum G20,G21
—— |
PUBESCENS ——C pubescens G28G31G33
C. eximium G27
_‘:C. cardenasii G24

Figure 1. Phylogenetic tree of different Capsicum species used in this study. Each G-num-
ber represents a genotype, for detailed information about origins see Supplemental Table
1. Phylogenetic tree is based on (McLeod et al., 1982).

Predatory mites, Phytoseiulus persimilis were obtained from a standard
rearing from Koppert BV (Berkel and Rodenrijs) and were delivered to the
lab on the experimental day.

Spider mite oviposition on leaf discs and on whole plants For no-choice
leaf disc assays one centimeter-diameter discs were taken from 5-week Cap-
sicum leaves of similar ontological position using a hole puncher. Two syn-
chronous adult female mites were placed on the abaxial side of each leaf
disc. Leaf discs were incubated upside down on 0.5% water agar and placed
in a climate chamber (16:8h, 24:18°C / day:night at low light intensity). The
number of eggs and nymphs that already hatched was counted after one
week. For each genotype, three leaf discs were taken from each of three
bioreplicate plants (nine leaf discs in total per genotype) and the experi-
ment was repeated once.

To determine spider-mite oviposition and survival on whole plants, five-
week old plants were infested with 50 adult spider mites each and kept in
the climate chamber. The number of eggs, nymphs that already hatched
and adult mites that were still alive was counted after one week. For each
genotype, three individual plants were observed.
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Relative attractiveness of JA induced plants towards predatory mites Cap-
sicum plants of the same developmental stage as used to estimate spider
mite performance were used to determine their relative attractiveness to
predatory mites upon induction. To ensure an equal degree of induction, JA
was used to mimic herbivory. Plants were sprayed with 100 uM JA solution
(0.1% Tween-20) in such a way droplets start falling the leaves. For each
genotype, three plants were randomly placed in a climate chamber under
similar conditions as described above and equal amounts of sawdust con-
taining predatory mites were released 24 hours after spraying on multiple
locations between plants in such a way that predators got equal access to
each plant. Two days after introducing predatory mites, leaves were collect-
ed within a time period of 6 hours and the number of predatory mites on
each plant was counted. Eggs of predatory mites were not counted. Leaves
were subsequently scanned to determine the leaf area. Preferences are cal-
culated as the number of predatory mites.cm™ |leaf area.

Statistical analysis of arthropod behavior Kruskal-Wallis test was applied to
perform variation analysis of arthropod behavior data, followed by Dunn’s
post hoc test (P value < 0.1) via SPSS 20.0 (SPSS 20.0, Chicago, Il, USA).

Collection and analysis of volatile metabolites To compare the induced vol-
atile blend of different genotypes, 5-week-old plants were sprayed with 100
UM JA (0.1% Tween-20) 24 hours prior to headspace collection. Headspace
was collected using a dynamic headspace sampling procedure in which 12
plants could be simultaneously trapped. Replicates from each genotype
were divided among different batches. In the collecting system, a table top
of stainless steel with notches was used to position pots with roots under-
neath the table surface while stems and leaves were above. A slide was used
to close the notch as much as possible. In this way contamination by vola-
tiles from pot and soil was minimized. The above shoot was placed under a
2.5 L glass jar. Purified air (Zero-air generator, Bronkhorst, The Netherlands)
supplemented with CO, to 400 ppm and H,O to 60% RH was introduced
into the glass jar via a swage-lock connection in the table at a flow of 300
ml.min™. Volatiles released by the plant were collected on preconditioned
(40 min at 280°C under a nitrogen flow) Tenax TA (20/35 mesh; Grace-All-
tech, Deerfield, MI, USA) stainless steel cartridges at a flow of 200 ml.min™.
Volatiles were collected for 2 hours and afterwards Tenax cartridges were
dried under a stream of nitrogen for 20 min at ambient temperature to re-
move water. Volatiles were resorbed from the cartridges with a Thermal
Desorber TD100-xr (Unity, MARKES International) connected to a GC/Q-ToF
(Agilent Technologies, CA, USA). Analytes were focused at 0°C on an elec-
tronically-cooled sorbent trap (Unity, Markes, Llantrisant, UK). Volatiles were
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transferred with split flow of 99 ml min® to the analytical column by rapid
heating of the cold trap to 260°C for 3 minutes using a 7890B GC-system
for separation with a DB-5MS column of 30 m long a 0.250 diameter, 1 um
film and a constant Helium flow of 1.2 ml min™. (Agilent J&W CC columns,
Agilent Technologies, CA, USA). For each sample, the oven temperature was
set at 40°C for 2 minutes to 280°C for 4 minutes followed by a linear thermal
gradient of 10 °C min* and held for 2.5 min. The column effluent was ion-
ized by electron impact ionization at 70 eV and got detected with an Agilent
Technologies 7200 accurate mass Q-Tof GC/MS. Mass spectra were acquired
by scanning from 50-350 m/z with a scan rate of 5 scans.min. Chromato-
grams were analyzed for the presence of plant derived compounds using
the Software Agilent MassHunter Qualitive analyses BO700, NIST MS Search
2.2, version June 2014, library and comparing retention indices with litera-
ture Adams, 1993. (Adams et al., 1993).

Analysis of leaf endogenous metabolites Four to five leaves of five-week old
plants infested with 50 adult spider mites each for one week were flash-fro-
zen in liquid nitrogen and lyophilized. Semi-polar endogenous metabolites
were extracted as described previously by (De Vos et al., 2007) and ana-
lyzed by Synapt ultra-performance liquid chromatography coupled to Time
of Flight mass spectrometry (Synapt UPLC-MS).

Briefly, 20 mg lyophilized and finely ground leaf tissue was extracted with 2
ml 75% MeOH (0.1% formic acid) solution. Samples were homogenized for
5 seconds, sonicated for 15 min at maximum frequency (40 kHz) in a water
bath at ambient temperature, and centrifuged for 10 min at 5000 rpm. The
supernatant was filtered using a 0.45 um inorganic membrane filter (Omni-
fix, Germany), fitted onto a disposable syringe and transferred into a 0.3 ml
LC-MS plastic vial. Aliquots of 10 ul of each sample were combined to make
a pooled sample that was used as quality control (QC), by analyzing it multi-
ple times throughout the analyzing sequence in order to be able to correct
for shifts in measurements.

The LC-Synapt QTOF-MS platform consisted of reversed phase liquid chro-
matography (Waters Alliance HPLC 2695) equipped with a luna C18 column
including pre-column (2.0 x 4 mm?) and an analytical column (2.0 x 150
mm?, 100 A, particle size 3 um; Phenomenex), a photodiode array detector
(PDA) and a quadrupole time of flight mass spectrometry of the Synapt G2S
(Waters, QTOF-Ultima) with negative electrospray ionization mode. Five uL
of extracts were separated using a gradient of formic acid:water (1:1000,
v/v; eluent A) and formic acid:acetonitrile (1:1000, v/v; eluent B). Extracts
were injected into HPLC at 0.19 mL min™. The initial solvent composition
consisted of 95% A and 5% B, increased linearly to 65% A and 35% B within
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45 min and maintained for 2 min. The column was washed with 25% A and
75% B for 15 min and equilibrated to 95% A and 5% B for 5 min before next
injection. A collision energy of 10 eV was used for full-scan LC-MS in the m/z
range 100-1500.

Data processing Metalign (Lommen, 2009) and MZ mine (Pluskal et al.,
2010) were used for baseline correction, mass spectra extraction and mass
signal alignment of raw data from LC-MS and GC-MS respectively. For LC-MS
data, MSClust (Tikunov et al., 2012) was used for data reduction by unsuper-
vised clustering and extracting putative metabolites mass spectra from ion-
wise chromatographic aligned data. The resulting reconstructed metabolite
abundances were corrected for leaf area.

Principal Component Analysis (PCA) was performed on the reduced dataset
to obtain an unsupervised overview of the whole dataset. Supervised clus-
tering Partial Least Square Discriminant Analysis (PLS-DA) was performed to
explain the membership of samples based on metabolites features using the
R-based web online tool Metaboanalyst 3.0 (Xia and Wishart, 2016).

Individual metabolites were analyzed for significant changes among geno-
types during infestation using one-way analysis of variance (ANOVA) (SPSS
20.0, Chicago, Il, USA) followed by a Bonferroni post-hoc test and correction.
Pearson correlation analysis and stepwise regression on quantitative me-
tabolites and arthropod behaviors were performed by SPSS 20.0 (SPSS 20.0,
Chicago, Il, USA).

The resulting subset of mass signals and endogenous metabolites were pu-
tatively identified by comparing their accurate molecular weights with those
from the KNApSAcK database (http://kanaya.naist.jp/KNApSAcK/) (Shinbo
et al., 2006), taking possible adduct formations into account. For volatile
metabolites putative identification was based on the NIST 98 Wiley 7th edi-
tion and in-house spectral libraries and by comparing their retention indices
with those from the literature (Sparkman, 2005). For semi-quantification,
the area under the curve of characteristic quantifier ions that were selected
for each compound was determined.

Results

Relative susceptibility to spider mites based on offspring among different
Capsicum genotypes

Capsicum genotypes (Figure 1, Supplemental Table 1) were characterized
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for oviposition of two-spotted spider mites on leaf discs and on whole plants
(Table 2; Supplemental Tables 2, 3) to estimate the relative level of direct de-
fense. As during the incubation time some of the eggs hatched into nymphs,
the total offspring population consists of the sum of eggs and nymphs.

Significant variation in offspring was found among genotypes (Kruskal-Wallis
test, sig. 0.00). The mean oviposition observed in the leaf disc assay ranged
from 0.0 to 10.11 individuals per leaf disc. The four most resistant geno-
types did not differ significantly from each other, nor did the two genotypes
that had highest oviposition (Table 1). Nineteen genotypes were grouped
into three clusters based on the total spider mite offspring. Genotypes 4, 6,
8 and 10 were classified as resistant, based on leaf disc assays, R(ld), as only
0 or 1 individuals (eggs or nymphs) were counted after seven days; Geno-
types 1, 3, 20, 21, 22, 23, 24, 25, 27, 28, 30, 32, 34 showed an intermediate
relative direct defense response (2 to 8 individuals per leaf disc) and were
classified as I(Id) (intermediate, leaf disc) while genotypes 19 and 29 had
more than 9 individuals per leaf disc and hence a relative low level of direct
defense, and were therefore classified as S(Id) (susceptible, leaf disc).

Mechanical damage due to punching of leaf discs may have induced the for-
mation of JA (Sun et al., 2011). JA induces changes in secondary metabolites
(Ogura et al., 2002, Shekoufeh et al., 2014, De et al., 2012). To validate the
responses found on leaf discs and to avoid a potential effect of mechani-
cal-damage induced JA, direct defense was also determined based on spider
mite offspring on whole plants (Table 1, Supplemental Table 3). The mean
offspring after one week ranged from 0.33 to 86.67. Twenty-two genotypes
were classified into three groups based on spider mite offspring on whole
plants. Only genotype 33 was labeled as R(wp) (resistant, whole plant), gen-
otypes 1, 4,6, 8, 10, 19, 20, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 34 were
labeled as I(wp) (intermediate, whole plant) and genotype 3 and 21 were
labeled as S(wp) (susceptible, whole plant).

The correlation between the two oviposition assays was moderate (Spear-
man rank correlation coefficient 0.457, Sig. (2-tailed) 0.049), mostly due to
the shift of genotype 3 (C. frutescens) from intermediate resistant in the leaf
disc assay to susceptible in the whole plant assay, genotype 29 (C. annuum)
from susceptible to intermediate and in particular genotype 8 (C. annuum)
that showed a completely opposite response as it had lowest oviposition
on leaf discs while it was classified within the five genotypes with highest
oviposition on whole plants.
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Table 1. Spider-mite oviposition on Capsicum leaf discs and on whole plants. Oviposition
of leaf discs was determined for nineteen Capsicum genotypes (N=9) and on whole plants
for twenty-two genotypes (N=3). Within the same column scores with different letters dif-
fer significantly (Kruskal-Wallis test, Dunn’s post hoc test; P < 0.1).

Genotype Species Leaf disc assay (N=9)  Whole plant assay (N=3)Mean+ SE*

1 C. annuum 3.00£1.96 ab 9.33t2.19 ab
3 C. frutescens 3.33+1.49 ab 57.67+£3.76 b

4 C. annuum 0.78+0.40 a 1.00+0.58 ab
6 C. annuum 0.56+0.56 a 7.67£2.40 ab
8 C. annuum 0.56+0.34 a 30.67+7.22 ab
10 C. annuum 0.67£0.33 a 1.33+1.33 ab
19 C. annuum 9.33£2.06 b 23.67+2.03 ab
20 C. baccatum 7.33t3.37 ab 9.33+1.45 ab
21 C. baccatum 6.33£1.51 ab 86.67+6.94 b

22 C. baccatum 4.22+1.18 ab 9.67+1.76 ab
23 C. frutescens 3.22+0.94 ab 9.00+2.31 ab
24 C. cardenasii 5.89+1.33 ab 45.67+6.33 ab
25 C. chacoense 5.89+1.25 ab 19.00+ 2.08 ab
26 C. praetermissum - 38.00£9.45 ab
27 C. eximium 3.89+1.17 ab 7.00+1.16 ab
28 C. pubescens 1.67+0.44 ab 2.33+0.88 ab
29 C. annuum 10.11+1.97 b 11.00+ 2.65 ab
30 C. galapagoense 4.78+0.88 ab 12.00+1.73 ab
31 C. frutescens - 8.33+2.03 ab
32 C. frutescens 7.78+1.96 ab 14.00+2.31 ab
33 C. pubescens - 0.33+ 0.33 a

34 C. chinense 2.89+1.74 ab 15.00+1.73 ab
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Biodiversity of metabolites in leaves of Capsicum related to spider-mite
susceptibility

The composition of endogenous secondary metabolites in Capsicum leaves
was investigated in seventeen genotypes (genotypes 20, 23, 28, 30 and 33
were not included because of bad germination or pathogen infestation) and
correlated with spider mite susceptibility. Both induced and constitutively
present endogenous metabolites could play a role in resistance to spider
mites and be responsible for variation in defense. Untargeted metabolic pro-
filing of plants infested with spider mites or plants that were left non-treat-
ed using LC-MS resulted in on average 4756 mass signals per sample. Since
individual chemical compounds give rise to more than one fragment upon
ionization and to reduce complexity, 344 reconstructed metabolites were
generated based on the chromatographic distance and the pattern similarity
between mass peaks to be representative for each putative compound (Sup-
plemental Table 4). These reconstructed metabolites were used for further
statistical analyses, using a chemometric approach, meaning that chemical
compounds were not annotated before statistical analysis.

Of 344 reconstructed metabolites identified by LC-MS, 242 metabolites var-
ied among Capsicum genotypes in spider-mite-infested plants while 153
metabolites varied among Capsicum genotypes in non-treated plants (ANO-
VA, p £0.05) (Supplemental Table 5). Of the reconstructed metabolites, 209
(60.8%) showed a significant genotype effect. ANOVA also indicated a strong
adaptation of the leaf metabolome upon spider mite infestation as more
than 42.4% of the reconstructed metabolites changed significantly upon in-
festation. In addition, 162 (47.1%) of the reconstructed metabolites varied
due to genotype-spider mite infestation interaction. Hence, the variation
observed in our dataset is the result of both metabolic differences present
in different genotypes and metabolic responses to spider mite infestation.
Both contribute to the genotypic variation found in spider-mite induced en-
dogenous metabolomes of which the genotypic background is of greater
importance than spider mite infestation.



Table 2: Number of reconstructed endogenous metabolites analysed by LC-MS affected
by spider-mite infestation and genotype background in Capsicum (ANOVA, significance
threshold FDR=0.05)

No. of reconstructed metabolites

Total ANOVA tested 344
Significant Genotype background effect 209 (60.8%)
Significant Spider-mite infestation effect 146 (42.4%)
Significant infestation X genotype interaction 162 (47.1%)
A B C
Dé . = o 15
20 g -’oﬁ %.\E 8 ° R - f
. . :, /¢ o
g n°°° g a. ° & . Eu ;;"o oo O, EO / .f) o=®
'-E- 0 4 ‘0%30. o8 ‘ é- -’ ..' .::"o é % 0/900
g oo Bofe | S Mo % 33| o®/0%0 &
o'y o " BVgn® s LY «®
0| o o 0% 20 L ©
°° .p
* * v pc1 (109‘8%) * ’ gompc:nent ;(10.;%) o 7 (;omponent 1(18.4%)

Figure 2. Semi-polar endogenous metabolites in Capsicum leaves. A: Principal component
analysis (PCA) clustering based on reconstructed metabolites, axes 1 and 2 explain 19.8%
and 14.7% of the total variation, respectively. Genotypes are depicted using numbers as
indicated in Table 1 with black number in open circles indicating non-infested plants and
white numbers in black circles infested spider-mite infested plants; B: Partial least square
discriminant analysis (PLS-DA) clustering based on reconstructed metabolites separating
spider-mite infested plants (green circles) from non-infested plants (red circles), axes 1
and 2 explain 10.9% and 15.8% of total variation respectively. Area’s indicate 95% confi-
dence region; C: PLS-DA clustering based on reconstructed metabolites separating geno-
types that were spider-mite infested from non-infested plants, axes 1 and 2 explain 18.4%
and 7.8% of total variation respectively. Circles indicate the average position for a specific
genotype and arrows were drawn to visualize connections between non-infested plants
(open circles) and those infested with spider mites (closed circles). Colours indicate differ-
ent Capsicum species: red: C. annuum; green: C. baccatum; blue: C. cardenassi; purple: C.
chacoense; orange: C. chinense; grey C. eximium; brown: C. frutescens; black: C. praeter-
missum.

PCA was conducted on 344 reconstructed metabolites. The first two com-
ponents explained 34.5% of the total variation, but did not separate infest-
ed from non-infested plants (Figure 2A). PLS-DA using infestation as dis-
criminant, indicated that metabolomes of spider-mite infested plants were
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distinctive from those left uninfested (Figure 2B) and based on underlying
variable importance in projection (VIP) scores, 26 reconstructed metabolite
features were found responsible for the majority of variation. All of them
varied among genotypes (Supplemental Table 5). Consistent with ANOVA
analysis, Capsicum plants exhibited substantial variation in their endogenous
secondary metabolome across genotypes and directions of metabolic adap-
tations to spider-mite infestation differed for different genotypes resulting
in clear separations between infested and non-treated plants for individual
genotypes as indicated by PLS-DA using both genotype and infestation as
discriminants (Figure 2C). Both magnitudes and directions of responses in
the metabolome upon spider-mite infestation differ between genotypes.
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Figure 3. PLS-DA of reconstructed endogenous metabolites in non-infested (A) or spi-
der-mite infested (B) plants of seventeen Capsicum genotypes. Numbers represent gen-
otypes as indicated in Table 1. Direct defense levels are based on spider mite offspring on
leaf discs: with G4, G6, G8 and G10 as resistant, G1, G3, G21, G22, G24, G25, G27, G32
and G34 as intermediate and G19 and G29 as susceptible. PC1 and PC2 explain 23.3% and
15.5% and 20.4% and 12.1%, respectively, of the total variation in non-infested and in spi-
der-mite infested plants, respectively.

Subsequently, PLS-DA was conducted on the same data set of endogenous
metabolites using the level of susceptibility based on oviposition to deter-
mine whether specific metabolites could contribute to the variation found
in direct defense (Figure 3). Based on least squares, PLS-DA highlighted 31
and 15 important variables (corresponding with reconstructed metabolites)
explaining the membership of genotypes in different classes in non-infested
and spider-mite infested plants, respectively (Supplementary Table 6). Thir-
teen of the identified variables overlapped between the constitutive and
induced metabolomes.
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The putative defense related metabolites present in infested plants were
further investigated using Pearson correlation analysis with spider mite off-
spring on leaf discs (Table 3). Two metabolites putatively identified as an
alkaloid and lignan both negatively correlated with spider mite offspring (r
=-0.827, r =-0.677) suggesting they may have a role in defense. In contrast,
a flavonoid and a peptide positively correlated with spider mite offspring
(r=10.743, r = 0.712) suggesting that their presence may be beneficial for
spider mite oviposition or that these compounds accumulated upon infes-
tation. The alkaloid and lignan like compound were indeed found in higher
amounts in the more resistant genotypes while the putative flavonoid and
peptide were found in higher amounts in more susceptible genotypes.

In addition to individual metabolites that can affect defense, there might
also be an interaction between individual metabolites. Backward-stepwise
regression was conducted to investigate the contribution of all candidate
metabolites to direct defense against spider mites. Fourteen metabolites
significantly (P < 0.05) affected spider mite offspring in the linear model,
either in a positive or negative direction (Table 3). Compared with Pearsons’
correlation analysis, two of those 14 metabolites showed high correlation
with spider mite offspring. An alkaloid-like compound (putative annota-
tion: thalfinine) showed a strong negative correlation with spider mites (r
=-0.827) with the largest negative standardized coefficient (B = -0.726). In
contrast, the flavonoid-like compound (petunidin 3-(4'"-p-coumaryl rutino-
side)) positively correlated with spider mite number (r = 0.712) and showed
a positive standardized coefficient (B = 0.107).

Among the features that were selected based on PLS-DA (VIP weight > 2)
using different classes of direct defense level upon spider-mite infestation
(Figure 3B), a reconstructed metabolite was also identified in the regression
analysis of spider mite offspring number against metabolites, and putatively
identified as a diterpene glycoside, i.e. capsianoside Il (C50H84026). Cap-
sianosides are commonly identified in C. annuum fruits (Lee et al., 2007,
lzumitani et al., 1990) and the fraction of jalapeno pepper fruit extract (C.
annuum var. annuum) which contains capsianosides was found to have an-
tibacterial activity (Bacon et al., 2017).

A similar approach, i.e. PLS-DA (Supplemental Figure 1), Pearson’s correla-
tion analysis and stepwise regression, was also performed using the spi-
der-mite induced metabolome and spider mite offspring on whole plants.
The analysis resulted in 34 VIPs with a weight > 2.0, 22 metabolite features
with correlation coefficient |r| 2 0.5 and 18 metabolite features in the re-
gression model (Supplemental Table 6). Five metabolites with |r| =2 0.5 and
VIP > 2.0 anda single metabolite from the regression model with |r| 2 0.5
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were putatively annotated based on their molecular weight (Table 3).

Table 3. Endogenous metabolites highly correlated with spider mite offspring on leaf
discs (Id) based on Pearson correlation analysis.

Mo-
Metabol- Chemical Correlation | Putative identi- | Chemical for- lecular
ic Feature class coefficient fication mula Weight
(D)
316 Akaloids | 08278 | rhaifinine | c39H42N208 | 666.29
Lignan oligo-
2703 saccharide -0.677 Rupestrin C C35H40019 764.22
ester
3',4',5,7-Tetra-
hydroxyflavone;
799 Flavonoids -0.664 7-0-(6-0O-Ace- C23H22012 490.11
tyl-?-D-glucopy-
ranoside)
a273 | Triterpenoid -0.637 | Conyzasaponin C| C68H110034 | 1470.69
saponins
657 Flavonoids -0.506 Sanggenon G C40H38011 694.24
5354 Degfj'gfp' 0.504 Kulolide-2 CA3HE5N509 | 795.48
138 Cyanogenic Prunasin
elycosides 0575 | 3161 gi.ogallate | C28H25NO14 | 599.13
Glycosylated
284 | nucleotide 0.58 3',5'-Cyclic GMP | C1OH12N507P | 345.05
Withano-
731 lide-type ste- 0.581 Cilistol A C28H4005 456.29
roids
2713 Flavonoids 067134[3 Petunidin C37H39018 771.21
2899 Peptides 0.743 Oligomycin E C45H72013 820.50

No overlap was found in reconstructed metabolites that were selected from
ranking genotypes for resistance to spider mites based on leaf discs or on
whole plants, although similar classes of compounds were identified, in-
cluding flavonoids and triterpene glycosides.
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Table 4. Endogenous metabolites highly correlated with spider mite offspring on whole
plant (wp) based on Pearson correlation analysis.

Putative Correlation coef- Chemical Molecular
Metabo-

Centro- | Chemical . ficient formula Weight (D)
lites
type Class

0.721/VIP | 5,7-Dihydroxyfla-

655 Flavonoids C21H18010 430.09

2.41 vone
1595 | Flavonoids | O-721/VIP | 3'4'5,6,7-Penta- | ) o015 580.14
2.29 hydroxyflavone
025-Me,
2-0-[?-D-glu-
3012 _ 0'7223{\1”'3 copyrano- C42H64017 840.41

syl-(17?6)-?-D-glu-
copyranoside]

3123 Triterpene 0'7;)2/4\”'3 Rotundioside O C48H76017 924.51
3138 Saponins 0‘7222/8\/”) Abutiloside H C46H75N0O17 913.50
. 0.719/VIP | Acanthopanaxo-
3635 Saponins 243 side A C60H94027 1246.90
4262 Saponins 0'7223{\1”'3 Aster saponin Hd | C62H98030 1322.61
4414 Trlterpene 0.719/VIP Achlioniceoside C60H9603452 1424.52
glycosides 2.38 Al
4037 | Triterpene | 0.723/ Gleditsioside | | C68H110033 | 1454.69

glycosides [0.843

Relative indirect defense, predatory mite attractiveness among different
Capsicum genotypes

Attractiveness towards predatory mites among Capsicum genotypes was
determined using plants induced by JA to ensure an equal level of induction.
The number of attracted predatory mites among the genotypes varied from
none to 1.2 predatory mites per cm? leaf area (Table 4) but the differences
were not significant (Kruskal-Wallis test), due to the large variation between
replicates. Nevertheless, genotypes were classified as either relatively at-
tractive when more than 2 predatory mites.cm? were found on the leaves
(level 1), medium attractive when between 0.5 to 2 mites.cm? (level 2) pred-
atory mites were detected or less attractive when the number of predatory
mites detected was less than 0.5 mite.cmleaf area (level 3).
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Table 5. Relative indirect defense of Capsicum genotypes to predatory mites. Number of
predatory mites attracted to Capsicum plants induced with jasmonic acid, 24 h prior to re-
lease of predatory mites. Genotypes are classified as attractive (level 1), medium attractive
(level 2) or less attractive (level 3).

Genotype Nr. of predatory mites.cm™ Attractively level
leafMean * SE
1 0.67 £0.33 2
3 0.33+0.33 3
4 0t- 3
6 0+t- 3
8 1.33+0.67 2
10 3.00 £0.58 1
19 0.50+0.41 3
21 0.67 £0.67 2
22 2.67 £2.19 1
24 0.67 +0.67 2
25 1.67 £ 0.67 2
28 2.33+0.89 1
29 1.33+0.33 2
31 2.67 £0.33 1
32 1.33+0.88 2
33 1.67+0.33 2
34 0.50+0.41 3

JA induced volatile metabolite analysis

To study whether the variation within the relative level of indirect defense
across genotypes could be related to volatile metabolites, JA-induced vola-
tiles of eighteen Capsicum genotypes were collected using a dynamic head-
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space collection method and analyzed by GC-MS. In total, 5319 metabo-
lite fragments were retrieved (Supplemental Table 7). Feature reduction
was not performed because of un-optimized reduction software. Overall,
1213 (22.4%) of the features significantly varied among genotypes (one-way
ANOVA, p<0.05) (Supplemental Table 8).

The 5319 metabolite features were then subjected to PCA to outline geno-
typic variation in JA-induced volatile metabolites. AlImost 48% of the total
variation present within the eighteen Capsicum genotypes can be explained
by the first two PCs (Figure 4A). Interestingly, PC1 separates the majority
of genotypes from G28, G31 and G33, which are all C. pubescens. A PLS-DA
using the classification of genotypes within their phylogenic complex (ANN-
UUM, BACCATUM and PUBESCENS clade, Figure 1) confirms the chemo-di-
versity in (JA-induced) volatiles between genotypes (Figure 4B). Genotypes
within the PUBESCENS and BACCATUM complex clearly separate from those
within the ANNUUM complex. An exception is G24, C. cardenasii, which on
basis of its JA-induced volatile blend clusters more with the genotypes of
the BACCATUM complex.
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Figure 4. A. PCA plot of JA-induced volatiles of 18 color coded Capsicum genotypes, red,
C. annuum; green, C. baccatum; purple, C. cardenasii; light blue, C. chacoense; yellow, C.
chinense; pink, C. frutescens; grey, C. frut. X chin.; orange, C. praetermissum; dark blue,
C. pubescens. B: PLS-DA plot of these same genotypes, classified according to their phy-
logenic origin, red: genotypes that are part of the ANNUUM clade, green: BACCATUM
clade, blue: PUBESCENS clade (see also Fig. 1).

The majority of m/z fragments responsible for this separation originated
from specific sesquiterpenes, including y-himachalene and &6-Amorphene
that are abundant in pubescens while absent or very low in annuum geno-
types. In contrast, green leaf volatiles (2)-3-hexen-1-ol, 2-methyl-propanal-
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oxime, ethyl benzoate and benzoic acid are abundant in annuum genotypes
while absent or very low in pubescens. Furthermore, (Z)-methyl dihydro jas-
monate, methyl-epi-jasmonate and (1-butylhexyl)-benzene are low in bac-
catum compared to annuum genotypes (Supplemental Table 7).

Subsequently, to learn whether any of the volatile compounds could be re-
lated with predatory mite preferences, PLS-DA was performed on m/z fea-
tures using classification of genotypes as less attractive, medium attractive
and high attractive as shown in Table 4. Two hundred and fifty-three m/z
features were identified as important variables for the variation in attrac-
tiveness among the genotypes (Figure 5). While genotypes that attracted
low or medium numbers of predatory mites could not be separated, those
that attracted highest number of predatory mites did (Figure 5A). Therefore,
we visualized m/z features that are responsible for the separation between
attractive genotypes versus those that were less attractive (low or medium
in Table 4) using a Volcano plot to enable visual identification of those m/z
features that display large magnitude changes that are also statistically sig-
nificant (Figure 5B).

A Scores Plot B
I 1 R high
o

10g10(p)

T T T T T T 2
150 100 50 0 50 100 10g2(FC

Component 1 (28.4 %)

Figure 5. A. PLS-DA plot of JA-induced volatiles of 18 Capsicum genotypes, that are color
coded on basis of their relative attractiveness towards predatory mites, red: most attrac-
tive, blue medium attractive and green: least attractive, The first two components explain
38.2% of the variation. B. Volcano plot depicting significance versus fold-change on the y
and x axes, respectively of attractive genotypes versus less attractive genotypes (medium
and least attractive combined). m/z features that are significantly (-log10(p)>1.5) higher or
lower (log2(fold-change) > 2.5) in attractive genotypes are depicted in red, while those not
significantly different are depicted in blue.

Features that were 5-fold or more present in the volatile blend of attractive
genotypes compared to less attractive genotypes predominantly belong to
the sesquiterpenes, including y-himachalene (Retention Time (RT) =20.12),
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B-copaene (RT=19.56), a-copaene (RT=19.91), longifolene (RT=19.29),
B-guaiene (RT=19.65) and three unidentified sesquiterpenes. Furthermore,
putatively identified hexyl-2-methylbutyrate and hexyl-2-methyl but-2-
enoate were also positively associated with higher attractiveness towards
predatory mites. Only few m/z features were negatively associated with at-
tractiveness and include benzyl alcohol (RT=12.99) and an oxidized mono-
terpene (C10H180) which is putatively annotated as 4-thujanol (RT=13.12),
and of which the amounts were lower in the blend of spider-mite infested
plants compared to non-infested plants.

Furthermore, Pearsons’ correlation analysis between m/z features and
relative attraction of predatory mites revealed eighteen m/z features that
correlated with the number of attracted predatory mites, and that were
shown to originate from five volatile metabolites . Among these, linalool
(C10H180) and TMTT (C16H26) positively correlated with predatory mite
attraction while 3-carene oxide (C10H160), 1-isocyano-3-methyl-benzene
(C8H7N) and 1-Octadecyne (C18H34) were found negatively affecting pred-
atory mite attraction. In addition, TMTT and 1-isocyano-3-methyl-benzene
were also identified as VIP in PLS-DA in which the relative attraction was
used as discriminant (Supplemental Table 10; Table 6;|r|>0.5).

Table 6. Volatile metabolites highly correlated with attracted predatory mites based on
Pearson correlation analysis.

Reten- Chemical class Correlation coef- Putative Metab- Chemical fo-
tion time ficient olites mula
Oxygenated Mono- .
13.59 terpene 051 3-Carene oxide C10H160
14.05 Monoterpene 0.56 Linalool C10H180
14.84 | Heterocycliccom- | -0.52/VIP2.59 | PENZeNe Lsocy- | g0y
ano-3-methyl-
pound
17.30 ' -0.51 1-Octadecyne C18H34
long chain alkane
17.50 . 0.55/VIP 3.12 IMTT C16H26
Sesquiterpene

Positive correlation between metabolite-based direct and indirect defense

To characterize a possible relation between direct and indirect defenses in
Capsicum genotypes were ranked on basis of spider mite offspring on the
whole plants as well as the number of attracted predatory mites upon JA
induction. The number of predatory mites which were attracted by JA-in-
duced plants negatively correlated with spider mite offspring in the whole

47



Natural variation in Capsicum spp.

plant assay (Figure 6).
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Figure 6. Correlations between direct and indirect defenses in Capsicum spp. Genotypes
were ranked on basis of their average relative attractiveness towards predatory mites (X-ax-
is) and average spider mite oviposition (Y-axis). R?=0.50.

Discussion

Secondary metabolites play an important role in complex plant traits such
as defense to herbivorous arthropods and attraction of natural enemies
(Wilson et al., 2012). Phytochemical diversity among genotypes within plant
species directs the biodiversity of the higher trophic levels, herbivorous ar-
thropods and their natural enemies (Richards et al., 2015). Therefore, study-
ing genetic variation in plant defense and the corresponding metabolomes
is an important approach to quantify the interaction between herbivores
and natural enemies, and could provide insight in how the ecological bio-
diversity is controlled by the lower tropic level, the plant. Plants defense
responses to arthropods proceed mainly through the JA signaling pathway
(Furstenberg-Hagg et al., 2013) (Bari and Jones, 2009). Besides its role in
direct defense, JA also plays an important role in volatile-mediated indirect
defenses of plants, which results in increased attractiveness towards para-
sitoids and predators of the herbivores (War et al., 2012) (Heil, 2015). Exog-
enous application of JA induced similar but not identical volatile metabolites
in lima bean (Phaseolus lunatus) and cucumber (Cucumis sativus L.). In both
species, the JA induced volatile blend significantly attracted predatory mites
(Phytoseiulus persimilis), the natural enemy of spider mites (Tetranychus ur-
ticae) (Dicke et al., 1999, Kappers et al., 2011).
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Genotypic variation

In the present study, spider-mite induced secondary metabolites and JA
induced volatiles were analyzed to characterize metabolome variation
among 19 Capsicum genotypes selected from diverse geographic regions
and genomic background (Table 1). The direct and indirect defense variation
among these Capsicum genotypes was described based on the spider-mite
oviposition rate and predatory mite attractiveness (Table 2, Table 3, Table 4).
There was significant variation in direct defense against spider mites among
the genotypes (Table 1) and multivariate analysis (PCA, PLS-DA), stepwise
regression and Pearson’s correlation analysis were applied to explore the re-
lation between corresponding metabolomes of the different genotypes and
defense traits. Indeed, the data indicate that endogenous metabolomes of
both spider-mite infested and control plants exhibited large variation among
genotypes but in different classes of secondary metabolites. However, the
variation found in the level of direct defense could not be fully explained
by the global metabolome of either spider-mite infested or control plants,
indicating an outweighed role of certain metabolites.

Defensive metabolites

While both methods used to measure spider mite performance show more
or less a parallel defense level among most of the genotypes included, the
identification of metabolites that relate with the number of spider mites was
not accordant. Likely explanations could be the large difference in number
of spider mites used in both methods and a low resolution due to limited
replicates and genotypes. Mechanical damage due to punching of leaf discs
may have induced the formation of JA (Sun et al., 2011). JA induces changes
in secondary metabolites (Ogura et al., 2002, Shekoufeh et al., 2014, De et
al., 2012) and hence the level of resistance in the leaf discs could be altered
before spider mites were introduced to the discs While the use of leaf discs
to determine relative resistance towards a specific pest could be time and
space efficient, validation of results using whole plants should not be ne-
glected.

Specific metabolites were identified to be potentially involved in defense to
spider mites. In this study, defensive metabolites were defined as negatively
correlating with spider mite offspring, or being (partly) responsible for the
variation found in the metabolomes of resistant and susceptible genotypes.
When metabolomes were related to spider-mite offspring on leaf discs, sev-
eral alkaloids, triterpenes and flavonoids were found to be correlated to spi-
der mite performance (Table 2). While compound identification is only based
on comparison of the accurate mass of the selected metabolites with those
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within the KEGG database, their putative identification gives indications of
their possible defensive function. Five metabolites were found negatively
correlated with spider mite number, including an alkaloid (thalfinine), which
was also found to be a negative effector in the regression model, a lignan
(rupestrin C), and a triterpenoid saponin (conyzasaponin C), while six me-
tabolites were positively related with the number of spider mites including a
flavonoid (petunidin) which was identified using regression. Thalfinine was
found in the roots of Thalictrum minus and was shown to be active against
Mycobacterium smegmatis (Liao et al., 1978) , but whether it is defensive
against spider mites still requires further confirmative studies; The lignan
oligosaccharide ester, rupestrin C like compound was found in Eritrichium
rupestre (Suo et al., 2006) but not previously reported in Capsicum. Lignans
play an important role in plant defense against pathogens by thickening the
secondary cell wall (Bagniewska-Zadworna et al., 2014) which could prob-
ably enable defense deterring spider mites from feeding. The triterpenoid
saponin compound conyzasaponin C was previously identified in the aerial
parts of Conyza blinii (Su et al., 2001). Triterpenoid saponins accumulate
in plant cells in response to biotic and abiotic elicitors and are associated
with anti-bacterial, anti-fungal and insect resistance (Yendo et al., 2010).
Our study also suggest multiple flavonoids and some peptides to positive-
ly correlate with spider mites offspring, inclduing the flavonoid, petunidin.
Petunidin was found to have antioxidant activity in Phaseolus vulgaris L.
(Dwivedi et al., 2016) and we hypothesize that it accumulaties in the infest-
ed leaves as result of proceeding damage caused by spider mite feeding.

When spider mite offspring in whole plants was used as proxy for the level
of direct defense, we mainly identified several flavonoids and triterpene sa-
ponins that were positively correlated with the number of spider mites, and
all identified as important to describe the variation found in defense. Nota-
bly, saponins including those with a triterpenoid aglycon, are present in a
great many plant species and have proved defense against several fungi (Os-
bourn, 1996) and herbivores (Szakiel et al., 2011). In Medicago sativa, the
total content of saponins as well as the level of individual saponins including
medicagenic acid bidesmoside and soyasaponin |, significantly increased in
foliage of alfalfa damaged by chewing caterpillars of S. littoralis (Agrell et
al., 2003). Even though, saponins in plants are described to function as de-
terrents, toxins and digestibility inhibitors related with herbivory defense
(Francis et al., 2002, Wittstock and Gershenzon, 2002), none of the triter-
penoids saponins detected in Capsicum negatively affected the number of
spider mites. Therefore, we conclude that spider mites induce the produc-
tion of triterpenoid saponins in Capsicum but are more or less resistant to
these compounds.
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Similarly, our data also revealed large genotypic variation in volatile metab-
olites of JA treated Capsicum plants as almost 23% of the metabolite dif-
fered among different genotypes. Even though significant variation in pred-
atory mite attractiveness was absent in our study due to the large variation
among replicates, we tried to identify the volatile metabolites that can be
related to attractiveness (Table 5). Linalool, a monoterpene, positively cor-
related with predatory mite attractiveness in Capsicum and was previously
reported to increase attractiveness to the predator Geocoris pallens in N.
attenuate plants (Kessler and Baldwin, 2001) and to predatory mites, P. per-
similis in C. sativus L. (Kappers et al., 2011).The JA- inducible sesquiterpene
TMTT was also positively related with predatory mite attractiveness. TMTT
is a wel-known volatile compound that is often part of flower volatile blends
and in many species reported to increasse upon herivory, including tomato
L. esculentum (Ament et al., 2004) and A. thaliana (Snoeren et al., 2010). In
this study, the variation found in the attraction of predators to JA induced
volatiles was not obvious among genotypes, although the JA induced vol-
atile metabolomes did differ among individual genotypes as well between
Capsicum species. However, these species-specified volatile blends did not
explain the variation found in attraction. As we introduced predatory mites
within the plants and recorded their presence on the leaves, not only the
volatile blend but also physical traits will determine the final preferences of
the predators. We conclude that only a few volatile metabolites play a role
in indirect defense in Capsicum, and that possibly accessibility or other pa-
rameters could be of influence.

Relationship between direct and indirect defense

Due to physiological and ecological costs, most plant defense theories ex-
pect a trade-off between different defensive traits. Many studies support
that there is likely a trade-off between direct defense and indirect defense.
For example, the amount of cyanogenesis, a direct defense trait, negatively
correlated with the release of JA-induced volatiles, which function as indi-
rect defense signals in lima bean (Phaseolus lunatus)(Ballhorn et al., 2008).
Also in willow, there is a trade-off between signal-based induced indirect
defense to ladybeetles (Aiolocaria hexaspilota) and direct defense to willow
leaf beetles (Plagiodera versicolora) (Yoneya et al., 2012). However, our re-
sults suggest a synergism between direct defense and JA-induced indirect
defense instead of a commonly expected trade-off. A number of studies is
consistent with our results. Studies proved that there is no conflict between
direct and indirect defense in a highly specialized tritrophic system among
brassicaceous plant species, the herbivore Pieris brassicae L. and a gregar-
ious endoparasitoid, Cotesia glomerata L. (Gols et al., 2008). There was
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also no trade-off been found between direct defense to cerambycid beetles
(Tetraopes tetraophthalmus) and indirect defenses based on the attraction
of beneficial nematodes (Heterorhabditis bacteriophora) in milkweed root
(Asclepias syriaca) (Rasmann et al., 2011).The authors suggested that direct
and indirect defense mechanisms may either not share limiting resources
or they may independently promote defense (Rasmann et al., 2011). Either
trade-off or complication effects were observed between direct and indirect
defense in different plant species, however it’s difficult to define different
types of defensive traits and the mechanisms underlying these traits mostly
remain unrevealed. In this study, genotypes which attracted more predatory
mites upon JA induction may possess a stronger JA regulated defense re-
sponse, resulting in both more attractive volatile metabolites and a stronger
direct defense to spider mites. A meta-analysis of 31 studies on covariation
of different defensive traits in plant genotypes suggested that there was no
overall negative or positive association between different defensive traits
founds in various plants and the relationship between defensive traits is
more depending on the types of co-occurring defenses. Significant positive
correlations were found between individual compounds belonging to the
same biochemical group (Koricheva et al., 2004). Thus, we conclude that
JA-induced indirect defense are more likely associated with direct defense
by sharing the same group of metabolites.

Conclusions

This study examined the genotypic variation in endogenous as well as vola-
tile metabolites of a range of Capsicum genotypes using untargeted LC- and
GC-MS analyses and explored the relationship between these metabolites
and plant direct and indirect defense. Capsicum genotypes exhibited large
variation in metabolites as well as in direct and to some extent also indirect
defense towards spider mites. We found a number of metabolites correlat-
ing, positively as well as negatively, with both defense mechanisms. These
metabolites form an interesting reservoir for improving defense in Capsi-
cum. This warrants further work on their unambiguous identification and
field evaluation. To fully explore and utilize the value of these metabolites,
further analysis is required. Our study supports the notion that studying
wild species can provide new genetic resources that can help to regain crop
resistance that was lost during the long history of domestication based on
yield production and flavor.
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Supplemental Table 1. ANOVA analysis (P < 0.05) on the two-spotted spider mites ovipo-
sition on leaf discs (n = 9) among nineteen Capsicum genotypes or on whole plants (n =
3) among 22 Capsicum genotypes followed by a Bonferroni post-hoc test and correction.

Supplemental Table 2.The offspring number (the sum of nymphs and eggs number) of
two-spotted spider mites on leaf discs (n = 9) among nineteen Capsicum genotypes.

Supplemental Table 3. The offspring number (the sum of nymphs and eggs number) of
two-spotted spider mites on whole plants (n = 3) among 22 Capsicum genotypes.

Supplemental Table 4. Endogenoues metabolite features in 17 Capsicum genotypes of
both infested plants(in) and non-treated plants(con). Genotypes are labeled with 1 to
34, two replicates for each treatment.

Supplemental Table 5. One-way ANOVA analysis (P < 0.05) on endogenous metabolites
features among 17 Capsicum genotypes. CON are non-treated plants and TSSM are spi-
der mites infested plants for one week.

Supplemental Table 6. Endogenous metabolite features with Variable importance in pro-
jection (VIP) 2 2.0 by PLS-DA, metabolite features with Correlation coefficiency |r|20.5
by Pearson correlation analysis and metabolite features in stepwise regression based on
spider mites offspring on leaf discs (Id) or whole plants (wp).

Supplemental Table 7. Voltile metabolite features (m/z) of different genotypes (column)
represented by numbers in retaintion time (row). Three replicates were measured for
each genotype, labelled by a, b or c respectively.

Supplemental Table 8. One-way ANOVA analysis (P < 0.05) on volatile metabolites fea-
tures among 19 Capsicum genotypes.

Supplemental Table 10. Volatile Metabolite features with Variable importance in projec-
tion (VIP) 2 2.0 by PLS-DA, metabolite features with Correlation coefficiency |r|20.5 by
Pearson correlation analysis.
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Supplementary Figure 1. PLS-DA of reconstructed endogenous metabolites in
spider-mite infested plants of twenty-two Capsicum genotypes. Numbers rep-
resent genotypes as indicated in Table 1. Direct defense levels are based on spi-
der mite offspring on whole plants: with G4, G6, G8 and G10 as resistant, G1, G3,
G21, G22, G24, G25, G27, G32 and G34 as intermediate and G19 and G29 as sus-
ceptible. PC1 and PC2 explain 23.3% and 15.5% and 20.4% and 12.1%, respective-
ly, of the total variation in non-infested and in spider-mite infested plants, respectively.
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Dynamic metabolic adaptations

Abstract

Adaptation of the metabolome forms an important defense layer for plants
against herbivores. The type of changes that occur largely depend on the
plant and herbivore species that interact. Here, we use untargeted and tar-
geted metabolomics to monitor the metabolic responses in Capsicum leaves
upon spider mite infestation. We analyzed two genotypes - that varied in
their susceptibility towards spider mites - for their endogenous and volatile
secondary metabolite profiles during the first period of spider-mite infes-
tation. Furthermore, stress-related phytohormones and genes involved in
hormonal signaling pathways were analyzed. Based on the results, we con-
clude that recognition of the attacker coincides with a transient increase in
jasmonic acid followed by a gradual increase in salicylic acid. We show that
several terpenoids are being induced by spider mites, both in the volatile as
well as in the non-volatile metabolome, which may play a role in the attrac-
tion of their natural enemy, predatory mites, as well as in direct defenses
against the spider mites, respectively.
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Introduction

The co-existence of plants with multiple natural attackers drove the evo-
lution of a dynamic and complex signaling network and an array of differ-
ent strategies to respond to herbivore attack. Defensive plant traits can be
constitutive such as the presence of thorns, trichomes and toxic metabo-
lites (War et al., 2012) or can be induced upon herbivore attack (Kessler and
Baldwin, 2002). Induced plant defenses against herbivores are sophisticated
and require herbivore elicitor perception, signal transduction, and induc-
tion of the expression of defensive genes (Furstenberg-Hagg et al., 2013).
The changes in gene expression, proteins and metabolites are regulated in a
temporally and spatially dynamic pattern (Liu et al., 2016, Barah and Bones,
2015, Ehlting et al., 2008). The induced changes in gene expression can re-
sult in the production of defensive metabolites and toxic proteins that con-
stitute a direct defense, reducing herbivore fitness and reproduction (Howe
and Jander, 2008) and/or the production and release of volatile metabolites
that mediate indirect defenses, that is the attraction of natural enemies of
the herbivores (Dicke and Baldwin, 2010).

Yield loss due to herbivory is a big problem in modern agriculture. Chemical
control, which is still the major approach applied to protect crops, has neg-
ative drawbacks as it does not only threaten the environment but may also
result in development of resistance of the herbivorous arthropods towards
these chemicals (Pedigo and Rice, 2009). Enhancing the natural resistance
of crops by genetic and breeding techniques and the use of natural enemies
for biological control can be a sustainable and more environmental friend-
ly solution. Therefore, understanding the mechanisms of plant defenses
against herbivores is essential for improving plant performance under con-
ditions with herbivory.

The secondary metabolite signature of a plant is the combined result of sig-
nal transduction and gene expression and directly determines the state of
both direct and indirect defense (Bennett and Wallsgrove, 1994, Pickett and
Khan, 2016). Multiple biochemical classes of secondary metabolites were
proven to be associated with herbivore defenses in different plant species,
including cyanogenic glucosides, glucosinolates, benzoxazinoids, non-pro-
tein amino acids, alkaloids, phenolics and terpenoids (Bennett and Walls-
grove, 1994). Specific alkaloids and flavonoids accumulated more in a re-
sistant Senecio line compared to a susceptible line upon thrips infestation
(Leiss et al., 2009). Analyzing natural variation of the metabolome in Bar-
barea vulgaris plants revealed specific saponins positively correlated with
resistance towards flea beetle (Phyllotreta nemorum) (Kuzina et al., 2009).
A combined transcriptome and metabolome analysis in rice indicated that
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multiple phenylpropanoids and terpenoids are involved in defense against
the rice stem borer, Chilo suppressalis (Liu et al., 2016). Terpenes, green
leaf volatiles and nitrogen-containing compounds released from foliage of
black poplar (Populus nigra) upon gypsy moth (Lymantria dispar) caterpil-
lar feeding were found to be essential for attracting parasitic Hymenoptera
(McCormick et al., 2014). Predatory mites Phytoseiulus persimilis were more
attracted to cucumber genotypes emitting relatively higher mono-, sesqui-
and homoterpenes in their Tetranychus urticae spider-mite induced volatile
blend (Kappers et al., 2010, Kappers et al., 2011).

Fine-tuning of the different defense responses is necessary as the use of me-
tabolites in plant resistance may have negative impact on other physiologi-
cal traits, such as biomass and reproductive fitness (Rasmann et al., 2015).
The timing and magnitude of the resistance response is primarily regulated
by phytohormones of which salicylic acid and jasmonic acid are the predom-
inant phytohormones involved in plant-herbivore interactions (Verma et al.,
2016, Erb et al., 2012). Jasmonic acid (JA) and its derivatives are oxylipins.
Biosynthesis starts from the conversion of linolenic acid to 12-oxo-phyto-
dienoic acid (OPDA) in chloroplast membranes, which then undergoes a
reduction and three rounds of oxidation to form JA. Conjugation with the
amino acid isoleucine results in the bioactive derivative, JA-lle, which is
generally thought to be responsible for JA signaling (Turner et al., 2002).
JAs regulate a wide range of processes in plants, ranging from growth and
photosynthesis to reproductive development (Erb et al., 2012). In particular,
JAs are critical both for recognition and regulation of plant defenses against
herbivores, necrotrophic pathogens and wounding. Increased JA and JA-lle
concentrations result in adaptation of the primary metabolic signature (Tyt-
gat et al., 2013) and reallocation of primary metabolites to fuel the metabol-
ic reprogramming needed to enhance plant defences (Zhou et al., 2015) for
instance to increased terpene accumulation leading to enhanced resistance
towards herbivores (Garms et al., 2008) (Li et al., 2015).

Salicylic acid (SA) is a phenolic compound mediating plant growth and de-
velopment, photosynthesis, transpiration, ion uptake and transport and in-
duces specific changes in leaf anatomy and chloroplast structure (Pieterse
et al., 2012). SA predominantly mediates local and systemic plant defense
responses against pathogens (Rivas-San Vicente and Plasencia, 2011) and
some piercing/sucking herbivores (Walling, 2009, Meldau et al., 2012). SA
induces the accumulation of primary metabolites including various amino
acids (proline, serine, threonine and alanine) and carbohydrates (glucose,
mannose, fructose and cellobiose) in bentgrass (Agrostis stolonifera) (Li et
al., 2017). SA pre-treatment on micro propagated Uncaria tomentosa plant-
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lets resulted in increased production of monoterpenoid oxindole alkaloids,
flavonoids and phenolic compounds (Sanchez-Rojo et al., 2015).

Capsicum belongs to the Solanaceae family. Native to the Americas, Capsi-
cum species have thousands of years of history of domestication. Nowadays
it has become a worldwide cultivated crop and is economically important
in many countries as a fruit vegetable (https://en.wikipedia.org/wiki/Capsi-
cum). Two-spotted spider mites (Tetranychus urticae Koch) are cell-content
feeding arthropods, member of the Acari (mite) family Tetranychidae (Bol-
land et al., 1997) and generally live on the abaxial side of leaves of plants,
where they may spin protective silk webs. The cosmopolitan spider mites
attack a wide range of plant species including peppers and cause high pro-
duction losses. The typical life cycle of spider mites includes eggs, a larval
stage, two nymphal stages and an adult stage. Depending on temperature,
spider mites hatch from eggs within 3 days and can complete their develop-
ment within 5 to 20 days. The adult females can live for 2 to 4 weeks and one
individual female can produce several hundred eggs (Raworth et al., 2002).

To determine the dynamics of adaptation in the leaf metabolome during
spider-mite infestation, endogenous and volatile metabolites as well as
stress-related phyhormones and their corresponding marker genes were
traced in two genotypes of Capsicum annuum with different susceptibility
to spider mites.

Materials and Methods
Plant Material and Arthropods

Seeds of Capsicum (Capsicum annuum, Genotype 8 (G8); Genotype 29 (G29);
Capsicum chacoense, Genotype 25 (G25)) were germinated and grown in a
greenhouse under long day conditions of which the light was supplemented
with high-pressure sodium lamps (16 : 8h, 23 : 18°C / day : night, 50-60%
relative humidity) for 5 weeks. Plants were transferred to a climate chamber
(16 : 8h, 24 : 18°C / day : night) two days prior to experiments.

Two-spotted spider mites, Tetranychus urticae Koch (Arachnida: Acari:
Tetranychidae) (originally obtained from Koppert BV, Berkel and Rodenrijs,
The Netherlands) were reared on lima bean plants (Phaseolus lunatus) for
many generations and kept in a BugDorm-2120 insect tent (96 x 26, 680 um
aperture) on the window shelf in the lab (22 °C).

Predatory mites, Phytoseiulus persimilis were obtained from a standard
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rearing from Koppert BV (Berkel and Rodenrijs, The Netherlands) and were
delivered to the lab on the experimental day.

Experimental set-up

Capsicum annuum plants of a similar developing stage (five weeks old, in
vegetative stage) were placed in a climate chamber two days before infesta-
tion for adaptation. For G29, 33 plants were infested with 50 spider mites on
each plant and 21 plants were left non-treated as control plants. Adult spi-
der mites with two spots clearly visible and of similar size were transferred
to the upper leaf surface of the plants using a fine brush. All of mites’ trans-
ferring was done within 1 hour in the morning and the day of infestation was
recorded as the first day of the experiment (Day 0). All plants were placed in
an insect-gauze tent to prevent contamination. Infested and control plants
were kept in two separate chambers with identical conditions.

Plants of G29 were sampled at different time points after introducing spider
mites: i.e. 6 hours, 3, 6,9, 10 16 and 20 days post infestation (hpi / dpi).
On each of these time points, the headspace of three spider mite-infested
plants and three non-treated plants was collected. Three leaves of different
ontogenic positions from three other plants that were either infested with
spider mites or were left non-treated were harvested and flash-frozen in
liquid nitrogen for RNA extraction, endogenous metabolites and phytohor-
mone analyses. After sample collection, the number of spider mites present
on the left leaves was counted and leaves were scanned to determine leaf
area.

For G8, an inverted approach was used, i.e. plants were infested with ap-
proximately 300 spider mites on each plant, 3, 18 hours, 1, 4, 8 and 15 days
before sampling. In total, 36 plants were infested and 6 were left uninfested.
All plants were sampled on the same day. For endogenous metabolites and
phytohormone analyses, three replicates were used and volatile metabo-
lites were collected from three separate plants in each time point. Leaves
for headspace collection were weighted for fresh weight.

Development of spider-mite population

For G29 plants, the spider-mite population was evaluated in each of the
above indicated time points. Leaves from different ontogenic positions (top,
middle and bottom) of three plants were collected to homogenize for possi-
ble variation in the spider-mite population due to localization and analyzed
for the number of spider mites, including adults, nymphs and eggs.
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Predatory mite attraction

For G29 plants, predatory mite attraction was evaluated in each of the time
points. The relative attractiveness of spider-mite infested plants to preda-
tory mites was evaluated using 5-day spider-mite infested Capsicum chaco-
ense (G25) plants as reference. On each experimental day three spider
mite-infested G29 (7, 13 or 17 dpi) and three G25 (5 dpi) plants were alter-
nately placed in a BugDorm-2120 insect tent and approximately 100 preda-
tory mites were released equally between the plants at different positions
to ensure equal accesses to each plant 24 hrs prior counting. The number
of predatory mites was counted on 3 different leaves of each of the plants
and normalized by leaf area. Relative preferences on each time point were
statistically tested using a student T test (P<0.1).

Leaf endogenous secondary metabolites

Semi-polar endogenous metabolites were extracted according to the proto-
col described by (De Vos et al., 2007) and analyzed by liquid chromatogra-
phy coupled to mass spectrometry (LC-MS). Frozen leaf samples were grind-
ed into a fine powder in liquid nitrogen and lyophilized overnight. Twenty
(£1) mg of lyophilized leaf material from each sample was extracted with 2
ml 75% MeOH (0.1% formic acid) solution. Samples were homogenized for
5 seconds, sonicated for 15 min at maximum frequency (40 kHz) in a water
bath at room temperature, and centrifuged for 10 min at 5000 rpm. The su-
pernatant was filtered using a 0.45 um inorganic membrane filter (Omnifix,
Germany), fitted onto a disposable syringe and transferred into a 0.3 mL
LC-MS plastic vial. Ten ul of supernatant was taken from each sample and
combined to make a quality control sample (QC), that was injected multiple
times throughout the sequence in order to be able to correct for time shifts.
Due to availability of platforms, extracts of G29 were analyzed by a LC-QTOF-
MS platform, while extracts of G8 were analyzed by LC-Orbitrap-MS.

The LC-Synapt QTOF-MS platform consisted of reversed phase liquid chro-
matography (Waters Alliance HPLC 2695) equipped with a luna C18 column
including pre-column (2.0 x 4 mm?) and an analytical column (2.0 x 150
mm?, 100 A, particle size 3 um; Phenomenex), a photodiode array detec-
tor (PDA) and a quadrupole time of flight mass spectrometry of the Synapt
G2S (Waters, QTOF-Ultima) with negative electrospray ionization mode. Five
uL of extracts were separated using a gradient of formic acid : water (1 :
1000, v/v; eluent A) and formic acid : acetonitrile (1 : 1000, v/v; eluent B).
Extracts were injected into HPLC at a flow rate of 0.19 mL min™. The initial
solvent composition consisted of 95% A and 5% B, increased linearly to 65%
A and 35% B within 45 min and maintained for 2 min. The column was then
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washed with 25% A and 75% B for 15 min and equilibrated to 95% A and 5%
B for 5 min before the next injection. A collision energy of 10 eV was used
for full-scan LC—-MS in the m/z range 100-1,500.

The LC-Orbitrap-MS consisted of an Accela U-HPLC equipped with a 1.7 um
AQUITY UPLC BEH C18 column (2.1 x 150 mm; Waters), an Accela photodi-
ode array (PDA) detector and an lon trap-Orbitrap FTMS hybrid mass spec-
trometer (Thermo Fisher Scientific) with negative electrospray ionization
mode at a source voltage of 4.5 kV. Five pL of extracts were injected and
separated with a linear 20 min gradient of 5-35% acetonitrile (acidified with
0.1 FA) at a flow rate of 400 pL min™similar as described above. The column
was washed and equilibrated before next injection.

Volatile secondary metabolites

The headspace of infested plants and control plants was collected using a
dynamic sampling procedure with adaptations (Kappers et al., 2011). Plants
were placed on a lower shelf with a second shelf with notches above in such
a way that pot with roots were placed under the second shelf and shoot and
leaves above.

During the collection, above parts of plants were enclosed by a 2.5 L glass
jar. Inlet air was pre-treated using a zero-air generator (Bronkhorst, The
Netherlands) and supplemented with CO, to 400 ppm and a RH of 50%. In-
let air was introduced via Teflon tubing into the glass jar with 300 ml.min™.
Volatiles were collected on pre-conditioned Tenax TA (200 mg, 20/35 mesh;
Grace-Alltech, Deerfield, MI, USA) in stainless steel liners (Markes, Llantri-
sant, UK) connected to the outlet of the system at a flow of 200 ml.min™.
The slight overpressure minimizes contamination of background odors.
Headspaces were collected from 11.00 AM to 13.00 PM. After collection,
Tenax liners were dry-purged with nitrogen for 30 ml min™ for 30 min at
ambient temperature before GC-MS analysis. Fresh weights of leaves were
determined immediately after the collection.

Headspace samples were analyzed with a Thermo Trace GC Ultra (Thermo
Fisher Scientific, Waltham, MA, USA) connected to a Thermo Trace DSQ
(Thermo Fisher Scientific, Waltham, MA, USA) quadrupole mass spectrom-
eter (GC-MS). Volatiles were desorbed using a thermal desorption system
at 250°C for 3 min (Model Ultra Markes Llantrisant, UK) with a helium flow
of 30 ml min™. Analytes were focused at 3°C on an electronically-cooled
sorbent trap (Unity, Markes, Llantrisant, UK). Volatiles were transferred in
splitless mode to the analytical column (Rtx-5 ms, 30 m, 0.25 mm i.d., 1.0
um film thickness, Restek, Bellefonte, PA, USA) by rapid heating of the cold
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trap to 250°C. The GC was held at an initial temperature of 40°C for 3.5
min followed by a linear thermal gradient of 10°C min™ to 280°C, and held
for 2.5 min with a column flow of 1 ml min™. The column effluent was ion-
ized by electron impact ionization at 70 eV. Mass spectra were acquired by
scanning from 45-400 m/z with a scan rate of 3 scans s*. Compounds were
identified by using the deconvolution software AMDIS (version 2.64, NIST,
USA) and MassHunter, Unknown Analysis © Agilent Techologies, Inc 2008,
in combination with NIST 98 and Wiley 7th edition spectral libraries. For
relative quantification, characteristic quantifier ions were selected for each
compound.

Statistical analysis of metabolic data

For all chromatography-MS platforms (LC-MS for endogenous metabolites
and GC-MS for volatile metabolites) Metalign software (Lommen, 2009)
was used for baseline correction, mass spectra extraction and mass signal
alignment. MSClust (Tikunov et al., 2012) was used for data reduction by
unsupervised clustering and extracting putative reconstructed metabolites
(centrotypes, centrotype factor > 0.7) from mass spectra by ion-wise chro-
matographic alignment of the data using the subtractive fuzzy clustering
method.

Principal Component Analysis was performed on the reduced dataset to ob-
tain an overview of the whole dataset using GeneMath XT 2.0 after log2
transformation and noise subtraction (Hendriks et al., 2005). The first few
principal components (PCs) explain most of the variance in the original data,
and we used it to visualize differences of the total metabolite profile during
spider-mite infestation in both genotypes. Hierarchical cluster analysis was
applied to depict the similarities of the samples using Pearson Correlation
and UPGMA method. Individual metabolites were analyzed for significant
changes upon infestation using a T-test (SPSS 15.0, Chicago, Il, USA). The
selected endogenous metabolites were putatively annotated based on
their molecular weight using the knapsack database (http://kanaya.naist.
jp/knapsack_jsp/top.html) and in case of volatile metabolites by comparing
mass spectra and retention indices with NISTWILEY & ADAMS databases
(Wiley, 2016, NIST, 2011).

Stress-related phytohormones

The analysis of endogenous stress-related plant hormones — SA, JA, cis-OP-
DA and JA-lle — was performed according Flokova and co-workers (Flokova
et al., 2014) with modifications. Frozen plant tissue was grinded to fine pow-
der in liquid nitrogen and lyophilized. Aliquots of 7 mg (+ 0.05) of dry weight
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were extracted in 1 ml of ice cold 10% methanol/water (v/v) and homoge-
nized using a MM 301 vibration mill at a frequency of 27 Hz for 3 min (Retsch
GmbH & Co. KG, Haan, Germany) in the presence of zirconium oxide ho-
mogenization beads. At this stage, stable isotope-labelled internal standard
[*H,]-SA, [*H ]-JA, [*H.]-cis-OPDA and [*H,]-JA-lle were added to each sample
in order to validate quantification. Samples were further extracted for 30
min by constant shaking (200 rpm) at 4°C. Plant extracts were centrifuged
(13000 rpm/ 10 min/ 4°C) and collected supernatants were purified using
Strata X (30 mg/3 cc, Phenomenex) columns, activated with 1 ml of metha-
nol, water and 1 ml of the extraction solvent. Loaded samples were washed
with 3 ml of water and compounds of the interest were eluted with 3 ml of
80% methanol/water (v/v). The solvent was evaporated to dryness under a
stream of nitrogen and dried samples were stored at -20°C until UPLC-MS/
MS analysis. The Acquity UPLC® System (Waters, Milford, MA, USA) coupled
to a triple quadrupole mass spectrometer Xevo™ TQ S (Waters MS Technol-
ogies, Manchester, UK) was employed to determine endogenous levels of
plant hormones. Dried samples were reconstituted in 60 ul of mobile phase
and injected on reverse phase based column Acquity UPLC® CSH™ C18; 2.1
x 100 mm; 1.7 um (Waters, Ireland) at a flow rate of 0.4 ml min™. Separation
was performed at 40°C by 9 min binary gradient elution using 15 mM formic
acid/ water (A) and acetonitrile (B) with following conditions: 0-1 min isoc-
ratic elution at 15% B (v/v), 1-7 min linear gradient to 60% B, 7-9 min linear
gradient to 80% B and 9-10 min logarithmic gradient to 100% B. Finally, the
column was washed with 100% acetonitrile and equilibrated for initial con-
ditions (2 min). The effluent was introduced into electrospray ion source of
tandem mass spectrometer operating at following settings: source/desol-
vation temperature (120/550°C), cone/desolvation gas flow (147/650L h),
capillary voltage (3 kV), cone voltage (25-30 V), collision energy (10-25 eV)
and collision gas flow 0.25 ml min*. Compounds were quantified in multiple
reaction monitoring mode (MRM) using standard isotope dilution method
(Supplemental Table 1, 2). The MassLynx™ software (version 4.1, Waters,
Milford, MA, USA) was used to control the instrument, acquire and process
MS data.

Gene expression
Reference gene selection and stability evaluation in a time course

Four candidate reference genes were selected based on the available liter-
ature of commonly used reference genes in RT-gPCR studies in Capsicum,
Arabidopsis and tomato (Wan et al., 2011, Dekkers et al., 2012, Kim et al.,
2003), including glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ac-
tin (ACT), ubiquitin (Kubigsteltig et al., 1999) and ribosomal protein L2 (RPL2)
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(Lgvdal and Lillo, 2009). The complete coding sequences of selected genes
from tomato (NCBI, http://www.ncbi.nlm.nih.gov/) were blasted against the
Capsicum annuum translated nucleotide database (http://peppersequence.
genomics.cn/page/species/download.jsp). The sequences with highest sim-
ilarity were selected as putative orthologues of the above mentioned genes.

Primers were designed using Primer-Blast (NCBI, http://www.ncbi.nlm.nih.
gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome) with melting tem-
perature (Schaller et al.) of 58-62°C, primer lengths of 18-22bp and product
lengths of 70-200bp. The specificity of the primers was evaluated based on
melting curve analysis. Primer sequences are in supplemental Table 3.1.

Real Time quantitative Polymerase Chain Reactions (RT-qPCR) were pre-
pared in duplicate in a total volume of 45 pl, containing 2 ul of cDNA tem-
plate, 4.5 ul of forward primer and reverse primer (3 uM), 22.5 ul of iQSYBR
Green Supermix (BIO-RAD) and 11.5 ul of fresh MilliQ water. Each mixture
was separated into 2 wells as technical replicates with 20 ul of mixture in
each well. The following qPCR program was used for all PCR reactions: 95°C
for 3 min, followed by 40 cycles of 95°C for 15s and 60°C for 30s. Melting
curves were obtained after this program by heating from 65 to 95°C, in-
creasing the temperature stepwise by 0.5°C every 5s (Ribeiro et al., 2014).

The reference genes were ranked and selected for their stability using C.
annuum G29 time series materials using the online software RefFinder
(https://archive.is/wRrsF#selection-423.0-423.9) (Andersen et al., 2004).
Ranking results are provided in Supplemental Table 3.2.

Functional gene expression of stress-related phytohormone signaling
pathways

B-chitinase (chiB) and plant defensin (PDF1.2) were selected as marker
genes of the JA/ Ethylene pathway and lipoxygenase 2 (LOX2) were select-
ed as JA marker genes (Abe et al., 2008, De Vos et al., 2005, Lorenzo and
Solano, 2005). SA-inducible genes, pathogenesis-related protein 1 (PR1)
and glucan 1,3-beta-glucosidase (BGL) were selected as SA marker genes.
The complete coding sequences of mRNA of orthologues from Arabidop-
sis thaliana (NCBI, http://www.ncbi.nlm.nih.gov/) were blasted against the
Capsicum annuum translated nucleotide database (http://peppersequence.
genomics.cn/page/species/download.jsp). The sequences that showed the
highest similarity were selected for primer design with Primer-Blast in NCBI.
Primer sequences are in Supplemental Table 4.
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RNA extraction and cDNA synthesis

Samples were ground into fine powder in liquid nitrogen using a pestle and
mortar. Total RNA was extracted from 100 mg fresh weight of each sample
using 1 ml TriPure (Roche, Mannheim, Germany), cleaned with the RNeasy
Plant Mini Kit (Qiagen, USA) and genomic DNA was digested using RNase—
Free DNase Set (Qiagen, USA) according to the manufacturer’s instructions.
RNA integrity was estimated by 1.0% agarose gel electrophoresis. RNA con-
centration and quality were measured spectrophotometrically using a Nan-
oDrop ND-1000 spectrophotometer (Thermo scientific, USA). RNA samples
with an AZGO/A280 and A260/A230 ratio ranging from 1.8 to 2.2 were used for
subsequent analysis. One pg of total RNA was used for reverse-transcription
reaction to synthesize cDNA using the iScriptTM cDNA synthesis kit (Bio-
Rad, Hercules, CA, USA) at 42°C for 30 min followed by 85 °C for 5 min to
inactivate RTase. The cDNA was diluted to 200 pl with fresh MQ water for
use in RT-gPCR reactions as described above. AAC was calculated as follows:
AAC =AC (Target)-AC (Reference). The expression fold change was calculat-
ed by 22T (Kenneth et al., 2001).
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Results and Discussion

To get insight in the time frame in which metabolome changes in C. annuum
are induced, genotype 29 (G29) was infested with spider mites and after dif-
ferent time points, volatile and endogenous metabolites were analyzed. Fur-
thermore, responses in stress-related phytohormones were studied, both at
the chemical level as well as with regard to the expression of genes respon-
sible for the biosynthesis of these phytohormones. To eliminate metabolic
changes resulting from plant development, we studied a second C. annuum
genotype (G8) via an inverted approach by infesting plants at different time
points and collecting all samples at the same time to validate whether hor-
mone and metabolome adaptations occur within the same timeframe and
are of the same order of magnitude.

Genotype 29

Spider mite population development during 19 days after infestation in
Capsicum

To reveal the time frame in which a spider mite population develops on Cap-
sicum leaves, adults, nymphs and eggs were counted at different time points
after spider mites were introduced to Capsicum (G29) plants. The number
of spider mites decreased during the first 3 dpi probably due to transition of
spider mites from lima bean to Capsicum. The adult density was 0.4 mites
per cm? leaf area while no eggs or nymphs were found yet. From 6 to 16
dpi, the total number of individuals increased 4 fold compared to 3 dpi, as
result of new egg deposition. The total density of eggs and nymphs was 0.79
per cm? compared with an adult density of 1.99x102cm?. After 16 days, the
population number declined probably as the first introduced adult spider
mites died because of aging. The number of new hatched nymphs and eggs
slowly increased during the first 16 days (Figure 1, Sup Table 5). The total
population of spider mites at the end of our experimental period (20 dpi)
was lower than at the onset of the experiment, suggesting that this geno-
type is quite resistant to spider mites or spider mites did not successfully
adapt to this C. annuum genotype within this time frame.

Semi-polar endogenous metabolites in leaves infested by spider mites

To reveal how and which endogenous secondary metabolites in Capsicum
leaves alter during the settlement of spider mites, an untargeted metabo-
lomics approach based on LC-MS data was applied. Processing the raw data
from the LC-MS platform for baseline correction, mass signal extraction and
redundancy reduction by mass pattern similarity (centrotype factor > 0.7),
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resulted in a dataset consisting of 115 metabolite features (Sup Table 6)
which was subjected to different multivariate analyses including hierarchical
clustering analysis (HCA) and principal component analysis (PCA).

As a starting point for data analysis, HCA based on all 115 metabolite fea-
tures was performed to explore the data (Figure 2A). HCA suggests that the
leaf metabolome of similar developmental stages shows high similarity, in-
dependently of whether infested by spider mites or left un-infested, while
the leaf metabolomes of early time points was different from those of the
later time points.
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Figure 1. Spider mite population density (/cm?) during 20 days post infestation in G29.
Dark grey bars represent adult density; Light gray bars represent nymph density; Grey bars
represent egg density. The line represents the total population density (Sum of spider mite
adults, nymphs and eggs). Error bars represent the mean + SE of n = 3 biological replicates.

The results of PCA are consistent with HCA (Figure 2B), as most of the vari-
ation in the leaf metabolome could be attributed to the age of the leaves.
There is a clear shift in the composition of the leaf metabolome from 6h to
3, 6,10, 16 and 20 dpi, mostly along the first PC, and independent from spi-
der mite infestation (PC1 19.3% of total variation). The second PC explained
13.8% of the total variation and mainly discriminates spider-mite infested
leaves from those of similar age that were not infested. In all cases, except
for 6 dpi we see a downward shift in the position in the PCA upon spider
mite infestation.
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Dynamic metabolic adaptations
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Figure 2. A. Hierarchical clustering analysis (HCA) of metabolome data of Capsicum leaves
during 20 days post infestation detected by LC-MS platform. Green and red dots represent
control and infested plants respectively; T0.5 represent samples of 6 hours post infestation
(hpi), T3, 6, 10, 16, 20 represent samples of 3, 6, 10, 16, 20 days post infestation (dpi). B.
Principal component analysis (PCA) based on the same dataset. PC1 explains 19.3% and
PC2 explains 13.8% of the total variation. Green and red represent control and infested
plants respectively, closed circles represent data points for 6 hpi, open circles, squares,
triangles, crosses, stars represent 3, 6, 10, 16, 20 dpi respectively. Centralities of three rep-
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Dynamic metabolic adaptations

licates were labeled as 6H, 3D, 6D, 10D, 16D, 20D; C. Number of endogenous metabolites
that were significantly induced or repressed (T-test P<0.05, | Fold change|(FC)>1.5) upon
spider mite infestation in each time point compared with control plants of similar devel-

opmental stage.

Using Student’s T-test to compare the metabolite profiles of spider-mite in-
fested leaves with those of non-infested leaves of the same age, we found
that spider mites significantly induced 12, 2, 6 and 10 metabolites (P<0.05,
| Fold change|>1.5) at 3, 10, 16 and 20 dpi, respectively while 2, 3 and 9
metabolites were repressed by spider mites at 6 h, and 3 and 20 dpi, respec-
tively (Figure 2C).

Six hours after the onset of infestation no semi-polar metabolites were found
to be increased while 2 putative triterpenoid compounds were found to be
decreased by spider mites (Table 1). Three days later, when spider mites had
been clearly feeding as chlorotic spots became visible, we found more com-
pounds significantly altered, among which several triterpene glycosides, fla-
vonoids and an alkaloid that were found to be 9- to 27-fold induced upon
mite feeding, while a carotenoid and two diterpenes were found to be 2- to
4-fold decreased three days after onset of infestation.

No metabolites were found to be significantly different in spider-mite infest-
ed plants from those in non-infested plants on day 6. The observed num-
ber of spider mites suggests that the initially introduced spider mite adults
disappeared, likely as a result of death and hence little feeding activity oc-
curred until 6 dpi, which probably resulted in very small metabolic changes.
New population build-up started with the emergence of nymphs from the
first deposited eggs and the damage inflicted by the feeding of the nymphs
coincides with the increase of a putative alkaloid and a diterpene glycoside
on 10 dpi and six different compounds on 16 dpi. While the total number
of individual spider mites counted on day 20 decreased, the number of sig-
nificantly altered compounds increased, including 10 that were present in
higher concentrations and 9 that decreased. Interestingly, members of simi-
lar biochemical classes of compounds, such as putative diterpene glycosides
and triterpene glycosides showed different responses during the time of in-
festation. For example, a Capsianoside Il like compound (diterpene glyco-
side) decreased 3 dpi, while other putative diterpene glycosides increased
10 and 16 dpi (Table 1). It suggests that the biosynthesis and catabolism of
metabolites belonging to a similar biochemical group are not necessarily
regulated similar in response to a given biotic stress.
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Table 1. Spider-mite induced and repressed endogenous metabolites during 20 days

post infestation in Capsicum annuum G29 as detected by LC-MS platform (T-test p<0.05).

. Biochemical | TSSM/ . . MW
Time class CON KEGG ID Putative Metabolite Formula (Dalton)
Triterpene |17 | 00041305 Acanthopanaxoside B C61H98027 | 1262.29
6 hpi | _saponin
- 0.03 | C00042667 Lanceolitol A7 C31H58011 | 606.38
Flavonoids | 27.39 _ 6,8-Dihexosyl-4',5-dihy- C28H30015 | 606.15
droxy-7-methoxyflavone
- 22.56 | €00006177 Schaftoside C26H28014 | 565.15
- 21.45 | €00047170 Amaroxocane A C5H88017S3 | 1116.52
Triterpene | ) 69 | c00032813 Chiisanoside C48H74019 | 954.46
glycoside
3,4',5,7-Tetrahy-
- 17.58 _ droxy-3',5'-dimethoxyfla- | C39H41019(+) | 812.21
vylium
Triterpene | 654 | co0037718 Randiasaponin I C41H61014 | 777.42
saponin
steroid | 046 | coooasis1 Namonin A C57H84026 | 1184.51
Glycoside
- 15.00 | C00033109 Latifoloside K C53H84021 | 1056.52
3dPi [ qriterpene | 11.27 | 00032813 Chiisanoside C48H74019 | 954.46
Iso-
prenoid-de- | g o _ Tylosin B C47H73NO18 | 939.47
rived Lac-
tone
- 9.64 Glaudelsine; 06-Me, N-de- | -3¢10680011 | 682,30
- Et, N-formyl
Triterpene | 43 | 00039704 Maesasaponin IV3 C62H98028 | 1290.59
glycoside
Carotenoid 0.58 C00000913 Phytofluene C40H62 542.29
Nor-diter- .
oenoid 0.44 | 00028627 mycalolide B C52H74N4017 | 1026.47
Diterpene | >3 | 00029908 Capsianoside IlI C50H84026 | 1100.51
glycoside
Alkaloids | 1.71 | €00039920 Pahayokoide A C72H- 1471.74
: y 105N13020 :
10 Nucleo- C15H-
. nde-_glyco- 1.70 C00001514 UDP-D-glucose 2AN2017P2 566.05
dpi side
Diterpene | 45 | coooxxxx Capsianoside I C50H84025 | 1085.19
glycoside
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Diterpene

K 3.21 CO00XXXX Capsianoside D C82H134038 | 1727.92
glycoside
Triterpene 2.38 C00040895 Beciumecine 2 C63H102031 | 1354.27
16 | Flavonoid | 2.37 | C00005548 'Sorham"ESZS'o'r““”O' C28H32016 | 625.17
dpi - 2.19 - Unknown - -
- 2.11 C00046181 Namonin A C57H84026 1184.51
- 1.93 - Unknown - -
Amino acid 1.86 C00043378 Cervinin C56H82 1187.62
Terpenoid | 40.25 | C00034899 Swietephragmin C C37H46012 682.30
- 25.72 - Unknown - -
Pinocembrin 7-O-ne-
Flavonoid 14.97 | C00008139 opesperidoside 2""-o0-ac- C29H34014 606.19
etate
Terpenoid 13.75 | C00049771 | 16,23,24-Triketomelianin B C41H52010 704.34
Phenolic 2,3,6-Trigalloylglucose;
7.15 - ?-D-Pyranose-form, Me C28H26018 650.10
compound .
glycoside
Flavonoid 6.36 C00009370 Mongolicain A C62H46037 | 1382.30
[3-O-Galloylepicate-
Flavonoid 4.01 C00009220 | chin-(4beta->6)]2-epicate- C66H50030 | 1323.28
chin-3-gallate
Steroid .
. 2.97 C00033179 Marstomentoside Q C71H108027 | 1392.66
Glycoside
20
Alkaloid 2.56 C00039920 Pahayokoide A C72H- 1471.74
dpi : ¥ 105N13020 :
Phenolic |, /g ; Thonningianin B C35H30017 | 722.07
compound
Amino acid 0.19 C00043378 Cervinin C56H82 1187.62
Ca;:’a‘izy' 0.16 | C00046875 Reiniose A C34H42018 | 739.23
Steroid 0.14 C00038796 Clathsterol C38H66015S2 | 826.36
Ca;g‘zzy' 0.12 | 00018529 Trestatin A C56H94N2040 | 1434.74
Steroid .
. 0.12 C00033179 Marstomentoside Q C71H108027 | 1392.66
glycoside
Alkaloid 0.11 C00001654 Mesaconitine C33H45NO011 | 630.93
; Myrice-
Flavonoid 0.07 C00006039 tin 3-(6"-galloylgalactoside C28H24017 632.13
Amino acid 0.03 - Destruxin A3 C29H47N507 | 565.33

There was little overlap in the metabolite profiles of leaves between differ-
ent time points during plant development which suggests high dynamics
in metabolite profiles during leaf development. The increase in the size of

78




Dynamic metabolic adaptations

the spider mite population seems to precede the increase in the metabolic
differences between control and spider-mite infested plants, as the largest
number of metabolites found to be altered (3 and 20 dpi) was found consec-
utively the time points at which the highest numbers of mites were present
(6 hpi, 16 dpi). Although plants used for assessment of mite performance
were all in vegetative stage, leaves used for leaf disc experiments and me-
tabolome analysis were taken from different ontogenic positions and com-
bined. Possibly, this had a quenching effect on the analysis of the magnitude
of metabolome adaptation and/or mite performance. Future experiments
could take this into account using leaves from a similar ontogenic position.

Predatory mite attractiveness

To gain insight if and how the indirect defense level alters upon spider-mite
infestation in Capsicum plants, the attractiveness of plants towards pred-
atory mites was analyzed at three different time points after spider mite
infestation. As attractiveness is a relative trait, it was determined relative to
the attractiveness of 5-day spider-mite infested C. chachoense plants (Gen-
otype 25).

PM relative attractiveness (G29/G25)

0 T T .

7D 14D 17D

Figure 3. Relative attractiveness of Capsicum annuum G29 plants towards predatory
mites (PM) at 7, 14, 17 dpi with two-spotted spider mites relative to 5-day spider-mite
infested plants of Capsicum annuum G25, N = 3. The dotted line indicates where predatory
mites do not show preference for either odour source.
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Relative to reference G25, spider mite-infested G29 plants were significant-
ly more attractive to predatory mites at 7 dpi (Figure 3, Sup Table 7). With
progressing infestation during the experiment the relative attractiveness of
G29 plants decreased. While at 14 dpi G29 plants were still more attractive,
although not significant anymore, at 17 dpi, G29 plants attracted clearly less
predatory mites than G25 plants.

Spider-mite induced volatile metabolites in G29

According to HCA of the volatile metabolites emitted from spider-mite in-
fested and non-infested plants, those from later stages of infestation did
not cluster together or separate from earlier stages, in contrast to the HCA
pattern based on endogenous metabolites (Figure 4A, Sup Table 8). A PCA
based on the same data suggests that both aging of the leaves and spi-
der-mite infestation resulted in alteration of the volatile metabolome (Fig-
ure 4B). Along the first PC (12.5% of total variation), there were metabolite
changes between 6 h, 3 dpi and 6 dpi, but not between 6 h and 20 dpi, or
between 3 and 10, 16 dpi. Along the second PC (9.4% of total variation),
there was little change between 6h and 3 dpi, as well as between 6, 10 and
20 dpi. The metabolic variation between non-infested and spider-mites in-
fested plants occurs along both PC1 and PC2. PLS-DA analysis using infesta-
tion as discriminant showed separation of the volatile blends of non-infest-
ed plants from those infested with spider mites (Figure 4C) of which several
metabolites were suggested to contribute for the separation. Among them,
the homoterpene (3E,7E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT)
was identified as the compound most responsible for this separation and it
was LOG2 (2,84) higher present in the volatile blend of mite-infested plants
in general.

The comparison between volatile metabolites emitted by non-treated con-
trol and spider-mite infested plants showed that 57, 12, 13, 13,9 and 12 me-
tabolite features significantly changed upon spider mite infestation at 6 hpi,
3, 6, 10, 16, and 20 dpi respectively (Figure 4D). Multiple terpenoids, and
green leaf volatiles were either induced or repressed (Table 2). The fact that
the highest number of volatiles, including (Z)-B--ocimene and linalool, was
altered in the first 6 hours after infestation is probably due to the handling
of plants as mechanical damage also results in the production of green leaf
volatiles and volatile terpenes (Piesik et al., 2010). The number of volatile
metabolites did indeed decrease within the first 3 days of infestation and
less volatiles were found increased at later stages of infestation; especially
20 days after infestation, most volatiles were repressed. This could explain
the decreased attractiveness of plants at 20 dpi to predatory mites.
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Figure 4. A. Hierarchical Clustering Analysis (HCA) of the volatile metabolome of Capsicum
annuum G29 leaves during different time post infestation with two spotted spider mites
as detected by GC-MS platform; B. Principal Component Analysis (PCA). PC1 explained
12.5%; PC2 explained 9.4% of the total variation; Green and red represent non-infested
control and spider-mite infested plants respectively; Closed circles represent 6 hpi, open
circles, squares, triangles, crosses, stars represent 3, 6, 10, 16, 20 dpi respectively. Central-
ities of three replicates were labeled as 6H, 3D, 6D, 10D, 16D, 20D; C. Partial Least Square
Discrimination Analysis (PLS-DA) Red triangles represent control plants, N = 3, replicates
were described by a, b, c; Green crosses represent spider-mite infested plants. N = 3, repli-
cates were described by d, e, f; D. Number of volatile metabolites that were significantly
induced or repressed (T-test P<0.05, | FC|>1.5) upon TSSM infestation in each time point
compared with control plants of similar developmental stage.

Table 2. Spider-mite induced and repressed volatile metabolites in genotype 29 during
different days post infestation detected by GC-MS platform (T-test P<0.05, |FC|>1.5)
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cane

Time | Ret(min) Metabolite Formula MW CAS TSSM /CON
5.28 Oxanamide C8H15NO2 | 157 126-93-2 6.61
8.78 Trimethybenzene C9H12 120 108-67-8 604.61
8.90 7,7-Dimethylnor- C9H12 120 | 68757-94-8 230.92

bornadiene
9.11 1,3,5-Trimethy COH12 120 108-67-8 15.40
Benzene
930 | &methyl->-Hepten- | g1 126 | 110-93-0 2.48
2-one
936 | L35 Trimethyben- C9H12 120 108-67-8 36.82
zene
9.51 6’5'3'h$;‘te:‘/' ace- C8H1402 142 | 3681718 261.60
1-meth-
9.87 yl-4-(1-methyle- C10H16 136 138-86-3 5.36
thenyl)-Cyclohexene
10.10 Unknown - - - 4.02
10.12 2-ethyl hexanol C8H180 130 104-76-7 448.47
10.29 (E)-B-Ocimene C10H16 136 | 3779-61-1 3.26
10.48 a-Pinene C10H16 136 127-91-3 51.89
11.31 Linalool C10H180 154 78-70-6 516.40
6hpi
11.33 Unknown - - - 1116.41
(E)-4,8-Dimethyl-
11.41 1,3,7-nonatriene C11H18 150 | 21214-62-0 7.14
(DMNT)
12.67 p-Menthane C10H1602 | 168 96-08-2 247.94
1755 | Nerolidol-epoxyac- | 10 o050, | 296 NA 258.42
etate
(E,E)-4,8,12-
trimethyl-
17.77 1,3(E),7(E), 11-Tri- C16H26 218 NA 3.84
decatetraene
(TMTT)
9.51 cis-3-Hexenyl ac- C8H1402 142 | 3681-71-8 0.01
etate
1103 | Methvl12,15-Octa- | 15,3055 | 290 | 57156-95-3 0.18
decadiynote
1,1-Dimethyl-3-me-
11.48 | thylidene-2-vinyley- | C11H18 150 | 95452-08-7 0.03
clohexane
15.54 1-Chloro octade- C18H37Cl 288 | 3386-33-2 0.01
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14.37 9-Octadecenoic acid C18H3402 282 112-80-1 94.76

19.39 Unknown - - - 76.10
3dpi | 11.08 G'Metglnzdade' C19H40 268 | 10544-96-4 5.01

16.84 | c¥Cholestan-3a-ol, | g 00 400 | 22599-96-8 0.24

2-methylene-

28.97 n-Dotriacontane C32H66 450 544-85-4 3.74
6dpi 5a-Choles-

16.84 | tan-3a-ol,2-meth- C28H480 400 | 22599-96-8 0.02

ylene

10.10 (2)-B-Ocimene C10H16 136 | 10/8/6874 6.59

13.13 | Limonene dioxide 4 | C10H1602 | 168 NA 170.40
10dpi 19.14 Unknown - - - 105.71

Tetracyclopropane
21.65 | derivative of methyl | C25H4202 | 374 | 56051-53-7 287.23
arachidonate

8.78 Trimethylbenzene C9H12 120 108-67-8 5.68

12.06 Unknown - - - 108.29
16hpi | 14.37 | 9-Octadecenoicacid | c18H3402 | 282 112-80-1 165.38

1755 | Nerolidol-epoxyac- | 10 o800, | 296 NA 111.09

etate
5.28 Oxanamide C8H15NO2 | 157 126-93-2 6.61
7.19 4-Penten-1-ol, C6H120 | 100 | 51174-44-8 0.01
3-methyl-

10.12 2 ethyl hexanol C8H180 130 104-76-7 0.00
20hpi 715 73 trans-2-Nonenol C9H180 142 | 31502-14-4 0.00

11.31 Linalool C10H180 154 78-70-6 0.00

11.34 Unknown - - - 0.00

12.41 2-Decen-1-0l,(2) C10H200 156 . 0.00

Plant defense related phytohormones in genotype 29

Phytohormones mediate the downstream signaling after perception of her-
bivore-specific signals during herbivore attack. We analyzed the dynamics
of phytohormone levels (Figure 5) and transcripts of genes involved in their
biosynthesis or signaling (Figure 6) as result of spider-mite infestation.
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Figure 5. Fold change (FC) differences in defensive phytohormones detected in spider-mite
infested plants (TSSM) compared with non-infested control plants (CON) of Capsicum an-
nuum G29 at 6 hours, and 3, 6, 10, 16, 20 days post infestation (dpi). A, FC of cis-OPDA; B,
FC of JA; C, FC of JA-lle; D, FC of SA. Error bars represent the mean + SE of N = 3 biological
replicates.

Lipoxygenases (LOXs) catalyze the oxygenation of fatty acids and thus pro-
vide the substrate for cis-OPDA biosynthesis (Mueller, 1997). In Arabidopsis,
cis-OPDA is transformed into jasmonic acid (JA) through one step of reduction
catalyzed by OPDA reductase (OPR3) (Biesgen and Weiler, 1999) and three
steps of B-oxidation (Turner et al., 2002), catalyzed by three core enzymes,
namely ACYL-COA OXIDASE (ACX) (comprising ENOYL-COA HYDRATASE and
B-HYDROXY-ACYL-COA DEHYDROGENASE) and 3-KETOACYL-COA-THIOLASE
(Wasternack and Hause, 2013). An increase in cis-OPDA level upon spi-
der-mite infestation relative to non-infested leaves was detected as early as
6 hours after introduction of mites, and subsequently dropped below the
level in control plants at 3 dpi. Thereafter, the amount of cis-OPDA in infest-
ed leaves steadily increased relative to the amount in non-infested leaves
with a transient dip at 10 dpi (Figure 5A). LOX2 expression in infested leaves
was repressed at the beginning of the infestation (6 hrs) but increased at 3,
10 and 16 dpi when compared with the levels in non-infested leaves (Figure
6A). As evidenced by the production of cis-OPDA and expression of LOX2,
the JA biosynthetic pathway was induced by spider mites at least at 3 and 16
dpi, corresponding with the moments that most feeding mites, i.e. nymphs
and adults, were present on the leaves (Figure 1). Remarkably, the amount
of JA in infested plants was lower than that in control plants (Figure 5B)
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although, with the exception of 6 h, it still mirrors the pattern of JA-lle. The
absolute amounts of JA were highest in young non-infested plants (1097.75
pmol/g D.W. dry weight at 6 hpi and decreased to 863.04 pmol/g D.W. at 20
dpi. Also in soybean plants, JA levels were highest in young leaves (Creelman
& Mullet, 1995). JA is conjugated to isoleucine to form JA-lle by JASMON-
ATE RESISTANT 1 (JAR1) in Arabidopsis and JAR4 in Solanum nigrum (Stas-
wick and Tiryaki, 2004, VanDoorn et al., 2011). It is counter-intuitive that JA
seems to be repressed by spider mite infestation. However, if the conversion
from JA to JA-lle is increased by spider mites (more than that of OPDA to JA),
more active JA-lle can be produced, while the concentration of JA is lower.

| =iox2

uPDR1.2

= ChiB

Transcript expression relative to control

40 3.5+
=PR

30 2.5

1.54
20

0.5+
10 04

0.54

0

6H 3D 6D 10D 16D 20D 1.5

Figure 6. Gene expression of selected marker genes for the JA, SA and JA/ET pathway
during 20 days post spider mite infestation as determined by gPCR. Y axis indicates ex-
pression relative to that of RPL2 as calculated by 222" method; LOX2 is a marker for JA
biosynthesis, Chi6 and PDR1.2 are marker genes for JA/ET response, PR and BLG are marker
genes for SA response. Error bars represent the mean * SE of N = 3 biological replicates.

Both Chi6 and PDR 1.2 are genes responsive to either JA and/or ET. Tran-
scripts of both genes were found to be suppressed at 6 hpi while Chi6 was
induced at 3 dpi and PDR1.2 was induced at 6 dpi. JA-lle has an essential
role in jasmonate signaling. Studies on Nicotiana attenuata showed that
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leaf wounding remarkably increased the amount of JA-lle. In addition, JA-
lle mediates the degradation of JA transcription factor repressor, jasmon-
ate ZIM-domain (JAZ) via CORONATINE INSENSITIVE 1 (COI1) F-box protein
rather than JA, MelA or cisOPDA and leads to the activation of JA responsive
genes (Thines et al., 2007). JA-lle production was induced by spider mites
from the onset of infestation and reached a maximum at 10 dpi with a lev-
el of 240.74 pmol/g D.W. compared with 4.26 pmol/g D.W. in non-infested
plants (Sup Table 1). Interestingly, at 6 dpi on which there were few feeding
mites, the JA-lle amount dropped to the amounts in non-infested plants.

SA initially decreased upon spider mite infestation, followed by a gradual in-
crease during the following 16 days. After 20 days of infestation, SA dropped
back to approximately the amount of non-infested leaves of the same age
(3092.77 pmol/g D.W.). For SA responsive genes, BGL was found upregulat-
ed 3, 6 and 20 dpi while PR was significantly induced 6 dpi with a 36-fold
change compared to control plants. The SA level coincided with spider-mite
development and might indicate that the level of SA is positively correlated
with the number of spider mites. As SA is known to have a predominant
role in mediating local and systemic plant defense responses against patho-
gens (Rivas-San Vicente and Plasencia, 2011), a possible explanation for the
induction of SA after spider-mite infestation might be the introduction of
pathogen infestation brought in by spider mites as suggested by Alba and
co-workers (Alba et al., 2015) or the presence of bacterial endosymbionts or
their effectors in the saliva of the spider mites (Vacante, 2013). SA marker
genes BLG and PR were also induced 3 and 6 dpi respectively showing that
SA signaling is indeed induced by spider mites and/or their endosymbionts.

Defensive phytohormones changes in genotype 8

Considering that the detected changes in the metabolome due to spider
mite infestation was relatively small compared to the variation due to the
plant development, we performed an inverted approach to analyze the met-
abolic responses to spider mites in another genotype. Genotype (G8) was
selected as it is more susceptible to spider mites, based on the results pre-
sented in chapter 2 of this thesis and infested with a higher density of spider
mites (> 300) to ensure the changes in the metabolome were detectable.
The spider mites were released on Capsicum plants 15 days, 8 days, 4 days,
1 day, 18 hours or 3 hours before harvesting the leaves and one group of
plants was left uninfested. Leaf samples of similar ontogeny were collected
within one hour on the same day, so that the effect of leaf development
stage was excluded.
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With progressing infestation, cis-OPDA increased during the first 8 days
compared with control plants (P<0.05) and then slightly decreased at day
15 (Figure 7). In contrast, both JA and JA-lle transiently increased from 3
hours of infestation onwards until 1dpi and decreased afterwards until day
15. While the amount of JA returned to the basal level that is also present in
non-infested plants (0.62 pmol mg?), that of JA-lle remained at a 4.02-fold
higher level. This difference between JA and JA-lle was also found in geno-
type 29, and is indicative for a dynamic and high flux in the conversion of JA
into JA-lle in response to herbivore infestation.
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Figure 7. Fold change (FC) differences in defensive phytohormones in spider-mite infested
plants (TSSM) relative to non-infested control plants (CON) of G8 at 3, 18 hours (H), and
1, 4, 8, 15 days (D) post infestation (dpi). A, FC of cis-OPDA; B, FC of JA; C, FC of JAlle; D, FC
of SA. Error bars represent the mean * SE of n = 3 biological replicates.

Interestingly, the increased cis-OPDA does not necessarily correlate directly
with the amount of JA nor JA-lle. Spider mites induced a transient upregu-
lation of JA biosynthesis as visualized by increased cis-OPDA, JA and JA-lle
levels in the first 18 hours of infestation. Afterwards, levels of JA related
compounds decreased while SA accumulated (Figure 7). The production of
SA was similar to that of cis-OPDA, continuously increasing from 3 hours
post infestation until 8 dpi when it reached the peak level with a fold change
of 4.6 (Figure 7). In genotype 29, the production of SA seemed to be de-
pendent on the spider mite population density (Figure 1, 5). In genotype 8,
the production of SA correlates nicely with the level of cis-OPDA, suggest-
ing that increasing spider mite damage results in increased JA biosynthesis
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(cis-OPDA) while at the same time spider mite feeding induces SA signaling.
The disconnected correlation between cis-OPDA and products downstream
such as JA and JA-lle suggests genes downstream in JA biosynthesis are re-
pressed, possibly by SA. A recent study in Arabidopsis showed that patho-
gen-mediated SA accumulation resulted in lower JA levels, as SA inhibited
CATALASE2 (CAT2) which was shown to promote JA biosynthetic enzyme
ACX2/ACX3 activity via direct interaction (Yuan et al., 2017).

Endogenous metabolite profile in genotype 8

After raw data alignment and reduction, 134 variables representing en-
dogenous metabolites were generated for multivariate analysis (Sup Table
9). Based on HCA, early time points, 3 and 18 h post-infestation, clustered
together with non-treated control samples and separated from later time
points, indicating that spider-mite induced metabolome adaptation from 1
dpi onwards (Figure 8A). In accordance with HCA, PCA shows that metab-
olome profiles of leaves that were spider-mite infested for 3 and 18 hours
and untreated plants separated from those that were infested for 1, 4, 8
and 14 dpi along PC1 (25.9% of total variation). However, PCA analysis also
shows that within 3 and 18 h after introduction of spider mites the overall
metabolome already differs from the non-treated leaves (Figure 8B) as they
clustered separately from non-infested control samples along PC2 (12.3%
of total variation), suggesting that the recognition of the mites by the plant,
but more likely the technical handling of transferring is visible in the endog-
enous metabolite profile.
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Figure 8. A. Hierarchical clustering analysis (HCA) of endogenous metabolome data of
Capsicum annuum G8 leaves during 15 days post infestation with spider mites. Light
green, red, puple, blue, yellow, dark green and orange dots represent control plants and
spider-mite infested plants for 3, 18 hours, 1, 4, 8, 15 days. Dots colours correspond to
dots in Figure 8B; B. Principal component analysis (PCA) based on the same dataset. PC1
explained 25.9% and PC2 explained 12.3% of the total variation; C. Number of endogenous
metabolites that were significantly induced or repressed (T-test P<0.05, | FC| >1.5) upon
spider mite infestation in each time point compared with control plants of similar devel-

opmental stage.
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Table 3. Spider mites induced / repressed endogenous metabolites during 15 days post
infestation detected by LC-MS platform (T-test p<0.05, |FC| >1.5)

Mo-
Time | Chemical Class TSSM/ KEGG ID Metabolite Formula lecular
CON .
weight
Flavonoids 3.33 - beta-Carotene C40H56 536.44
Flavonoids 0.00 | C00007053 Derricidin C20H2003 | 308.14
Alkaloids 0.28 | C00026003 Pandicine C44- 746.37
. 50N407
3 hpi -
steroidal Gly- | 55 | 00032708 |  Anguivioside B | casH74020 | 970.48
cosides
Flavonoid de- | 4 5o | 00033287 Paniculoside C26H4209 | 498.28
rivatives
18 Pelargonidin 3-glu-
hoi Flavonoids 6.29 | C00006764 | coside-5-(6'"'-malo- | C30H33018 | 681.17
P nylglucoside)
Cylopeptide - . C30H-
alkaloids €00028949 Rugosanine A 43N507 585.32
Macrocycli e | C00018809 Tetranactin C44H72012 | 792.50
lactones
Glycosides oo C00016679 Altromycin F Ca7H- 909.38
¥ ¥ 59NO17 '
Steriods oo 13-Hydroxy-16- | 30160018 | 804.38
kauren-19-oic acid
Triterpenes oo C00044760 Fomlactone A C33H5005 | 526.37
Flavonoids | 84.79 - 34,5, 7-Tetrahy- | 131100006 | 976.21
droxyflavone
1 dpi 7-0-[L-Rham-
nopyrano-
Flavonoids 8.06 - syl-(1,2)-6"-O-mal- | C30H32018 | 680.16
onyl]-D-glucopyra-
noside]
Glycosides 2.18 | C00034894 Specioside C24H28012 | 508.16
1,2-Diacylglyc-
- 0.00 - erol 3-(6-de- | 31060125 | 816.51
oxy-6-sulfo-?-D-glu-
copyranosides)
Cyclic depsi- . . C50H-
peptides 0.00 | C00028547 | Majusculamide C SONSO12 984.59
Xanthenes 0.02 | C00035833 | Griffipavixanthone | C36H28012 | 652.16
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Cylopeptide - . C30H-
alkaloids C00028949 Rugosanine A 43N507 585.36
Terpenes oo - 2-Octaprenylphenol C38H540 526.42
Flavonoids | 77.95 - 345, 7-Tetrahy- | caapaa006 | 976.21
droxyflavone
7-0-[L-Rham-
4 doi nopyrano-
P Flavonoids 9.65 - syl-(1,2)-6"-O-mal- | C30H32018 | 680.16
onyl]-D-glucopyra-
noside]
Steroids 7.65 | CO0003575 Collettiside 11l C45H72016 | 868.48
steroidal Gly- 14 55| 10030553 | Isotubocaposigenin | C30H4406 | 500.31
cosides
Xanthenes 0.01 | C00035833 | Griffipavixanthone | C36H28012 | 652.16
Diterpenes oo - 13-Hydroxy-16- 1 30160018 | 804.38
kauren-19-oic acid
Tricin 7-O-be-
Flavonoids oo €00004444 | ta-D-glucopyrano- - -
side
Glycosides oo C00007245 GDP-L-fucose C16H- 589.08
¥ 25N5015P2 '
Flavonoids oo C00036260 | 28-Nortyphasterol C27H4803 | 420.36
Terpenes oo - 2-Octaprenylphenol C38H540 526.42
Steriods oo €00044760 Fomlactone A C33H5005 | 526.37
| Flavonoids | 81.19 . 345 7-Tetrahy- | papia606 | 976,21
8 dpi droxyflavone
16,17-Dihydrorifa- C37H-
Unknown 3.57 | C00018428 mycin S 47NO12 697.31
- 3.57 - Unknown - -
Ste”;gegslym' 3.43 | C00030553 | Isotubocaposigenin | C30H4406 | 500.31
1,2-Diacylglyc-
Diglyceride ;4 - erol 3-(6-de- 1 31560125 | 816.51
glycoside oxy-6-sulfo-?-D-glu-
copyranosides)
Alkloids 0.06 | CO0040894 Baccatin VI C36H52014 | 708.34
Xanthenes 0.01 | C00035833 | Griffipavixanthone | C36H28012 | 652.16
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Terpenes oo - 2-Octaprenylphenol C38H540 526.42
. C16H-

Glycosides C00007245 GDP-L-fucose 25N5015P2 589.08
16,17-Dihydrorifa- C37H-

Unknown 4.20 | €C00018428 mycin S 47NO12 697.31

15 - 4.20 - Unknown - -

dpi Xanthenes 0.01 | C00035833 | Griffipavixanthone | C36H28012 | 652.16
. . C44H-

Alkaloids 0.00 | C00026003 Pandicine SON407 746.37

Alkloids 0.00 | C00040894 Baccatin VII C36H52014 | 708.34
Cyclic depsi- . . C50H-

peptides 0.00 | C00028547 | Majusculamide C SONSO12 984.59

Three hours after introducing spider mites, a single compound was induced
(p<0.05) while four were repressed by spider mites. The only metabolite
significantly different at 18 hrs was a putative flavonoid (7-O-[L-Rhamnopy-
ranosyl-(1,2)-6"-O-malonyl]-D-glucopyranoside]). As infestation progressed,
the number of significantly induced metabolites increased to 8, 6, 10, 4 at
1, 4, 8 and 15 dpi while the number of repressed metabolites was 3, 1, 3, 4
(Figure 8C).

As JA regulates secondary metabolite biosynthesis under biotic stresses and
enhances the resistance to herbivores and pathogens (Afrin et al., 2015,
Bennett and Wallsgrove, 1994), we expect that metabolites that positively
correlate with the production of JA are potentially defensive compounds.
We classified endogenous metabolites as detected by the LCMS platform
and phytohormones as analyzed by UPLC-MS/MS, into nine clusters using a
self-organizing map (SOM, Supplemental Figure 1). The metabolite cluster in
which most reconstructed metabolite members showed a pattern correlat-
ing with JA production (correlation coefficient > 0.5) among time (Figure
9A) include putative triterpenes, glycosides and peptides. Reconstructed
metabolite members in cluster B (Figure 9B) which particularly accumulate
during later stages (1, 4, 8, 15 dpi) compared with the early stages (3, 18 h
post infestation), include several flavonoids and steroidal conjugates (Figure
9B), and display a pattern that correlates with the amount of SA and cis-OP-
DA (correlation coefficient > 0.5). It could be that the metabolic changes in
this cluster are the result of the infestation and positively correlate with in-
festation level as SA is positively related with infestation level as previously
detected for G29 plants.
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Figure 9. Endogenous metabolites selected based Self-Organizing Map (SOM) in genotype
8 during 15 days post infestation. A. Metabolites positively correlated with JA (Correla-
tion coefficiency>0.5); B Metabolites distance is calculated by Pearson Correlation. Y axis
indicates Log2 transformed relative ion intensity of spider mites (TSSM) infested samples
and non-treated samples (CON).

Volatile metabolite profiles in genotype 8

Volatile metabolites emitted by G8 plants infested with spider mites for 1,
7 or 14 days as well as those from non-treated plants were collected at the
same time. Seventy-five metabolites were detected by GC-MS upon manu-
al alignment by retention time (Supplementary Table 10) and sixty-nine of
them were putatively annotated as known compounds including terpenoids
and green leaf volatiles. Both HCA and PCA indicated that volatile blends
altered after spider-mite infestation. Besides, volatile emission also changed
according to the duration of infestation. Four metabolites, namely TMTT,
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indole, methyl salicylate (MeSA) and geranylacetone were significantly in-
duced (P < 0.05) by spider mites at 1 dpi (Table 4). While after 7 days of
infestation clear damage was visible on the leaves that was inflicted by spi-
der mites, no emitted volatiles were detected that were significantly altered
compared with non-treated plants. Longer infestation (14 dpi) resulted in
increasing visible damage but only a single green leaf volatile, (2)-4-Hex-
en-1-ol, was significantly induced by spider mites (Table 4). As also found
for spider-mite infested leaves of genotype 29 plants, emission of volatile
metabolites was both quantitatively and qualitatively higher in early than in
later stages of infestation (Table 1, 4), consistent with JA accumulation in the
early stages of infestation.

TMTT was identified in maize, tomato, lima bean, medicago and cucumber
upon attack by different herbivore species (Degenhardt and Gershenzon,
2000, Kant et al., 2004, Arimura et al., 2000, Arimura et al., 2008, Bouw-
meester et al., 1999). Several studies have suggested that TMTT contributed
to the attraction of herbivore predators (Mumm et al., 2008, Kappers et al.,
2005). Methyl salicylate (MeSA) is also a herbivore induced plant volatile
(HIPV) involved in plant direct and indirect defense (Gadino et al., 2012,
Mallinger et al., 2011, Tang et al., 2015). JA has been shown to be a key reg-
ulator of TMTT and MeSA emission in tomato upon spider-mite infestation
(Ament et al., 2004). TMTT, MeSA and indole were found to be produced by
maize in a primed state of herbivore infestation and thought to be responsi-
ble for systematic signaling within the plants as well as a warning signal for
neighboring plants for coming attacks (Erb et al., 2015). JA induced the pro-
duction of monoterpene indole alkaloids which are derived from the indole
and iridoid pathway in Catharanthus roseus (Patra et al., 2018). Whether JA
is involved in inducing the indole pathway directly remains unknown (Van
et al., 2015) but, vice versa, indole increased the herbivore-induced produc-
tion of JA-lle and ABA in maize (Erb et al., 2015).

96



Dynamic metabolic adaptations

(2]
@
=
[=]
=]
[
@
o
oo c
‘?‘cm‘f«E

%

— oy D

c SN0 == o

cowSO0O00O0OO0O

o O v v v~ v v« [~ I~
38
372

358 379

433 359
478 475 475 353 374
485 475 4388 358 3& 530
479 479 4387 352 3& 522
433 469 434 362 378 524
437 479 477 359 376 518
4381 469 4384 355 376 530
489 469 478 356 377 523
430 472 434 353 378 523
437 472 4385 355 377 530
4380 471 4385 355 384 531
4385 473 484 359 374 526
433 479 430 362 381 530
433 476 479 355 373 523
435 356 375 524
434 382 381 523
431 359 372 528
479 349 376 519
433 354 3384 526
430 351 374 523
435 356 3&2 528
475 355 375 522
476 353 379 530
437 352 372 531
3T

567 353 378

353 382
358 380
567 349
573 352
570 352

438 353 34
475 353 37
479 358 377 522
4az 3Tz s
437 356 374 529
563 361 437 357 380 522
35 430 358 373
361 437 353 38

Matabolites

ndolke

Glycerol 1.2-0lacetate

3-Hexen-1-ol benzoate, Z)-

2-Cycionexen-1-0l 1-metyi-4-(1-m etnylemyl- ci-
Linalyl acetate

Metmyl szloyEte
(SETE4.5.12-TrmethyRAdeca-1,3.7.11tetraene
Cychpertene Fmetnyh

[(4-Hexyenzene-1.3-dly 1ok (oxy)]bis(trm etnyls kane)
1-Octadecyne
(SETEH48.12-TrmetnyRAdeca-1.3.7.114etraene
trEne-i-meen-1-0l UuonacEtEE
Cychneptzsioiang tetEcecamen

Unknown

Chutyiphmalate

~zrzzlonzne tEtradecametnyh

Unknown

1-Heptacecyne

unknown

Heptane. 1-chioro-

1-Ocmoscyne

(1R2R.38 5R)-)-2.3-Phanedbl

Unknown

p-Cresal

Hexadecanok ackl. memylester
T-Oxadicycb[4.1.0neptane. 1-memyH4-{2-m ethyloxirany i)~
Ethanol 2-phenoxy-

DiemylPhthaite

Phenol 2 4-gH-Duyk6-ntro-

3.4-Hexanedione, 2.2 S4rmethy-
3-Memyicyclopentyl acetate

1H-ndene. 2.3-0Mydro-1,1.3-4rm ey 3-pheny-
Benzene

Styrene

o-Kykene

Heptanal

1.2-Benzenedicamoxylic acid. bis(2-m ethylpropyl) ester
Unknown

1-+Hexanol 2-emyk

=eptzslorEne NenagecaImMEn
Heptaslioxane, hexadecametiyk-

Hexasloxane, tetradecametnyh-

1H-Pymoke. 1-memyk

Enenacyldsne dizotae

Etnymenzene

Tomene

4-reptanone. 2 6-metnyk-

Pnenacyidsne dEctae

1-Tetrzgesyne

1-Tetradecyne

Benzylaconol

Sizrol memye

2-Emymenyl szl Ee

§.9-Undecadlen-2-one, 6. 10-amethy k. (E)-
Heptaslioxane, hexadecamethyk
Cychtetrasibxane, octam ety

Qoznzl

1-Trietmyisilybxyheptadecane

BenzylBenzozte

sopropyl paimRate

soamylsalicyizte

1.3-Cyclopentadiene. 1.3-0k5(1-methylemyT)-
=eragecane

15-Fy=z0k. {-metyk

Unknown

Pentaieno[t 2-5jox Iene. octanydro-. (12 2pna .10 beta 43 3pna 53 3pha -
=zranzl

Benzenacetamide. N-aly+

Cyclopentene, 3mety-

Cychtrelioxane. hexametnyk

1.9-Nonaneaiol

1-Tetradecyne

Propanolc ack, 4-hexen-1-ylester
4-mexen-1-0l (2

5-Hepten-2-one, 6-memyk

97




Dynamic metabolic adaptations

D14

Con

D7

P 2 3 %

Figure 10 A. B. Hierarchical clustering analysis (HCA) of volatile metabolome data of Cap-
sicum leaves during 15 days post infestation detected by GC-MS platform. Green, red,
purple, blue dots represent control plants (CON) and spider-mite infested plants for 1, 7, 14
days post infestation (D1, D7, D14); B. Principal component analysis (PCA) based on the
same dataset. PC1 explained 48.4% and PC2 15.6% of the total variation;

Comparison between genotypes

In genotype 29, the number of endogenous metabolite that changed in re-
sponse to spider mite infestation was highest at 3 and 20 dpi while volatile
metabolites were predominantly induced at 6 hpi (Figure 2). Responding
metabolites included alkaloids, flavonoids, di- and triterpenes within the
endogenous metabolites and mono- and sesquiterpenes within volatile
metabolites (Table 1, 2). Although the total spider mite population slowly
increased during the first 16 day after infestation (Figure 1), the number
of feeding individuals was highest at the beginning of the experiment, fol-
lowed by a decline due to departing or dying adult mites, while at the later
stage of the experiment, the population started to settle from new hatching
eggs. Plants attracted more predatory mites in the early period of infesta-
tion, suggesting that predatory mite attractiveness is associated with the
number of actively feeding mites instead of the total population. Indeed,
more volatile metabolites that were previously described to be associated
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with predator attractiveness, including TMTT, MeSA and other terpenes
(Kappers et al., 2011) were present in higher amounts during the early stag-
es of infestation (Table 2, 4).

Table 4. Spider-mite induced and repressed volatile metabolites in genotype 8 during 15
days post infestation detected by GC-MS platform (T-test p<0.05, | FC|>1.5)

Time | RT Metabolite | Chemical | Chemical | MW g/ | rocy\/can
(min) fomula class mol
20.91 T™TT C16H26 Se;‘;‘::zer' 218.384 | 381944.49
17.38 Indole C8H7N Benzopryrrole | 117.151 164858.88
1 dpi .
Pl 1583 Met;‘:tzal'c C8H803 Phenols | [152.149 | 151572.86
1929 | Geranvlace- | 5500 | Terpeneke- |19, 318|  20287.38
tone tone
7dpi | NONE - - - - -
14 | g50 | (@-4Hexen | 0150 Enol 100.161 41.82
dpi 1-ol

Spider mites induced the production of both of JA and SA (Figure 5, 6). In-
terestingly, the total spider mite population, including eggs positively cor-
related with the production of SA (Pearson Correlation 0.58). In Arabidopsis,
the oviposition by the Large White butterfly Pieris brassicae also activated
the SA pathway and triggered the accumulation of SA (Schmiesing et al.,
2016, Hilfiker et al., 2014). There is a consistent correlation between SA and
cis-OPDA as well as LOX2, indicating that both SA production and upstream
of JA biosynthesis positively correlated with spider mite population devel-
opment. Positive correlations were also found between JA and its amino
acid conjugate JA-lle as well as with JA-regulated pathway genes, PDR1.2,
ChiB but not between cis-OPDA and JA or JA-lle.

In genotype 8, to eliminate the effect of plant development, all traits were
measured on the same day, with infestation occurring at the indicated time
points before the analysis and with a higher number of spider mites. The
most obvious change in endogenous metabolites was already visible at 1 dpi
(Figure 7). However, no specific metabolites that were significantly induced
or repressed were found in common between different time points, even
though the metabolome profiles of plants at 1, 4, 8, and 15 dpi were similar
according to multivariate analysis (Table 3, Figure 8 A, B). No metabolites
significantly altered upon spider mite infestation were found in common be-
tween both genotypes either, probably because that metabolite production
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in response to spider mites was a highly dynamic process and the emission
of volatile blends change rapidly through infestation processing as well as
between genotypes. Compared with G29, we found much less significantly
qualitatively changed volatile metabolites, but the defense-related volatile
metabolites were mostly induced 1 dpi, and not in the later stages of infes-
tation, consistent with G29 (Table 4).

Even though the two genotypes were analyzed within different time scales
and infested with different spider mite intensities, there are overlapping re-
sponses. Spider mites induced quantitatively the most endogenous metabo-
lites in the early stages of infestation, such as 3 dpi for G29 and 1 dpi for G8,
although not as early as several hours post infestation. Outstanding signifi-
cantly induced metabolites include several flavonoids, di- and triterpenoidg-
lycoside conjugates (Table 1, 3). The defensive-related volatile TMTT was
identified among the induced volatiles in the early stages of infestation in
both genotypes (Table 2, 4).

A comparable, positive correlation between JA and JA-lle was observed in
both genotypes, suggesting a linear relationship between them (Figure 5,
7). On the contrary, no positive correlation was found between JA and its
precursor cis-OPDA. Interestingly, a consistent correlation between SA and
cis-OPDA was observed in our results. In Arabidopsis, SA strongly antago-
nizes the JA signaling pathway, resulting in the down regulation of a large
set of JA-responsive genes (Leonreyes et al., 2010). On the other hand, the
majority of JA biosynthetic genes are induced by JA (Turner et al., 2002).
We conclude that the damage inflicted by spider-mite infestation results in
a transient increase in JA and JA-lle followed by a consistent production of
SA. This increased SA might be repressing the formation of JA and JA-lle
because JA and JA-lle decreased while JA precursor cis-OPDA accumulated,
as SA kept increasing. However, the increased production of cis-OPDA and
upregulated or not-downregulated expression of LOX2 upon spider-mite in-
festation suggested that not all steps in the JA biosynthetic pathway were
repressed by SA.

Conclusions

High resolution mass spectrometry based metabolomics was applied to
identify metabolites involved in plant direct and indirect defense in two
Capsicum annuum genotypes. Multivariate statistical analysis suggests that
both the endogenous and volatile metabolome altered through plant devel-
opmental stages as well in response to spider mite infestation. Significantly
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changed metabolites include terpenoids, alkaloids and flavonoids. Stress-re-
lated phytohormones and genes involved in the hormone biosynthetic and
signaling pathways revealed a transiently induced JA pathway followed by
repressed JA signaling and continuously increasing SA signaling upon pro-
gression of spider-mite infestation in Capsicum.

Secondary metabolites and stress-related phytohormones are of great im-
portance in plant defense. Other studies have mostly focused on targeted
metabolite changes upon herbivory attack. In the present study, we applied
untargeted analysis on both the endogenous and the volatile metabolome in
atime dependent manner, in combination with plant hormone analysis. Cap-
sicum responds to spider-mite infestation by instantaneous JA production as
early as 3 hours post infestation and this is accompanied by an increase in
secondary metabolite — both volatile as well as non-volatile — production.
This response is followed by an continuous increase in SA concentration and
a decrease in JA signaling. The results provide a comprehensive overview of
the dynamic metabolic and phytohormone changes that occur during infes-
tation. To further reveal the underlying mechanisms, plant material of 3 dpi
was selected for transcriptome and metabolome analysis in chapter 4.
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Abstract

Plants regulate defense responses towards herbivory through fine-tuning
of defense related plant hormone production, which results in the expres-
sion of defense genes as well as the production of secondary metabolites.
Multiple studies have shown that jasmonic acid (JA), as an essential plant
stress hormone, plays a key role in plant-herbivorous arthropod interaction.
Two-spotted spider mite (Tetranychus urticae Koch, TSSM) is a commonly
reported pest threat for many crops including pepper (Capsicum spp.), and
severely reduces yield. For a better control of this pest, insight into the mo-
lecular mechanisms underlying the defense responses against spider mites
is required. In this study, we compared herbivore and JA-induced changes
in the transcriptome of two Capsicum annuum genotypes that differ in their
susceptibility to spider mites. Multivariate analysis and a weighted gene
co-expression network based on RNA-seq data revealed distinct transcrip-
tome profiles for spider mite and JA induction and relatively similar tran-
scriptional responses between the two genotypes for a given treatment.
Gene ontology and pathway analysis showed that JA mainly induced JA sig-
naling, metabolic processes and responses to wound and abiotic stress and
repressed photosynthesis, while spider mites induced both JA and salicylic
acid (SA) signaling and responses to multiple stresses including wound and
fungus/bacterium. Compared with exogenous JA application, spider mites
induced few differentially expressed genes (DEGs) involved in metabolic
processes except for genes involved in the phenylpropanoid pathway and
lipid metabolic process. Spider mites induced mainly pathogen-related de-
fense responses including the activation of WRKY transcription factors and
pathogenesis related (PR) gene expression likely as a result of SA signaling.
Untargeted analysis of endogenous secondary metabolites on the same
samples confirmed that JA induced more extensive changes in metabolism
than spider-mite infestation, resulting for example in a higher production
of terpenoids and flavonoids. Between genotypes, the more resistant gen-
otype exhibited the higher increase in JA and produced more volatile and
non-volatile secondary metabolites upon spider-mite infestation, which
could explain the stronger defense. We discuss the implications of the si-
multaneous induction of JA and SA signaling by spider mites. Our data pro-
vide a direct comparison between spider mites and JA induced responses
at both the transcriptome and metabolome level and give a comprehen-
sive insight into the hormone-regulated, metabolite-based induced defense
against spider mites in pepper.
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Introduction

Plants have evolved multiple mechanisms to defend themselves against
herbivores and pathogens. Constitutively present leaf surface waxes, toxic
secondary metabolites and morphological structures such as trichomes and
thorns, form the first barrier in plants to prevent herbivore attack (Fursten-
berg-Hagg et al., 2013). Should these barriers not be sufficient, upon her-
bivore feeding, plants can produce defensive proteins and secondary me-
tabolites that are toxic or anti-nutritional to affect the herbivore’s growth
and reproduction directly. In addition to this induced direct defense, arthro-
pod herbivory also results in the release of herbivore-induced plant vola-
tiles (HIPVs) that attract natural enemies of the herbivores, thus protecting
the plant indirectly (Yamawo et al., 2012, Kappers et al., 2005, War et al.,
2012, Gols, 2014). Ubiquitous or species-specific plant secondary metabo-
lites belonging to different chemical classes such as phenolics, terpenoids
and green leaf volatiles play a key role in these direct and indirect defenses
(Cheynier et al., 2013, Tholl, 2015, Scala et al., 2013, Snoeren et al., 2010).

Plants can distinguish herbivore presence from mechanical damage by rec-
ognizing herbivore oral secretions or oviposition fluids (Bandoly et al., 2015,
Little et al., 2007). These elicitors, together with the damage caused by the
herbivore, trigger electrical signals and change the Ca* homeostasis. Sub-
sequently, signal transduction through kinases such as Ca%*-binding protein
kinases (CDPKs) and mitogen-activated protein kinases (MAPKs) is followed
by downstream defense responses regulated through hormone signaling
pathways (Furstenberg-Hagg et al., 2013). Jasmonic acid (JA), ethylene (ET)
and salicylic acid (SA) are the three major plant hormones involved in plant
defense responses to biotic stress, including various pathogens and arthro-
pod herbivores (Bari and Jones, 2009). Both the individual hormones as well
as the crosstalk between them play an essential role in fine-tuning of the
defense responses to specific attackers (Kawazu et al., 2012).

ET is involved in many plant developmental processes such as ripening, and
leaf and flower senescence. Furthermore, it is involved in reactions towards
biotic and abiotic stresses (Bleecker and Kende, 2000). A rapid increase in
ET production is detectable upon interaction of plants with pathogens in-
cluding bacteria, fungi and viruses and this corresponds with the regula-
tion of several plant defense genes (Grennan, 2008, Huang et al., 2016).
These genes are involved in different processes, such as the hypersensitive
response (HR) and the production of phytoalexins (Fan et al., 2000, Bouchez
et al., 2007), pathogenesis-related (PR) proteins and proteinase inhibitors
(Tornero et al., 1994, Tornero et al., 1997, Van Kan et al., 1995, Diaz et al.,
2002). Carmine spider mite (Tetranychus cinnabarinus Boisduval) feeding
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caused an increase in ethylene production by 40% within the first 3 days of
infestation in tomato leaves (Kielkiewicz, 2002).

SA accumulates upon pathogen infection and is generally known to mediate
plant defense responses against biotrophic and hemi-biotrophic pathogens
including systemic acquired resistance (SAR) (Durrant and Dong, 2004). Ap-
plication of exogenous SA and its derivative, acetylsalicylic acid, induced the
expression of pathogenesis-related (PR) genes and enhanced the resistance
to pathogens in tobacco cv. Xanthi-nc (White, 1979, Verma et al., 2016).
NON-EXPRESSOR OF PR GENES1 (NPR1), a master transcriptional co-regula-
tor in the SA signaling pathway is also regulated by the cellular redox state
(Fu and Dong, 2013). NPR1 activates SA-dependent gene transcription by
binding to transcription factors of the TGA family (Wang et al., 2006). Sever-
al WRKY transcription factors are also involved in downstream transcription-
al responses to SA (Eulgem and Somssich, 2007, Kloth et al., 2016).

Jasmonates (JAs) are lipid-derived signaling molecules mediating multi-
ple aspects of plant development such as lateral/adventitious root forma-
tion, trichome formation, flower development and leaf senescence as well
as plant responses to various biotic and abiotic stresses (Wasternack and
Hause, 2013). JAs predominantly have a role in the response to wounding
(Creelman et al.,, 1992), herbivores (Howe and Jander, 2008) and necro-
trophic pathogens (Glazebrook, 2005). Biosynthesis of JA starts with the
oxygenation of a-linolenic acid (18:3) (a-LeA) that is released from chloro-
plast membranes (Weber et al., 1997) catalyzed by LIPOXYGENASES (LOXs)
(Schaller, 2001). The produced hydroperoxy-octadecatrienoic acid under-
goes several enzymatic steps including dehydration, stereospecific cycliza-
tion and reduction catalyzed by ALLENE OXIDE SYNTHASE (AOS) (Laudert et
al., 2000, Kubigsteltig et al., 1999), ALLENE OXIDE CYCLASE (AOC) (Ziegler
et al., 2000) and 12-OXOPHYTODIENOATE REDUCTASE (OPR3), respectively
(Schaller et al., 2000), which is followed by three rounds of B-oxidation to
form JA (Turner et al., 2002). JA is conjugated to the amino acid leucine to
form the bioactive JA-lle (Staswick and Tiryaki, 2004, Kang et al., 2006). In
response to wounding or herbivory, JA-lle accumulates and is perceived by
the CORONATINE-INSENSITIVE 1 (COI1), an F-box protein that forms a Skp1/
Cullin/F-box complex (Xie et al., 1998), which then recruits JASMONATE ZIM
DOMAIN (JAZ) proteins for degradation by the 26S proteasome (Thines et
al., 2007, Yan et al., 2007). In unstimulated conditions, JAZ represses BASIC
HELIX-LOOP-HELIX (bHLH) transcription factors including MYC2, MYC3 and
MYC4 with co-repressor TOPLESS and the adaptor protein NOVEL INTERAC-
TOR OF JAZ (NINJA). Upon stress, degradation of JAZ releases MYC2 which
can then bind to JA responsive elements (G-boxes) in the promoters of JA
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regulated genes (Fernandez-Calvo et al., 2011, Pauwels et al., 2010). In Ara-
bidopsis thaliana, MYC2 positively regulates expression of wound-respon-
sive genes such as VEGETATIVE STORAGE PROTEIN (VSP) 1 and 2, TYROSINE
AMINOTRANSFERASE (TAT) and LOX (Lorenzo et al., 2004). MYC2 enhances
the production of flavonoids, also in Medicago truncatula (Adolfsson et al.,
2017) and is required for the JA-mediated tolerance to the generalist herbi-
vore Helicoverpa armigera (Dombrecht et al., 2007). In addition to MYC-reg-
ulated JA responses, APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF)
domain transcription factors are involved in JA signaling in co-regulation
with ET. ERF1 and OCTADECANOID-RESPONSIVE ARABIDOPSIS59 (ORA59)
are induced by both JA and ET, requiring both signaling pathways in a COI
independent way (Lorenzo et al., 2003, Kazan and Manners, 2013). ERF1
and ORA29 positively regulate expression of PLANT DEFENSIN1.2 (PDF1.2)
and increase resistance to pathogens (Lorenzo et al., 2003, Pre et al., 2008).
MYC2 works as negative regulator of pathogen defensive genes, including
PDF1.2, BASIC CHITINASE (CHIB) and PATHOGENESIS-RELATED GENE 4/HEV-
EIN-LIKE GENE (PR4/HEL) probably mediated by suppression of ERF1 (Dom-
brecht et al., 2007). JA has been identified as the responsible hormone for
the accumulation of several different classes of bioactive secondary metab-
olites (Memelink et al., 2001, Gundlach et al., 1992).

Unlike the synergism between JA and ET, SA regulates biotic stress respons-
es antagonistically with the JA signaling pathway (Bari and Jones, 2009, Erb
et al., 2012, Furstenberg-Hagg et al., 2013). In tomato, JA-induced wound
responses were inhibited by acetylsalicylic acid supporting the antagonistic
relation between the JA and SA pathway (Doherty et al., 1988). Bypassing
JA biosynthesis by exogenous application of methyl-JA in a JA biosynthesis
deficient mutant aos/dde2 did not affect SA mediated suppression of JA re-
sponsive genes PDF1.2 and VSPin A. thaliana (Leon-Reyes et al., 2010). In A.
thaliana, WRKY transcription factors are essential for mediating the cross-
talk between JA and SA (Spoel et al., 2003). Overexpression of the NPR1-in-
dependent transcription factor WRKY70 resulted in constitutive expression
of SA induced pathogenesis-related genes and increased resistance to viru-
lent pathogens while antisense suppression of WRKY70 activated JA respon-
sive/COl independent genes (Li et al., 2004).

Capsicum annuum, including sweet and hot peppers, belongs to the night-
shade family Solanaceae, and is a worldwide grown and economically im-
portant vegetable crop (Carrizo Garcia et al., 2016)(http://www.fao.org). As
for many other crops, herbivorous pests are a major threat to Capsicum
production. The two-spotted spider mite, Tetranychus urticae Koch, is a
cell-content sucking arthropod and has been reported to infest over 200
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plant species, especially within the Solanaceae family (Fasulo and Denmark,
2016), including Capsicum. Predatory mites, Phytoseiulus persimilis, feed on
spider mite adults as well as on their eggs and can use the odour emitted by
infested plants as a cue to locate their prey (Dicke et al., 1991).

To obtain a comprehensive insight into the defense responses of sweet pep-
per against two-spotted spider mites and how the stress-related hormones,
especially JA, play a role in herbivory-induced defenses, we present here a
comparative, genome-wide, transcriptome analysis upon spider-mite infes-
tation and JA treatment in two C. annuum genotypes that differ in spider
mite susceptibility. The corresponding metabolome and defense-related
plant hormone profiles were analyzed to underpin the analysis of the tran-
scriptome defense responses.

Material and methods
Plants, arthropods and experimental set up

Two-spotted spider mites (Tetranychus urticae Koch) were originally ob-
tained from Koppert (Berkel and Rodenrijs, The Netherlands) and propagat-
ed on lima bean plants (Phaseolus lunatus) for many generations. Predatory
mites, Phytoseiulus persimilis were obtained from a standard rearing from
Koppert and were delivered to the lab on the experimental day.

Seeds of Capsicum annuum varieties Vania (Inbred line, Genotype 8) and
Ta Pien Chiao (Land race, Genotype 29) were incubated on wet filter paper
in a Petri dish at 23 °C for 6 to 7 days until cotyledons emerged. Seedlings
were transferred to 7x7x8cm plastic pots filled with compost and grown for
5 weeks in a greenhouse (16 : 8h, 23:18°C / day : night, 50-60% relative hu-
midity) located at Wageningen, The Netherlands. Five-week old plants were
infested with about 300 adult spider mites for 3 days or treated with JA (100
UM, 0.01% Tween-80) for 6 or 24 hours prior to harvest or left untreated. JA
was applied by spraying leaves with a fine mist until drops fell of the leaves.
Leaves from different ontogenic positions from each plant were pooled to-
gether as one bio replicate and powdered in liquid nitrogen. Three inde-
pendent biological replicates were generated for each treatment as well as
for untreated controls. The same samples were used for RNA isolation (two
replicates due to budget considerations), analysis of endogenous metabo-
lites and stress-related phytohomones.
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Spider mite population

In a separate batch of infested Capsicum plants, the number of spider mite
adults, eggs and nymphs on leaves of 3 individual plants were counted after
3 days of infestation to evaluate plant resistance to spider mites.

Olfactometer assays with predatory mites

A Y-tube olfactometer (Takabayashi and Dicke, 1992) was used to determine
preferences of predatory mites. The airflow through each olfactometer arm
was set at a rate of 3.0 I/min. Adult predators were individually introduced at
the start point of the Y-tube. The behaviour of each predator was observed
for 5 minutes. The observation was terminated when a predator crossed the
finish line which was pre-set on each arm of the Y-tube. Predators that did
not reach the finish line (no choice) within 5 min were excluded from the
statistical analysis. Each comparison of odors was tested four times using
20 individual adults per replicate. Choices of predatory mites between odor
sources were analyzed with two-sided binominal tests to determine wheth-
er the distribution of the predators’ choice was significantly different from
50:50. Predators that did not make a choice within 5 mins were excluded
from the statistical analysis.

RNA-isolation, library preparation and sequencing

About 100 mg of tissue of each sample was used for total RNA extraction
with TriPure (Roche, Mannheim, Germany). The extracted total RNAs were
cleaned with the RNeasy Plant Mini Kit (Qiagen, USA) and genomic DNA
was digested using RNase—Free DNase (Qiagen, USA) according to the man-
ufacturer’s instructions. RNA integrity was evaluated by 1.0% agarose gel
electrophoresis. Total RNA for RNA-seq library construction was quantified
(Thermo scientific Nanodrop 2000, Wilmington, USA) and samples with a
concentration above 300 ng/ul, A._ /A . values between 1.8to2.0and A,_/

260" " 280 260

A, values between 2.0 to 2.2 were sent for cDNA library construction and
sequencing (Bioscience, Plant Research International, WUR, Wageningen,

The Netherlands).

Transcriptome libraries were constructed using the TruSeq™ RNA sample
Prep Kit (lllumina, CA, USA). Sequencing was conducted using lllumina HiSeq
™ 2500 (Illumina, CA, USA) platform and produced 9 to 20 million-bp paired-
end reads per sample. Reads were filtered with the program Trimmomatic
(Bolger et al., 2014) to remove the adaptor sequences, empty reads, short
reads (<25bp), reads with an N ratio greater than 10% and low quality se-
guences, all of which negatively affect the bioinformatics analysis.
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Quality control and Mapping

Quality control was performed with FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc) and clean reads were generated in FASTQ
format. Clean reads were mapped to the Capsicum annuum L Zunla-1 ref-
erence genome (http://peppersequence.genomics.cn/page/species/index.
jsp) with CLC Genomics Server 7.0.3 (Mortazavi et al., 2008). Transcript as-
sembly, quantification, normalisation and differential expression analysis
were performed with CLC Genomics Server 7.0.3 using the default settings
for RNA-Seqg mapping and analysis, and using quantile normalization.

Function annotation of Capsicum annuum L Zunla-1 sequences

Capsicum annuum L Zunla-1 sequences were downloaded from the Pepper
Genome Database (release 2.0, Pepper Institute, Zunyi Academy of Agricul-
tural Science). Assembled sequences were putatively annotated using NC-
Bl-blast-2.2 in case of >90% identity and an E-value of <0.00001.

Gene expression analysis

The RNA-Seq reads were mapped to the assembled sequences to calculate
the read counts for each unigene. Only paired-end reads paired with unique
locations were calculated as expression values of the assembled unigenes.
Transcript levels of each unigene were calculated and normalized as the
reads per kilobase of transcript per million mapped reads (RPKM). Genes
that were differentially expressed between different experimental con-
ditions (differently expressed genes, DEGs) were filtered at a threshold of
Log2 transformed fold change (treatment / control) >1.5 or <-1.5 and P <
0.05 after Benjamini and Hochberg false discovery rate correction, (Benja-
mini and Hochberg, 1995).

Cluster analysis

RPKM expression values of DEGs under different experimental conditions
were analyzed in a multidimensional way using GeneMaths XT (Applied
Maths, 2010). The expression values were Log2 transformed and Hierar-
chical Clustering Analysis (HCA) was performed based on Log2 transformed
data. The distance was calculated using Pearson Correlation and summa-
rized with UPGMA (Unweighted Pair Group Method with Arithmetic Mean)
method. Principle Component Analysis (PCA) was performed after HCA with
both row and column data subtracted with the average of that row or col-
umn.
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Gene enrichment analysis

DEGs discovered in our experiment were mapped to GO terms in the gen-
eral gene ontology database (Du et al., 2010) with homolog to Capsicum
annuum.L_Zunla-1 genes in A. thaliana. All the Capsicum genes were blast-
ed against A. thaliana genome using the CLC Workbench (QIAGEN Bioinfor-
matics).

Gene co-expression network analysis

Pearson correlation coefficients were calculated between DEGs to build a
co-expression network using Cytoscape 3.3.0. A threshold correlation of
0.85 (negative or positive) was used to get a minimum number of edges
while retaining maximum nodes.

Stress-related plant hormones

The analysis of endogenous stress-related plant hormones — SA, JA, its bio-
synthetic precursor cis-OPDA and the biologically active metabolite JA-lle
—was performed according to Flokova et al. (Flokova et al., 2014) with mod-
ifications. Frozen plant tissue was ground to a fine powder in liquid nitrogen
and lyophilized. Aliquots of 7 mg of dry weight were extracted in 1 ml of ice
cold 10% methanol/water (v/v) and homogenized using an MM 301 vibra-
tion mill at a frequency of 27 Hz for 3 min (Retsch GmbH & Co. KG, Haan,
Germany) in the presence of zirconium oxide homogenization beads. At this
stage, stable isotope-labelled internal standards [*H,]-SA, [*H_]-JA, [*H,]-cis-
OPDA and [*H,]-JA-lle were added to each sample for quantification. Sam-
ples were further extracted for 30 min by constant shaking (200 rpm) at 4°C.
Plant extracts were centrifuged (13000 rpm/ 10 min/ 4°C) and supernatants
purified using Strata X (30 mg/3 cc, Phenomenex) columns, activated with
1 ml of methanol, 1 ml of water and 1 ml of the extraction solvent. Loaded
samples were washed with 3 ml of water and compounds of interest elut-
ed with 3 ml of 80% methanol/water (v/v). The solvent was evaporated to
dryness under a stream of nitrogen and dried samples were stored at -20°C
until UPLC-MS/MS analysis. The Acquity UPLC® System (Waters, Milford,
MA, USA) coupled to a triple quadrupole mass spectrometer Xevo™ TQ-S
(Waters MS Technologies, Manchester, UK) was employed to determine en-
dogenous levels of plant hormones. Dried samples were reconstituted in
60 pl of mobile phase and injected on reverse phase based column Acquity
UPLC® CSH™ C18; 2.1 x 100 mm; 1.7 um (Waters, Ireland) at a flow rate of
0.4 ml min. Separation was performed at 40°C using a 9 min binary gra-
dient elution using 15 mM formic acid/ water (A) and acetonitrile (B) with
following conditions: 0-1 min isocratic elution at 15% B (v/v), 1-7 min linear
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gradient to 60% B, 7-9 min linear gradient to 80% B and 9-10 min logarithmic
gradient to 100% B. Finally, the column was washed with 100% acetonitrile
and equilibrated for initial conditions (2 min). The eluent was introduced
into the electrospray ion source of a tandem mass spectrometer operating
at following settings: source/desolvation temperature (120/550°C), cone/
desolvation gas flow (147/650L h), capillary voltage (3 kV), cone voltage
(25-30 V), collision energy (10-25 eV) and collision gas flow 0.25 ml min™.
Compounds were quantified in multiple reaction monitoring mode (MRM)
using standard isotope dilution method. The MassLynx™ software (version
4.1, Waters, Milford, MA, USA) was used to control the instrument, and ac-
quire and process MS data.

Volatile metabolites

The headspace of spider-mite infested, JA-treated and non-treated control
plants was collected using a dynamic headspace sampling procedure. In this
setup a table surface of stainless steel with notches was used to position
pots with roots underneath the table surface while stems and leaves were
above. In this way contamination by volatiles from pot and soil was mini-
mized. The shoot was placed under a 2.5 L glass jar. Inlet air was pre-treated
using a zero-air generator (Bronkhorst, The Netherlands) and supplemented
with CO, to 400 ppm and a RH of 50%. Inlet air was introduced via Teflon
tubing into the glass jar at 300 ml.min. Volatiles were collected on pre-con-
ditioned Tenax TA (200 mg, 20/35 mesh; Grace-Alltech, Deerfield, MI, USA)
in stainless steel liners (Markes, Llantrisant, UK) connected to the outlet of
the system at a flow of 200 ml.min™. The slight overpressure minimizes con-
tamination by background odors from the chamber. Volatiles were collected
for 2 hours and afterwards Tenax cartridges were dry-purged with nitrogen
for 30 ml min~? for 30 min at ambient temperature before GC-MS analysis.
Fresh weights of leaves were determined immediately after the collection
for weight correction.

Volatiles were resorbed from the cartridges with a Thermal Desorber TD100-
xr (Unity, MARKES International) connected to a GC/Q-ToF (Agilent Technol-
ogies, CA, USA). Analytes were focused at 0°C on an electronically-cooled
sorbent trap (Unity, Markes, Llantrisant, UK). Volatiles were transferred with
split flow of 99 ml min to the analytical column by rapid heating of the cold
trap to 260°C for 3 minutes using a 7890B GC-system for separation with a
DB-5MS column of 30 m long a 0.250 diameter, 1 um film and a constant
Helium flow of 1.2 ml min. (Agilent J&W CC columns, Agilent Technologies,
CA, USA). For each sample, the oven temperature was set at 40°C for 2 min-
utes to 280°C for 4 minutes followed by a linear thermal gradient of 10 °C
min* and held for 2.5 min. The column effluent was ionized by electron im-
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pact ionization at 70 eV and got detected with an Agilent Technologies 7200
accurate mass Q-Tof GC/MS. Mass spectra were acquired by scanning from
50-350 m/z with a scan rate of 5 scans.min*. Chromatograms were analyzed
for the presence of plant derived compounds using using the deconvolution
software AMDIS (version 2.64, NIST, USA) / MassHunter, Unknown Analysis
© Agilent Techologies, Inc 2008, in combination with NIST 98 and Wiley 7th
edition spectral libraries. For relative quantification, characteristic quantifier
ions were selected for each compound. Data files generated from GC-MS
platform were processed with mzmine (mzmine.github.io/) for baseline cor-
rection, mass spectra extraction and mass signal alighment.

Endogenous semi-polar secondary metabolites

Semi-polar endogenous metabolites were analyzed by Synapt ultra-perfor-
mance liquid chromatography coupled to Time of Flight mass spectrometry
(Synapt UPLC-MS). From the same lyophilized leaf material as used for plant
hormone analysis 20 mg was extracted with 2 ml 75% MeOH (0.1% formic
acid) solution (De Vos et al., 2007). Samples were homogenized for 5 sec-
onds and sonicated for 15 min at maximum frequency (40 kHz) in a water
bath at ambient temperature, and centrifuged for 10 min at 5000 rpm. The
supernatant was filtered using a 0.45 um inorganic membrane filter (Omni-
fix, Germany), fitted onto a disposable syringe and transferred into a 0.3 ml
LC-MS plastic vial. Aliquots of 10 ul of each sample were combined to make
a quality control sample (QC), which was analyzed multiple times through-
out the analyzing sequence in order to be able to correct for shifts in reten-
tion times.

The LC-Synapt QTOF-MS platform consisted of reversed phase liquid chro-
matography (Waters Alliance HPLC 2695) equipped with a luna C18 column
including pre-column (2.0 x 4 mm?) and an analytical column (2.0 x 150
mm?, 100 A, particle size 3 um; Phenomenex), a photodiode array detector
(PDA) and a quadrupole time of flight mass spectrometry of the Synapt G2S
(Waters, QTOF-Ultima) with negative electrospray ionization mode. Five uL
of extracts were separated using a gradient of formic acid:water (1:1000,
v/v; eluent A) and formic acid:acetonitrile (1:1000, v/v; eluent B). Extracts
were injected into HPLC at 0.19 mL min™. The initial solvent composition
consisted of 95% A and 5% B, increased linearly to 65% A and 35% B within
45 min and maintained for 2 min. The column was washed with 25% A and
75% B for 15 min and equilibrated to 95% A and 5% B for 5 min before next
injection. A collision energy of 10 eV was used for full-scan LC-MS in the
m/z range 100-1,500. The mixture was divided into 5 vials to make 5 rep-
licates with maximum volume 180 pl to prevent overflow during injection.
Data files generated from LC-MS platform were processed with Metalign
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software (Lommen, 2009) for baseline correction, mass spectra extraction
and mass signal alignment. MSClust (Tikunov et al., 2012) was used for data
reduction by unsupervised clustering and extracting putative metabolite
from mass spectra from ion-wise chromatographic alignment data. Princi-
pal Component Analysis was performed on the reduced dataset to obtain an
overview of the whole dataset using GeneMath XT 2.0 after log2 transfor-
mation and noise subtraction (Hendriks et al., 2005). Individual metabolites
were analyzed for significant changes upon infestation using a t-test (SPSS
15.0, Chicago, Il, USA). The selected endogenous metabolites were putative-
ly annotated based on their molecular weight using the knapsack database
(http://kanaya.naist.jp/knapsack_jsp/top.html). Multivariate analysis of vol-
atile and non-volatile metabolites was performed using the R-based online
tool, MetaboAnalyst 3.0 (Xia and Wishart, 2002).
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Results

Comparison of spider mite performance and predatory mite attractiveness
in two Capsicum annuum genotypes

Two genotypes that were previously shown to be distinctive in their relative
direct defense to spider mites as well as in their relative indirect defense
with respect to attractiveness towards predatory mites were selected from
22 genotypes from different geographic origins for further analysis. To com-
pare the initial resistance level of these two genotypes, we determined the
spider mite population development (number of adults, eggs and nymphs) 4
days after placing female adults on the whole plant. More spider mites sur-
vived and produced more eggs on genotype 8. Especially, more eggs devel-
oped into young nymphs on leaves of genotype 8 with 13.1 nymphs per leaf
on average compared to 6.2 nymphs per leaf on genotype 29 (P = 0.039).

*
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Adults Eggs Nymphs

HG8 mG29

Figure 1. Spider mite population including adults, eggs and nymphs (per leaf), 4 days after
infestation on Capsicum plants. Data are means (* SE) of 3 replicates and were tested for
significance using a one-tailed T-Test with equal variation. The significance is indicated by
asterisks. *, P<0.05.

The attractiveness of spider-mite induced volatiles towards predatory mites
was compared between both genotypes using a Y-tube olfactometer. Af-
ter 3 days of spider-mite infestation, the odors of infested plants of both
genotypes attracted more predatory mites than non-infested plants (Figure
2). Although not significantly different, the volatile blend of spider-mite in-
fested genotype 8 plants attracted more than 60% of the predatory mites
relative to the blend of genotype 29 plants.
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Figure 2. Numbers of predatory mites that were attracted to odors of spider-mite in-
fested C. annuum plants in a two-choice olfactometer. Four replicates were used in the
comparison between spider-mite infested (TSSM) with non-infested control (CON) plants in
each genotype. Eight replicates were used in the comparison between spider-mite infested
plants of both genotypes. Twenty individual adult mites were tested within one comparison
out of four/eight replicates (X? test, P value).

Defense-related plant hormones

To identify the changes in defense-related plant hormones upon spider-mite
infestation, we measured SA, cis-OPDA, JA and JA-lle in plants of both gen-
otypes that were infested with spider mites for 3 days or were left uninfest-
ed. A two-way ANOVA was conducted to examine the effect of spider-mite
infestation and genotype on hormone levels. In both genotypes, cis-OPDA,
JA, JA-lle and SA significantly increased upon spider-mite infestation (Figure
3), suggesting that spider mites induced the production of both JA and SA in
Capsicum. Significant differences between the two genotypes were found in
amounts of cis-OPDA (P = 0.046), JA (P =0.012) and SA (P = 0.008), but not
in the amount of JA-lle (P = 0.200). Plants of the two genotypes responded
differently to spider mites in terms of SA level, as indicated by the significant
interaction between spider-mite infestation and genotype (P = 0.025). No
significant differences between genotypes were found in the accumulation
of cis-OPDA or JA-lle under control conditions (T-test; P > 0.05), while the
concentrations of JA and SA were 325.3-fold (P = 0.000) and 1.64-fold (P =
0.0373) higher in genotype 8 than in genotype 29. Upon spider-mite infes-
tation, genotype 8 contained 1.95-fold more (P = 0.0349) SA than genotype
29, while for the other hormones analyzed, no differences between spider
mite infested plants of both genotypes were detected (P > 0.05). Interest-
ingly, there was a significantly higher fold change in JA upon spider-mite
infestation in genotype 29 (Supplementary Figure 1), due to the relatively
low constitutive JA production.
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Figure 3. The amount of cis-OPDA, JA, JA-lle and SA in spider mite infested Capsicum
leaves of Genotype 8 and 29. Data represent the average (+SE) concentration of cis-OPDA
(A), JA (B), JA-lle (C), and SA (D) in Capsicum leaves of genotype 8 (G8) and genotype 29
(G29) after 3 days of spider-mite infestation (red bars) or non-treated control (blue bars).
The significance of the effect of genotype, treatment (spider mites) and the interaction be-
tween genotype and treatment is depicted by P-values from two-way analysis of variance.
The significance between spider-mite infested and control plants is depicted by P values
obtained using the two-tailed T-Test with equal variance and indicated by asterisks. ***,
P<0.001; **, P<0.01; *, P<0.05. ns, non significant.

Global transcriptome changes upon spider-mite infestation and JA treat-
ment in two Capsicum genotypes

JA has been identified as the paramount plant hormone regulating plant
defense against herbivores (Erb et al., 2012, Verma et al., 2016). To char-
acterize the mechanism of spider-mite induced defense responses and dis-
entangle the role that plant hormones in general and JA in particular play
in this process, we compared the JA-induced transcriptome response with
that induced by spider-mite infestation in the two genotypes. To cover the
relatively transient response induced by JA, two time points (6 and 24 hrs)
of JA-induction were analyzed while one time point (3 days) of spider-mite
infestation was used.

Principal Component Analysis (PCA) of all detected transcripts (normalized
to RPKM) showed that the first PC explains 13.5% of the total variation and
separates the two genotypes from each other, while samples of different ex-
perimental conditions separate along the second PC (10.6%) (Figure 4). The
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PCA shows that genotypes that differ in their susceptibility towards spider
mites have different transcriptome profiles regardless of whether they are
infested or not. Furthermore, the transcriptome response to spider mites is
clearly different from that to JA.

To reduce the complexity of the data set, we selected the 1955 genes that
were differentially expressed (DEGs) in at least one experimental condition
compared to the corresponding non-treated control and had an absolute
Log2 transformed fold change (FC) > 1.5 and a Benjamini-Yekutieli false dis-
covery rate (FDR) adjusted P value < 0.05.
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Figure 4. Transcriptional changes upon spider-mite infestation or JA application in two
Capsicum annuum genotypes. Principal Component Analysis (score plot) of all transcripts
(RPKM values) detected in leaves of Capsicum annuum. Data points represent the differ-
ent samples. Blue color represents Genotype 8, red represents Genotype 29. Circles repre-
sent non-treated samples, crosses represent samples infested by spider mites for 3 days,
squares and triangles represent samples induced by JA for 6 or 24 hours, respectively. The
first PC explains 13.5% and the second PC 10.6% of the total variation.

To further explore the transcriptional changes, a co-expression network
was constructed based on the expression profiles of the 1955 DEGs across
treatments (Figure 5). Transcriptional interactions with an absolute Pear-
son Correlation Coefficient >0.85 were selected to generate a co-expres-
sion network according to the node-edge ratio (Supplemental data, Table
3) with 87978 edges and 1917 nodes that were scale free over three orders
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of magnitude.
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Figure 5. Gene co-expression network of transcriptomes of Capsicum leaves infested with
spider mites for three days or treated with JA for 6 or 24 hours. The network is visualized
using the organic layout in Cytoscape. Nodes are labeled with a gene function identifier
(The Pepper Genome Database (release 2.0)), diamonds indicate significant P values > 0.05,
circles indicate significant P values < 0.05, and different colors represent expression fold
changes relative to non-treated plants. Edges represent a measure for the correlation co-
efficient between two nodes, with positive correlations depicted in yellow and negative
correlations in blue. A high resolution version of this figure is available in Supplemental
Figure 5.

The co-expression network shows the overall responses to spider mites and
JA in both genotypes. Consistent with Figure 4, the network shows that spi-
der mites induce and repress different clusters of transcripts compared to JA
in both genotypes while transcript profiles upon JA or spider-mite induction
were more or less comparable between the genotypes (Figure 5).

JA induced responses in Capsicum

To reduce the complexity and explain JA and spider-mite induced responses
at the functional level, we performed Gene Ontology (GO) analysis based
on homology of Capsicum DEGs to A. thaliana genes and their function. GO
enrichment showed that JA predominantly induced genes associated with
‘metabolic process’, ‘response to jasmonic acid’, ‘response to fungus’, ‘os-
motic stress’, ‘salt stress’, ‘water deprivation’, ‘wounding’, ‘oxidative stress’
and ‘response to cadmium ion’ (Figure 6, Supplemental Table 2).
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Figure 6. Clustered heatmap of GO enrichment analysis on induced genes in each condi-
tion. The color intensity indicates the level of enrichment. Enrichment value are calculat-
ed by —Log10 transformed FDR adjusted P values. X indicates Genotype.
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Genes involved in the JA biosynthetic pathway were upregulated including
ALLENE OXIDE SYNTHASE (AOS) (Capana03g003512, Capanallg000038),
LIPOXYGENASE 2.1 (LOX2.1) (Capana01g001574, Capana01g001577, Capa-
na01g001578) and JASMONIC ACID CARBOXYL METHYLTRANSFERASE (JMT)
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(Capana04g000320) (Supplementary Table 3). Furthermore, genes related
to JA signaling including JASMONATE-ZIM-DOMAIN PROTEIN 3 (JAZ3) (Cap-
ana01g003720) and multiple JA responsive genes such as PROTEASE INHIB-
ITOR (PI; Capana01g000282, Capanal0g001469), BASIC CHITINASE (CHIB)
(Capana03g000779, Capana07g001180, Capana07g001653), PROTEIN
PATHOGENESIS-RELATED PROTEIN 4 (PR4; Capana08g001236) and BASIC
PR1-LIKE PROTEIN (Capana08g002192) were also induced.

JA induced genes involved in multiple primary metabolic processes includ-
ing ‘isopentenyl diphosphate biosynthetic pathways’, ‘fatty acid metabolic
process’, ‘glutamine amino acid metabolic process’, ‘aromatic amino acid
metabolic process’ and several secondary metabolic processes, including
‘terpenoid biosynthetic pathway’, ‘phenylpropanoid biosynthetic pathway’
and ‘flavonoid biosynthetic pathway’ (Figure 6; Supplemental Table 2). For
induced biosynthetic genes, functional annotation by blasting against the
NCBI non-redundant protein database suggested that Capsicum gene Cap-
ana04g002602 has high homology to (E,E)-geranyl linalool synthase in po-
tato (Solanum tuberosum, E-value 0) and tomato (Solanum lycopersicum,
E-value 0) (Falara et al., 2014). Geranyl linalool can be converted into a
Cl16-homoterpene (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT)
by a cytochrome P450 monooxygenase, CYP82G1 (At3g25180) in A. thaliana
(Snoeren et al., 2010). Multiple cytochrome P450 encoding genes positively
co-expressed with Capana04g002602 (Correlation Coefficient > 0.85), sug-
gesting one of them is probably involved in the production of TMTT. TMTT is
induced by various herbivores and has been demonstrated to be attractive
for predators in many plant species including A. thaliana (Snoeren et al.,
2010), cucumber (Kappers et al., 2011)M - and tomato (Ament et al., 2004).
Furthermore, geranyl linalool is the precursor of non-volatile diterpenes, for
the biosynthesis of which also conversion by cytochrome P450s is required
(Falara et al., 2014). Another JA induced gene, Capana03g001804, shows
homology to CAFFEIC ACID 3-O-METHYLTRANSFERASE (COMT) from Nicoti-
ana attenuata (OIT03318, E value 2e-140). COMT catalyses multi-step meth-
ylations in the lignin and flavonoid biosynthetic pathway (Do et al., 2007).
The JA-induced Capanal2g000350 encoded protein has high homology to
CHALCONE SYNTHASE (CHS) in Lochroma cyaneum (AIY22756.1, E value 0),
which catalyses the condensation of 4-coumaroyl-CoA and malonyl-CoA to
form the flavonoid naringenin chalcone (Coburn et al., 2015).

The early JA-response (6h treatment) resulted in the induction of 211 tran-
scripts and repression of 85 transcripts in genotype 29 (Figure 7). The induced
transcripts include genes involved in ‘amino acid derivatives biosynthetic
pathway’, ‘fatty acids biosynthetic pathway’ and ‘isoprenoids biosynthetic
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pathway’. As the response process further develops, the number of up-reg-
ulated and down-regulated genes increased to 325 and 126, respectively, 24
hours after JA induction. Expression of genes involved in “flavonoid biosyn-
thetic pathways’ and ‘phenylpropanoid biosynthetic pathways’ which are
biosynthetically downstream of ‘amino acid derivatives metabolic process’
was induced. Furthermore, ‘terpenoid biosynthetic pathway’, biosyntheti-
cally downstream of ‘isoprenoid biosynthetic pathway’ was induced after 24
hours of JA induction, but not yet after 6 hours. Gene transcripts repressed
upon 6 as well as 24 hours JA-induction showed enrichment in ‘response to
light stimulus’ and ‘photosynthesis’.

In genotype 8, early overall transcriptional changes to JA treatment were
stronger than in genotype 29, while after 24 hours both genotypes showed
a comparable response (Figure 7). The ‘terpenoid biosynthetic pathway’,
‘flavonoid biosynthetic pathway’, and ‘phenylpropanoid biosynthetic path-
way’ and ‘amino acid derivative metabolic process’ were already induced
6 hours after JA treatment, indicative of a faster response in secondary
metabolite biosynthesis in genotype 8 than in genotype 29. In both gen-
otypes, JA treatment resulted in repression of ‘response to light stimulus’
and ‘photosynthesis’ after 24-hour. The magnitude of JA-repressed photo-
synthesis was smaller in genotype 8 compared to genotype 29 in terms of
both gene number and expression fold change of these genes. For example,
Capana00g002801, Capana00g002799 and Capana00g002794, homologues
of the chlorophyll a/b binding protein encoding gene, LIGHT-HARVESTING
COMPLEX b1 (LHCb1) in S. tuberosum (AAA80593.1, E value 0, O, 0), which is
the subunit of the LHC involved in light harvesting and biochemical energy
conversion (Fernandez and Staneloni, 1996), were 6.6-, 13.1- and 23.0-fold
(Log 2-transformed) repressed by 24-hour JA induction in genotype 8 com-
pared with 23.3-, 72.6- and 128.7-fold, respectively in genotype 29.
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Figure 7. Venn-diagram showing mutual and different differentially expressed genes
(DEGS) in two genotypes upon JA induction for 6 or 24 hours. A and B show DEGs that
were induced and repressed upon JA, respectively.
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Spider-mite induced responses in Capsicum

DEGs upon spider-mite infestation in both genotypes showed overrepre-
sentation of processes associated with ‘responses to fungus’, ‘wounding’,
‘response to jasmonic acid’ and ‘response to salicylic acid’ as well as ‘protein
phosphorylation’ (Figure 6; Supplemental Table 2). Up-regulation of JAbiosyn-
thetic genes encoding LOX2 (Capana01g001577), AOS (Capana08g002494)
and JA/ET responsive genes including PR4 (PATHOGENESIS-RELATED 4;
Capana08g001234, Capana08g002211, Capana08g001236), CHIB (Capa-
na02g002478, Capana02g002477, Capana02g002479, Capana02g002482,
Supplemental Table 3) indicate that spider mites induced the JA signaling
pathway in Capsicum. Furthermore, spider mites also induced genes asso-
ciated with SA signaling, including genes with homology to transcription
factors WRKY40 (Capana08g000683) and WRKY70 (Capana03g002635, Cap-
anal0g001220, Capanal0g001548) as well as the SA inducible gene Glutar-
edoxin GRX480 (Capanal0g000465) (Ndamukong et al., 2007) and SA pos-
itive regulator RLK (Receptor Lectin Kinase, Capana09g001638) (Luo et al.,
2017). Fungal defense related genes such as genes encoding for protease in-
hibitors which are important components of insect and pathogen defenses
especially in the Solanaceae family (Capana01g000500, Capana01g000544,
Capana01g000501, Capana01g000502, Capana01g000547) (Kim et al.,
2009) and PR4 (Capana08g001234, Capana08g002211, Capana08g001236)
were also induced by spider-mite infestation.
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Figure 8. Differentially expressed genes (DEGs) in two genotypes upon spider-mite in-
festation and early or late JA-induction. A. Upregulated DEGs in genotype 8; B. Down-
regulated DEGs in genotype 8; C. Upregulated DEGs in genotype 29; D. Downregulated
DEGs in genotype 29; Venn diagrams show the numbers of DEGs overlapping in each of the
conditions

In contrast to the strong upregulation of metabolic processes by JA, spi-
der-mite infestation resulted in up-regulation of a limited number of met-
abolic processes including lipid metabolism and MYB transcription factors
regulated ‘phenylpropanoid biosynthetic pathway’ (Liu et al., 2015), which
probably led to the production of SA instead of flavonoids that are predomi-
nantly induced by JA (Supplemental Table 2, Figure 6). Nevertheless, a num-
ber of JA-induced Terpene synthase (TPS) genes were also induced by spider
mites, including Capana05g000800, a homologue of the tomato Geranylger-
anyl diphosphate synthase 1 (GGPS1) (S. lycopersicum; NP_001234087.1;
E value 0) (Ament et al., 2006), Capana00g000219 and Capana02g002126
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which are homologues of a-Farnesene synthase (AFS1) from S. lycopersicum
(AEP82777.1; E value 0) (Falara et al., 2011) and N. attenuata (OIT31173; E
value 9e-108). Furthermore, multiple protein kinases especially leucine-rich
repeat transmembrane protein kinase, were up-regulated suggesting the
induction of several different signal transduction pathways known to be re-
lated to abiotic and biotic stresses (Gou et al., 2010).

In genotype 29, 19.5% of the genes induced by spider mites were in com-
mon with JA induced genes (Figure 8), of which five genes revealed an over-
representation of lipid metabolic process and 6 were characterized as stress
defense related genes based on GO enrichment. Five genes were repressed
by spider mites but none of these were enriched in any GO term, such as
Capana02g002739 with homology to a tomato abscisic acid and environ-
mental stress-inducible protein TAS14 (S. lycopersicum, NP_001234038.1, E
value 5e-27) and Capana09g000202, a JA-dependent disease resistant zinc
finger CCCH domain-containing protein encoding gene C3H12, (Deng et al.,
2012).

In genotype 8, 13.5% of genes induced by spider mites were also induced
by JA (Figure 8). Eleven of those commonly induced genes showed overrep-
resentation for ‘stress-responsive processes’, including genes with putative
functions as THIONIN-LIKE PROTEIN (Thi) in N. tabacum (Capanal0g000171,
E value 4e-31) (Wawrzynska et al., 2005), PATHOGENESIS-RELATED PROTEIN
PR-1 in Capsicum annuum (Capana08g002192; E value 5e-131) (Hong et al.,
2005) and PR-4b (Capana08g001236, E value 9e-135). Upon spider-mite in-
festation, Capsicum plants showed JA-related responses by increased ex-
pression of JA-regulated genes including PLEIOTROPIC DRUG RESISTANCE
12 (PDR12, Capanal2g000032), CHIB (Capana02g002478) and JA biosyn-
thesis genes, AOS (Capana08g002494) and LOX2 (Capana01g001577).
However, none of the metabolic processes induced by JA were found en-
riched upon spider-mite infestation except the ‘fatty acid metabolic pro-
cess’ (Figure 6, Supplemental Table 2). There were two genes repressed by
both JA and spider mites with putative homology to TAS14 from S. lycoper-
sicum (Capana02g002739, E value 0.007) (Parra et al., 1996) and putative
RHODANESE-LIKE DOMAIN-CONTAINING PROTEIN from Capsicum chinense
(Capanal0g000843, E value 0.0) (Kim et al., 2017). Even though spider mites
induced the JA signaling pathway, photosynthesis-related genes were not
repressed by spider-mite infestation for three days.

Genotypic variation in spider-mite induced responses

To explain the variation in spider-mite susceptibility based on the transcrip-
tional changes, spider-mite induced DEGs of both genotypes were com-
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pared. We detected 296 DEGs up-regulated and 15 DEGs down-regulated
in genotype 8 while 159 DEGs were up-regulated and 5 DEGs down-reg-
ulated in genotype 29 by spider mites compared with the corresponding
control plants (Figure 8). Thus, the extent of transcriptional changes was
almost twice higher in genotype 8 than in genotype 29. Interestingly, a rel-
ative large portion of DEGs was specific for each genotype, with 60% (178
of 296) of up-regulated DEGs that were specifically induced in genotype 8
while 25% (41 of 159) of up-regulated DEGs found in genotype 29 were not
detected in genotype 8 (Supplementary Figure 2). To compare transcrip-
tional changes quantitatively, we compared transcriptomes of spider-mite
infested leaves between both genotypes directly. Upon spider-mite infes-
tation, in genotype 8 more genes were found enriched in ‘response to SA’
(Supplementary Figure 3) including genes with homology to SA responsive
transcription factor WRKY70 (Capanal0g001220, Capanal0g001548, Cap-
ana03g002635), SA-inducible genes encoding GRX480 (Capanal0g000465)
and RLK (Capana09g001638) while genotype 29 showed more enrichment
in ‘secondary metabolic processes’ including phenylpropanoid biosynthet-
ic pathway gene 4CL3 (Capana03g001732) encoding 4-coumarate-CoA li-
gase (NP_001333794.1; S. lycopersicum, E value 0), flavonoid biosynthet-
ic pathway gene TT7 (Capana03g000102) encoding a cytochrome P450
(ABG74350.1; Capsicum chinense; E value 0) and a lignan biosynthetic gene
(Capana02g002450) encoding dirigent protein (XP_021602373.1, Manihot
esculenta; E value 3e-82). With the hypothesis that spider mites induced
SA signaling, which in turn repressed JA signaling, we particularly exam-
ined JA-induced genes that were not induced or even repressed by spider
mites. In genotype 29, genes enriched in ‘amino acid metabolic process’
and ‘wound response’ were detected while in genotype 8, genes enriched
in ‘lipid metabolic process’ and secondary metabolic processes including
‘isoprenoid biosynthetic pathway’, ‘phenylpropanoid biosynthetic pathway’,
‘lignin metabolic process’, ‘terpenoid metabolic process’, ‘amino acid meta-
bolic process’ and ‘wound response’ were found (Supplementary Figure 3).
In genotype 8, more genes responsive to JA were repressed or not induced
upon spider-mite infestation than in genotype 29, which could support the
hypothesis that there is a stronger suppression of JA responses in genotype
8.

Transcriptome profiling of non-infested plants

As the observed defense responses towards spider mites are determined
by the combination of induced defenses and the basal defense level, we
also compared the transcriptomes of both genotypes in non-infested plants.
No GO term was found significantly (FDR<0.05) enriched in genes with a
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higher expression level in genotype 29 (which was relatively resistant) com-
pared to those in genotype 8 (relatively more susceptible) (Log2(FC) > 1.5,
P < 0.05). In contrast, GO terms ‘response to biotic stimulus’ and ‘response
to stress’ were enriched in genes with a higher expression level in genotype
8, including genes Capana01g000284 encoding OSMOTIN-LIKE PROTEIN
(OSML13) precursor (NP_001311827.1, C. annuum, E value 4e-180) (Kim et
al., 2002), Capana05g001701 encoding ETHYLENE-RESPONSIVE FACTOR 1
(ERF1) (AAK95688.1, S. lycopersicum, E value 1e-101) (Huang et al., 2004)
and Capanal0g002242 encoding ZEATIN O-GLUCOSYLTRANSFERASE-LIKE
(XP_016543732.1, C. annuum, E value 0). Apparently these constitutively
expressed genes do not play an important role in the defense as genotype 8
is more susceptible, while inducible defense responses, such as JA induced
secondary metabolite biosynthesis, as are induced in genotype 29 are more
effective.

Spider-mite infestation induced defensive related metabolites

To verify metabolic processes described by transcriptional changes, we
performed an untargeted analysis of endogenous metabolites of the same
samples that were analyzed for transcriptomes. In addition, emitted volatile
metabolites of spider-mite infested plants of both genotypes were analyzed.

PCA on endogenous metabolites suggested that the largest variation in the
semi-polar metabolites was present between JA-induced and non JA-induced
samples along the first PC (22.1%) while genotypic variation appeared along
the second PC (18.0%). JA-induced metabolome profiles diverted stronger
from non-induced profiles than did spider-mite induced metabolomes. This
difference in the metabolome is consistent with the responses in transcrip-
tome analysis, which together suggests that JA induced extensive changes in
metabolism while spider mites only induced several genes involved in lipid
metabolic process and the phenylpropanoid pathway.
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Figure 9. Principle Component Analysis of metabolomes in C. annuum genotype 8 and
29. A. Score plot of endogenous metabolites in leaves (PC1 explained 22.1%, PC2 explained
18.0% of total variation). B. Score plot of volatile metabolites emitted by spider-mites in-
fested and non-infested plants (PC1 explained 19.0%, PC2 explained 11.6% of total varia-
tion). Data points represent each sample. Blue color represents G8, red color represents
G29. Circles represent non-treated plants, crosses represent plants infested by spider
mites for 3 days; Squares and triangles represent plants induced by JA for 6 and 24 hours,
respectively, green circles represent quality controls (only for endogenous metabolites).
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Table 1. Metabolites that were significantly induced or repressed in leaves of two C. ann-
uum genotypes upon TSSM infestation or JA-induction. Putative annotation was done by
comparing accurate masses and retention times with in-house databases and with the KEGG
(http://kanaya.naist.jp/knapsack_jsp/top.html). Significance is depicted by * (P<0.05), **
(P<0.01) or *** (P<0.001) using the two-tailed T-Test with equal variance. Metabolites with
absolute fold change (FC, treatment/non-treatment or non-treatment/treatment) > 1.5 are

shown.
Biochemical FC CAS RN Putative Metabolite Chemical Formula Mole.cular
class Weight
Alkaloids oo - Antibiotic SF 2425 ** C25H54N1002 526.44
Diterpenoids oo 189368-20-5 Taxumairol C * C26H38011 526.24
Cyanidin 3-(6-
Flavonoids | = | 215176-98.0 | Malonvelucoside)-7- C46H51027 1036.55
(6-feruloylglucoside)-
3'-glucoside *
Flavonoids 20.94 38953-85-4 Isovitexin * C21H20010 432.11
- 2.87 11375184'36' Micropeptin C * C53H69N7014 1027.49
Triterpene | 5 g4 | 259747-95-0 | Assamsaponin A ** C57H88025 1172.56
Glycosides
Triterpene | 35 | 929877-79-2 | Theasaponin C1 ** C57H90025 1174.58
G2 saponin
9 - 2.36 Unknown - - -
JA6 - 2.36 Unknown - - -
/CO | Carotenoids 2.34 640-03-9 Antheraxanthin * C40H5603 584.42
N Phenylpropa
noids 2.23 - Pterocarinin A * C46H36030 1068.13
(tannins)
cyclic .
. . 2.14 136634-57-6 Plusbacin A1 * C48H79N11020 1129.55
depsipeptide
Triterpene |4 g | 288153-05-9 TR-Saponin ** C51H78020 1010.51
saponins
- 1.58 Unknown - - -
Pyrans 0.69 63023-59-6 Costatone * C10H12Br 391.86
- 0.41 7545-84-8 Neoclauxin ** C26H1609 472.08
A'k"’!sfl:/')h 0.37 | 137793-81-8 | Michellamine A *** CA6HA8N208 756.34
Carotenoids 0.15 472-70-8 beta-Cryptoxanthin * C40H560 552.43
Diterpenes oo 51330-30-4 Stevioside *** C38H60018 804.38
Diterpenoids oo 189368-20-5 Taxumairol C ** C26H38011 526.24
Alkaloids o 76282-39-8 Pandicine ** C44H50N407 746.37
Alkaloids oo - Antibiotic SF 2425 * C25H54N1002 526.44
Flavonoids 11.95 38953-85-4 Isovitexin ** C21H20010 432.16
Steroid 3.73 | 26151-14-4 Saponoside A ** C54H84025 1132.53
glycoside
steroid 3.48 | 276680-60-5 |  Anguivioside B * C48H74020 970.48
G2 G|YCOSIdeS,
g | Tmterpene | o7 | 259747.95-0 | Assamsaponin A ¥** C57H88025 1172.56
1A2 Glycosides
a/c - 2.34 Unknown - - -
on | Triterpene 2.23 | 929877-79-2 | Theasaponin C1 ** C57H90025 1174.58
saponin
- 2.23 Unknown - - -
- 2.23 Unknown - - -
Triterpene 2.2 259748-74-8 Assamsaponin E * C59H92026 1216.59
Phenylpropa
noids 2.17 - Pterocarinin A * C46H36030 1068.13
(tannins)
cyclic .
2.03 136634-57-6 Plusbacin A1 * C48H79N11020 1129.55

depsipeptide
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Triterpene | ) g1 | 288153-05-9 TR-Saponin * C51H78020 1010.51
saponins
Tannins 1.62 - Quisqualin A * C39H28025 896.09
Pyrans 0.59 63023-59-6 Costatone ** C10H12Br 391.86
A'ka;::';::/ Ph | 054 | 137793-81-8 | Michellamine A** | C46H4SN208 756.34
Carotenoids | 0.13 | 472-70-8 be"a'cryfi"xanth'” C40H560 552.43
- 0 7545-84-8 Neoclauxin *** C26H1609 472.08
Carotenoids 0 144-68-3 Zeaxanthin * C40H5602 568.43
Triterpenes | oo 5563702 | SPrilocDiacetoxy-12- C34H5404 526.40
ursene
=
MeTPENe | 534 | 259747-95-0 | Assamsaponin A * C57H88025 1172.56
Glycosides
Triterpene | 5| 588153.05-9 TR-Saponin * C51H78020 1010.51
saponins
friterpene | 19 | 929877-79-2 |  Theasaponin C1 * C57H90025 1174.58
saponin
- 2.19 Unknown - - -
- 2.19 Unknown - - -
Peptides | 2.14 | 36528-64-0 llamycin B1 C54H77N9010 1011.58
Rufomycin B1 *
- 2.1 Unknown - - -
steroid 1 09 | 26151-14-4 Saponoside A * C54H84025 1132.53
glycoside
steroid 1.98 | 276680-60-5 | Anguivioside B ** C48H74020 970.48
G2 Glycosides,
9 Depsipeptid -
Tes - 1.82 | 189757-91-3 Fusaricidin D ** C46H76N10012 960.56
M Tricetin 3'-methyl
Flavonoids | 1.71 | 107668-77-9 ether 7,5'- C28H28019 668.12
diglucuronide *
Ceramides 1.65 | 346425-30-7 Calyceramide * C34H67NO7S 633.46
cyclic 1.6 | 136634-57-6 Plusbacin A1 * C48H79N11020 | 1129.55
depsipeptide
Phenols 0.39 4299-57-4 Plastoquinone 9 * C53H8002 748.62
- 001 | 7545-84-8 Neoclauxin ** C26H1609 472.08
Carotenoids | 0 472-70. | PetCryptoxanthin C40H560 552.43
Diterpenes 0 63550-99-2 Rebaudioside C *** C44H70022 950.44
2- Iphenol
Phenols 0 - Octaprenylpheno C38H540 526.42
Phenylpropa
noids 0 - Pterocarinin A * C46H36030 1068.13
(tannins)
Akaloids 0 309963-07-3 Lissoclinamide 9 * C35H45N705S2 707.29
Isoscutellarein 4'-
Flavonoids oo . methyl ether7-(6"'- C30H34017 666.18
Gs acetylallosyl)(1->2)-
A6 glucoside **
I | Alkaloids = - Antibiotic SF 2425 * | C25H54N1002 526.44
N Akaloids 2.91 | 185750-71-4 D'bromOpZake”Sta“” C11H10Br2N402 | 387.92
- 2.69 | 270926-87-9 Abutiloside D * C50H84022 1036.55
- 2.39 Unknown - - -
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Bijaponicaxanthone

Xanthones 2.28 - x - -

- 2.23 | 346425307 |  Calyceramide ** C34H67NO7S 633.46

Dem;iep“d 22 | 189757-913 Fusaricidin D * C46H76N10012 | 960.56

Flavonoids 2.17 38953-85-4 Isovitexin * C21H20010 432.11

Hemiterpen | o | 394212421 | Hymenoside H * C35H38017 730.21
e glycosides

cyclic 1.73 | 136634-57-6 Plusbacin AL * C48H79N11020 | 1129.55
depsipeptide

Cyanidin 3,5-
Flavonoids 1.69 - diglucoside (6",6"'- - 709.16
malyldiester) ***

Akaloids | 1.66 | 309963-07-3 | Lissoclinamide 9* | C35H45N70552 707.29
Carotenoids | 0.41 472-70-8 beta-Cryptoxanthin * C40H560 552.43
T”terzem'd 038 | 19057-60-4 | Collettiside IIl ** C45H72016 868.48
Diterpenes 0.09 63550-99-2 Rebaudioside C * C44H70022 950.44

Phenols 0 . 2-Octaprenylphenol C38H540 526.42
Carotenoids 0 144-68-3 Zeaxanthin ** C40H5602 568.43

Furans oo 21453-69-0 (+)-Lirioresinol B *** C22H2608 418.16

Alkaloids oo R Antibiotic SF 2425 ** | C25H54N1002 526.44

Flavonoids oo 59952-97-5 Carlinoside * C26H28015 580.14
steroidal | 66 | 929701-99-5 | Isotubocaposigenin * | C30H4406 500.31
Glycosides
Akaloids | 3.46 | 185750-71-4 | DiPromophakellstatin |y 5 oNs00 | 387.92
G8 Akaloids 2.6 309963-07-3 Lissoclinamide 9 * C35H45N705S2 707.29
JA2 - 2.42 Unknown - - -
4/c ijaponi
O/N Xanthones 238 i Buaponlc::anthone i i
- 2.09 | 346425-30-7 Calyceramide * C34H67NO75 633.46
Tannins 1.9 - Quisqualin A * C39H28025 896.09
DEps'epSe"“d 1.85 | 189757-91-3 Fusaricidin D * C46H76N10012 960.56
cyclic )
Y 1.74 | 136634-57-6 Plusbacin Al * C48H79N11020 | 1129.55
depsipeptide
Carotenoids 0 144-68-3 Zeaxanthin * C40H5602 568.43
Diterpenes 3787‘1 51330-30-4 Stevioside *** C38H60018 804.38
. 256.4 N .
Flavonoids 7 32769-01-1 Tricin 7-glucoside * C23H24012 492.13
steroidal |, o0 | 979701-99.5 | !Otubocaposigenin C30H4406 500.31
G8 Glycosides *k
TSS | Flavonoid | o0 | 5055g4.37.8 | ViteXin 6-0-malonyl | g 10045 650.15
M glycosides 2"-o-xyloside *
Pelargonidin 3-
Flavonoids | 0.66 | 167774-88-1 | glucoside-5-(6"'- C30H33018 681.17
malonylglucoside) *
Phenols 0.43 4299-57-4 Plastoquinone 9 *** C53H8002 748.62
Akaloids | 0.33 | 309963-07-3 | Lissoclinamide 9 * | C35H45N70552 707.29
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To reveal metabolic changes in detail, relative amounts of endogenous me-
tabolites were compared under different conditions relative to non-treated
samples in both genotypes using T-test. In genotype 29, 21 metabolite fea-
tures were significantly different between spider mite-infested and control
plants of which 7 features were suppressed by spider mites and 14 were
induced (Table 1). Genotype 8 showed 7 metabolite features significantly
different between spider mite-infested and control samples of which 4 were
induced and 3 were repressed. Most of the metabolites induced upon spi-
der-mite feeding are terpenes and their glycoside conjugates. A diterpenoid
conjugate and a flavonoid-O-glucoside were strongly increased upon spi-
der-mite infestation in genotype 8, specifically. Only a single metabolite,
the putative plastoquinone 9, was repressed by spider mites in both gen-
otypes. JA-induction resulted in 23 metabolite features that were induced
and 5 that were repressed after 24 hours in genotype 29 while in genotype
8, the number of induced and repressed metabolite features was 14 and
1, respectively. In both genotypes, JA induced higher fold changes in more
metabolites than did infestation with spider mites, including in terpenoids,
flavonoids and alkaloids (Table 1). In addition, JA significantly repressed
the production of metabolites with putative annotation to carotenoids
B-cryptoxanthin and zeaxanthin in both genotypes while spider mites only
repressed B-cryptoxanthin in genotype 29 and had no effect on any carot-
enoids in genotype 8. Xanthophylls are accessory pigments for photosyn-
thesis and assist chlorophylls in light harvesting (Ma et al., 2012, Xu et al.,
2015). These findings are consistent with JA repressed photosynthesis found
in the transcriptome analysis of both genotypes.

Volatile metabolite changes were estimated by computing the fold chang-
es in metabolite concentrations upon spider-mite infestation relative to
non-treated samples in both genotypes. Methyl salicylate (MeSA) was the
most distinctive compound present in the volatile blend of spider-mite in-
fested plants of both genotypes while it was absent in the blend of non-in-
fested plants (Table 2).

Upon spider-mite infestation, 70 volatile metabolite features displayed in-
creased emission and 14 were decreased relative to non-treated plants in
genotype 8 while there were 96 volatile metabolite features induced and
35 repressed in genotype 29. In both genotypes, monoterpenes, sesquiter-
penes, phenolics, and alkaloids were detected in the induced volatile blend
(Table 2, Supplemental Table 3, Supplemental Figure 4 A, B). The concom-
itant increased emission of MeSA and MelA confirms the spider-mite in-
duced accumulation of SA and JA.
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Table 2. Volatile metabolites emitted by C. annuum plants of genotype 8 and 29 that were
by spider mites(TSSM). Table includes volatile metabolites that were significantly induced
or repressed by spider mites( | Log2 (FC)|>0) in each genotype compared to by non-infested
plants and those different emitted in two genotypes upon spider mites (G29/G8). The top
20 features for each comparison are given.

Ret(?ntlon- Log2(FC) Volatile Metabolite Chemical
time Formula
19:00 8.40 N-(1-Cyano-2-imidazol-1-yl-ethyl) formamide C7H8N40
15:83 8.20 Methyl salicylate C8H803
[1aS-(1a.alpha.,3a.alpha.,7a.beta.,7b.alpha.)]-1H-
20:36 8.17 Cyclopropala]naphthalene, decahydro-1,1,3a- C15H24
trimethyl-7-methylene
18:75 3.16 Z—Methyleng—S—(l—methylvinyl)—S—methyI— C15H24
Bicyclo[5.3.0]decane
20:10 8.13 (E,E)-alpha.-Farnesene C15H24
15:78 8.09 trans-p-mentha-1(7),8-dien-2-ol C10H160
14:64 8.02 1,3,8-p-Menthatriene C10H14
16:75 7.97 Cyclohexene, 6-butyl-1-nitro- C10H17NO2
18:66 7.89 4,11,11-trimethyl-8-metf;yr::nebicyclo[7.2.0]undec-3- C15H24
21:60 283 Tricyclo[7.4.0.0(3,8)]tridec-12-en-2-one, 5,6-epoxy-4- C17H2002
methyl-1-(2-propynyl)-
14:46 7.63 Benzene, 2-ethyl-1,4-dimethyl- C10H14
18:59 7.61 2-Pentenamide, 4-methyl-N-phenyl- C12H15NO
14:35 7.42 cis-Ocimene, 8-oxo- C10H140
20:20 7.35 Dodecanoic acid, methyl ester C13H2602
G29 1R,3aS,8aS)-7-Isopropyl-1,4-dimethyl-1,2,3,3a,6,8a-
TSSM/ 20:22 723 ( ! tha?\//droazulene ! C15H24
CON 1926 717 Bicyclo[5.2.0]nonane, 4—methylene—2,8,8—trimethy|—2— C15H24
vinyl-
14:13 7.04 Benzoic acid, methyl ester C8H802
15:82 6.96 Methyl salicylate C8H803
22:12 6.78 1-methylpropyl-Cyclooctane C12H24
13:72 6.67 1,4-Cyclohexadiene, 3-ethenyl-1,2-dimethyl- C10H14
16:77 6.60 7-Oxabicyclo[4.1.0]heptane, 3-oxiranyl- C8H1202
19:55 -6.93 Methanone, (2,3-dihydro-5-benzofuryl)(4-morpholyl) C13H15NO3
24:20 -6.98 2,4-Diphenyl-4-methyl-2(E)-pentene C18H20
28:27 7.00 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) C16H2204
ester
25:27 -7.27 Dibutyl phthalate C16H2204
22:65 -7.33 Benzoic acid, 2-ethylhexyl ester C15H2202
25:76 -7.70 Isopropyl palmitate C19H3802
24:84 -7.86 Benzene, (1-methyldodecyl)- C19H32
19:30 -9.00 1,3-Benzenediol, 0,0'-di(2-methylbenzoyl)- C22H1804
13:67 -9.02 Phenacylidene diacetate C12H1205
4:90 -10.41 Benzene, 1,2-difluoro-4-(trifluoromethyl)- C7H3F5
15:82 12.68 Methyl salicylate C8H803
18:33 12.20 cis-3-Hexenyl cis-3-hexenoate C12H2002
14:26 12.12 Cyclohexane, 2-ethenyl-1,1-dimethyl-3-methylene- C11H18
G8 5-[(Trimethylpyrazol-4-yl)methyl]-1,3,5-triazinane-2-
TSSM/ 14:60 11.32 A " C10H17N5S
CON thione
20:90 10.75 (3E,7E)-4,8,12-Trimethyltrideca-1,3,7,11-tetraene C16H26
21:60 10.64 Phenethylamine, 2,4,5-trimethoxy-.alpha.-methyl- C12H19NO3
18:66 10.45 Bicyclo[5.3.0]decane, 2-methylene-5-(1-methylvinyl)-8- C15H24
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methyl-
19:22 10.44 Cycloheptasiloxane, tetradecamethyl- C14H4207Si7
20:68 10.37 Cyclohexene, 1,5,5-trimethyl-3-methylene- C10H16
20:81 10.34 Hexadecane, 2-methyl- C17H36
20:82 10.05 Cyclohexanepropanol- C9H180
13:13 9.82 1,3,6-Octatriene, 3,7-dimethyl-, (2)- C10H16
14:64 9.68 p-Mentha-1,5,8-triene C10H14
1H-Cyclopropala]naphthalene, decahydro-1,1,3a-
20:36 9.61 trimethyl-7-methylene-, [1aS- C15H24
(1a.alpha.,3a.alpha.,7a.beta.,7b.alpha.)]-
15:58 9.41 endo-Borneol C10H180
14:27 9.04 [(4-Hexylbenzene-1,3-diyl)bis(oxy)]bis(trimethylsilane) | C18H3402Si2
. Naphthalene, decahydro-4a-methyl-1-methylene-7-(1-
20:30 8.94 methylethenyl)-, [4aR-(4a.alpha.,7.alpha.,8a.beta.)]- C15H24
16:12 8.83 Bicyclo[3.1.1]hept-3-en-2-one, 4,6,6-trimethyl-, (1S)- C10H140
12:30 8.82 Cyclopentene, 3-methyl- C6H10
15:15 -2.10 Heptane, 1-chloro- C7H15CI
12:36 -2.24 Benzene, 1,2,4-trimethyl- C9H12
16:53 -2.44 1H-Pyrazolo[3,4-d]pyrimidin-4-amine C5H5N5
15:78 -2.49 Ethanol, 2-[methyl(phenylmethyl)amino]- C10H15NO
22:00 -2.67 Benzophenone C13H100
12:90 -2.77 (E)-3-Caren-2-ol C10H160
13:44 -3.01 Ethanone, 1-(4-methylphenyl)- C9H100
9:96 -3.02 Benzene, 1,3-dimethyl- C8H10
10:40 -3.07 Styrene C8H8
20:10 -3.90 1-Octadecyne C18H34
16:64 8.06 2,4-Dimethylamphetamine C11H17N
6:78 7.91 Pentanenitrile C5HIN
13:72 7.71 Phenol, 4-ethyl- C8H100
16:75 7.07 2-Octanone, 1-phenyl- C14H200
20:10 7.04 Pentadecanal- C15H300
11:39 6.99 2(5H)-Furanone, 5,5-dimethyl- C6H802
16:16 6.83 2-Ethylphenol, methyl ether C9H120
15:39 6.72 4-(3-Methoxycarbonylpropyl)-4-butanolide C9H1404
17:35 6.71 Indole C8H7N
. (4R,4aS,65)-4,4a-Dimethyl-6-(prop-1-en-2-yl)-
20:20 6.69 1,2,3,4,4a,5,6,7-octahydronaphthalene C15H24
16:77 6.68 2-Hexyne, 4-methyl- C7H12
G29(TS 14:36 6.61 cis-Ocimene, 8-oxo- C10H140
SM)/G 14:77 6.55 2,4,6-Octatriene, 2,6-dimethyl-, (E,Z)- C10H16
8(TSS 14:64 6.54 1,4-Cyclohexadiene, 3-ethenyl-1,2-dimethyl- C10H14
M) 14:46 6.41 Unknown
19:00 6.36 Furyl hydroxymethyl ketone C6H603
14:45 6.27 Benzene, 2-ethyl-1,4-dimethyl- C10H14
15:78 6.26 Carveol C10H160
20:00 6.24 (E,E)-alpha.-Farnesene C15H24
9:50 6.22 (E)-4-Hexen-1-ol, C6H120
22:77 -2.02 Benzene, (1-pentylheptyl)- C18H30
15:82 -2.36 Methyl salicylate C8H803
17:31 -6.61 1-Octadecyne C18H34
18:33 -6.72 cis-3-Hexenyl or cis-3-hexenoate C12H2002
15:49 -6.87 (a, a)-4-trimethyl-benzenemethanol C10H140
9:11 -7.38 Naphthalene, 2-ethoxy- C12H120
13:67 -8.71 Phenacylidene diacetate C12H1205
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Benzenoids are the most distinctive group of compounds repressed in the
two genotypes. As cinnamoyl-CoA and benzoyl CoA are involved in the bio-
synthesis of both SA and benzenoids in e.g. petunia flowers (Klempien et al.,
2012), it suggests that common precursors are converted to SA and MeSA
instead of benzenoids upon spider-mite infestation. Ninety volatile metab-
olite features exhibited higher production in genotype 29, including most
of the terpenoids and green leaf volatiles, while only 8 volatile metabolites
were higher in genotype 8 (Supplemental Table 3, Supplemental Figure 4C.)
which is in agreement with transcriptome analysis indicating more second-
ary metabolite related genes were induced by spider mites in genotype 29.
While both genotypes exhibited enhanced attractiveness to predatory mites
upon spider-mite infestation, genotype 8 was more attractive than geno-
type 29. Genotype 29 had higher induced emission of (E)-B-ocimene, (E,E)-
a-farnesene, TMTT and (E)-3-hexenol compared to genotype 8, which are
suggested to be involved in the attraction of natural enemies in many plant
species (Kappers et al., 2011, Zhang et al., 2009, Schnee et al., 2006, Copo-
lovici et al., 2011). Intriguingly, only two volatile metabolites were induced
to a higher level in genotype 8, putatively annotated as 3-methyl-cyclopen-
tene and MeSA. MeSA is extensively reported to be attractive to predatory
mites in many plant species (Shimoda, 2010, Ishiwari et al., 2007, De Boer
and Dicke, 2004, Kappers et al., 2011). Although, the attractiveness to pred-
atory mites is most likely the result of the blend of volatile metabolites emit-
ted, our data suggest that MeSA is an important compound determining
predatory mite preferences.

Discussion

Many studies have shown that JA plays a prominent role in plant defense
against herbivores (Bari and Jones, 2009) and induces the production of me-
tabolites such as terpenoids, alkaloids and proteins that deter herbivorous
attackers directly or indirectly (van der Fits and Memelink, 2000, Aerts et al.,
1994, Ament et al., 2004, Chen et al., 2005).

Here we found that in C. annuum spider mites induce distinctive transcrip-
tional changes different to those in response to JA (Figure 4, 5). JA treat-
ment induced genes enriched in wound responses and JA biosynthesis
genes including LOX, AOC and AOS. In multiple plant species it has been
described that wound responses are mediated by the COI1-dependent JA
signaling (Wasternack et al., 2006, Wang et al., 2008) and that JA regulates
JA biosynthesis via a positive feedback loop (Wasternack and Hause, 2013).
The expression of genes related to different secondary metabolite biosyn-
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thesis pathways including those of terpenoids, flavonoids and phenylpro-
panoids were also induced by JA (Figure 6, Supplemental Table 2). Multi-
ple terpenoids, flavonoids and alkaloids were found in a higher abundance
in endogenous metabolites upon JA treatment (Table 1). Previous studies
showed that JA enhances flavonoid production probably via MYB transcrip-
tion factors (Pireyre and Burow, 2015, An et al., 2015) in which MYC2 was
shown to have a positive role (Dombrecht et al., 2007). Several JA induced
terpenoids and alkaloids have been confirmed and multiple biosynthetic
genes as well as regulators were identified in tomato Lycopersicon esculen-
tum (Ament et al., 2004), Artemisia annua L (Yu et al., 2012), Catharanthus
roseus (Zhu et al., 2015). Although due to the complexity of different met-
abolic biosynthetic pathways and limited datasets of the current study, it is
difficult to precisely connect metabolite production with gene expression,
our data provide comprehensive evidence that JA induces multiple second-
ary metabolite biosynthetic pathways and is responsible for a burst of sec-
ondary metabolite production.

It’s noteworthy that JA repressed genes functional in the tyrosine biosyn-
thesis pathway (including Capana04g002663, Capana04g002427, Capa-
na08g000468, Capana04g001109, Capana04g002426, Capana04g002800,
Supplemental Dataset 1, 2, 4, 5). Tyrosine is generated from chorismate,
an intermediate in the biosynthesis of phenylalanine. Phenylalanine is the
starting point of the phenylpropanoid biosynthesis pathway (Figure 10)
(Vogt, 2010, Chapple, 2011) of which multiple transcripts were shown to
be significantly induced by JA (Figure 6) in this study, suggesting that JA re-
presses the production of tyrosine in favor of up-regulation of the phenyl-
propanoid pathway.

JA induced secondary metabolites are important for Capsicum defense
against spider mites

Based on numbers of spider mites developed in the short time span of the
bioassay, genotype 8 is more susceptible than genotype 29. A larger accu-
mulation of SA was detected in genotype 8, corresponding with the higher
expression of SA-responsive genes found in this genotype (Supplemental
Dataset). In contrast, the increase in JA upon spider-mite infestation was
higher in genotype 29 (Supplemental Figure 1), and more endogenous me-
tabolites were detected in genotype 29 upon spider-mite feeding compared
to genotype 8 (Table 1, 2). Transcriptome comparison between the two gen-
otypes in control samples suggests that some stress related genes are higher
expressed in genotype 8 under unchallenged conditions, which is consistent
with the higher constitutive accumulation of SA and JA in genotype 8. How-
ever, upon spider mite feeding, there is a stronger JA response in genotype
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29, resulting in a higher expression of JA responsive genes and accumulation
of various secondary metabolites, which results in a stronger induced de-
fense which correlates with the observed higher resistance for genotype 29.

phosphoenolpyruvate + erythrose 4-phosphate

%

shikimate
¥ SK
shikimate 3-phosphate

Shikimate pathway

chorismate IE>sisochorismate ->>> Salicylicacid
v CM

prephenate
Vv PAT

arogenate - Tyrosine pathway

phenylalanine
v PAL
Phenylpropanoid pathway cinnmate - Benzoicacid - Salicylicacid

!

phenylpropanoids < p-courmaroyl CoA

Flavonoid pathway

Figure 10. The phenylpropanoid pathway in plants. SK, Shikimate kinase; ICS, Isochoris-
mate synthase; PAT, Prephenate aminotransferase; CM, Chorismate mutase; ADT, Aroge-
nate dehydratase; PAL, Phenylalanine ammonia-lyase.

Spider mites induce both the SA and JA signaling pathways, but not all
JA-induced metabolic processes

Spider mites also up-regulated JA biosynthetic genes (LOX2, AOC, AOS) and
caused the accumulation of cis-OPDA, JA and JA-lle (Figure 3). Furthermore,
JA-responsive genes, CHIB and PR4, regulated by the JA/ET signaling path-
way were induced by spider mites (Supplemental Dataset 3, 6). Together,
this confirms that spider mites induced both JA biosynthesis and signaling in
C. annuum. However, different from chewing herbivores such as caterpillars
(Kawazu et al., 2012), spider mites also induced the SA pathway resulting
in an increased SA concentration (Figure 3) and the up-regulation of SA re-
sponsive genes (Figure 6, Supplemental Dataset 3, 6). This result is consis-
tent with studies on spider-mite induced responses in tomato (Martel et al.,
2015) and in grape (Diaz-Riquelme et al., 2016).
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Our study shows that spider mites induce a limited number of metabolite
pathways compared to JA treatment (Figure 6, Supplemental Table 2). As a
result, plants accumulated less secondary metabolites upon spider-mite in-
festation than plants treated with JA and distinctive metabolic profiles were
found for JA induced plants compared with spider-mite infested plants and
control plants (Figure 8). However, both JA and spider mites up-regulated
genes encoding for 4-coumarate-CoA ligase 2, 4CL2 (Capana03g001733,
Log2(FC) 3.63) in Genotype 8, Capana03g001732, Log2(FC) 3.44 in Geno-
type 29) which are involved in the final step of the phenylpropanoid path-
way. Phenylpropanoid biosynthesis can result in the production of SA (Chen
et al., 2009) and flavonoids (Vogt, 2010) (Figure 10). The conversion of
phenylalanine to trans-cinnamic acid, the precursor of salicylic acid is cata-
lyzed by phenylalanine ammonia-lyase (PAL). JA induced multiple genes in
the flavonoid pathway, downstream of the phenylpropanoid pathway and
produced more flavonoid metabolites compared with non-treated plants
(Supplemental Dataset, Table 1). In contrast, spider mites induced the pro-
duction of SA and MeSA, but less so of flavonoids and flavones compared to
JA treatment (Figure 3, Table 1). This suggests that spider mites induce the
phenylpropanoid pathway only, and do not up-regulate the flavonoid path-
way as JA does, which results in the production of SA, but not flavanoids.
In accordance with our results, overproduction of SA in tobacco plants by
bacterial transgenes strongly inhibited the accumulation of the flavonoids
quercetin, kaempferol and rutin (Verberne et al., 2000, Nugroho et al.,
2002). However, exogenous SA application has been reported to boost the
production of flavonoids in several plant species (Xu et al., 2009, Gondor
et al., 2016) and SA induced by pathogens resulted in the accumulation of
flavonoid phytoalexins in a range of crops from Brassicaceae, Fabaceae, So-
lanaceae, Vitaceae and Poaceae (Ahuja et al., 2012). Altogether, we hypoth-
esize that JA-induced flavonoid biosynthesis is restricted upon spider-mite
herbivory because the production of SA induced by the mites diverts all the
precursors available to SA biosynthesis. Even though no GO-terms related
with terpenoid pathway metabolic processes were found enriched upon
spider-mite infestation, a number of terpene biosynthetic genes were in-
duced and multiple volatile and non-volatile terpenoids also were found to
be present in higher amount after spider mite infestation (Table 1, 2). Our
results indicate that the terpenoid biosynthetic pathway is mainly induced
via JA signaling, while the SA signaling pathway activated by spider mites
does not repress this biosynthetic pathway.
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JA-SA crosstalk in spider mites induced defense

In addition to multiple secondary metabolic pathway genes, there are many
other genes that are only responsive to exogenous JA but are not induced
by spider-mite infestation even though JA signaling is induced by spider mite
feeding. JA-SA antagonism has been demonstrated in many plant species
(Thaler et al., 2012) and we propose that in Capsicum the SA pathway sup-
presses part of the spider-mite induced JA responses. To verify this hypoth-
esis and demonstrate the possible mechanism of antagonizing crosstalk, we
identified transcription factors induced by JA and spider mites respectively,
as well as genes strongly correlating with those transcription factors.

MYC2 is well-known as the master regulator of JA signaling. Two homo-
logues are identified in the Capsicum annuum genome, Capana01g004352
and Capana01g001098. Since only Capana01g001098 generates strong cor-
relations with DEGs, we predict that Capana01g001098 is the functional ho-
mologue of MYC2 in Capsicum. This Capsicum MYC2 homologue is induced
by exogenous JA in both genotypes though not statistically significant. Based
on correlation analysis, 40 DEGs positively correlate with MYC2 and 24 and
25 of those 40 genes are induced by JA in genotype 8 and 29 respectively
while none of them were induced by spider mites in either of the genotypes
(Supplemental Table 1, Dataset 2, 3, 5, 6). In A. thaliana , protein levels of
MYC2, MYC3 and MYC4 were strongly diminished by Pieris brassicae egg
extract in an SA-dependent manner, suggesting that MYC transcription fac-
tors are targets of SA/JA antagonism (Schmiesing et al., 2016). Apart from
the MYC2 branch of the JA signaling pathway, exogenous JA application also
induced transcription factors from the JA/ET branch, including ERF1, ERF2
and ERF13 (Capana05g001701, Capana01g000661, Capana01g003507) in
genotype 8 and ERF1 and MYB3 (Capana05g001701 Capana01g000070) in
genotype 29. In total, 107 DEGs positively correlated with these JA induced
transcription factors in genotype 8 and 51 of these DEGs were induced by
JA while 2 were also induced by spider mites. In genotype 29, 28 DEGs pos-
itively correlated with these JA induced transcription factors, while 25 of
these were induced by JA and 5 also by spider mites. Interestingly, spider
mite feeding resulted in the up-regulation of an ERF1 related gene, Capa-
nal2g000990, in both genotypes, annotated as TIFY10B which encodes the
MYC repressor, JAZ. This may suggest a repression of the MYC branch in the
JA signaling pathway by spider mites.

As discussed, JA signaling was suppressed by spider-mite induced SA, but
our data also show that exogenous JA application represses SA signaling.
JA application strongly represses the expression of homologues of WRKY70
in both genotypes (Capanal0g001548, Log2(FC) = 3.46 in genotype 8; Cap-
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anal0g001220, Log2(FC) = -60.16 in genotype 29). WRKY70 mediates the
SA-dependent signaling pathway in multiple species (Pandey and Soms-
sich, 2009). Overexpression of WRKY70 results in constitutive expression of
SA-induced PR genes and enhances resistance to Erysiphe cichoracearum
but represses JA responses. Conversely, antisense suppression of WRKY70
activates JA-responsive/COIl1-dependent genes in A. thaliana (Li et al.,
2004, Li et al., 2006).

In this study, we demonstrated the differences in the responses of Capsi-
cum to JA and spider mites by comparing transcriptome changes and corre-
sponding metabolite changes and gave a comprehensive overview of JA-re-
sponsive and spider-mite induced genes by coexpression analysis. Based
on the data presented in this study, we show that spider mites induce SA
biosynthesis and hence SA signaling as well as the JA biosynthesis pathway,
resulting in the expression of SA responsive genes and some JA responsive
genes. A JA/SA antagonism mechanism seems to be responsible for this.
Our data suggest that SA signaling induced upon spider-mite infestation
suppresses the MYC regulated branch in the JA signaling pathway but not
the ERF regulated branch. An ERF1 related gene, encoding MYC repressor
JAZ was induced by spider mites. Exogenous application of JA up-regulated
the flavonoid biosynthetic pathway which may compete with SA biosynthe-
sis and suppressed SA signaling regulator WRKY70. Further investigation is
still needed to reveal the details of this mutual antagonizing JA/SA crosstalk.
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Figure 1. Fold-changes in levels of endogenous cis-OPDA, JA, JA-lle and SA in leaves of
Capsicum annuum G8 and G29 plants that were infested with TSSM for 3 days. Data rep-
resent the average + SE of three replicate samples, calculated as LOG2 transformed amount
in TSSM-infested leaves divided by the amount in non-treated leaves (fold change). Aster-
isks denote statistically significant differences between both genotypes (**P < 0.01; *P <
0.05; ns not significant; two-tailed t-test).

G8 TSSM G29 TSSM G8 TSSM G29 TSSM

Figure 2. Spider mites induced/repressed DEGs in two genotypes. A represents spider mite
induced DEGs in two genotypes; B represents spider mite repressed DEGs in two genotypes.
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Figure 3. GO enrichment analysis on JA induced genes which were not induced by spider

mites in two genotypes. A represents genes in genotype 8, B represents genes in geno-

type 29.

158



Transcriptome and metabolome analysis

Methyl salicylate

(3E,7E)-4,8,12-Trimethyltrideca-
1,3,7,11-tetraene TMTT

o
=t
) L " [ ]
S °
T L] a®
6 :’D 5-[(Trxpethylpyrazol-4-yl)methyl]-
«® B ) ki
.:'. [ [y 1,3,5-triyzinane-2-thione
.
° ® ) i
Benzene, 1,3-dimethyl- 4 4 Cis-3-Hexenyl cis-3-
* hexenoate
Styrene
1-Octadevype \ Y ° ‘0£
\ ., °
.
N \ * 0%, [
Log2(FC})
-5 0 5 10 15
B Benzoic acid, 2-ethylhexyl ester
Benzene, {1-methyldodecyl)- .
\. ’0__‘
S
N —
Isopropyl palmitate ®
-
' 5
1,3-Benzenedi ,OJO'-di(Z-meirﬂ/Ibenzoyl)- Methyl salicylate
L]
Phenacylidene diacetate cis-Ocimene. 8-ofo-
s
3
° M .
° ® [
L) ®
'.
1
Log2(FC)
-15 -10 -5 0 5 10

159



Transcriptome and metabolome analysis

Phenacylidene diacetate 3

./ 1-Octadecyne
/ 6

-Log10(P)

2,4-Dimethylamphetamine

. °® Methyl salicylate ° Pentanenitrile
a4
/ .\ ° Indole ﬂzpethvl_
\i \~

enzenemethanol oo
Naphthalene, 2-ethoxy- o 4-trimethyl- Py @
2 s ¢ L
cis-3-Hexenyl cis-3-hexenoate 54 4 o® ¢ & ¢
2-Octanone, 1-phenyl-

Pentadecanal-
Log2(FC)

-10 -5 o] 5 10

Figure 4. Volcano plot displaying fold-changes (Log2 transformed fold change (FC), x axis)
versus statistical significance (-log10 transformed p value, y axis) of volatile metaboites.
Dashed line shows where p = 0.005 and LOG2(FC) > 2. Metabolite features significantly
different between control plants and spider mites infested plants in each genotypes (A,
Genotype 8 TSSM/CON; B, Genotype 29 TSSM/CON) and between two genotypes of in-
fested plants (C, Genotype 29 TSSM/Genotype 8 TSSM)(p<0.05, LOG2(FC)>2) are shown.
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Table 1. Pearson correlation values between DEGs, used as input values for the co-ex-
pression network

Table 2. Gene Ontology (GO) enrichment of differentially expressed genes (log2FC > 1.5;
P<0.05) between jasmonic acid treated and control plants and of spider-mite infested
plants compared to control plants of Capsicum genotypes 8 and 29. Enrichment analysis
was performed using AgriGO, taking FDR < 0.05 as threshold.

Supplemental data set 1. Transcriptome of JA treatment for 6 hours versus non-treated
plants, in genotype 29

Supplemental data set 2. Transcriptome of JA treatment for 24 hours versus non-treated
plants, in genotype 29

Supplemental data set 3. Transcriptome of spider mites infested for 3 days versus
non-treated plants, in genotype 29

Supplemental data set 4. Transcriptome of JA treatment for 6 hours versus non-treated
plants, in genotype 8

Supplemental data set 5. Transcriptome of JA treatment for 24 hours versus non-treated
plants, in genotype 8

Supplemental data set 6. Transcriptome of spider mites infested for 3 days versus
non-treated plants, in genotype 8

Supplemental data set 7. Transcriptome of non-treated plants of Genotype 8 versus
non-treated plants of Genotype 29.
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CaTPS gene family

Abstract Pepper (Capsicum annuum) is a global economically important
crop in which the incidence of herbivorous pests can result in severe dam-
age and losses in fruit production. In response to herbivory, C. annuum
leaves produce secondary metabolites that may protect the plant against
feeding either directly as repellent or anti-feedant or are released as vola-
tiles that are cues for natural enemies of the herbivore. The volatile blend
of two-spotted spider mite challenged leaves differs from non-challenged
leaves predominantly by a higher contribution of mono- and sesquiter-
penes, suggesting that these are biosynthetically induced by spider mite
feeding. Genome-wide analysis by sequence homology, synteny and Hid-
den-Markov-Modeling of the C. annuum genome resulted in the annotation
of a terpene synthase gene family (TPS) of 103 putative members of which
structural analysis revealed that 27 seem to encode functional enzymes. Phy-
logenetic analysis of these 27 CaTPS gene members with known TPS genes
from other species suggested that there are 5 subclades within the CaTPS
gene family. Transcriptome analysis showed that 44 TPS loci (so including a
number of pseudo-genes) were expressed under two-spotted spider-mite
infestation and/or jasmonic acid induction in two C. annuum genotypes.
Co-expression analysis revealed that most members of the TPS-a subfamily
co-express with upstream biosynthetic genes from the mevalonate pathway
while several gene members of the TPS-b subfamily co-express with meth-
ylerythritol phosphate pathway genes. In addition, the expression of multi-
ple potential downstream biosynthetic genes, including cytochrome P450
monooxygenases and UDP-glycosyl transferases and multiple transcription
factors, strongly correlated with herbivore/JA-induced TPS genes. The her-
bivory/JA-induced TPS genes were functionally characterized by in-vitro en-
zyme assays with recombinant enzymes produced in E. coli. The products
that these enzymes make match with the diterpene glycoside conjungates
and the monoterpenes and sesquiterpenes — (E)-B-pinene, (E)-B-ocimene,
(E,E)-a-farnesene and (E)-nerolidol — that are produced upon spider mite
herbivory/JA treatment.
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Introduction

The terpenoids represent a large class of chemical compounds with an ex-
tensive diversity in chemical structures and a wide range of functions. In
plants, the terpenoids harbor various phytohormones involved in plant
growth regulation, including gibberellins, abscisic acid, strigolactones and
cytokinins as well as metabolites that are involved in important physio-
logical processes such as membrane stabilization (sterols), photosynthesis
(carotenoids, the phytol side chain of chlorophyll and plastoquinone) and
respiration (ubiquinone) (Tholl and Lee, 2011). However, a substantial larg-
er number of terpenoids contribute to broader physiological and ecologi-
cal functions, including plant defense and plant communication (Singh and
Sharma, 2015).

Terpenoids are formed from C5 isoprene unit precursors, isopentenyl di-
phosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) that are
produced through either the mevalonate pathway (MVA) in the cytosol/per-
oxisomes or the methylerythritol phosphate pathway (MEP) in the plastids.
The condensation of these building blocks into the primary precursors of all
terpenoids is catalyzed by prenyl diphosphate synthases (Wang and Ohnu-
ma, 2000). The condensation of one IPP with one DMAPP molecule produc-
es geranyl diphosphate (GPP) (trans-configuration), or neryl diphosphate
(NPP) (cis-configuration), depending on the prenyl diphosphate synthase.
The sequential condensation of two molecules of IPP and one DMAPP mole-
cule leads to the formation of trans- or cis-farnesyl diphosphate (FPP), while
the condensation of two molecules of IPP and two molecules of DMAPP re-
sults in the formation of geranylgeranyl diphosphate (GGPP) (Takahashi and
Koyama, 2006). Prenyl diphosphates are substrates of plant terpene syn-
thases (TPSs) - monoterpene synthases, sesquiterpene synthases and diter-
pene synthases - that generate monoterpenes (C10), sesquiterpenes (C15)
and diterpenes (C20), respectively (Singh and Sharma, 2015). Oxygenation
of terpenes by cytochrome P450 monooxygenases (CYPs) and further modi-
fications by other biosynthetic enzymes such as glycosyl and acetyl transfer-
ases, will generate the diversity of terpenoids present in nature (Boutanaev
et al., 2015).

The myriad structures of terpenoids mirror the complexity of properties
and functions. Part of this structural diversity is obtained through the vari-
ation in cyclization and rearrangement reactions of the prenyl diphosphate
substrates (Yang et al., 2012). After formation of the carbocation through
dephosphorylation of the prenyl diphosphate substrate catalyzed by TPSs
usually a multitude of carbocation attacks and/or quenching through water,
double bond rearrangements and hydride shifts occur, which is why a single
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TPS enzyme can sometimes generates multiple products from one substrate
(Degenhardt et al., 2009). The structural diversity in these TPS products is
subsequently often further increased through the activity of cytochrome
P450s, reductases, dehydrogenases, methyl transferases and glycosyl trans-
ferases. In general, TPSs consist of 550-850 amino acids, with a molecular
mass of 50-100 kDa. Terpene synthases are encoded by gene members of
the structurally related TPS gene family that probably has a common phylo-
genetic origin (Aubourg et al., 2002). TPS gene families have been explored
in many species, including Arabidopsis (Arabidopsis thaliana) (Aubourg et
al., 2002), citrus (Citrus sinensis) (Dornelas and Mazzafera, 2007, Alquezar et
al., 2017), grapevine (Vitis vinifera) (Martin et al., 2010), tomato (Solanum
lycopersicum, (Falara et al., 2011), and eucalyptus (Eucalyptus grandis and
Eucalyptus globulus) (Kilheim et al., 2015). The number of TPS genes within
a species ranges from about 20 to 150 (Chen et al., 2011). An exception is
the moss Physcomitrella patens (Hayashi et al., 2007) which has only one
functional terpene synthase gene, which encodes a bifunctional enzyme
catalyzing the conversion of GGPP to ent-kaurene via copalyl diphosphate.
Structurally the TPS gene family can be divided into seven subfamilies, TPS-a,
TPS-b, TPS-c, TPS-d, TPS-e/f, TPS-g and TPS-h. The TPS-a, b and g subfamilies
are angiosperm specific while the TPS-d subfamily is gymnosperm specific
and TPS-h is specific to the lycopod Selaginalla moellendorffi (Li et al., 2012,
Chen et al.,, 2011). TPS-c and e/f members are present in both angiosperms
and gymnosperms; TPS-c members encode copalyl diphosphate synthases
and TPS-e/f members encode kaurene synthases (KSs). Most of the TPS-a
genes encode sesquiterpene and diterpene synthases while TPS-b and g
genes mostly encode monoterpene synthases (Falara et al., 2011).

Terpenoids often play a role in plant-insect interaction, for example as at-
tractants of pollinators or defensive compounds against various pathogens
and herbivores (Kappers et al., 2008). For instance, the oleoresin of conifers
releases volatile mono- and sesquiterpenoids that insects use to distinguish
suitable hosts from non-hosts (Keeling and Bohlmann, 2006). A relatively
high dose of the sesquiterpene lactone argophyllone B reduces the larval
mass of the sunflower moth Homeosoma electellum in Helianthus spp (Pra-
sifka et al., 2015). In Nicotiana attenuata, 17-hydroxygeranyllinalool diter-
pene glycosides were demonstrated to be effective defensive metabolites
to herbivores (Heiling et al., 2010). Besides their direct effect on herbivores,
terpenoids also play an important role in attracting natural enemies of her-
bivores. Overexpression of a strawberry nerolidol synthase in Arabidopsis
resulted in emission of two new terpenoids (3S)-(E)-nerolidol and its de-
rivative (E)-4,8-dimethyl-1,3,7-nonatriene [(E)-DMNT], which resulted in
enhanced attraction of predatory mites (Kappers et al., 2005). Transgenic
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Arabidopsis expressing maize TPS10 produced more sesquiterpenes and at-
tracted more female Cotesia mariniventris parasitoids (Schnee et al., 2006).

Capsicum belongs to the nightshade family Solanaceae and consists of ap-
proximately 35 species (Carrizog, 2013). Capsicum is native to the Americas
and nowadays worldwide cultivated for their sweet or hot chili fruits used as
vegetable or spice. Various insect and arthropod species can infest Capsicum
resulting in serious yield losses, including western flower thrips (Franklinella
occidentalis), aphids (the green peach aphid, Myzus persicae and the pota-
to aphid, Macrosiphum euphorbiae) and two-spotted spider mite (Tetrany-
chus urticae). The biotic stress related phytohormone, jasmonic acid (JA) is
the master regulator of plant defense responses against herbivores (Verma
et al., 2016) by mediating the expression of defense related genes such as
PLANT DEFENSIN1.2 (PDF1.2) and BASIC CHITINASE (CHIB) (Rehrig et al.,
2014), as well as the biosynthesis of secondary metabolites (Ferrieri et al.,
2015, Machado et al., 2017), especially terpenoids in multiple plant species
(Zhang et al., 2009, Hong et al., 2012). In Chapter 3, 4 we showed that JA
plays a major role in the early signaling events of spider-mite induced de-
fenses in Capsicum and exogenous application of JA results in notably higher
emission of various terpenoids (Chapter 2, 4). The initial sequencing and
assembly of the genome of a Capsicum inbred line (C. annuum var Zunla)
enables us to predict the Capsicum TPS (CaTPS) gene family, which will help
to understand the mechanism of terpenoid formation and metabolism un-
der herbivory in C. annuum.

Here, we report the genome-wide identification of the TPS gene family and
the annotation of 27 putative functional TPS genes in the C. annuum ge-
nome. To study how herbivory, in general, and specifically spider-mite in-
festation, affect terpene production and emission in C. annuum, we treat-
ed plants with JA and spider mites and studied the changes in CaTPS gene
expression. Several CaTPS genes of which the expression was induced by
spider mites and/or by JA were subsequently isolated and functionally char-
acterized. Analysis of transcriptional and metabolic changes upon herbivory
revealed co-expression patterns between TPS genes and upstream biosyn-
thetic genes from the MVA and MEP pathway as well as with genes down-
stream of TPS that may be involved in the creation of the large structural
diversity in herbivory related C. annuum terpenoids.
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Materials and methods
Plant and arthropod material

Capsicum seeds (Capsicum annuum, genotype 8 and genotype 29) were in-
cubated on wet filter paper in a Petri dish for 6 to 7 days at 23°C until the
cotyledons had emerged. Then seedlings were transferred into 7x7x8cm
plastic pots filled with soil (Lentse potgrond, Katwijk, The Netherlands) and
grown for 4 weeks in a greenhouse (23/18°C, 16/8h; day : night; 50-60%
relative humidity) of Wageningen University, Wageningen, The Netherlands.
Two-spotted spider mites Tetranychus urticae Koch were obtained from
Koppert BV (Berkel en Rodenrijs, The Netherlands) and maintained on lima
bean (Phaseolus vulgaris) for multiple generations.

JA treatment and spider-mite infestation

For spider-mite infestation, plants were infested with approximately 300
spider mites per plant by placing similar pieces of heavily infested lima bean
leaves on top of the Capsicum leaves. For metabolite analysis and RNA se-
guencing, 5 to 6 leaves from different ontogenic positions of five-week-old
plants were pooled together and powdered in liquid nitrogen after 6 or 24
hours of JA (100 uM, 0.1% Tween-20) treatment, three days of spider-mite
infestation or from non-treated plants respectively. For each treatment,
three biological replicates were used.

Volatile collection and analysis

To analyze the volatile emission of Capsicum leaves upon herbivo-
ry, plants that were infested with spider mites for three days, treat-
ed with JA for 6 or 24 hours or were left untreated, were enclosed
in a glass jar for two hours as described in (Kappers et al.,, 2011)
with adaptations. Purified air supplemented with CO, to 400 ppm and 50%
relative humidity was introduced into the jar with a flow of 300 ml.min* and
volatiles were collected on a Tenax cartridges (23/35 mesh, Grace-Alltech,
Deerfield, MI, USA) at a flow rate of 200 ml.min for 2 hours. After collec-
tion, Tenax cartridges were dried under a stream of nitrogen for 20 min at
ambient temperature to remove water. Volatiles were resorbed from the
cartridges with a Thermal Desorber TD100-xr (Unity, MARKES International)
connected to a GC/Q-ToF (Agilent Technologies, CA, USA). Analytes were
focused at 0°C on an electronically-cooled sorbent trap (Unity, Markes, Llan-
trisant, UK). Volatiles were transferred with split flow of 99 ml min™ to the
analytical column by rapid heating of the cold trap to 260°C for 3 minutes
using a 7890B GC-system for separation with a DB-5MS column of 30 m
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long a 0.250 diameter, 1 um film and a constant Helium flow of 1.2 ml min™.
(Agilent J&W CC columns, Agilent Technologies, CA, USA). For each sample,
the oven temperature was set at 40°C for 2 minutes to 280°C for 4 minutes
followed by a linear thermal gradient of 10 °C min* and held for 2.5 min. The
column effluent was ionized by electron impact ionization at 70 eV and got
detected with an Agilent Technologies 7200 accurate mass Q-Tof GC/MS.
Mass spectra were acquired by scanning from 50-350 m/z with a scan rate
of 5 scans.min. For each treatment, five replicates were analyzed.

Chromatograms were analyzed for the presence of plant terpenoid com-
pounds using the Software Agilent MassHunter Qualitive analyses B0700,
NIST MS Search 2.2, version June 2014, library and comparing retention in-
dices with literature Adams, 1995. (Adams et al., 1995).

Endogenous terpenoids extraction and analysis

Semi-polar endogenous metabolites were extracted with aqueous metha-
nol according to De Vos and co-workers (De Vos et al., 2007) and analyzed
by LC-Orbitrap-MS. Leaf samples were ground into a fine powder in liquid
nitrogen. 20 mg of lyophilized leaf material from each sample was extracted
with 2 ml 75% MeOH (0.1% formic acid) solution. Samples were homoge-
nized for 5 seconds and sonicated for 15 min at maximum frequency (40
kHz) in a water bath at ambient temperature and centrifuged for 10 min at
5000 rpm. The supernatant was filtered using a 0.45 pum inorganic mem-
brane filter (Millipore, USA) using a disposable syringe (Omnifix, Germany)
and transferred into a 0.3 ml LC-MS plastic vial. Ten pul of the supernatant
was taken from each sample of the series and combined to make a quality
control sample (QC) that was analysed every 20 samples to control for ma-
chine stability.

The LC-Orbitrap-MS consisted of an Accela U-HPLC equipped with a 1.7 um
AQUITY UPLC BEH C18 column (2.1 x 150 mm; Waters), an Accela photodi-
ode array (PDA) detector and an lon trap-Orbitrap FTMS hybrid mass spec-
trometer (Thermo Fisher Scientific) using the negative electrospray ioniza-
tion mode at a source voltage of 4.5 kV. Five uL of extract was injected and
separated with a linear 20 min gradient of 5 to 35% acetonitrile (acidified
with 0.1 FA) at a flow rate of 400 pL min™. The column was washed and
equilibrated before the next injection (van Duynhoven et al., 2014).

The Metalign software (Lommen, 2009) was used for baseline correction,
mass spectra extraction and mass signal alignment. MSClust (Tikunov et al.,
2012) was used for data reduction by unsupervised clustering and extracting
of putative metabolite mass spectra from ion-wise chromatographic align-
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ment data. Significantly altered metabolites were semi-quantified by com-
paring characterized ion intensity between non-treated plants and treated
plants (Criteria for selection: Fold Change [Treated/Non-treated] >1.5 or
<-1.5, two-tailed Student t-test p<0.05). Putative annotation of non-volatile
terpenoid compounds was done based on comparison of accurate mass-
es with the KNApSAcK database (http://kanaya.naist.jp/knapsack jsp/top.
html) after correction for possible adducts.

RNA isolation

About 100 mg of tissue of each sample was used for total RNA extraction
with TriPure (Roche, Mannheim, Germany). The extracted total RNAs were
cleaned with the RNeasy Plant Mini Kit (Qiagen, USA) and genomic DNA was
digested using RNase—Free DNase Set (Qiagen, USA) according to the man-
ufacturer’s instructions. RNA integrity was estimated by agarose (1.0 %) gel
electrophoresis. Total RNA for RNA-seq library construction was quantified
(Thermo scientific Nanodrop 2000, Wilmington, USA) and samples with a
concentration above 300 ng/ul, A__/A__values between 1.8to2.0andA__/

2607 " 280 260

A, values between 2.0 to 2.2 were send used for cDNA library construction
and sequencing (Laboratory of Bioinformatics, Plant Research International,

WUR, Wageningen, The Netherlands).
RNA sequencing and transcript assembly

Transcriptome libraries were constructed using the TruSeq™ RNA sample
Prep Kit (lllumina, CA, USA). Sequencing was conducted using lllumina HiSeq
™ 2500 (Ilumina, CA, USA) platform and produced 9 to 20 million-bp paired-
end reads per sample. Reads were filtered with the program Trimmomatic
version (Bolger et al., 2014) to remove the adaptor sequences, empty reads,
short reads (<25bp), reads with an N ratio greater than 10% and low quality
sequences, all of which negatively affect the bioinformatics analysis (as also
described in Chapter 4 of this thesis). Assembly of full length TPS transcripts
was performed using the Trinity method (Grabherr et al., 2011).

Identification of TPS genes in Capsicum

To identify putative Capsicum TPS genes, a BLAST search against the C. an-
nuum (Zunla-1) genome database (http://peppersequence.genomics.cn/
page/species/index.jsp) using the protein sequence of known terpene syn-
thases from Arabidopsis (A. thaliana), tomato (S. lycopersicum), medicago
(Medicago truncatula ), grapevine (V. vinifera), and spruce (Picea glauca)
(Supplemental Data 1) was performed (blast hits with e-value lower than
e-5), in combination with lines of evidence provided by synteny and Hid-
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den-Markov-Modeling (Hofberger et al., 2015).
Phylogenetic tree reconstruction and gene model analysis

Deduced TPS genes from Capsicum were aligned using the program Clust-
alX2.1 (Larkin et al., 2007) with standard parameters. The phylogenetic tree
was built with Maximum Likelihood method in MEGA 5 (Tamura et al., 2007).
The intron-exon structure of CaTPS genes was determined by comparing
the coding sequences and genomic sequences (http://peppersequence.
genomics.cn/page/species/index.jsp) using Gene Structure Display Server
(GSDS2.0) (Hu et al., 2015). Putative plastid transit peptides were predicted
using the TargetP1.1 server (Emanuelsson et al., 2000). Motifs were visual-
ized using Jalview (Troshin et al., 2011).

Network construction and transcript data analysis

Pearson correlation coefficients were calculated between 18 expressed TPSs
and 35336 transcripts assembled from the RNA sequencing. Correlation co-
efficients above a threshold of 0.85 (either positive or negative) were used
to create a co-expression network visualized using Cytoscape v.3.3.0 (Shan-
non et al., 2003). Functional annotation of studied transcripts was based on
homology with annotated A. thaliana and S. lycopersicum genes. Multivari-
ate analysis of gene transcripts was done using principal component analy-
sis and hierarchical cluster analysis (www.metaboanalyst.ca).

Heterologous expression of CaTPS in E.coli

Selected full length TPS genes were amplified from cDNA obtained from
spider-mite damaged or JA-treated leaves of C. annuum. Primer sequence
information is available in Supplemental Data 2. PCR products of open read-
ing frames were cloned into the pACYC-Duet vector and transformed in E.
coli strain BL21. Single colonies were grown in 5ml LB to an OD600 of 0.6
and 0.8, induced with 50 pl 1M IPTG and grown for another 24 hrs at 18 °C.
Subsequently, cells were collected by centrifugation, re-suspended in ice-
cold extraction buffer (50 mM Tris, pH7.5, 300 mM NacCl, 1.4 mM B-mer-
capto ethanol) and disrupted using a sonicator (4 times 15 seconds). Cell
fragments were removed by centrifugation and the supernatant containing
the heterologous protein was used for enzymatic assays.

To determine the catalytic activity of TPSs, 150 ul of the crude protein solu-
tion was added to 1340 pl assay buffer with 5 pl 10 mM GPP or FPP in
a screw-capped vial with an overlay of 100 ul pentane and incubated for
1 hour at 30 °C with gentle shaking. For analysis of the captured reaction
products, the pentane layer was carefully filtered over a Pasteur’s-pipet
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filled with Na,SO, and analyzed using GC-MS. As a negative control, crude
protein extract from E. coli expressing the empty vector pACYC-Duet incu-
bated with substrate, was used.

One ul of the pentane extract was injected splitless in the injector at a tem-
perature of 250 °Cat aninitial column temperature of 40 °C. The temperature
was held for 3.5 minutes, then increased with 10°C/min to 280°C and a hold
for 2.5 min at a helium flow of 1 ml/min. The ion source of the DSQ quad-
rupole mass spectrometer was directly coupled with the analytical column
and operated in the 70 eV El ionization mode. Masses 45 to 350 m/z were
scanned. Compound identification was performed using Wiley (http://www.
sisweb.com/software/wiley-ffnsc.htm), NIST11 (http://chemdata.nist.gov/),
and Adams mass spectra databases and retention indices (Adams, 2007)
and an in-house data base in which authentic standards from Sigma were
used to identify compounds. For each TPS enzyme and substrate combina-
tion, assays were repeated at least once but most often three times.
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Results
Genome-wide identification of the TPS gene family in Capsicum annuum

We identified 103 loci in the Capsicum genome with sequence homology to
previously identified TPS genes from Arabidopsis, tomato, Medicago, grape-
vine or spruce (E-value < e-5) using the second version of the Capsicum ge-
nome and confirmed with synteny and Hidden-Markov-Modeling (HMM)
(Hofberger et al., 2015). Most of the predicted TPS proteins contain at least
one or more TPS characteristic domains, IPRO08930, IPR001906, IPRO08949,
IPRO05630 as described in the InterPro database. These homologous hits of
CaTPS genes encode putative proteins with sizes ranging from 102 to 852
amino acids (Supplemental Data 3).

Gene sequences predicted to encode for proteins of less than 500 amino ac-
ids are considered to be translated products of partial genes or pseudogenes,
and will most likely not encode functional enzymes (Bohlmann et al., 1998).
Consequently, 27 gene models which encode protein sequences of more
than 500 amino acids were assumed to represent full length genes while
76 gene models are considered to be non-functional because of their short
length (Table 1). Forty-four of the 103 detected putative CaTPS genes had
transcripts present in leaves of which 27 are putatively non-functional genes
and 17 are putatively functional (Supplemental Data 4).

Genomic organization of CaTPS

The 103 loci exhibiting significant similarity with known TPS genes are dis-
tributed across all 12 chromosomes of Capsicum (Figure 1). Chromosome
VIl contains the highest density of TPS genes including 16 TPS-like gene
models. Ten of these TPS-like gene models (CaTPS92, CaTPS93, CaTPS94,
CaTPS95, CaTPS96, CaTPS97, CaTPS98, CaTPS99, CaTPS100, CaTPS101) are
physically located close to each other and show high sequence similarity
with each other, suggesting multiple (partial) duplication and recombination
events. Thirteen TPS-like genes are located on chromosome VIII of which
most are arranged in two nearby clusters. Of these genes, 4 out of 5 show
high sequence similarity with sesquiterpene synthase encoding genes and
cluster in a sequential repeat (CaTPS54, CaTPS55, CaTPS56, CaTPS57) with
one gene (CaTPS58) located not within but close to the repeat. Another
8 genes with high sequence similarity to monoterpene synthases form a
three-gene repeat (CaTPS59, CaTPS60, CaTPS61) and a four-gene repeat
(CaTPS62, CaTPS63, CaTPS64, CaTPS65), together with a single scattered
gene, CaTPS66. There are 11 TPS-like genes on chromosome Il of which 4
are located next to each other (CaTPS32, CaTPS33, CaTPS34, CaTPS35). An-
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other two genes on this chromosome (CaTPS37 and CaTPS38) are located in
a tandem repeat. Eleven TPS genes are located on chromosome Xl and nine
of them have high sequence homology. Respectively 9, 9, 7, 5 and 2 TPS
genes were annotated to chromosome IX, chromosome IV, chromosome
I, chromosome VI and chromosome VII respectively, while chromosome V
and chromosome X have a single TPS locus. Eight TPS genes could not be
anchored to any specific position during genome sequencing and were as-
signed to an artificial chromosome and two of them are suggested to be
part of the TPS-a clade.

In general, CaTPS genes are located compactly on the chromosomes with
a high tandem repeat structure. Most tandem repeated genes show high
similarity in sequence but with diverse gene sizes. It most likely indicates a
recent evolutionary tandem duplication of which some are non-completed
(Figure 1).

Phylogenetic analysis and gene structure

To analyze the phylogenetic distribution of CaTPS and predict their gene
function based on homology with known functional TPS genes from other
species, a phylogenetic tree was constructed based on the 27 putative func-
tional CaTPSs and 41 TPS protein sequences from 13 other species (Figure
2). The selected plant species include both gymnosperms (Abies grandis, P.
glauca, Mentha. piperita, Mentha. longifolia) and angiosperms (S. lycopersi-
cum, A. thaliana, M. truncatula, V. vinifera, Clarkia. breweri, Croton. sublyra-
tus, C. sativus, Cucurbita. maxima, Solanum. habrochaites). The phylogenet-
ic analysis indicated that 6 out of the 8 designated subfamilies (Bohlmann
et al., 1998) are present in the CaTPS family. Only the S. moellendorffi spe-
cific TPS-h and gymnosperm specific TPS-d subfamilies are missing. Eighteen
CaTPS genes cluster with TPS-a subfamily members from other species all
encoding sesquiterpene synthases. Five CaTPS genes cluster with previously
identified TPS-b family members which mainly encode cyclic monoterpene
and hemiterpene synthases. Among them, CaTPS66 shared the highest sim-
ilarity of 92.7% with a monoterpene synthase from S. lycopersicum (SITPS8)
which catalyzes the formation of 1,8-cineole from both GPP and NPP (Falara
et al., 2011). CaTPS76 clusters with TPS-g subfamily members of other spe-
cies, which include acyclic monoterpene synthases and is phylogenetically
most related to SITPS37 and SITPS39 with similarities of 89.0% and 86.5%
respectively. Both SITPS37 and SITPS39 encode monoterpene synthases cat-
alyzing the conversion of GPP to linalool but also accept FPP as substrate to
produce (E)-nerolidol (Falara et al., 2011). The TPS-c subfamily contains one
TPS member, CaTPS42, with high homology with copalyl diphosphate syn-
thases from other species. Also the TPS-e and TPS-f subfamilies both contain
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Table 1. Characteristics of deduced full length TPS genes identified in the Capsicum ann-
uum genome. cTP, predicted chloroplast transit peptide (for details of predicted N-termi-
nal presequences see Supplemental Table 2.)

CaTPS Pro- | Chro- Genomic | CaTPS I\T-rtee(:ﬁtiigl
D tgin mo- Start code End code | Strand | sequence Sul:?- prese-
size | some length family quences

TPS5 560 0 400335448 | 400337809 + 2361 a _
TPS6 560 0 400364995 | 400367460 + 2465 a _
TPS18 559 2 109682722 | 109685096 - 2374 a _
TPS29 516 3 47294276 47301851 - 7575 b _
TPS30 | 551 3 57221196 57227028 - 5832 a _
TPS35 504 3 246086802 | 246090906 - 4104 a _
TPS37 | 588 3 250104138 | 250108596 - 4458 a _
TPS39 852 4 207815899 | 207828461 - 12562 f _
TPS42 823 6 950241 957838 + 7597 c cTP
TPS49 560 7 19879360 19882249 + 2889 a _
TPS50 | 530 7 181643803 | 181647182 + 3379 a _
TPS53 719 7 222027433 | 222032024 + 4591 e _
TPS54 | 553 8 134509287 | 134511524 + 2237 a _
TPS55 556 8 134514999 | 134517439 + 2440 a _
TPS61 620 8 141131924 | 141134817 + 2893 b cTP
TPS62 647 8 141195405 | 141199514 + 4109 b cTP
TPS63 579 8 141201146 | 141204029 + 2883 b cTP
TPS66 520 8 141425323 | 141427845 + 2522 b _
TPS67 552 9 12430842 12433433 + 2591 a _
TPS76 | 551 10 23962352 23969183 + 6831 g cTP
TPS87 542 11 211209518 | 211212055 - 2537 a _
TPS91 | 524 12 172790869 | 172793329 + 2460 a _
TPS92 519 12 215123920 | 215126190 + 2270 a _
TPS93 561 12 215155419 | 215157731 - 2312 a _
TPS94 558 12 216482592 | 216484978 - 2386 a _
TPS96 | 559 12 216588216 | 216590578 - 2362 a _
TPS98 552 12 217625229 | 217627603 + 2374 a _
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Figure 1. Genomic localization of CaTPS genes. The numbered black bars represent the
twelve Capsicum chromosomes. Unanchored TPSs are depicted on an artificial chromo-
some. Deduced functional TPSs of six subfamilies are highlighted with different colors. For
gene identifiers of the different genes, see Supplemental Table 1.

a single full length gene member. TPS-e subfamily member CaTPS53 shows
94.4% similarity with SITPS24 whichis aKS (Falara et al., 2011) while CaTPS39
is closely related to AtTPS04 (geranyl linalool synthase), MtTPS18 ((E)-nero-
lidol / (E,E)-geranyl linalool synthase) and CbS-linalool synthase in the TPS-f
clade (Aubourg et al., 2002, Parker et al., 2014, Dornelas and Mazzafera,
2007).

The genomic structure of CaTPS gene members suggests that TPS-a, -b and
-g subfamily members have 6 to 7 exons while the exon number of TPS-c,
-e and -f subfamily members ranges from 11 to 15, consistent with previous
research (Trapp and Croteau, 2001) (Table 1, Supplemental Figure 1).
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Figure 2. Phylogenetic relationships of TPS proteins. The phylogenetic tree is based on
sequences of 27 TPS proteins from Capsicum annuum (Ca) and TPS proteins with known
function from other plants species including A. grandis (Ag), P. glauca (Pg), M. piperita
(Mp), M. longifolia (MI), S. lycopersicum (Sl), A. thaliana (At), M. truncatula (Mt), V. vinifera
(Vv), C. breweri (Cb), C. sublyratus (Cs), C. sativus (Cs), C. maxima (Cm), S. habrochaites (Sh)
by Maximum likelihood method. Numbers at each node represent bootstrap values, and
only values higher than 50% are shown. Phylogenetic clades are designated with different
colors; M represents monoterpene synthases, S sesquiterpene synthases; D diterpene syn-

thases.

Three of the five TPS-b subfamily members, CaTPS61, CaTPS62 and CaTPS63,
the TPS-c subfamily member CaTPS42 and the TPS-g subfamily member
CaTPS76, were predicted to contain an N-terminal chloroplast transit pep-
tide (Table 1). The presence of a plastid transit peptide in three TPS-b sub-
family members further supports their role as monoterpene synthases. In
contrast, no signal peptide was found in the other TPS-b members, CaTPS29,
and CaTPS66. The putative function as diterpene synthase of the TPS-c sub-
family member CaTPS42 is supported by the presence of a plastid transit
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peptide. The TPS-f member CaTPS39 is also predicted to be a diterpene syn-
thase, but lacks a chloroplast signal peptide. The TPS-g subfamily member
CaTPS76 could be either a monoterpene or diterpene synthase.

Conserved motifs were identified after the complete alignment of 27 full
length predicted proteins. Three putative monoterpene synthases of the
TPS-b subfamily with predicted plastid transit peptide contain the RR(X),W
motif near the N-terminus. Variation in the RR(X),W motif as (R/P)(S/A/Y/V/
I/E)(X)8W was found in 16 TPS-a members (Figure 3). This motif may be in-
volved in the initiation of the isomerization cyclization reaction or stabilizing
the protein through electrostatic interactions (Martin et al., 2010, Aubourg
et al., 2002).

The RXR motif was found to be conserved in most CaTPS members and in
CaTPS35, CaTPS49, CaTPS53, CaTPS39, CaTPS76 with variation as RX(R/K/Q)
but not conserved in TPS-c member CaTPS42. The aspartate-rich DDXXD
motif is about 35 amino acids downstream of the RXR motif. Residues of the
active-site DDXXD motif are responsible for the divalent metal ion-assisted
binding and cleavage of the prenyl diphosphate substrate (Davis and Cro-
teau 2000). The DDXXD motif is highly conserved in the CaTPS family except
for the TPS-c member, CaTPS42, a putative copalyl diphosphate synthase.
In A. thaliana, copalyl diphosphate synthase initiates ionization of GGPP
by protonation rather than by diphosphate ester cleavage (Aubourg et al.,
2002) (Bohlmann et al., 1998). Another aspartate-rich motif (DIDDTA) which
initiates cyclization by protonation of GGPP (Peters et al., 2001) is indeed
present in CaTPS42 (aa 384-389).

The (N/D)DXX(S/T/G)XXXE (NSE/DTE) motif is present in all TPS-b, TPS-e/f,
TPS-g members and most of the TPS-a members but not in TPS-c mem-
ber, CaTPS42, nor in three of the TPS-a members, CaTPS98, CaTPS91 and
CaTPS37 (Figure 3). Together with the DDXXD motif, the NSE/DTE motif is
also required for metal ion dependent ionization of the prenyl diphosphate
substrate which is the activity not present in a monofunctional copalyl di-
phosphate synthase (Chen et al., 2011).
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Figure 3. Conserved motifs in CaTPS proteins. Regions with conserved motifs are indi-
cated with red highlight and the separation between different regions is indicated with
a blue arrow. Classification of the TPSs in different subfamilies is indicated using colors:
TPS-b (light blue), TPS-g (brown), TPS-a (green), TPS f (pink), TPS e (dark blue), TPS c (fuch-
sia).

Expression profiles of Capsicum annuum TPS genes and upstream biosyn-
thetic genes under biotic stress

To study which CaTPS genes within the Capsicum genome are involved in
the response of Capsicum to herbivory, we examined the expression pat-
tern of all CaTPS loci after spider-mite infestation and after JA treatment in
two C. annuum genotypes. In addition, transcript levels of upstream genes
including IPP isomerases, prenyltransferases (PTF), genes from the MVA and
the MEP pathway and triterpene-specific synthases were analyzed. These
genes were identified by sequence homology, Hidden-Markov-Modeling
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(HMM) and genomic context as described by Hofberger et al. (Hofberger et
al., 2015).
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Figure 4. Expression profiles of CaTPS genes upon spider mite infestation for 3 days
(TSSM), JA treatment for 6 (JA6) or 24 hrs/24 hrs (JA24) or left un-treated (CON) in two
Capsicum genotypes, G8 and G29. The expression profiles were obtained by RNA-seq.
The average expression levels of TPS genes under each condition were used for hierarchical
clustering analyses by UPGMA method based on Euclidean distance. Putative TPS loci are
indicated as TPSxx, and putative full length terpene synthase genes are indicated as CaT-
PSxx, including the sub-family (a-g).

Among the 103 putative CaTPS loci, at least 44 transcripts were found pres-
ent in Capsicum leaves in either genotype or experimental condition (Figure
4). Most TPS-a and -b subfamily members were induced by spider mites or
by JA, except for 3 TPS-a subfamily members (CaTPS49, CaTPS87, CaTPS94)
and 2 TPS-b members (CaTPS29, CaTPS66).

CaTPS53, a gene member of the TPS-e clade was constitutively expressed
in Capsicum leaves regardless of genotype or treatment, probably due to
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its importance for primary metabolite (gibberellin) production, but its ex-
pression was slightly repressed by spider mites and JA in both genotypes.
Members of the TPS-f and g clade, CaTPS39 and CaTPS76, were expressed
in control plants and induced by both JA and spider mites (Figure 4, Sup-
plemental Data 4). In addition, all four IPP isomerases, 11 out of 13 MEP
pathway genes, 16 out of 18 MVA pathway genes, 12 out of 13 PTFs and 9
out of 15 triterpene synthases were expressed in at least one experimental
condition (Supplemental Data 4). Most of the expressed MEP/MVA pathway
genes and PTFs were induced by spider-mite infestation and JA treatment
while IPP isomerases showed comparable expression levels across all sam-
ples.

Figure 5. Correlation (Pearson r) matrix of CaTPSs, IPP isomerases, prenyl transferases
(PTFs) and genes involved in MVA and MEP pathways. High correlations were found be-
tween TPS-a clade genes and IPP isomerases, PTFs and MVA pathway genes (purple frame);
TPS-b clade genes and MEP pathway genes (green frame). Gene expression profiles of TPSs
and terpene biosynthesis upstream genes were selected from RNA seq data described in
Chapter 4. Data represent the relative number of Reads per Kilobase of transcript per Mil-
lion mapped reads (RPKM) for each selected gene.
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To obtain insight in the relationship between TPS expression and the expres-
sion of genes encoding the pathways that provide substrate for terpene bio-
synthesis, we performed co-expression analysis (Figure 5). The TPS-a sub-
family mainly encodes sesquiterpene synthases. Seven out of 17 TPS-a clade
genes that were expressed in the leaves, strongly correlated with IPP isom-
erases, PTFs and MVA pathway genes supporting the idea that substrate for
the production of sesquiterpenes is obtained from the MVA pathway (Figure
5, purple frame). The expression of about half of the expressed MVA genes
correlated with the expression of PTF genes, indicating that the biosynthe-
sis of sesquiterpenes through the MVA pathway requires the assistance of
PTFs for FPP production (Wang and Ohnuma, 2000). Furthermore, 7 of 11
expressed MEP pathway genes correlated with 6 out of 8 TPS loci that show
sequence similarity with monoterpene synthase encoding genes located on
chromosome VIII supporting their putative function as monoterpene syn-
thase (Figure 5, green frame). A less strong but visible correlation was found
between a number of triterpene synthases with MEP and MVA pathway
genes. However, tripterpenes are not within the scope of this study and
therefore we did not perform any more in-depth analysis.

Transcriptome co-expression analysis on terpenoid biosynthesis genes

To discover other genes possibly involved in Capsicum terpene biosynthesis
or its regulation, the expression profiles of seventeen expressed and puta-
tively functional TPS genes were used as baits in a co-expression analysis
using the RNA-seq data. Differentially expressed (upon JA treatment or spi-
der mite infestation) gene pairs with correlation coefficients |r|> 0.9 were
selected to create a network (Figure 6).

Among 17 expressed TPS genes, 13 showed strong co-expression with other
genes resulting in 1606 correlation pairs with 512 genes in total (Figure 6,
Supplemental Data 5). The co-expression network was visualized as mod-
ules in which nodes represent correlated genes that are connected by edg-
es depicted in blue (negative correlation) or red (positive correlation). This
analysis revealed that TPS genes segregate into distinct modules containing
multiple classes of genes.
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Figure 6. Gene co-expression network of transcripts correlated with C. annuum TPS genes
that were significantly altered in their expression upon spider-mite infestation or JA
induction. The network is visualized using an yGraph Organic layout in Cytoscape 3.3.0.
Nodes represent genes labeled with gene annotation based on the Pepper Genome Data-
base (release 2.0). Red lines represent positive correlations; blue lines represent negative
correlations. Only gene pairs with correlation coefficient |r|>0.9 are shown. For a high res-
olution version of the figures, see Supplemental Figure 2.

Five TPS-a clade genes, CaTPS6, CaTPS18, CaTPS50, CaTPS96, CaTPS98
and their co-expressed genes formed a module with the highest number
of nodes and edges (cluster A in Figure 6). Within this sub-cluster, TPS-a
subfamily member CaTPS18 had the highest correlation (0.998) with a cyto-
chrome P450, CYP71D7 homologue. CaTPS18 displayed high co-expression
with multiple putative cytochrome P450s and a gene with homology to the
rate-limiting MVA pathway enzyme, 3-hydroxy-3-methylglutaryl-coenzyme
A reductase, HMGR2 (correlation coefficient 0.949). Co-expressed putative
transcription factors included homologues of Arabidopsis/tomato WRKY33
(0.985), WRKY72 (0.983), ERF2 (0.979), WRKY75 (0.931) and MYB4 (0.928),
suggesting that CaTPS18 expression is tightly regulated.

Another TPS-a clade gene member, CaTPS50 co-expressed in a similar fash-
ion as CaTPS18, including with multiple cytochrome P450s, CYP71D7s (cor-
relation coefficients varying from 0.974 to 0.988) and HMGR2 (0.967). The
expression of putative transcription factors with homology to Arabidopsis/
tomato WRKY33, ERF2, MYB4, WRKY72, and WRKY?75 also significantly cor-
related with CaTPS50 expression.
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Among genes co-expressed with the five TPS-a clade members mentioned
above, 111 genes overlapped. Genes putatively encoding HMGR2, galac-
turonosyl and glutathione transferases, and multiple P450s showed high
correlations. Highly correlated candidate transcription factors include MYB4,
WRKY75, ERF2, WRKY33 and ERF1B (Supplemental Data 5).

The expression of TPS-b clade members CaTPS62 and CaTPS63 highly cor-
related (correlation coefficient 0.915, Figure 6. cluster B) and both of them
correlated with other TPS genes (TPS60, TPS65) that have high sequence
similarity and are relatively closely located on chromosome VIII. An explana-
tion could be that both TPS genes and the other co-expressed genes localized
closely to them on chromosome VIII are under regulation of the same tran-
scription factor. Furthermore, several UDP-glycosyltransferase and glutathi-
one S-transferase genes co-expressed with CaTPS62 and CaTPS63. No WRKY
nor MYB transcription factors were found in these two network modules,
but a single ERF113 transcription factor (0.938) co-expressed with CaTPS62.
In contrast to the sub network cluster containing TPS-a gene members, neg-
ative correlations were found for TPS-b gene member CaTPS63 with two
putative cytochrome P450s (Capana01g000486, -0.858; Capana01g000368,
-0.862). The strongest negative correlation with both CaTPS62 and CaTPS63
was found for Capana08g000288, a putative RNA polymerase sigma factor,
which is important to RNA biosynthesis (Ellermeier, 2012).

In network cluster C, positive co-expression relations were found for TPS-f
member, CaTPS39 with multiple UDP-glycosyltransferases and with genes
that likely belong to the JA biosynthetic pathway including a linoleate 13S-li-
poxygenase 2-1 (LOX2.1) and an allene oxide synthase (AOS). Furthermore,
a putative transcription factor, with homology to AtMYB4, highly correlated
(0.923) with CaTPS39.

In general, the co-expression network of Capsicum TPS genes that are re-
sponsive to spider-mite infestation and/or JA treatment revealed that TPS-a
subfamily members predominantly co-express with multiple P450s and
most of them (except CaTPS93) also with the MVA pathway gene, HMGR2.
In addition, multiple transcription factors including WRKYs, MYBs, and EFRs
correlated with these putative sesquiterpene synthases. Several Capsi-
cum TPS-a, TPS-b and TPS-e/f gene members co-expressed with multiple
UDP-glycosyltransferases. Negative gene correlations were predominant
among the putative monoterpene synthases suggesting that biosynthesis of
monoterpenes is more affected by interaction with other biological process-
es in plants, while sesquiterpene biosynthesis is more regulated by signaling
pathways or external biotic/abiotic stresses.

184



Functional characterization of recombinant TPS enzymes

Transcriptional analysis suggests that multiple TPSs are responsive to biot-
ic stresses. To further characterize the gene functions and their ecological
roles in plant defense, nine full-length TPS ORFs of genes from Capsicum
that were induced by spider mites or JA were expressed in E. coli and the
recombinant TPS proteins analyzed for enzymatic activity. Consistent with
sequence analysis, six TPS-a subfamily members were identified as sesqui-
terpene synthases as CaTPS6, CaTPS18, CaTPS37, CaTPS96 and CaTPS98
all accepted FPP as substrate to form 4,5-di-epi-aristolochene. In addition,
CaTPS93 catalyzed the conversion of FPP into germacrene A. None of these
enzymes accepted GPP nor GGPP, earmarking them as monofunctional
sesquiterpene sythases. The TPS-f subfamily member CaTPS39 was charac-
terized as a bifunctional enzyme accepting both FPP and GGPP to produce
(E)-nerolidol and geranyl linalool, respectively. Unfortunately, none of the
expressed TPS-b subfamily members could be cloned or characterized (Ta-
ble 2).

Table 2. Functional characterization of selected recombinant CaTPS proteins. Descrip-
tion of assay conditions and chromatograms are presented in Supplemental Figure 2.

Molecular
CaTPS ID Class Accepted Product Formula
substrate Formed
product
TPS6 a FPP 45-di-epi- C15H24
Aristocholene
TPS18 a FPP 45-di-epi- C15H24
Aristocholene
TPS37 a FPP 45-di-epi- C15H24
Aristocholene
FPP Nerolidol C15H260
TPS39 f GGPP Geranyllinalool C20H340
TPS76 g None _ _
TPS93 a FPP Germacrene A
TPS96 a FPP 45-di-epi- C15H24
Aristocholene
TPS98 a FPP 45-di-epi- C15H24
Aristocholene

Induced terpenoids in Capsicum in response to biotic stresses

To characterize terpenoid metabolites in Capsicum leaves produced upon
biotic stress, both volatile and endogenous terpenoids were analyzed in
two genotypes in response to spider mites or JA. Compared to untreated
plants, more monoterpenes and sesquiterpenes were detected in the vola-
tile blends of both genotypes in response to spider mite feeding and at least
24 terpenoid volatiles were detected in total, including (E)-B-pinene, (E)-B-
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ocimene, (2)-B-ocimene, limonene and 11 other monoterpenoids in minor
amounts, as well as caryophyllene oxide, (E)-nerolidol, (E,E)-a-farnesene and
7 other sesquiterpenoids (Table 3). The monoterpene limonene and sesqui-
terpene (E)-B-elemene/germacrene A were commonly present in the blend
of non-treated plants of both genotypes. (E)-B-Pinene, 7-epi-a-eudesmol,
(E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) and (E)-B-elemene/
germacrene A were commonly induced by spider mites in both genotypes.

Untargeted UPLCT/QToF-MS analysis revealed that 13 metabolites in Cap-
sicum leaves, which were putatively annotated as terpenoids, significantly
changed (P < 0.05, FC > 1.5 or < -1.5) upon JA treatment and/or spider-mite
infestation in both genotypes. JA reduced the production of two metabolites
that were putatively identified as carotenoids, namely B-cryptoxanthin and
zeaxanthin in both genotypes. Most endogenous terpenoids that increased
in response to spider mites and/or JA are putative diterpene-glycosides and
hemiterpene glycosides. Furthermore, a number of metabolites were de-
tected with putative identification as triterpene that were mostly induced in
genotype 29 and were tentatively identified as triterpene saponins and ste-
roid terpenoids conjugated with glycosides (Table 4). Among those, anguivi-
oside B and collettiside Il have been identified in Solanum sodomaeum and
Solanum anguivi (KNApSAcK database). Although the coexpression network
revealed a strong correlation between TPS-a, b, e/f members with multi-
ple UDP-glycosyltransferases, no monoterpene- or sesquiterpene-glycoside
conjugates were detected upon JA/spider mite treatment.
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Table 3. Differentially emitted volatile terpenoid metabolites (Met) in the blends of two
genotypes of spider-mite (TSSM)-infested Capsicum annuum plants. Ret=Retention time
in min. CF=Chemical formula. Data shows base peak deconvoluted area (PA).gram of leaf
fresh weight! and is the mean + SE of three replicates.

Genotype 29 Genotype 29 Genotype 8 Genotype 8 Non-
TSSM-infested Non-infested TSSM-infested infested
PA/g. PA/g.F. PA/g.F.
Ret CF Met /e SE /8 SE PA/g.F.W. SE /8 SE
F.W. W. w
C10H1 (E)-B- 1141 | 24756. 3377.
12.10 . _ _ 12070.25 _ _
6 Pinene 79.60 38 02
C10H1 1829.
12.16 3-Carene 4245.34
6 - - - - 39 - -
1,3,8-p-
C10H1 ) 1007.
12.55 Menthatri _ _ _ _ 2753.00 _ _
4 39
ene
C10H1 Y- 6632. | 1787.4
12.77 .
6 Terpinene 94 8 - - - - - -
C10H1 (E)-3- 7573.
12.90 20735.19
60 Caren-2-ol - - - - 68 - -
C10H1 (E)-B- 3548 | 80056.
12.90 .
6 ocimene 77.54 99 - - - - - -
C10H1 X 1069.8 6169. 6813.3
13.00 Limonene _ _ 8867.85 24583.8 28192.2
6 8 02 0
1503
C10H1 (2)-B- 61250.
13.10 . 823.1 _ _ _ _ _ _
6 ocimene 0 659
1,3,8-p-
C10H1 .
13.44 4 Menthatri _ _ _ _ 1888.58 | 57.85 _ _
ene
C10H1 | (E)-Linalool | 7884. | 2810.4
13.70 . _ _ _ _ _ _
802 oxide 21 2
(2)-
C10H1 . 6924 | 39220.
14.34 Ocimene,
40 75.05 86 - - - - - -
8-oxo-
p-Mentha-
C10H1 5325.
14.63 1,5,8- 32282.80
4 R - - - - 60 - -
triene
(E)-B-
C15H2 | Elemene/G | 4703 | 23418 664556.2 | 2266
18.75 987.93 | 485.11 1436.02 | 710.74
4 ermacrene | 39.80 3.6 0 25.60
A
C15H2 a- 7141 | 22839
20.01
4 Farnesene | 52.15 4.77 - - - - - -
C15H2 . 4960. | 2458.1
20.53 a-Guaiene
4 46 9 - - - - - -
C15H2 9483. | 1555.5
20.62 B-Santalol _ _ _ _ _ _
40 18 3
C15H2 7-epi-a- 2752 | 10888. 3420
20.69 _ _ 40615.58 _ _
60 Eudesmol | 3.181 80 6.37
C15H2 (E)- 3684 | 16721.
20.78 . _ _ _ _ _ _
4 Nerolidol | 8.637 38
C16H2 Elemene 4920.
20.78 K _ _ _ _ 6855.90 _ _
6 isomer 16
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C16H2 2752 | 10888. | 22958.1 | 4694.5 | 1106466. | 2110
20.91 T™TT B B
6 3.181 80 5 0 20 75.96
C15H2 | Caryophyll | 7043. | 1928.4
40 ene oxide | 9805 4 - - - - - -
C15H2 Ledene 1493.
22.13 i B _ _ 3 2052.80 B B
60 oxide-(11) 58
a-
C15H2 | Dehydroar | 1079.
24.03 X 118.61 | _ _ _ _ _
0 himachale 34

ne

21.38

Both monoterpenoids and sesquiterpenoids showed increased production
coordinated with upregulated TPS gene expression encoding monoterpene
and sesquiterpene synthases upon infestation (Figure 4). Interestingly,
among induced terpenoids, there were more monoterpenoids than sesqui-
terpenoids in the induced volatiles. For example, the emission of the mono-
terpene (E)-B-pinene was induced by spider mites in both genotypes and 5
times higher in genotype 29 than in genotype 8 which is nicely correspond-
ing to a similar transcript change of TPS63, which shows high sequence sim-
ilarity with a (-)-camphene/tricyclene synthase encoding gene in S. lycop-
ersicum (E value 0.0) (Falara et al., 2011) that produces (-)-camphene, an
isomer of B-pinene. Multiple monoterpenes such as (E)-B-ocimene, linalool
and 3-carene displayed increased production in response to spider mites
in at least one of the genotypes. Based on transcript expression and se-
guence homology, TPS62, TPS63 and TPS65 would be the most likely can-
didates to encode enzymes for the formation of those monoterpenes, but
unfortunately we were not able to characterize the function of these genes.
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Table 4. Differentially produced non-volatile terpenoid compounds in leaves of two Cap-
sicum annuum genotypes upon spider-mite (TSSM) infestation or JA treatment. Putative
annotation was done by comparing accurate masses with the KNApSAcK database (http://
kanaya.naist.jp/knapsack_jsp/top.html). =TSSM= Two Spotted Spider Mites, JA= Jasmonic
acid, CON= Control plants; FC= Fold Change (TSSM/CON) OR (JA/CON); The metabolites
analysis was based on three replicates of each sample (Student-T-Test with equal variation;
P<0.05, FC > 1.5 or < -1.5).

Genotype . . Parental
& FC | Chemicalclass | Futative Chemical ion [ M- CASRN
identification Formula
Treatment H]-
oo Diterpenoids Taxumairol C C26H38011 525.24 189368-20-5
2.84 Triterene | pssamsaponinA | C57H88025 | 117153 | 259747-95-0
Glycosides
236 Triterpene | 4 asaponin C1 C57H90025 | 1173.54 | 929877-79-2
saponins
G29 2.34 Carotenoids Antheraxanthin C40H5603 583.28 640-03-9
JA6/CON i
/ 1.9 Triterpene TR-Saponin C51H78020 | 1009.48 | 288153-05-9
saponins
123 | Hemitereene | enoside M | C35H38017 | 729.23 | 394212421
glycosides
. beta-
0.15 Carotenoids . C40H560 651.16 472-70-8
Cryptoxanthin
o Diterpene | sireptovirudin 81 | PM1OONYO10 | 50337 | 51330-30-4
glycosides 18
e Diterpenoids Taxumairol C C26H38011 525.24 189368-20-5
3.73 steroid saponoside A C54H84025 | 113153 | 26151-14-4
glycoside
3.48 steroid Anguivioside B |  CA8H74020 | 969.48 | 276680-60-5
Glycosides,
257 Triterpene | csamsaponin A | C57H88025 | 117153 | 259747-95-0
Glycosides
G29 Triterpene .
smoarcon | 223 caponin Theasaponin C1 C57H90025 | 117353 | 929877-79-2
2.2 Triterpene | ccamsaponin E C59H92026 | 1215.53 | 259748-74-8
saponin
1.81 Triterpene TR-Saponin C51H78020 | 1009.48 | 288153-05-9
saponins
113 | HemiterPene |y menoside M | C35H38017 | 729.23 | 394212421
glycosides
. beta-
0.13 Carotenoids . C40H560 651.16 472-70-8
Cryptoxanthin
0 Carotenoids Zeaxanthin C40H5602 567.21 144-68-3
3p,11a-
oo Triterpenes Diacetoxy-12- C34H5404 525.49 5563-70-2
ursene
234 | TMMeTPENE | amsaponinA | C57H88025 | 117153 | 259747-95-0
Glycosides
22 Triterpene TR-Saponin C51H78020 | 1009.48 | 288153-05-9
saponins
G29 Triterpene .
Tssw/con | 219 saponin Theasaponin C1 C57H90025 | 117353 | 929877-79-2
2.09 steroid Saponoside A C54H84025 | 113153 | 26151-14-4
glycoside
1.98 steroid Anguivioside B | C48H74020 | 969.48 | 276680-60-5
Glycosides,
. beta-
0 Carotenoids . C40H560 651.16 472-70-8
Cryptoxanthin
0 Diterpenes Rebaudioside C C44H70022 949.42 63550-99-2
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19 Hemiterpene |\ o oside H € 35H380177 | 29.23 | 394212-42-1
glycosides
. beta-
G8 0.41 Carotenoids . C40H560 651.16 472-70-8
JAG/CON Cryptoxanthin
0.38T riterpenoids Collettiside 11l C 45H72016 867.90 19057-60-4
0.09 D iterpenes Rebaudioside C C 44H70022 949.42 63550-99-2
0 Carotenoids Zeaxanthin C40H5602 567.21 144-68-3
G8 4.66 steroidal | Isotubocaposigeni | 30,1406 499.26 | 929701-99-5
JA24/CON Glycosides n
0 Carotenoids Zeaxanthin C40H5602 567.21 144-68-3
Gs 377.18D iterpenes Streptovirudin B1 C36H6(1’;40160 803.37 51330-30-4
TSSM/CON 296 Sterol'dal Isotubocaposigeni C30H4406 29926 029701-99-5
Glycosides n

Recombinant TPS6, TPS18, TPS37, TPS96 and TPS98 catalyzed the formation
of 4,5-di-epi-aristolochene from FPP but no products were formed from GPP
nor GGPP. While their expression was clearly induced upon spider-mite in-
festation or JA-treatment, 4,5-di-epi-aristolochene was not detected in the
headspace of neither genotype 8 nor 29. 5-Epi-aristolochene is a precursor
of a dihydroxylated sesquiterpenoid phytoalexin capsidiol which is produced
by several Solanaceous species in response to a variety of environmental
stimuli (Whitehead et al., 1989, Lee et al., 2017). The oxidation of 5-epi-aris-
tolochene to capsidiol has been shown to be mediated by elicitor-inducible
cytochrome P450 hydroxylases, CYP71D in tobacco (Nicotiana tabacum)
(Ralston et al., 2001). Indeed, also in C. annuum TP518 and TPS98 exhibited
the highest correlation with putative CYP71 gene members, which are thus
likely candidates for the oxidation of 4,5-di-epi-aristolochene in Capsicum.
Upon spider mite infestation and JA treatment, a compound with a similar
accurate mass as capsidiol was found in genotype 8, suggesting that in C.
annuum 4,5-di-epi-aristolochene is converted into a structural homolog of
capsidiol (Supplemental Figure 3).

CaTPS93 was found to produce germacrene A from FPP, while it did not ac-
cept GPP nor GGPP and its thermal rearrangement product, (E)-B-elemene,
was detected upon GC-MS analysis of the headspace of challenged plants.

Expression of CaTPS39 was induced by JA in both genotypes and was char-
acterized to catalyze the formation of (E)-nerolidol and geranyllinalool from
FPP and GGPP, respectively, while it did not accept GPP. This gene would be
a logical candidate to explain the presence of nerolidol in the induced vol-
atile blend. Furthermore, TPS39 strongly co-expressed with a putative CY-
P82G2, which was shown to convert geranyllinalool into DMNT and TMTT,
respectively in Zea mays and Arabidopsis (Richter et al., 2016, Lee et al.,
2010). The presence of (E)-nerolidol and TMTT in the headspace of C. ann-
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uum upon spider mite feeding is likely due to the expression of these TPS39
and CYP82G2 gene candidates. However, nerolidol and TMTT emission were
significantly induced in genotype 29 and in both genotypes, respectively, by
spider mites while expression of TPS39 was only found to be significantly
enhanced upon JA treatment (Figure 4). The likely explanation for this is
that a transient TPS39 gene expression increase was missed in the single
time-point RNA-seq analysis. Further qPCR in time series would be needed
to verify the expression level of TPS39.

Discussion

Secondary metabolites play important roles in plant physiology and ecolo-
gy. Terpenoids are the most widely occurring secondary metabolites in na-
ture and show enormous diversity across the plant kingdom. Many of them
have biological activity, for example acting as direct or indirect defense com-
pounds to protect plants against microbes and insects (Bohlmann, 2008,
Singh and Sharma, 2015). As Capsicum is an economically important crop
with a long history of cultivation, a study on the TPS gene family in Capsicum
and how these are related to biotic stress responses not only enhances the
understanding of TPS functions in plants but could also give more insight in
the role that these genes have in direct and direct defenses to arthropod
herbivores in this important crop.

In this study, we identified 103 loci in the C. annuum genome based on se-
guence similarity with TPSs from other species. Twenty-seven of them en-
code enough amino acids to form potentially functional proteins. These 27
TPS genes belong to TPS clades TPS-a, TPS-b, TPS-c, TPS-e, TPS-f and TPS-g.
Compared with TPS gene families of other species, including one full length
gene out of 4 gene models in P. patens (Hayashi et al., 2007), 32 full length
genes out of 40 gene models in Arabidopsis (Aubourg et al., 2002), 10 full
length genes out of 55 gene models in apple (Nieuwenhuizen et al., 2013),
29 full length genes out of 44 gene models in tomato (Falara et al., 2011)
and 69 full length genes out of 152 gene models in V. vinifera (Martin et al.,
2010), the TPS gene family in Capsicum is a relatively middle-sized gene fam-
ily with a high proportion of pseudogenes and short gene fragments. This
is probably due to a relatively high speed of duplication and accompanying
gene degradation and loss of function.
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The Capsicum TPS gene family plays a role in the response to biotic stress

Eighteen CaTPS genes fall into the TPS-a subfamily forming the biggest TPS
clade in Capsicum and closely cluster on chromosomes with multiple loci
with high sequential homology, likely the result of local duplication events.
Despite the high frequency of duplication and gene degradation, all TPS-a
family members have conserved DDXXD and RXR domains. The angio-
sperm-specific TPS-a subfamily is highly divergent across all the seed plants
and TPSs in this clade are either sesquiterpene synthases or diterpene syn-
thases (Chen et al., 2011). Many of the volatile and endogenous terpenoid
metabolites found in Capsicum can be explained by expression of TPS genes.
Seven of the heterologously expressed genes from the CaTPS-a subfamily
show high homology to 5-epi-aristolochene synthase that catalyzes the for-
mation of 5-epi-aristolochene from FPP, and 4 of them were characterized
as 4,5-di-epi-aristolochene synthase, an isomer of 5-epi-aristolochene, by
in vitro enzyme assays. 5-Epi-aristolochene is precursor for the production
of the antimicrobial sesquiterpenoid capsidiol which is only produced upon
stress (Bohlmann et al., 2002, Zavalaparamo et al., 2000). The upregulated
expression of the putative 4,5-di-epi-aristolochene synthases fits well with
the increased production of a capsidiol-like compound (based on molecular
weight) in infested as well as JA challenged Capsicum plants of genotype 8
(Supplemental Figure 2).

Five CaTPS genes were classified into the TPS-b subfamily. All characterized
TPSs in this subfamily are either monoterpene or isoprene synthases (Chen
et al., 2011). Except CaTPS29, the other 4 CaTPS-b subfamily members had
the conserved RRW8R domain and three of them were predicted to have a
transit peptide which would direct the protein to the chloroplasts. Interest-
ingly, only the genes predicted to have a transit peptide were found to have
transcripts in the RNA-seq data. These expressed genes all show high sim-
ilarity to a (-)-camphene/tricyclene synthase from C. baccatum (Kim et al.,
2017). Although we did not manage to characterize any of these enzymes
in vitro, 14 different monoterpenoids were detected in the headspace of
our two genotypes of C. annuum of which 12 were specific in response to
spider-mite infestation, which seems consistent with the upregulated ex-
pression of these TPS-b members.

There is a single gene in each of the subclasses TPS-c, TPS-e, TPS-f and TPS-g.
Only TPS-f member CaTPS39, which was shown to catalyze the production
of both (E)-nerolidol and geranyllinalool in vitro, was induced by both spider
mites and JA. Indeed, both nerolidol and geranyllinalool-derived TMTT are
detectable in spider-mite induced volatile blends of C. annuum and TPS39
expression correlates well with a putative CYP82, suggesting that this cy-

192



CaTPS gene family

tochrome P450 could be responsible for the conversion of geranyllinalool
to TMTT. It suggests an important role of nerolidol, geranyllinalool and the
homoterpenes derived from them in the response to herbivory. The expres-
sion of a nerolidol synthases in Arabidopsis resulted in the enhanced emis-
sion of nerolidol which improved attraction of parasitoid wasps, Diadegma
semiclausum (Houshyani et al., 2013) as well as predatory mites Phytosei-
ulus persimilis (Kappers et al., 2005). Silencing geranylgeranyl diphosphate
synthase in N. attenuata dramatically impaired resistance to tobacco horn-
worm (Jassbi et al., 2008).

Based on sequence similarity TPS-g clade member, CaTPS76 showed high
similarity with TPS37 and TPS39 from the tomato SITPS-g clade both of
which catalyze the formation of linalool from GPP and nerolidol from (E,E)-
FPP (Falara et al., 2011). Hence, although we were not successful in its
functional characterization, CaTPS76 might be the responsible enzyme for
the production of linalool present in the volatile blend upon spider-mite
feeding. Full length TPS-c member CaTPS42 likely encodes an ent-copalyl
diphosphate synthase but no transcripts were found by RNA sequencing.
Six other gene loci were identified as putative ent-copalyl diphosphate syn-
thases, while the other 5 are not predicted to encode functional proteins
due to the too short length. Only CaTPS13 was expressed in leaves, albeit
at low levels. Probably a low expression level of ent-copalyl diphosphate
synthase is sufficient for gibberellin production and RNA sequencing is not
sensitive enough to detect this low level of transcripts. It also can be that
the low-quality genome annotation did not reveal the complete sequence
of all genes and that there is another gene encoding a functional ent-copalyl
diphosphate synthase. For example, 3 genes have a predicted putative func-
tion as ent-copalyl diphosphate synthase in Carrot (Daucus carota L.)(Keil-
wagen et al., 2017). To have a more comprehensive idea of which products
are encoded by all the C. annuum TPSs, a more extensive in vitro analysis
would be required.

CaTPS evolution

Based on phylogenetic analysis, TPS-a and b subfamilies consist of 18 and 5
members, respectively, forming the two largest clades in the CaTPS family
(Fig. 2). Many of the members of these families that have high sequence
similarity also closely co-localize on the chromosomes. This clustered local-
ization is prominent for TPS-a members on chromosome I, III, VIII, IX, XI, XII
and for TPS-b members on chromosome VIII. Many TPS genes of the TPS-a
and TPS-b clade seem to have resulted from gene duplication (Aubourg et
al., 2002). Those gene copies tend to be retained because their products are
secondary, specialized metabolites and will not affect the development and
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survival of the plant. Therefore, this high speed of duplication may not be
restricted too much by selection pressures (Heidel-Fischer and Vogel, 2015,
Pichersky and Gang, 2000). The rapid evolution of TPS genes has resulted
in species—specific paralogous TPS gene clusters. In the TPS-a clade, CaTPS
members are more closely related to each other than to TPS genes from
other species in the same subfamily.

In contrast to the above mentioned subfamilies, TPS genes from TPS-c, TPS-
e/f and TPS-g are maintained as a single copy. The low ratio of divergence
and slow speed of duplication indicate a strong selection. Sequence analysis
suggested that CaTPS53, the only gene member in the TPS-e clade, encodes
ent-kaur-16-ene synthase. Together with CaTPS42, these genes are proba-
bly responsible for the production of gibberellin in Capsicum (Prisic et al.,
2004, Xu et al., 2007).

Terpenoid biosynthesis gene clusters in the Capscium genome

Genes encoding biosynthetic enzymes for specialized metabolites are of-
ten located physically close on chromosomes, forming clusters in the plant
genome (NUtzmann et al., 2016), such as the biosynthetic genes of tirucal-
la-7,24-dien-3b-ol (triterpene) in Arabidopsis (Boutanaev et al., 2015), cu-
curbitacin C (triterpene) in Cucumis sativus (Shang et al., 2014) and the di-
terpenoid casbene in Euphorbia peplus (King et al., 2014). Combinations of
terpenoid synthases with cytochromes P450s are found clustered together
in plant genomes far more commonly than would be expected by chance
and this gene pairing likely has evolved from a common ancestral pairing in
eudicots (Boutanaev et al., 2015).

In Capsicum, we detected multiple genes, including P450s, prenyltransfer-
ases, and MVA and MEP pathway genes that were located physically close
to TPS genes, suggesting putative specialized gene-clusters. For example,
an unknown MEP pathway gene, Capana08g002507, is co-localized with
monoterpene synthases CaTPS61, CaTPS62 and CaTPS63 and these genes
are co-expressed upon herbivory, suggesting that they are under control of
a shared promoter and/or transcription factor. CaTPS62 also co-localized
and co-expressed with putative UDP-glucose flavonoid 3-O-glucosyltrans-
ferases Capana08g002330 and Capana08g002333 and UDP-glycosyltrans-
ferase, Capana08g002334. Especially members of the TPS-a subfamily tend
to cluster with cytochrome P450 genes. CaTPS18 is physically close to Cap-
ana02g001090 and Capana02g001094 - both of which encode a P450 - and
highly correlates with them in expression pattern. CaTPS93 is located close
to cytochrome P450s genes, Capanal2g002421 while CaTPS98 clusters with
cytochrome P450s genes, Capanal2g002424 and Capanal2g002441. The
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clustering of TPSs with glycosyl transferases and with cytochrome P450s
possibly matches with the fact that multiple monoterpene glycosides, ox-
ygenated sesquiterpenes, diterpene glycosides and triterpene glycosides
were found to be increased upon spider mite feeding and/or JA treatment.

Biosynthetic genes of both parallel and consecutive steps of specialized me-
tabolites are often clustered in the genome (Boycheva et al., 2014, Shang et
al., 2014, Schneider et al., 2016). Many of metabolites formed as result of
genes within such plant metabolic gene clusters appear to provide protec-
tion against pathogens and herbivores. Clustering genes and coinheritance
of optimized gene combination that confer selective advantage is probably
beneficial for plants (Yeaman and Whitlock, 2011, Takos and Rook, 2012).
Besides, co-localization of metabolic pathway genes increases the likelihood
of co-regulating gene expression and prevents the accumulation of toxic/
bioactive intermediates (Field et al., 2011, Xu et al., 2012, Nutzmann et al.,
2016).

In conclusion, we identified the TPS gene family in the Capsicum genome and
analyzed their phylogeny, gene structure and expression profile upon spider
mite feeding and JA treatment. Upstream biosynthetic genes from the MEP,
MVA pathway and downstream modification genes including cytochrome
P450s, UDP-glycosyl transferases and transcription factors that under her-
bivory display co-expression with the CaTPS genes were discussed. Finally,
recombinant proteins of nine selected TPSs were functionally characterized
in vitro. Together, these data to a large extent shed light on the production
of volatile and non-volatile defense terpenoids in Capsicum annuum.

Acknowledgements

We would like to thank Johannes Hofberger for performing terpenoid
pathway gene identification, Jun He and Tao Zhao for giving advises on
genomic analysis, Francel Verstappen for performing volatile measurement,
Bert Schipper for endogenous metabolites measurement.

195




CaTPS gene family

References

ADAMS, R.P. 1995. Identification of essential oil components by gas chromatography/mass
spectrometry. Allured Publishing Corporation, Carol Stream. ISBN: 0-931710-42-
1.

ALQUEZAR, B., RODRIGUEZ, A., DE LA PENA, M. & PENA, L. 2017. Genomic Analysis of Ter-
pene Synthase Family and Functional Characterization of Seven Sesquiterpene
Synthases from Citrus sinensis. Frontiers in Plant Science, 8, 20.

AUBOURG, S., LECHARNY, A. & BOHLMANN, J. 2002. Genomic analysis of the terpenoid
synthase (AtTPS) gene family of Arabidopsis thaliana. Molecular Genetics and Ge-
nomics, 267, Issue 6, pp 730-745.

BOHLMANN, J. 2008. Insect-Induced Terpenoid Defenses in Spruce, Springer Netherlands.

BOHLMANN, J., MEYER-GAUEN, G. & CROTEAU, R. 1998. Plant terpenoid synthases: molec-
ular biology and phylogenetic analysis. Proceedings of the National Academy of
Sciences of the United States of America, 95, 4126-33.

BOHLMANN, J., STAUBER, E. J., KROCK, B., OLDHAM, N. J., GERSHENZON, J. & BALDWIN, I. T.
2002. Gene expression of 5-epi-aristolochene synthase and formation of capsidiol
in roots of Nicotiana attenuata and N. sylvestris. Phytochemistry, 60, 109-16.

BOLGER, A. M., LOHSE, M. & USADEL, B. 2014. Trimmomatic: a flexible trimmer for lllumina
sequence data. Bioinformatics (Oxford, England), 30, 2114.

BOUTANAEV, A. M., MOSES, T., ZI, J., NELSON, D. R.,, MUGFORD, S. T., PETERS, R. J. & OS-
BOURN, A. 2015. Investigation of terpene diversification across multiple se-
quenced plant genomes. Proceedings of the National Academy of Sciences of the
United States of America, 112, E81.

BOYCHEVA, S., DAVIET, L., WOLFENDER, J. L. & FITZPATRICK, T. B. 2014. The rise of oper-
on-like gene clusters in plants. Trends in Plant Science, 19, 447-459.

CARRIZOG, C. 2013. Wild Capsicums: identification and in situ analysis of Brazilian species.

CHEN, F., THOLL, D., BOHLMANN, J. & PICHERSKY, E. 2011. The family of terpene synthases
in plants: a mid-size family of genes for specialized metabolism that is highly diver-
sified throughout the kingdom. Plant Journal, 66, 212-229.

DE VOS, R. C., MOCO, S., LOMMEN, A., KEURENTIES, J. J., BINO, R. J. & HALL, R. D. 2007.
Untargeted large-scale plant metabolomics using liquid chromatography coupled
to mass spectrometry. Nat Protoc., 2, 778-791.

DEGENHARDT, J., KOLLNER, T. G. & GERSHENZON, J. 2009. Monoterpene and sesquiterpene
synthases and the origin of terpene skeletal diversity in plants. Phytochemistry,
70, 1621-1637.

DORNELAS, M. C. & MAZZAFERA, P. 2007. A genomic approach to characterization of the
Citrus terpene synthase gene family. Genetics and Molecular Biology, 30, 832-840.

ELLERMEIER, T. D. H., CRAIG D. 2012. Extra Cytoplasmic Function ¢ Factor Activation. Cur-
rent Opinion in Microbiology, 15, 182-188.

EMANUELSSON, O., NIELSEN, H., BRUNAK, S. & VON HEIJNE, G. 2000. Predicting Subcellular
Localization of Proteins Based on their N-terminal Amino Acid Sequence. Journal
of Molecular Biology, 300, 1005-1016.

FALARA, V., AKHTAR, T. A., NGUYEN, T. T., SPYROPOULOU, E. A., BLEEKER, P. M., SCHAUVIN-
HOLD, I., MATSUBA, Y., BONINI, M. E., SCHILMILLER, A. L. & RL, L. 2011. The tomato

196



CaTPS gene family

terpene synthase gene family. Plant Physiology, 157, 770-789.

FERRIERI, A. P,, ARCE, C. C. M., MACHADO, R. A. R., MEZA-CANALES, I. D., LIMA, E., BALD-
WIN, I. T. & ERB, M. 2015. A Nicotiana attenuata cell wall invertase inhibitor (Na-
CWII) reduces growth and increases secondary metabolite biosynthesis in herbi-
vore-attacked plants. New Phytologist, 208, 519-530.

FIELD, B., FISTONLAVIER, A. S., KEMEN, A., GEISLER, K., QUESNEVILLE, H. & OSBOURN, A.
E. 2011. Formation of plant metabolic gene clusters within dynamic chromosomal
regions. Proceedings of the National Academy of Sciences of the United States of
America, 108, 16116.

GRABHERR, M. G., HAAS, B. J., YASSOUR, M., LEVIN, J. Z.,, THOMPSON, D. A., AMIT, I., ADI-
CONIS, X., FAN, L., RAYCHOWDHURY, R. & ZENG, Q. 2011. Full-length transcrip-
tome assembly from RNA-Seq data without a reference genome. Nature Biotech-
nology, 29, 644.

HAYASHI, K. I., KAWAIDE, H., NOTOMI, M., SAKIGI, Y., MATSUO, A. & NOZAKI, H. 2007. Corri-
gendum to “ldentification and functional analysis of bifunctional ent -kaurene syn-
thase from the moss Physcomitrella patens ” [FEBS Lett. 580 (2006) 6175—6181].
Febs Letters, 581, 2748-2748.

HEIDEL-FISCHER, H. M. & VOGEL, H. 2015. Molecular mechanisms of insect adaptation to
plant secondary compounds. Current Opinion in Insect Science, 8, 8-14.

HEILING, S., SCHUMAN, M. C., SCHOETTNER, M., MUKERIJEE, P., BERGER, B., SCHNEIDER, B.,
JASSBI, A. R. & BALDWIN, I. T. 2010. Jasmonate and ppHsystemin regulate key Mal-
onylation steps in the biosynthesis of 17-Hydroxygeranyllinalool Diterpene Glyco-
sides, an abundant and effective direct defense against herbivores in Nicotiana
attenuata. Plant Cell, 22, 273-92.

HOFBERGER, J. A.,, RAMIREZ, A. M., VAN DEN BERGH, E., ZHU, X., BOUWMEESTER, H. J.,,
SCHUURINK, R. C. & SCHRANZ, M. E. 2015. Large-Scale Evolutionary Analysis of
Genes and Supergene Clusters from Terpenoid Modular Pathways Provides In-
sights into Metabolic Diversification in Flowering Plants. PLoS ONE, 10, e0128808.

HONG, G. J., XUE, X. Y., MAO, Y. B., WANG, L. J. & CHEN, X. Y. 2012. Arabidopsis MYC2 Inter-
acts with DELLA Proteins in Regulating Sesquiterpene Synthase Gene Expression.
Plant Cell, 24, 2635-2648.

HOUSHYANI, B., ASSAREH, M., BUSQUETS, A., FERRER, A., BOUWMEESTER, H. J. & KAP-
PERS, I. F. 2013. Three-step pathway engineering results in more incidence rate
and higher emission of nerolidol and improved attraction of Diadegma semiclau-
sum. Metabolic Engineering, 15, 88-97.

HU, B., JIN, J., GUO, A., ZHANG, H., LUO, J. & GAO, G. 2015. GSDS 2.0: an upgraded gene
feature visualization server. Bioinformatics (Oxford, England), 31, 1296.

JASSBI, A. R., GASE, K., HETTENHAUSEN, C., SCHMIDT, A. & BALDWIN, I. T. 2008. Silencing
geranylgeranyl diphosphate synthase in Nicotiana attenuata dramatically impairs
resistance to tobacco hornworm. Plant Physiology, 146, 974-986.

KAPPERS, I. F., AHARONI, A., VAN HERPEN, T., LUCKERHOFF, L. L. P., DICKE, M. & BOUW-
MEESTER, H. J. 2005. Genetic engineering of terpenoid metabolism attracts, body-
guards to Arabidopsis. Science, 309, 2070-2072.

KAPPERS, I. F., DICKE, M. & BOUWMEESTER, H. J. 2008. Terpenoids in plant signaling, chem-
ical ecology. Wiley Encyclopedia of Chemical Biology John Wiley & Sons Inc.

197




CaTPS gene family

KAPPERS, I. F.,, HOOGERBRUGGE, H., BOUWMEESTER, H. J. & DICKE, M. 2011. Variation
in herbivory-induced volatiles among cucumber (Cucumis sativus L.) varieties has
consequences for the attraction of carnivorous natural enemies. Journal of Chem-
ical Ecology, 37, 150-160.

KAPPERS, I. F., VERSTAPPEN, F. W. A., LUCKERHOFF, L. L. P., BOUWMEESTER, H. J. & DICKE,
M. 2010. Genetic Variation in Jasmonic Acid- and Spider Mite-Induced Plant Vola-
tile Emission of Cucumber Accessions and Attraction of the Predator Phytoseiulus
persimilis. Journal of Chemical Ecology, 36, 500-12.

KEELING, C. I. & BOHLMANN, J. 2006. Genes, enzymes and chemicals of terpenoid diversity
in the constitutive and induced defence of conifers against insects and pathogens.
New Phytologist, 170, 657.

KEILWAGEN, J., LEHNERT, H., BERNER, T., BUDAHN, H., NOTHNAGEL, T., ULRICH, D. &
DUNEMANN, F. 2017. The Terpene Synthase Gene Family of Carrot (Daucus caro-
taL.): Identification of QTLs and Candidate Genes Associated with Terpenoid Vola-
tile Compounds. Frontiers in Plant Science, 8, 1930.

KIM, S., PARK, J., YEOM, S-I., KIM, Y.-M., SEQ, E., KIM, K.-T., KIM, M.-S., LEE, J. M., CHEONG,
K., SHIN, H.-S., KIM, S.-B., HAN, K., LEE, J., PARK, M., LEE, H.-A., LEE, H.-Y., LEE, Y.,
OH, S,, LEE, J. H., CHOI, E., CHOI, E., LEE, S. E., JEON, J., KIM, H., CHOI, G., SONG, H.,
LEE, J., LEE, S.-C., KWON, J.-K., LEE, H.-Y., KOO, N., HONG, Y., KIM, R. W., KANG, W.-
H., HUH, J. H., KANG, B.-C., YANG, T.-J., LEE, Y.-H., BENNETZEN, J. L. & CHOI, D. 2017.
Multiple reference genome sequences of hot pepper reveal the massive evolution
of plant disease resistance genes by retroduplication. bioRxiv.

KING, A. J., BROWN, G. D., GILDAY, A. D., LARSON, T. R. & GRAHAM, I. A. 2014. Production of
bioactive diterpenoids in the euphorbiaceae depends on evolutionarily conserved
gene clusters. Plant Cell, 26, 3286-98.

KRUGNER, R., WALLIS, C. M. & WALSE, S. S. 2014. Attraction of the egg parasitoid, Gona-
tocerus ashmeadi Girault (Hymenoptera: Mymaridae) to synthetic formulation of
a ( E)-B-ocimene and ( E, E )-a-farnesene mixture. Biological Control, 77, 23-28.

KULHEIM, C., PADOVAN, A., HEFER, C., KRAUSE, S. T., KOLLNER, T. G., MYBURG, A. A., DE-
GENHARDT, J. & FOLEY, W. J. 2015. The Eucalyptus terpene synthase gene family.
BMC Genomics, 16, 450.

LARKIN, M. A., BLACKSHIELDS, G., BROWN, N. P., CHENNA, R., MCGETTIGAN, P. A., MCWIL-
LIAM, H., VALENTIN, F., WALLACE, I. M., WILM, A., LOPEZ, R., THOMPSON, J. D.,
GIBSON, T. J. & HIGGINS, D. G. 2007. Clustal W and Clustal X version 2.0. Bioinfor-
matics, 23, 2947-2948.

LEE, H.-A., KIM, S., KIM, S. & CHOI, D. 2017. Expansion of sesquiterpene biosynthetic gene
clusters in pepper confers nonhost resistance to the Irish potato famine pathogen.
New Phytologist, 215, 1132-1143.

LEE, S., BADIEYAN, S., BEVAN, D. R., HERDE, M., GATZ, C. & THOLL, D. 2010. Herbivore-in-
duced and floral homoterpene volatiles are biosynthesized by a single P450 en-
zyme (CYP82G1) in Arabidopsis. Proceedings of the National Academy of Sciences
of the United States of America, 107, 21205-21210.

LI, G., KOLLNER, T. G., YIN, Y., JIANG, Y. L., CHEN, H., XU, Y., GERSHENZON, J., PICHERSKY, E.
& CHEN, F. 2012. Nonseed plant Selaginella moellendorffi [corrected] has both
seed plant and microbial types of terpene synthases. Proceedings of the National

198



CaTPS gene family

Academy of Sciences of the United States of America, 109, 14711-5.

LOMMEN, A. 2009. MetAlign: Interface-Driven, Versatile Metabolomics Tool for Hyphen-
ated Full-Scan Mass Spectrometry Data Preprocessing. Analytical Chemistry, 81,
3079-3086.

MACHADO, R. A. R., BALDWIN, I. T. & ERB, M. 2017. Herbivory-induced jasmonates con-
strain plant sugar accumulation and growth by antagonizing gibberellin signaling
and not by promoting secondary metabolite production. New Phytologist, 215,
803-812.

MARTIN, D. M., AUBOURG, S., SCHOUWEY, M. B., DAVIET, L., SCHALK, M., TOUB, O., LUND,
S. T. & BOHLMANN, J. 2010. Functional Annotation, Genome Organization and
Phylogeny of the Grapevine (Vitis vinifera) Terpene Synthase Gene Family Based
on Genome Assembly, FLcDNA Cloning, and Enzyme Assays. BMC Plant Biology,
10, 226.

NIEUWENHUIZEN, N. J., GREEN, S. A., CHEN, X., BAILLEUL, E. J. D., MATICH, A. J., WANG, M.
Y. & ATKINSON, R. G. 2013. Functional Genomics Reveals That a Compact Terpene
Synthase Gene Family Can Account for Terpene Volatile Production in Apple. Plant
Physiology, 161, 787-804.

NUTZMANN, H. W., HUANG, A. & OSBOURN, A. 2016. Plant metabolic clusters — from genet-
ics to genomics. New Phytologist, 211, 771-789.

NUTZMANN, H. W., HUANG, A. C. & OSBOURN, A. 2016. Plant metabolic clusters - from
genetics to genomics. New Phytologist, 211, 771-789.

PARKER, M. T., ZHONG, Y., DAI, X. & WANG, S. 2014. Comparative genomic and transcrip-
tomic analysis of terpene synthases in Arabidopsis and Medicago. Systems Biology
let, 8, 146-153.

PETERS, R. J., RAVN, M. M., COATES, R. M. & CROTEAU, R. B. 2001. Bifunctional abietadi-
ene synthase: free diffusive transfer of the (+)-copalyl diphosphate intermediate
between two distinct active sites. Journal of the American Chemical Society, 123,
8974-8.

PICHERSKY, E. & GANG, D. R. 2000. Genetics and biochemistry of secondary metabolites in
plants: an evolutionary perspective. Trends in Plant Science, 5, 439-445.

PRASIFKA, J. R., SPRING, O., CONRAD, J., COOK, L. W., PALMQUIST, D. E. & FOLEY, M. E.
2015. Sesquiterpene Lactone Composition of Wild and Cultivated Sunflowers and
Biological Activity against an Insect Pest. Journal of Agricultural & Food Chemistry,
63, 4042-9.

PRISIC, S., XU, M. M., WILDERMAN, P. R. & PETERS, R. J. 2004. Rice contains two disparate
ent-copalyl diphosphate synthases with distinct metabolic functions. Plant Physi-
ology, 136, 4228-4236.

RALSTON, L., KWON, S. T., SCHOENBECK, M., RALSTON, J., SCHENK, D. J., COATES, R. M.
& CHAPPELL, J. 2001. Cloning, Heterologous Expression, and Functional Charac-
terization of 5-epi-Aristolochene-1,3-Dihydroxylase from Tobacco (Nicotiana ta-
bacum). Archives of Biochemistry and Biophysics, 393, 222-235.

REHRIG, E. M., APPEL, H. M., JONES, A. D. & SCHULTZ, J. C. 2014. Roles for jasmonate- and
ethylene-induced transcription factors in the ability of Arabidopsis to respond dif-
ferentially to damage caused by two insect herbivores. Frontiers in Plant Science,
5, 14.

199




CaTPS gene family

RICHTER, A., SCHAFF, C., ZHANG, Z., LIPKA, A. E., TIAN, F., KOLLNER, T. G., SCHNEE, C., PREIR,
S., IRMISCH, S., JANDER, G., BOLAND, W., GERSHENZON, J., BUCKLER, E. S. & DE-
GENHARDT, J. 2016. Characterization of Biosynthetic Pathways for the Production
of the Volatile Homoterpenes DMNT and TMTT in Zea mays. The Plant Cell, 28,
2651-2665.

SCHNEE, C., KOLLNER, T. G., HELD, M., TURLINGS, T. C. J., GERSHENZON, J. & DEGENHARDT,
J. 2006. The products of a single maize sesquiterpene synthase form a volatile de-
fense signal that attracts natural enemies of maize herbivores. Proceedings of the
National Academy of Sciences of the United States of America, 103, 1129-1134.

SCHNEIDER, L. M., ADAMSKI, N. M., CHRISTENSEN, C. E., STUART, D. B., VAUTRIN, S., HANS-
SON, M., UAUY, C. & WETTSTEINKNOWLES, P. V. 2016. The Cer-cqu gene cluster
determines three key players in a B-diketone synthase polyketide pathway synthe-
sizing aliphatics in epicuticular waxes. Journal of Experimental Botany, 67, 2715.

SHANG, Y., MA, Y. S., ZHOU, Y., ZHANG, H. M., DUAN, L. X., CHEN, H. M., ZENG, J. G., ZHOU,
Q., WANG, S. H., GU, W. J,, LIU, M., REN, J. W., GU, X. F.,, ZHANG, S. P,, WANG, Y., YA-
SUKAWA, K., BOUWMEESTER, H. J., Ql, X. Q., ZHANG, Z. H., LUCAS, W. J. & HUANG,
S. W. 2014. Biosynthesis, regulation, and domestication of bitterness in cucumber.
Science, 346, 1084-1088.

SHANNON, P.,, MARKIEL, A., OZIER, O., BALIGA, N. S., WANG, J. T., RAMAGE, D., AMIN, N.,
SCHWIKOWSKI, B. & IDEKER, T. 2003. Cytoscape: A Software Environment for Inte-
grated Models of Biomolecular Interaction Networks. Genome Res, 13, 2498-504.

SINGH, B. & SHARMA, R. A. 2015. Plant terpenes: defense responses, phylogenetic analysis,
regulation and clinical applications. Biotech, 5, 129-151.

SNOEREN, T. A. L., KAPPERS, I. F., COLETTE, B., ROLAND, M., MARCEL, D. & BOUWMEESTER,
H. J. 2010. Natural variation in herbivore-induced volatiles inArabidopsis thaliana.
Journal of Experimental Botany, 61, 3041-3056.

TAKAHASHI, S. & KOYAMA, T. 2006. Structure and function of cis-prenyl chain elongating
enzymes. Chemical Record, 6, 194-205.

TAKOS, A. M. & ROOK, F. 2012. Why biosynthetic genes for chemical defense compounds
cluster. Trends in Plant Science, 17, 383.

TAMURA, K., DUDLEY, J., NEI, M. & KUMAR, S. 2007. MEGA4: Molecular Evolutionary Ge-
netics Analysis (MEGA) software version 4.0. Molecular biology and evolution, 24,
1596.

THOLL, D. & LEE, S. 2011. Terpene Specialized Metabolism in Arabidopsis thaliana. The Ara-
bidopsis Book / American Society of Plant Biologists, 9, e0143.

TIKUNQV, Y. M., LAPTENOK, S., HALL, R. D., BOVY, A. & DE VOS, R. C. H. 2012. MSClust: a tool
for unsupervised mass spectra extraction of chromatography-mass spectrometry
ion-wise aligned data. Metabolomics, 8, 714-718.

TRAPP, S. C. & CROTEAU, R. B. 2001. Genomic Organization of Plant Terpene Synthases and
Molecular Evolutionary Implications. Genetics, 158, 811.

TROSHIN, P. V., PROCTER, J. B. & BARTON, G. J. 2011. Java bioinformatics analysis web ser-
vices for multiple sequence alighment—JABAWS:MSA. Bioinformatics (Oxford, En-
gland), 27, 2001-2.

VAN DUYNHOVEN, J., VAN DER HOOFT, J. J. J., VAN DORSTEN, F. A,, PETERS, S., FOLTZ, M.,

200



CaTPS gene family

GOMEZ-ROLDAN, V., VERVOORT, J., DE VOS, R. C. H. & JACOBS, D. M. 2014. Rapid
and Sustained Systemic Circulation of Conjugated Gut Microbial Catabolites after
Single-Dose Black Tea Extract Consumption. Journal of Proteome Research, 13,
2668-2678.

VERMA, V., RAVINDRAN, P. & KUMAR, P. P. 2016. Plant hormone-mediated regulation of
stress responses. Bmc Plant Biology, 16, 86.

WANG, K. C. & OHNUMA, S. 2000. Isoprenyl diphosphate synthases. Biochimica et biophys-
ica acta, 1529, 33.

WHITEHEAD, I. M., THRELFALL, D. R. & EWING, D. F. 1989. 5-epi-aristolochene is a com-
mon precursor of the sesquiterpenoid phytoalexins capsidiol and debneyol. Phy-
tochemistry, 28, 775-779.

XU, M., GALHANO, R., WIEMANN, P., BUENO, E., TIERNAN, M., WU, W., CHUNG, |. M., GER-
SHENZON, J., TUDZYNSKI, B. & SESMA, A. 2012. Genetic evidence for natural prod-
uct-mediated plant-plant allelopathy in rice (Oryza sativa). New Phytologist, 193,
570-575.

XU, M. M., WILDERMAN, P. R., MORRONE, D., XU, J. J., ROY, A., MARGIS-PINHEIRO, M., UPA-
DHYAYA, N. M., COATES, R. M. & PETERS, R. J. 2007. Functional characterization of
the rice kaurene synthase-like gene family. Phytochemistry, 68, 312-326.

YANG, G., HONZATKO, R. B. & PETERS, R. J. 2012. Terpenoid synthase structures: a so far
incomplete view of complex catalysis. Natural Product Reports, 29, 1153-1175.

YEAMAN, S. & WHITLOCK, M. C. 2011. The genetic architecture of adaptation under migra-
tion-selection balance. Evolution; international journal of organic evolution, 65,
1897-911.

ZAVALAPARAMO, G., CHAVEZMOCTEZUMA, M. P., GARCIAPINEDA, E., YIN, S., CHAPPELL, J.
& LOZOYAGLORIA, E. 2000. Isolation of an elicitor-stimulated 5-epi-aristolochene
synthase gene (gPEAS1) from chili pepper (Capsicum annuum). Physiologia Plan-
tarum, 110, 410-418.

ZHANG, P. J., ZHENG, S. J., VAN LOON, J. J. A., BOLAND, W., DAVID, A., MUMM, R. & DICKE,
M. 2009. Whiteflies interfere with indirect plant defense against spider mites in
Lima bean. Proceedings of the National Academy of Sciences of the United States
of America, 106, 21202-21207.

Supplemental Tables/Figures/Datasets
Supplemental files to this chapter can be downloaded from:

<http://www.wageningenseedlab.nl/thesis/yuanyuanzhang/>http://www.wagenin-

genseedlab.nl/thesis/yuanyuanzhang/

<http://www.wageningenseedlab.nl/thesis/yuanyuanzhang/SI/>http://www.wagenin-
genseedlab.nl/thesis/yuanyuanzhang/Sl/

Supplemental Data 1. Sequences of TPS proteins from Capsicum annuum and other 13
plant species including A. grandis (Ag), P. glauca (Pg), M. piperita (Mp), M. longifolia (Ml),
S. lycopersicum (Sl), A. thaliana (At), M. truncatula (Mt), V. vinifera (Vv), C. breweri (Cb), C.
sublyratus copalyl (Cs), C. sativus (Cs), C. maxima (Cm), S. habrochaites (Sh).
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Supplementary Data 2. Primer sequences and annealing temperatures for amplification
of TPS genes from Capsicum annuum cDNA

Supplemental Data 3. List of 103 TPS loci in the Capsicum genome

Supplemental Data 4. Gene transcript levels of 44 expressed TPS genes, upstream genes
and triterpene synthase genes in Capsicum annuum leaves of non-treated plants, infested
with spider mites for 3 days or JA sprayed for 6 hours/24 hours in two genotypes.

Supplemental Data 5. Gene pairs of expressed functional TPS genes and co-expressed
genes with correlation coeffiency > 0.9 or <-0.9

Supplemental Table 1. Signal peptides predictio
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Supplemental Figure 1. Intron-exon structures of CaTPS genes in different subfamilies.
Yellow boxes and gray lines represent exons and introns, respectively
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Supplemental Figure 2. Capsidiol-like compound (C15H2402, Molar mass 236.35 g/mol)
induced upon spider-mite infestation (TSSM) and JA treatment for 24 hours (JA24). RT=27
min.
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General discussion

The interaction between plants and arthropod herbivores is a highly com-
plex and dynamic process. Herbivores use various strategies to feed on host
plants and plants have evolved a range of different defense strategies to pro-
tect themselves during millions of years of coevolution (Howe and Jander,
2008). However, most studies on plant-herbivore interactions are done in a
limited number of model species, including e.g. Arabidopsis, Nicotiana spp.,
maize and tomato. Far less is known on other crop species that are of impor-
tance for feeding the world population, such as Capsicum spp. Capsicum has
a long history of cultivation and represents a large economic value. Howev-
er, damage by herbivorous arthropods is one of the biggest threats reducing
Capsicum fruit production and thus enhancing resistance to herbivores is
important. Classical breeding usually uses a bottom up strategy to introduce
and maintain desired traits which makes it have limited power in improving
defensive traits, because these are usually controlled by multiple genes that
can easily be separated during genetic recombination. In addition, it does
not help that the mechanisms underlying defense strategies are often not
known. To reveal some of these mechanisms of plant defense and further
facilitate resistance breeding approaches, in my thesis | applied several -om-
ics as well as targeted approaches to explore the genetic diversity (Chapter
2), dynamic regulation (Chapter 3) and detailed molecular processes (Chap-
ter 4) underlying the response of Capsicum to biotic stresses (JA and spider
mites). In addition, because of the importance of terpenoids in plant direct
and indirect defense, the terpene synthase gene family in Capsicum (CaTPS)
was studied using a genome-wide approach and multiple family members
were functionally characterized (Chapter 5). In this General discussion, | will
discuss the obtained findings and how they can assist Capsicum resistance
breeding programs.

Secondary metabolites drive differences in defense in plants

Due to gene/genome duplication and recombination and evolution under
environmental and breeding selection pressure, natural variation arose,
providing polymorphisms for multiple plant physiological and genetic as-
pects. A variety of secondary metabolites is known to have a critical role in
plant defense (Bennett and Wallsgrove, 1994, Kliebenstein, 2012). Consider-
ing the importance of metabolites in interactions with other organisms such
as herbivores and microbes, elucidating the metabolites underlying defense
traits is crucial in terms of plant ecology and breeding. Correspondingly,
the interaction of plants with herbivores is an important selection pressure
to shape plant metabolism. Genetic variation within a certain species pro-
vides good resources for targeted and untargeted metabolite profiling in
relation with herbivory defenses (Matsuda et al., 2015, Luo, 2015). Both
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direct defense and indirect defense are affected by quantity and quality of
those metabolites. For example, tallow tree Triadica sebifera genotypes that
showed variation in their response to caterpillars, Grammodes geometrica,
Cnidocampa flavescens and Gadirtha inexacta also showed variation in the
concentration of selected flavonoids and tannins (Wang et al., 2012). Both
qualitative and quantitative variation in glucosinolates influenced plant-in-
sect interaction in Arabidopsis ecotypes (Kliebenstein et al., 2001).

To build the first connection between Capsicum leaf secondary metabolites
and defensive traits, | measured both the endogenous and volatile metabo-
lome of 22 Capsicum genotypes in response to spider mites and JA, respec-
tively, as well as the corresponding relative level of direct defense to spider
mites and attractiveness towards predatory mites. | found variation in the
metabolomes as well as in the defensive traits that | analyzed (Chapter 2).
The defense level to spider mites (and herbivores in general) is the outcome
of multiple morphological and biochemical traits. Trichomes, which may
function as a hindering physical deterrent (Tian et al., 2012) and toxic pro-
teins which may kill the herbivores, were not in the scope of the analyses
that | did, but may also play an important role affecting spider mite survival
and oviposition. For example, in the genotype collection of this thesis, all
three included pubescens and a few chinense genotypes have a distinct vola-
tile blend compared to other genotypes which can be directly related to the
presence of typical glandular trichomes. In particular, genotype 33 (Chapter
2) has a high density of trichomes, which may repel spider mites due to
physical hindering of spider mite movement and/or as consequence of the
deterrent volatiles. In this thesis, | did not further explore the direct defense
effects of trichomes (nor of potential toxic proteins), but focused on de-
fense variation that correlated with endogenous and volatile metabolites in
leaves. Multivariate analysis suggested that the induced Capsicum leaf me-
tabolome profiles cannot fully explain the level of direct defense nor that of
indirect defense. This can possibly be explained by other factors, such as tri-
chomes and proteins, as discussed above, or by the variation in the constitu-
tive metabolome of the genotypes (Chapter 2). For a more in-depth analysis
of the relation between metabolites and spider mite resistance and suscep-
tibility, it might be good to focus on for example C. annuum genotypes only
(and exclude other Capsicum spp.). Nevertheless, several metabolites were
identified as defense related including triterpenoid saponins, flavonoids, al-
kaloids and lignans (Chapter 2). Tocopherol and an unknown phytosterol
were reported to be correlated with resistance to thrips (Frankliniella oc-
cidentalis) in Capsicum spp., while some alkanes were correlated with sus-
ceptibility to thrips (Maharijaya et al., 2012). In my study, instead of alkanes,
| identified several other metabolites possibly related to susceptibility in-
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cluding depsipeptides, triterpene glycosides, a withanolide-type steroid and
several saponins that all accumulated as spider mite infestation developed
and positively correlated with spider mite offspring. Consistent with these
accumulated metabolites, transcriptome analysis (Chapter 4) revealed that
spider mites induced genes enriched in ‘secondary metabolic process’. On
the other hand, multiple flavonoid and terpene biosynthetic genes were
stronger induced in the genotype that was relatively more resistant to spi-
der mites. The flavonoid rutin and chlorogenic acid were found to be de-
fensive to spider mites in tomato (Hoffland et al., 2000). Carmine spider
mite (Tetranychus cinnabarinus) infestation in cotton seedlings upregulated
the expression of defensive genes encoding phenylalanine ammonia-lyase
(PAL), peroxidase (POD), lipoxygenase (LOX), and polyphenol oxidase (PPO)
and increased the contents of gossypol and condensed tannin, resulting in
enhanced resistance to cotton aphids (Aphis gossypii) (Ma et al., 2018).

The dynamics of plant defense

Plant defense is regulated in a temporal and spatially dynamic way (Gate-
house, 2002, Herrmann et al., 2012). During the defense response a series
of different processes occur after signal perception and transduction, in-
cluding regulation of gene expression and production of toxic proteins and
compounds, which mostly rely on changes in phytohormones and their
balance (Furstenberg-Hagg et al., 2013). The timing of these processes in
terms of hormone balance and subsequent adaptation of the metabolome
varies considerably according to the species involved in the plant-herbivore
interaction and affects behavior of both herbivores as well as their natural
enemies (Sun et al., 2015, Kant et al., 2004). In many studies, in which the
metabolome is studied with respect to a certain plant-herbivore interaction
only a single or just a few time points are included, thus ignoring the tem-
poral dynamics of the metabolome adaptation in response to the specific
herbivore. In this thesis, | showed that volatile and non-volatile metabo-
lomes adapt with progressing infestation and that this has consequences
for e.g. the attractiveness to predatory mites depending on the duration of
the infestation.

In chapter 3, | observed metabolome changes as result of spider-mite infes-
tation in time in two genotypes, that differed in their relative spider-mite
resistance (selection based on the results described in Chapter 2). In the rel-
ative resistant genotype more green leaf volatiles were detected in the vol-
atile blend in the early time points of infestation. These findings are consis-
tent with volatile emission from maize (Zea mays) in response to caterpillars
Spodoptera littoralis (Turlings et al., 1998) in which green leaf volatiles were
emitted immediately after feeding started while sesquiterpenoids were re-
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leased after 4 hours. And with the response of maize to aphids (Tzin et al.,
2015). The latter authors showed that most transcriptional and metabolic
changes occurred in the first few hours after infestation and reverted to be-
ing more similar to control plants after 4 days of infestation. Defense related
metabolites identified in Capsicum in my thesis include alkaloids, flavonoids
and a range of (glycosylated) terpenoids, including volatile mono- and ses-
quiterpenes and non-volatile di- and triterpenoids. On the other hand, a
decrease of several carotenoids and diterpenes was detected in multiple
time points.

The concentrations of JA and JA-lle responded to spider mites within 3 hours
after infestation (Chapter 3). SA accumulated with progressing time of pres-
ence of spider mites and reached the highest abundance in the late stages
of observation. It suggests that JA provides the first signal of herbivore in-
festation to the plants and subsequently was repressed as SA accumulated.
Multiple secondary metabolites showed alterations in their abundance cor-
responding with the increment in JA and JA-lle, suggesting the involvement
of the JA pathway in secondary metabolite production. In addition, multiple
JA biosynthetic and responsive genes were found to be regulated upon spi-
der mite infestation. JA transiently accumulated in response to treatment
with a fungal elicitor and triggered the biosynthesis of secondary defensive
compounds including flavonoids, sesquiterpene lactones and various class-
es of alkaloids as well as the upregulation of the defense related enzyme,
phenylalanine ammonia lyase (PAL) in cell suspensions of 36 different plant
species (Gundlach et al., 1992).

In the susceptible genotype, there is an obvious trend that JA decreased as
SA kept accumulating. This suppression of JA could explain the susceptibility
of this genotype. Indeed, in a subsequent analysis, the induction of JA in the
resistant genotype upon spider-mite infestation was almost 5-fold higher
than in the susceptible genotype (Chapter 4). Furthermore, application of JA
resulted in induction of genes with function in secondary metabolite biosyn-
thesis including terpenoids and flavonoids and resulted in higher production
of corresponding volatile and non-volatile secondary metabolites. Hence,
JA plays an important role in the onset of induced defenses and the longer
it takes before JA signaling is repressed (by SA), the higher the chance that
the plant is successfully defended. The balance between JA and SA appears
to be a decisive factor in determining the outcome of the Capsicum-spider
mite interaction.
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JA regulates secondary metabolite production

Many studies show a key role for JA in regulating plant inducible defenses
against herbivores mainly including modulating the production of second-
ary metabolites (Campos et al., 2014, Wasternack, 2015, Hickman et al.,
2017). These induced metabolites include nicotine, vinblastine, artemisinin,
glucosinolates, anthocyanin, and benzylisoquinoline alkaloids as reviewed
by (De et al., 2012, Memelink et al., 2010, Wasternack and Hause, 2013). As
previously discussed, JA may regulate the production of volatile and endog-
enous metabolites, with temporal dynamics. In a time series analysis, the
increased volatile production was consistent with JA accumulation (Chapter
3) and especially, JA induced expression of TPS genes and enhanced pro-
duction of terpenoids (Chapter 5). To further reveal the function of JA in
regulating secondary metabolism, we conducted combined transcriptome
and metabolome analysis on two genotypes of Capsicum plants induced by
JA (Chapter 4). JA upregulated the expression of genes involved in biosyn-
thesis of terpenoids, phenylpropanoids and flavonoids and this resulted in
increased production of these metabolites.

The mechanism of how JA affects induced secondary metabolite biosynthe-
sis is the focus of many studies. A key player is MYC2, which has been shown
to be involved in the regulation of the biosynthesis of nicotine, phenol-
amides and many other metabolites in N. attenuata and enhance the plant
resistance against non-adapted herbivores (Woldemariam et al., 2013). Fur-
thermore, myc234 mutants in Arabidopsis became more susceptible to the
specialist Pieris brassicae because they became devoid of glucosinolates.
Targeted analysis on carrot (Daucus carota) suggested that reactive oxygen
species (ROS) play a key role in regulating primary and secondary metabo-
lism, especially of phenolics, and JA was shown to modulate ROS levels in
cooperation with ET (Jacobo-Veldzquez et al., 2015). The JA-responsive bHLH
transcription factors, MYC2 and BIS1/BIS, mediated the monoterpenoid in-
dole alkaloid biosynthesis in Catharanthus roseus (Patra et al., 2017) while
an earlier study proved that an octadecanoid-derivative responsive C. ro-
seus AP2-domain transcription factor, ORCAZ2 plays a key role in JA- and elici-
tor-responsive expression of the terpenoid indole alkaloid biosynthetic gene
Strictosidine synthase (Menke et al., 1999).

According to the transcriptome data generated in my thesis, JA induced
the expression of a Capsicum MYC2 homologue. CaMYC2 coexpressed with
multiple arginine biosynthetic genes, which will lead to the production of
pyridine alkaloids (Wiedenfeld, 2013), as well as with genes involved in the
isopentenyl diphosphate biosynthetic pathway (MEP pathway) responsible
for the generation of substrate for amongst others mono- and diterpene
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biosynthesis. JA induced the terpene synthase CaTPS98 which coexpressed
with a putative ERF transcription factor and CYP71 gene. The putative ox-
idized product of CaTPS98, a capsidiol-like compound, was found induced
upon spider mites and JA. The ERF2 homologue also positively correlated
with a putative caffeoyl-CoA 3-O-methyltransferase encoding gene which in
Arabidopsis is associated with phenylpropanoid and lignin production (Yang
et al., 2017). Indeed, | found an upregulation of phenylpropanoids and fla-
vonoids upon spider mite/JA treatment. To further underpin these connec-
tions, and the role of JA in the regulation of secondary metabolite biosyn-
thesis in Capsicum, further work, for example with mutants, is needed.

JA/SA crosstalk

In the time series study, JA and JAlle were significantly reduced while SA ac-
cumulated as the time of infestation progressed, in a susceptible genotype
(Chapter 3). Spider mites induced genes involved in both JA and SA signalling
pathways. The induced JA responses were partially repressed by spider-mite
induced SA including those of multiple secondary metabolites biosynthetic
genes. Compared to the extensive number of genes involved in terpenoid,
phenylpropanoid and flavonoid biosynthesis induced by exogenous appli-
cation of JA, spider-mites induced only a limited number of terpenoid and
phenylpropanoid pathway genes. Furthermore, no genes involved in flavo-
noid biosynthesis were significantly induced by spider mites (Chapter 4).
Due to the distinct transcriptome and metabolome profiles induced by JA
and spider mites, | propose that there is an antagonism between JA and
SA which affects the defensive responses against spider mites in Capsicum,
especially in the later stages of infestation.

Interestingly, cis-OPDA levels exhibited a similar pattern as SA, and both
these compounds positively correlated with infestation level. This suggests
that spider mites did not inhibit the entire JA biosynthetic pathway (cis-OP-
DA was still produced) but only the production of JA and JA-lle. According
to the transcriptome data, spider mite infestation induced the expression of
MYC2 repressor JAZ protein encoding gene TIFY10B, which likely repressed
the JA responsive transcriptional factor MYC2. In Arabidopsis, SA was sug-
gested to affect JA responsive genes by inducing degradation of the APETA-
LA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) transcription factor, ORA59
(Van der Does et al., 2013). However, a Pieris brassicae egg extract induced
SA/JA antagonism independently of ORA59 but also strongly diminished
MYC protein levels in an SA-dependent manner (Schmiesing et al., 2016).
Both studies suggest that neither the expression nor stability of MYC2 re-
pressor JAZ were affected by SA.
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Not only SA repressed JA responses. JA significantly repressed the expres-
sion of a gene with homology to Arabidopsis WRKY70 which was induced
by spider mite infestation. Consisted with a study in Arabidopsis, WRKY70
works as an activator of SA inducible genes repressed by JA but also re-
pressing JA responsive genes (Li et al., 2004). Besides, JA may repress SA bio-
synthesis by inducing the production of flavonoids which share the common
upstream biosynthetic phenylpropanoid pathway.

Future perspectives

For a long breeding history, the selection of cultivated crops tends to main-
tain traits like high yield and good taste. Plant resistance has been uninten-
tionally neglected during domestication resulting in modern varieties with
high yields but with poor defensibility compared to their wild ancestors.
Studies on plant resistance mechanisms to herbivores help to identify de-
fense related genes and metabolites and provide the basis for further stud-
ies that will help to reduce yield losses using e.g. molecular approaches.
Studies on metabolic defense in plants may also facilitate biological control
strategies using natural enemies. In this thesis | employed untargeted me-
tabolome analysis using multiple platforms. Metabolome analysis provides
comprehensive and direct insight into complex plant traits mediated by
multiple metabolites, such as direct defense and indirect defense. However,
metabolites are highly plant specific and often difficult to identify and the
further development of plant-specific metabolite databases will be required
to fully exploit these defense mechanisms. Even though the integration of
metabolome and transcriptome data provided hints of how these primary/
secondary metabolite processes are regulated at the gene expression level,
it is still difficult to fill in all the details of all the pathways involved. Thus,
targeted analysis will still be necessary to improve the accuracy. In addi-
tion to the possible defense related metabolites | showed that JA/SA an-
tagonism plays an important role in the interaction of Capsicum with spider
mites. Since Capsicum is a non-model species, it is not straight-forward to
validate our findings. The development of VIGS and/or CRISPR-CAS in Cap-
sicum would be of great value to create specific mutants. Nevertheless, my
work has resulted in several leads that should be followed up and can in the
future potentially be used to improve spider mite control in Capsicum.
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Plants evolved multiple strategies to defend themselves against herbivores.
Compared with constitutive defenses, such as trichomes and wax layers,
inducible defenses provide a more cost-efficient and specific protection
against different herbivores while both of them can protect plants directly
and indirectly. In direct defense, the number of herbivores is reduced by for
example toxic metabolites and proteins while in indirect defense, the help
of natural enemies of the herbivores is solicited, for example by releasing
volatile cues. Secondary metabolites mediate both direct and indirect de-
fense. Phytohormones regulate the defense responses and fine-tune it, for
example according to the species that is attacking the plant. In my thesis, |
studied the molecular mechanisms of plant defense in Capsicum. | explored
the natural variation and dynamic changes in metabolite-based direct and
indirect defense against spider mites, analyzed the transcriptomic and met-
abolic changes upon JA and spider mite treatment and carried out a ge-
nome-wide characterization of the Capsicum terpene synthase family.

To explore the natural variation in direct and indirect defense in Capsicum
and identify defense related metabolites, in Chapter 2 spider mite offspring
and JA-induced attractiveness to predatory mites were compared among
19 Capsicum genotypes. In addition, the corresponding spider-mite induced
endogenous metabolome and JA-induced volatile metabolome were ana-
lyzed. Defense related metabolites were identified by correlation analysis,
stepwise regression and PLS-DA.

Upon herbivory, signal transduction mediated by MAPK and Ca? signaling,
is followed by phytohormone signaling. These phytohormones induce me-
tabolite biosynthesis as one of the downstream defense responses. These
responses are dynamic and their timing affects the efficiency of the defense
strategy. In Chapter 3, | used two genotypes that vary in their defense level
to study the dynamic changes in the endogenous and volatile metabolome,
and defense related phytohormones during the progression of spider mite
infestation. Many metabolites significantly changed upon spider-mite infes-
tation. JA and JAlle correlated strongly with each other and were induced
early during infestation, after which they deceased again. Interestingly, also
cis-OPDA and SA showed a strong correlation. They slowly continued to in-
crease during the progression of infestation, corresponding with the spider
mite number that also kept increasing during the 15 days of infestation.

In Chapter 4, comparative transcriptome and metabolome analysis were in-
tegrated to explain and compare the molecular mechanism underlying JA-in-
duced and spider-mite induced responses in the resistant and susceptible
genotypes also used in Chapter 3. Transcriptional changes upon JA induction
suggested that JA mainly regulates secondary metabolome reprogramming
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including terpene, flavonoid and phenylpropanoid biosynthesis, while re-
pressing photosynthesis. In contrast to JA, spider mites induced both JA and
SA signaling, which resulted in the upregulation of SA inducible genes. There
was some upregulation of secondary metabolite pathway genes, but much
less than for JA. | suggest that the JA/SA crosstalk plays a key role in regulat-
ing defense responses in Capsicum to, but also by, spider mites.

Terpenes constitute a large portion of the plant metabolites that play a role
in constitutive as well as induced, direct and indirect, defense. In Chapter 5,
based on sequence similarity with characterized TPS genes from other plant
species, | identified 103 C. annuum TPS genes, of which 27 encode for pu-
tative functional TPSs. These 27 CaTPS genes all belong to the angiosperm
specific TPS subfamilies, with 18 and 5 members in the TPS-a and —b sub-
families, and one member each in the TPS-c, -e, -f and -g subfamilies. Tran-
scriptomic data suggested that 7 expressed TPS-a family members positively
correlate with isopentenyl diphosphate (IPP) isomerases, prenyltransferases
(PTF) and mevalonate (MVA) pathway genes and most of them co-express
with cytochrome P450s and the MVA pathway limiting enzyme encoding
gene, HMGR2, while TPS-b subfamily members, that mostly encode mono-
terpene synthases, co-express with methylerithritol phosphate pathway
(MEP) pathway genes. Multiple UDP-glycosyltransferases co-expressed with
TPS-a, TPS-b and TPS-e/f subfamily members. The TPSs and co-expressed
genes tend to cluster within close distance on the same chromosome. For
example, several TPS-b members co-localized with an unknown MEP path-
way gene, and a putative UDP-glucose flavonoid 3-O-glucosyltransferase
and UDP-glycosyltransferase gene while several TPS-a members co-localized
with cytochrome P450s. Selected TPS genes which were induced by spider
mites and/or JA were cloned and functionally characterized in vitro. Togeth-
er these data shed light on the mechanism underlying the production of
volatile and non-volatile terpenoids in response to spider mite infestation
and JA in Capsicum.

Finally, the results from the different chapters are integrated in Chapter 6. |
discuss the important role of variation in metabolism and dynamic changes
in defense and the consequences for direct and indirect defense. | go into
more detail on the mechanisms underlying JA regulated metabolic process-
es and the role of JA/SA crosstalk in this.
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