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Introduction

Plants: the cornerstone of Earth’s lifeforms

Plants, found across all the biospheres on Earth, have played a paramount role in shaping
the natural history of our planet. Constituting nearly 80% of the Earth’s biomass (Bar-On
et al., 2018), they serve as the primary source of carbohydrates, synthesized through
photosynthesis, thus providing the fundamental energy source for all heterotrophs (Field
et al., 1998). In parallel, insects, dominating the animal kingdom’s biomass, emerge as
the most abundant herbivores in terms of sheer numbers (Bar-On et al., 2018), thereby
exerting selective pressures that have driven the evolution of diverse plant defense
strategies (Ehrlich and Raven, 1964). Consequently, the plant kingdom assumes a central
position in Earth’s ecological tapestry, intricately connecting nearly every species, either
directly or indirectly, to its existence.

The exploration of plant-insect interactions dates back to the early 19" century when
Anton Kerner von Marilaun conducted a meticulous six-year experiment in Vienna. In that
study, he cultivated over 300 annual and perennial plant species in four distinct common
garden experiments, each representing diverse climatic and geographical conditions.
Kerner’s findings revealed the pivotal role of biotic interactions in species distribution.
He concluded that “adaptation” is not a direct consequence of external conditions,
emphasizing that neither beneficial nor unfavorable conditions could induce heritable
changes in the overall form or structure of plants, including the development of plant
components (Von Marilaun, 1890). This was the first empirical example demonstrating
environmental non-heritable changes in organisms, essentially phenotypic plasticity,
which argued against the then prevalent hypothesis of “the heritability of acquired
characters” by Jean Baptist Lamarck.

Following Kerner’s pioneering work, subsequent research by Léo Errera emphasized
the significance of plant chemicals in addition to mechanical defenses. Employing advanced
histochemical techniques available at the time, Errera conducted a meticulous analysis to
identify alkaloids within plants and precisely determined their distribution in different
tissues, establishing a comprehensive understanding of the specific localization patterns
of this compound class. Through careful examination of the spatial distribution, Errera



Introduction

concluded that these chemicals likely arise as a “by product” of the plant’s developmental
processes while also serving as a robust defense mechanism against herbivores (Hartmann,
2008). Errera not only urged botanists to investigate plant defense mechanisms, but also
encouraged zoologists to explore the counter adaptations, thereby laying the groundwork
for studying the evolutionary arms race between plants and herbivores (Hartmann, 2008).
Finally, Ernst Stahl’s comprehensive ecological field observations and experiments in Jena
with slugs and snails, provided invaluable insights into plant defenses (Stahl, 1888). Stahl
came to the conclusion that the various plant defense mechanisms provide relative rather
than absolute protection against different herbivores. He marveled at the diverse array of
mechanically and chemically mediated defenses exhibited by plants, noting the distribution
of these compounds within plant organs, their induced accumulation, and predicted that
the overall quantitative design can only be comprehended by considering the impact of the
surrounding animal interactions on them (Hartmann, 2008).

The concepts put forth by Errera, Stahl, and Kerner converged upon a shared
evolutionary perspective. They recognized that compounds once regarded as mere
“by-products” or considered “metabolically useless” or of “unknown functions,” such as
alkaloids and tannins, actually served as essential building blocks for the qualitative and
quantitative optimization of plant chemical defenses, evolving in response to the selective
pressure exerted by herbivores. This understanding harmonizes with Charles Darwin’s
theory of natural selection (Darwin, 1859). It is rather remarkable that these insights
were largely overlooked for a span of 70 to 100 years. During the mid-20th century,
entomologists renewed the recognition of secondary metabolites as the mediator of
intricate interactions between plants and their environment, specifically highlighting the
essential role of these metabolites in the host plant selection process of herbivorous insects.
Gottfried Fraenkel’s seminal paper notably emphasized the dual function of plant secondary
metabolites in repelling or attracting herbivorous insects (Fraenkel, 1959). In the 1960s, the
resurging field of chemical ecology gained momentum as the quantification and empirical
observations firmly established the role of plant secondary metabolites in mediating the
multifaceted interactions between plants and their surrounding environment (Rosenthal
and Berenbaum, 2012). Thus, it took the active “interaction” of the entomologists with the
ecologists to reinvigorate the field of chemical ecology and steer it forward in the genomics
era.

Plant defense and jasmonate signaling

The transition of plants from their algal form residing in shallow freshwater habitats
to colonizing terrestrial environments represents a significant and remarkable shift in
their life history. This transition necessitated a series of adaptations, likely occurring
gradually over time. Reconstructing the precise evolutionary processes and their sequence
is challenging due to the limited availability of fossil records and the absence of extant
species that serve as direct intermediates in this transition. Nevertheless, insights can
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be derived from the extant early-diverging land plants and closely related taxa to infer
the evolutionary forces and their relative chronology. It can be argued that one such
adaptation involved the development of the ability to synthesize a diverse array of natural
products, enabling plants to effectively overcome the numerous ecological challenges
associated with their sessile lifestyle (Knudsen et al., 2018). These natural products play
integral roles in plant growth, development, defense, and their overall Darwinian fitness,
often being synthesized in response to environmental signals. Phytohormones emerge as
crucial signaling regulators, governing plant responses to both biotic and abiotic stresses
through these natural products (Blazquez et al., 2020). Among these phytohormones,
jasmonate (JA) signaling assumes a pivotal role in coordinating a plant’s natural product
repertoire, enabling it to respond effectively to environmental stimuli, especially in relation
to the sectors associated with herbivore and pathogen resistance (Wasternack and Hause,
2013; Howe et al., 2018; Wasternack and Feussner, 2018).

At the core of JA signaling pathway is the hormone jasmonic acid (JA), which
is synthesized in response to various stimuli such as herbivory, pathogen attack, or
mechanical stress (Wasternack and Feussner, 2018). Upon perception of the initial stress
signal, JA is synthesized and conjugated to its bioactive form, jasmonoyl-L-isoleucine
(JA-Ile) (Fonseca et al., 2009). JA-lle is then recognized by the F-box protein COIl
(CORONITINE INSENSITIVEI]) (Xie et al., 1998), which forms a receptor complex with the
hyper-variable JAZ (JASMONATE ZIM DOMAIN) proteins as the target. In the absence of
JA-Ile, JAZ proteins act as repressors by binding to transcription factors and preventing
their activity. However, upon binding of JA-Ile to the COIl-JAZ complex, the JAZ proteins
are degraded via the 26S proteasome pathway (Thines et al., 2007; Howe et al., 2018).
The degradation of JAZ proteins releases the transcription factors, such as MYC2 (a
basic helix-loop-helix transcription factor), allowing them to activate the expression of
downstream genes involved in defense responses, secondary metabolite production, and
other JA-responsive processes (Niu et al., 2011; Schweizer et al., 2013). These genes regulate
the synthesis of various defense compounds in most higher plants, including proteinase
inhibitors, volatile organic compounds (VOCs), and other secondary metabolites, which
help them defend against herbivores, pathogens, and other stresses. The JA-Ile receptor
complex is believed to be highly conserved among vascular land plants, which aligns
with the observation that several biotrophic pathogens, including the well-studied model
pathogen Pseudomonas syringae, produce coronatine, a structurally similar compound to
JA-Ile that activates the COII-JAZ receptor system, that serves as a crucial virulence factor
by suppressing salicylic acid (SA) signaling responses (Katsir et al., 2008; Geng et al., 2014).

The molecular mechanisms of JA signaling and its associated metabolic and
transcriptomic responses have been extensively studied in the Nicotiana attenuata -
Manduca sexta model plant-herbivore system, which largely follows the canonical model.
Typically, the JA signaling cascade in N. attenuata is triggered and strongly amplified when
fatty acid amino acid elicitors in the oral secretions and regurgitants (OS) of Lepidopteran
larvae are introduced into wounds during feeding (Halitschke et al., 2001; Roda et al.,
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2004; VanDoorn et al., 2010). The resulting metabolic and transcriptomic responses are
mediated by JA-Ile (Kang et al., 2006) acting as a ligand for COIl (Paschold et al., 2007,
2008) which forms a receptor complex with hyper-variable jasmonate ZIM-domain (JAZ)
proteins (Oh et al., 2012; Li et al., 2016; Li et al.,, 2017; Bai et al., 2022). A wide array of
induced specialized metabolites are then synthesized, that serve as both direct and indirect
defense strategy against the herbivores. Manuscript I of this dissertation discusses in
detail these strategies, delving into the various layers of its regulatory processes and their
context-dependent responses.

N. attenuata : an ecological model plant

Fig. 1: The N. attenuata system in its native habitat in the Great Basin Desert of SW Utah. From
top left to bottom: the wild fires that give germination cues to long lived seed-banks of this species,
leading to large mono-cultures (D. Kessler and K. Gase). Middle, an N. attenuata plant in its native
habitat (C. Diezel). Right, from top to bottom: a M. sexta moth feeding on N. attenuata flowers (D.
Kessler), the predatory big-eyed bug Geocoris sp. feeding on a neonate M. sexta larvae (A. Kessler),
an adult M. sexta caterpillar (R. Ray).

The annual plant, wild coyote tobacco: N. attenuata, is indigenous to the Great Basin
Desert of North America. It exhibits a germination pattern driven by long-lived seedbanks
in post-fire soils characteristic of high nitrogen content (Baldwin and Morse, 1994; Baldwin
et al,, 1994). This behavior often results in large scale germination event with near
mono-cultures, which lead to high levels of competition for valuable resources among
conspecifics. Previous research has identified key traits relevant to the interactions
between N. attenuata and its associated community of pollinators and herbivores. JA
signaling governs a substantial portion of the defense responses against both generalist
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and specialist herbivores, operating in both vegetative and reproductive tissues (Kessler et
al., 2004; Li et al., 2017, 2018). JA signaling also influences floral scent emission and nectar
production (Stitz et al., 2014), which serve to attract and reward the primary pollinator of
N. attenuata, the M. sexta moths, whose larvae also rely on this plant for nourishment.

Fascinatingly, this wild tobacco species has evolved both JA-mediated and
JA-independent mechanisms that reconcile the dilemma between attracting pollinators
and defending against herbivores, achieved through changes in flower phenology or
attracting higher trophic predators that promote interactions with pollinators or predators,
thus minimizing the chances of eggs developing into herbivores (Kessler and Baldwin,
2001; Kessler et al., 2010; Zhou et al., 2017; Cortés Llorca et al., 2020). Over the course of
three decades, a combination of field observations and laboratory investigations, including
the analysis of numerous transgenic lines with genes silenced in various key pathways
and natural accessions, together with extensive transcriptomic and metabolomic data, has
contributed to an enhanced understanding of how this plant navigates interactions with
its adversaries, competitors, and pollinators.

VOCs emitted by plants has shown to play a crucial role in mediating ecological
interactions, particularly herbivore host-plant choices as a function of VOC emission
(Kessler and Baldwin, 2001; Carroll et al., 2006; Schuman et al., 2012). However, the
precise impact of VOC-mediated interactions on ecological dynamics remains largely
unexplored, and consequently, the extent to which these interactions exert selective
pressure on host plants and its fitness outcome remains unknown (Kessler and Heil, 2011;
Schuman, 2023). Measuring the impact of natural enemies as agents of natural selection
on VOCs is challenging due to several interrelated factors: the presence of a herbivore
species that consistently imposes negative fitness effects on the host plant; the attraction
of natural enemies that exert significant negative effects on the herbivore population; and
lastly the variation in natural enemy attraction in response to inducible VOC emission
within a plant population (Kessler et al., 2023). Moreover, accurately quantifying VOCs in
the natural environment is a challenging task from a practical point of view. For selective
pressure to occur, the herbivore and predator populations must exhibit relative stability,
which is not always the case in nature. Thus, a more nuanced assessment is required to
evaluate Darwinian fitness in terms of information-mediated and/or resource-mediated
defense mechanisms (Kessler and Heil, 2011), and the interaction should be evaluated
under the broader ecological dynamics at play, for example in Schuman et al. (2012).

During the course of the N. attenuata research program, genome sequencing
brought in a significant paradigm shift across the biological sciences, including the field
of molecular ecology. The ability to decode an organism’s complete genetic blueprint
provided unprecedented insights into the intricate mechanisms underlying species’
interactions with their environment. The Arabidopsis genome was sequenced back in
2000, a pioneering effort in plant genomics (Arabidopsis Genome Initiative, 2000), which
also coincided with the release of the first draft of the human genome, marking the
beginning of the “genomic era” The assembly of the N. attenuata genome was published
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17 years later, benefiting from significant advancements in sequencing and assembly
techniques along with a dramatic reduction in sequencing costs (Xu et al., 2017). The new
genomic resource facilitated the rapid generation of N. attenuata transgenic lines which,
when released into the native habitat of the species, gave insights into the molecular basis
of various ecological traits. While this “sledge hammer” reverse genetics approach provided
within-plant mechanistic and functional understanding of N. attenuata, a population level
understanding of this plant’s interactions remained largely elusive. In Manuscript I,
we argue why investigating within-population trait variance can lead to a more holistic
functional understanding of the particular trait, with focus on JA-signaling in N. attenuata.
And in Manuscript II, together with a contiguous reference N. attenuata reference
genome, we show how a major mutation in the JA-signaling pathway can persist in natural
population of the species, through a combination of spatio-temporally driven balancing
selection, and a robust herbivory elicited gene regulatory network buffering the mutation.

Forward genetics: unveiling Nature's secrets

Population geneticists have long employed the genetic diversity observed in natural
populations to investigate the underlying genetic basis of specific traits and also understand
the evolutionary forces at play. In the case of N. attenuata, different accessions collected
from regions covering the range distribution of the species, show considerable natural
variation in OS-induced metabolic response profiles when grown under controlled
glasshouse conditions (Li et al., 2015). This motivated the construction of a bi-parental
mapping population, leveraging the allelic diversity of two natural accessions collected
from Utah and Arizona (Glawe et al., 2003; Wu et al., 2008), resulting in an Advanced
Intercross Recombinant Inbred Line (AI-RIL) population. This AI-RIL population has
been instrumental in identifying the genetic factors associated with indirect defense
mechanisms through VOCs (Zhou et al., 2017; He et al., 2019) (presented in Manuscript
IIT) and exploring the interactions with arbuscular mycorrhizal fungi (Wang et al., 2018).
Expanding upon the AI-RIL approach, a Multiparent Advanced Generation Inter Cross
(MAGIC) population consisting of 26 parents was subsequently established together
with a new contiguous N. attenuata genome, and its significance in elucidating the
population-level fitness effects of natural variation in JA signaling is discussed in detail in
Manuscript II.

Darwinian fitness, a concept introduced by Charles Darwin, refers to the measure of an
organism’s reproductive success and its ability to pass on its genetic material to subsequent
generations, has been fundamental in understanding the evolutionary processes and
diversification of species (Darwin, 1859). Darwin’s theory of natural selection posits that
individuals with advantageous traits that enhance their fitness are more likely to survive
and reproduce, thereby increasing the frequency of those traits in the population over
time. In early 20%" century, Ronald Fisher proposed the geometric model of adaptation,
reconciling Darwinian and Mendelian views on genetics, which laid the foundation of



Introduction

quantitative genetics and its use as a currency to study the process of evolution. His
model predicted that most mutations are pleiotropic and that evolutionary adaptations,
which drive populations to realize fitness optima, result from changes in many genes of
small fitness effects, known as the infinitesimal model (Fisher, 1919; Barton et al., 2017).
However, with the advent of high-throughput genomic and transcriptomic data, counter
evidence of single gene mutation with large fitness effect started pouring in (Linnen et al.,
2013; Barrett et al., 2019; Berardi et al., 2021), and it became evident that the infinitesimal
model alone could not fully explain genotype to phenotype connections and ultimately
fitness outcomes. Recently, the “omnigene” model has been proposed which emphasizes
the role of gene networks and their interactions in shaping phenotypic variation (Boyle
et al., 2017; Liu et al., 2019). By considering the coordinated actions of multiple genes
and their regulatory networks derived from large multi-omic studies, the omnigene model
proposes a more comprehensive mechanistic model of the evolutionary forces driving trait
variation and adaptation. These concepts are elaborated in Manuscript II to contextualize
the natural variation uncovered in the core JA-signaling pathway of N. attenuata.

Harnessing the power of multi-omics for functional trait analysis

Metabolomics

High resolution GWAS
Matched

metabolomic
data for mQTL
and network INELIEIOTS
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Comporan 2
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Fig. 2: A schematic diagram showing the broad analysis strategy of multi-omic data integration.

Integrative approaches that combine individual omics data, in a sequential or simultaneous
manner, can be a powerful tool to understand the molecular basis of an adaptive trait. These
approaches help in assessing the flow of information from one omics level to the other and
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thus help in bridging the gap from genotype to phenotype. Integrative analyses, by virtue
of their ability to study the biological phenomenon holistically, have the ability to improve
crop productivity, targeted pest control through genetic tools, disease resistance, and also
facilitate broader molecular profiling of the system (Crossa et al., 2017; Scossa et al., 2021;
Bai et al., 2022). Fig. 2 shows a broad schematic overview of the various multi-omic data
integration strategies that are typically employed.

The integration of genomics and phenomics data has proven to be a valuable
approach in understanding the genetic basis of agronomic traits in crop species. This
integration has been extensively employed through quantitative trait loci (QTL) mapping
and genome-wide association studies (GWAS), leading to the identification of functional
genes associated with traits of interest in rice, maize, cotton, etc. for domestication and
improvement purposes (Wang et al., 2020; Zhao et al., 2022; Li et al., 2023). Building
upon this foundation, the research focus in the last decade has shifted on gaining deeper
insights into the specific genes and pathways that contribute to these traits. To achieve this,
the integration of gene expression data with the genome and phenome layer is carried out
through the use of expression QTL (eQTL) methods. More recently, transcriptome-wide
association study (TWAS), has been developed to bridge the gap between genotype
and phenotype. This method involves first identifying associations between a trait and
gene expression, and then linking these associations back to the genome using eQTL or
traditional GWAS approaches. This integrative approach has been applied successfully
to dissect the genetic basis of leaf cuticular conductance in maize, which has important
implications for improving crop productivity in drought-prone environments (Lin et al.,
2022).

Recent advancements in untargeted mass spectrometry (MS)-based metabolomics
have further expanded our knowledge of plant metabolites and their associations
with complex traits. Integration of MS-based metabolomics data is facilitated by the
establishment of metabolite-gene correlation networks, which can help identify candidate
genes involved in specific metabolic pathways. This approach has been successfully applied
to uncover key metabolic pathways related to cold tolerance in peanuts (Wang et al., 2021).
In addition, the use of projection on latent variables (PLS-DA) approach, as employed in
Manuscript II, offers another strategy for integrating multi-omics data. This approach
entails the identification of underlying correlations across multiple datasets, facilitating
the detection important features (genes and metabolites), together with outliers or batch
effects in individual sets, thereby minimizing false positives. Consequently, it provides a
robust selection of genes and metabolites for further downstream analyses (Meng et al.,
2016). By simultaneously integrating multiple molecular-level omics data, we can develop
a finer understanding of complex traits at an organismal level. However, it is important
to exercise caution when handling such large data sets, and to minimize false-positive
results, better filtering and refined a priori information must be provided for robust feature
selection (Tini et al., 2019).

Thus, in the 21° century high-throughput “omics” era, with advanced computational
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algorithms and models, we can delve deeper into the mechanisms underlying biodiversity,
adaptation, and species interactions. These molecular and computational tools enable
the integration of vast amounts of data, facilitating the examination of genetic variation,
gene expression patterns, and molecular interactions within ecosystems, providing
unprecedented insights into the intricate workings of nature and finally validating the
foundational theories put forth centuries ago.

Overview of the dissertation

Manuscript I presents a framework to evaluate the natural variation within various
N. attenuata accessions in the broader ecological context, specifically focusing on the
JA-signaling pathway. We also review the literature pertaining to JA-signaling in N.
attenuata and its various layers of defense response upon herbivory. The objective is
to gain a holistic functional understanding at an organismal level, and to unravel the
underlying ecological challenges that this natural variation helps address. It is to be
noted that while utilizing molecular and bioinformatic tools to investigate these genetic
variations can lead to valuable insights into novel biochemical components associated
with the trait, the primary emphasis here is to comprehending the functional implications
of the trait and its impact on ecological outcomes. Furthermore, it is crucial to assess
how variations in the trait influence the plants’ Darwinian fitness, thus highlighting the
significance of studying the ecological consequences of natural variation.

Manuscript II investigates the intra-specific diversity in a 26-parent MAGIC
population of N. attenuata, and uncovers a natural variation in the core JA signaling
pathway linked to a mutation in the NaJAR4 gene, which is involved in JA-Ile biosynthesis.
From decades old seed collection of natural accessions, we show that this variation is
persistent in the natural population, showing signatures of balancing selection through
spatio-temporal variation. Through a series of experiments and analyses of natural
accessions, we show that different variants of NaJAR4 are associated with varying fitness
outcomes in the absence of herbivores, as well as differences in foliar defenses. Furthermore,
NaJAR4 is part of a complex gene co-expression network that coordinates responses to
OS-elicitation, which is validated by silencing hub genes in the network, and quantifying
the resulting metabolic responses. The findings suggest that compensatory responses
within gene networks can allow mutations with significant fitness consequences to persist
in natural populations. These results provide insights into the role of natural variation
and gene networks in shaping plant defense responses, and highlight the importance of
considering the interplay between genetic variation and ecological factors in understanding
the adaptation of plants’ response to herbivory.

Manuscript III focuses on plant volatile organic compounds (VOCs) and their role in
mediating ecological interactions. We investigate the genetic variation controlling VOCs
in N. attenuata, which revealed that herbivory-induced emissions of leaf terpenoids vary
greatly, while emissions of green leaf volatiles remain similar. From field experiments, we
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observe a significant correlation between the emission of linalool, a common VOC, and
predation of the herbivore M. sexta by native predators. Through genetic mapping and
genome mining, we identify a genetic variation in the enzyme NaLlIS, that is responsible for
the variation in linalool emissions among different natural accessions. By manipulating the
linalool emission through heterologous gene expression, we show that the effect of linalool
on M. sexta oviposition preference depends on the specific VOC chemistry (enantiomer
composition), plant genetic background, and environmental complexity. These results
highlight the extensive variation in linalool emissions among geographically interspersed
plants, and underscores the importance of considering genetic variation and environmental
complexity in characterization of plant-insect interactions.
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In Manuscript I, we review the literature pertaining to JA-signaling, focusing on the N.
attenuata system, and discuss the various layers of defense which it mediates. We argue
that the diverse responses are best understood in the context of the organism and its
ecological surroundings. We discuss the effects of JA signaling organism-level, specifically
the responses that influence a plant’s Darwinian fitness. Furthermore, analyzing the natural
variation in JA signaling components within plants and populations, a comprehensive
understanding of the functional role of this signaling cascade can be achieved, and we
provide examples from the Nicotiana attenuata system to support this approach.
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SUMMARY

The dramatic advances in our understanding of the molecular biology and biochemistry of jasmonate (JA) sig-
naling have been the subject of several excellent recent reviews that have highlighted the phytohormonal func-
tion of this signaling pathway. Here, we focus on the responses mediated by JA signaling which have
consequences for a plant’s Darwinian fitness, i.e. the organism-level function of JA signaling. The most diverse
module in the signaling cascade, the JAZ proteins, and their interactions with other proteins and transcription
factors, allow this canonical signaling cascade to mediate a bewildering array of traits in different tissues at dif-
ferent times; the functional coherence of these diverse responses are best appreciated in an organismal/ecolog-
ical context. From published work, it appears that jasmonates can function as the ‘Swiss Army knife’ of plant
signaling, mediating many different biotic and abiotic stress and developmental responses that allow plants to
contextualize their responses to their frequently changing local environments and optimize their fitness. We
propose that a deeper analysis of the natural variation in both within-plant and within-population JA signaling
components is a profitable means of attaining a coherent whole-plant functional perspective of this signaling
cascade, and provide examples of this approach from the Nicotiana attenuata system.

Keywords: Jasmonate signaling, natural variation, plant fitness, tissue specificity, MAGIC population, Nico-

tiana attenuata.

INTRODUCTION

Plants, perhaps as a consequence of being sessile organ-
isms, have evolved to be master chemists, synthesizing a
plethora of natural products that allow them to solve the
ecological challenges posed by their immobility. These
natural products shape plant growth, development and
Darwinian fitness, and are frequently produced in response
to signals from the environment. Jasmonate (JA) signaling
plays a central role in orchestrating the environmental
responsiveness of a plant’s repertoire of natural products,
particularly with regard to the sectors that mediate herbi-
vore and pathogen resistance (Wasternack and Hause,
2013; Howe et al., 2018; Wasternack and Feussner, 2018).
Most of the work to understand the JA pathway has been
carried out in Arabidopsis, primarily due to the advances
that have been made in understanding the physiology of
this model plant, advances enabled by a well-annotated
and comparatively simple genome and impressive genomic
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resources. Furthermore, the availability of mutants in Ara-
bidopsis, tomato and rice has facilitated the detailed char-
acterization of the individual enzymatic steps of JA
biosynthesis (Li et al., 2001; Browse, 2009; Dhakarey et al.,
2016). Through mutant screens, enzymes have been identi-
fied that provide the initial fatty acid substrates, catalyze
the multiple biosynthetic steps in the octadecanoid path-
way producing JA, conjugate JA to the active form, JA-lle,
or channel JA into degradation pathways that include
methylation, glycosylation and hydroxylation or carboxy-
lation reactions (Wasternack and Feussner, 2018). The
availability of these biosynthesis and signaling mutants
has fueled the discovery of an impressive catalog of traits
which are regulated by JA signaling. However, the overall
paucity of field studies with these JA signaling mutants
has thwarted an organism-level functional understanding
of these diverse traits, which is the objective of this
review.

© 2019 The Authors
The Plant Journal © 2019 John Wiley & Sons Ltd
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Amortizing natural variation in model species has pro-
ven to be one of the most powerful means of understand-
ing the evolutionary significance of traits (Gasch et al.,
2016), and the considerable genetic resources available in
Arabidopsis and other model crops, such as rice and
tomato, have been leveraged to understand the responses
mediated by JA signaling in genome-wide association
studies (GWAS) and quantitative trait locus (QTL) mapping
studies with JA-elicited plants, or more simply by compar-
ing accessions with extreme phenotypes under the experi-
mental conditions. In the next section, we review the traits
that have been uncovered in these studies.

NATURAL VARIATION IN JA-MEDIATED RESPONSES

Interactions between JA and other phytohormones are cru-
cial factors which plants are likely to regulate to minimize
growth and defense trade-offs. Proietti et al. (2018) per-
formed GWAS on 349 natural accessions of Arabidopsis to
dissect the crosstalk of salicylic acid (SA) and abscisic acid
(ABA) with JA. The magnitude of change in JA-induced
expression levels of the PLANT DEFENSIN1.2 (PDF1.2) gene
was calculated for each accessions 24 h after treating the
leaves with methyl jasmonate (MeJA) alone or a combina-
tion of MeJA and SA or ABA, respectively, as a readout for
GWAS and interpreted as evidence of phytohormonal
‘crosstalk’, without specifying the nature of the interaction.
Through fine mapping and transfer DNA insertion mutant
analysis, two genes, encoding a glyoxalase protein and a
response regulator involved in cytokinin signaling, were
found to be involved in the JA-SA interaction and also in
resistance against Botrytis cinerea. Similarly, an uncharac-
terized cation efflux family protein was shown to affect the
interaction of JA-ABA signaling by suppressing MeJA-
induced expression of PDF1.2 and VSP2 and resistance
against Mamestra brassicae (Proietti et al., 2018). Although
these studies highlight potential players in JA-SA and JA-
ABA ‘crosstalk’, their functional roles in the interaction
remain unclear as the phytohormone levels were not ana-
lyzed when the plants were challenged with a pathogen or
herbivore. In another study, ethylene-JA interactions were
found to affect the growth and elongation of rice meso-
cotyls and coleoptiles. Using publically available resequenc-
ing data of 3000 rice accessions, the authors identified a
gene, gaoyaoT (GY1) which is homologous to two Arabidop-
sis lipases, DONGLE (DGL) and defective in anther dehis-
cencel (DADT) (Xiong et al., 2017). DONGLE is the first
enzyme in JA biosynthesis, and an allelic difference in its
homolog GY1 suppresses JA biosynthesis in rice and pro-
motes the elongation of mesocotyls and coleoptiles with
increased ethylene production. A GWAS was performed on
JA levels for 221 rice varieties and identified two pectin-
modifying genes, OsPMETand OsTSD2, which are epigenet-
ically regulated by a NAD(+}-dependent histone deacetylase
gene, OsSRTT, indicating the interaction of methanol and JA

© 2019 The Authors
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signaling in the regulation of senescence in rice (Fang et al.,
2016). These GWAS investigations identified previously
uncharacterized genes and mechanisms that regulate JA sig-
naling, presumably to maximize plant growth and fitness,
with agronomic importance.

In another study, significantly elevated JA and sugar
levels were found in eight Arabis alpina accessions in
response to cold stress, suggesting an interaction of JA
and other phytohormones with sugar signaling in
response to altitude and other environmental characteris-
tics of the plant’s native habitat in the French Alps (Wingler
et al, 2014). Furthermore, JA levels across accessions
were negatively correlated with chlorophyll content, which
the authors interpreted as suggesting a role for JA in accli-
mation and mediating plant responses to abiotic stresses
associated with altitude.

Jasmonate signaling plays a pivotal role in orchestrating
plant inducible defenses to herbivory. The ability to syn-
chronize increases in resistance with herbivore attack has
clear fithess benefits for plants in nature (Baldwin, 1998),
yet we still have little understanding of the causes and fit-
ness consequences of population-level genotypic variation
in JA signaling. In a recent study of seven Arabidopsis
accessions elicited by either insect attack or JA treatment,
the overall inducible herbivore resistance was found to be
highly variable across accessions and negatively correlated
with constitutive resistance (Rasmann et al., 2015). Such
apparent trade-offs between constitutive and induced
resistance suggest that the JA-mediated expression of
resistance traits is costly or otherwise physiologically or
evolutionarily constrained, generating patterns of hetero-
geneity within populations. Similar heterogeneity was
reported in two maize accessions that differ in their resis-
tance to herbivory — one of the accessions, Mp708, had
higher constitutive transcript levels of JA biosynthesis and
response genes, and performed better under herbivory
compared with the susceptible genotype Tx601 (Shivaji
et al., 2010). Interestingly, another study investigating her-
bivory by spider mites on two extreme Arabidopsis acces-
sions in a time series analysis found the overall initial
transcriptional responses to herbivory to be similar in the
two accessions (Zhurov et al., 2014). The differentially
expressed genes (DEGs) clustered together irrespective of
genotype at the first time point (1 h after feeding) while
later time points (3, 6, 12, 24 h) clustered by genotype.
When enriched by their Gene Ontology (GO) terms, the
early time point DEGs were involved in perception, signal-
ing and transcriptional activation processes, whereas the
DEGs in the later time points were involved in enzymatic
activities for the production and alteration of defensive
metabolites in response to herbivory and JA elicitation.
The results were further validated using JA signaling
mutants that performed significantly worse than wild-type
plants when challenged with the herbivore. This study

The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019), 99, 414-425
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revealed that the different JA-elicited modules have differ-
ent temporal dynamics in different accessions and sug-
gested that the initial transcriptional reconfiguration in
response to herbivory is broadly conserved across acces-
sions. The evolution of this initial transcriptional reconfigu-
ration was analyzed in a study of six Nicotiana species, in
which plants were wounded and treated with oral secretion
(OS) from specialist Manduca sexta or generalist Spodop-
tera littoralis larvae, respectively, and fatty acid-amino acid
conjugates (FAC), a class of JA elicitors found in these lar-
val OS (Halitschke et al., 2001; Roda et al., 2004). The study
revealed different responses across species for the same
elicitors, indicating their rapid evolution within the genus.
The authors also reported a leucine-rich repeat receptor
kinase, which functions independently of the JA signaling
pathway but negatively regulates JA biosynthesis and the
hydroxylation of JA-lle. This modulation of JA signaling is
likely to suppress defense elicitation effects, perhaps to
regulate putative growth-defense trade-offs (Zhou et al.,
2016). It is tempting to speculate that similar mechanisms
might be at play in the intra-species natural variation in JA
signaling and hence would be testable with extant popula-
tions. In a meta-analysis, Bhosale et al. (2013) used 41
untreated leaves from three different Arabidopsis acces-
sions originating from six different laboratories and used
the residual expression, after removing the laboratory and
accession effects, to uncover biologically relevant co-
expression modules (Bhosale et al, 2013). The residual
variance accounted for an average of 52.5% for a single
gene, which was substantially higher than the variance
due to the accessions, lab and lab-accession interactions.
When the gene modules were enriched for GO terms, ‘re-
sponse to JA stimulus’ was one of the top-scoring GO
modules in the network. As a proof of concept, the authors
identified a previously uncharacterized component, ILL6
which acts as a negative regulator of JA accumulation
and response, potentially as an amidohydrolase of JA-lle.
This result highlights the fact that variation in growing
conditions alters regulatory mechanisms, and JA signaling
is a top mediator of responses to subtle environmental
changes. Whiteman et al. (2011) developed a plant-insect
system with Arabidopsis and Scaptomyza flava, a droso-
philid fly whose larvae feed on Arabidopsis in nature.
Using different natural accessions, it was found that
female flies caused significantly more feeding punctures
and had higher oviposition rates on the Tsu-0 accession,
which has been previously reported to be susceptible to
attack from specialist herbivores (Pfalz et al., 2007). Fly lar-
vae also performed significantly better on the Tsu-0 acces-
sion than on the Col-0 accession. The leaf area mined by
larvae on JA- and glucosinolate-deficient mutants was sig-
nificantly greater than on Col-0 plants, indicating that the
JA and glucosinolate defense pathways are important in

mediating quantitative resistance of the plant against
S. flava herbivory (Whiteman et al., 2011).

These studies highlight the importance of JA as a central
mediator of the responses of plants to environmental stres-
ses but fall short of understanding whether the elicited
responses benefit plants by increasing their fitness and do
not illuminate the reasons why so much natural variation
exists in this signaling pathway. This limitation is partly
due to the overall paucity of mechanistic understanding of
the observed natural variation coupled with the fact that
evaluating the fitness effects of JA-elicited responses with-
out a deep understanding of the plant’s diverse natural his-
tories is challenging.

Nicotiana attenuata, an ecological model plant, is a
diploid tobacco native to the Great Basin Desert of North
America. It enjoys a rather unique position scientifically,
because hundreds of transgenic lines have been studied in
the field over the past two decades to understand the fit-
ness consequences of precisely defined changes in gene
expression for plants growing in their native habitats. Jas-
monate signaling was found to be important for this
plant's performance in nature early in the research pro-
gram (Baldwin et al., 1994a, 1997; Baldwin, 1998). Several
transgenic lines with impaired JA production through RNA
interference (RNAi}-mediated silencing of JA biosynthetic
genes (including GLAT, LOX3, AOS, AOC, OPR3 and JAR4/-
6) or by creating ‘jasmonate sinks’ (by silencing JME and
overexpressing JMT) have been released in the plant’s nat-
ural habitat to better understand the diverse functional
consequences of JA signaling (see, for example, Kessler
et al., 2004; Stitz et al., 2011; Kallenbach et al, 2012;
Machado et al., 2016). Similarly, the function of signaling
components up- and downstream of JA production have
been characterized in field releases of plants silenced in
the expression of COI/T and JAZ genes, as well as in WRKY
transcription factors and early signaling protein kinases
(Skibbe et al., 2008; Wu et al., 2008; Kallenbach et al.,
2012; Oh et al., 2012, 2013). This ‘sledgehammer’ reverse
genetics approach has provided both mechanistic and
functional understanding of within-plant JA signaling
diversity in N. attenuata and has paved the way to map
this diversity of responses at a population level to achieve
a functionally coherent understanding of the pathway.

In this focused review, we discuss the within-plant diver-
sity (tissue- and elicitation-specific changes with different
dynamics) of JA signaling networks uncovered in N. atten-
uata, followed by within-population diversity (differences
among individuals) and its ecological consequences.
Finally, we propose how this multilevel variation can be
utilized to attain a holistic functional perspective of JA sig-
naling using sophisticated forward genetic tools that amor-
tize the considerable natural variation in JA signaling that
occurs in this species.

© 2019 The Authors
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FUNCTIONAL DIVERSITY OF JA SIGNALING IN
N. ATTENUATA

The JA biosynthesis pathway has been intensively reviewed
(Wasternack, 2015; Wasternack and Feussner, 2018), thus it
is not the main scope of this paper. Briefly, in response to
herbivore attack, which triggers a burst of accumulation of
JA-lle, JAZs are recruited by the F-box protein COI1 that
binds JA-lle and are subsequently ubiquitinated and
degraded by the 26S proteasome. When this occurs, the inhi-
bition of MYC transcription factors is released and transcrip-
tion of early JA-responsive genes is activated. Tissue-
specific transcription factors, the 13 JAZ proteins, and the
variants of NINJA in the N. attenuata genome make up the
within-plant diversity that enables JA responses to be ren-
dered tissue-specific to tailor responses to different attackers
(Figure 1a). Jasmonate signaling is strongly amplified when
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herbivore-specific FAC elicitors are introduced into wounds
(Halitschke et al., 2001), which in turn activate mitogen-acti-
vated (SIPK and WIPK) and calcium-dependent (CDPK4/5)
protein kinases and a lectin receptor kinase (LecRK1) which
provide important context-dependent regulation of JA sig-
naling and its outputs (Meldau et al., 2009; Kallenbach et al.,
2010; Gilardoni et al,, 2011; Yang et al., 2012). In this way,
the JA signaling pathway can function with the versatility of
a Swiss Army knife, providing context-dependent regulation
for a host of different responses that function in direct and
indirect defense, tolerance and avoidance responses (Fig-
ure 1b; Li et al., 2016) that are hard to make sense of unless
they are studied in a single species and in a plant’s native
environmental context. Broadly speaking, N. attenuata
exhibits the following four classes of defense responses to
herbivore attack, in which JA signaling plays a central role.
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Figure 1. Schematic of the diversity of different defense responses mediated by jasmonate (JA) signaling in Nicotiana attenuata.

{a) The canonical JA-lle signaling cascade, as largely revealed by work in Arabidopsis and tomato, is fully operational in N. attenuata and includes the structural
and functional diversity mediated by 13 JAZ proteins, but also a NINJA-like protein which provides floral-specific defense signaling (Li et al,, 2017) in N. attenuata.
{b) Jasmonate signaling mediates a sophisticated six-layered suite of defense, tolerance and avoidance responses to herbivore attack in N. attenuata which are
expressed at different times in the plant’s life cycle and are described in the text. The up/down herbivory-regulated defensive and nutritional metabolites for
the herbivore are shown as red and yellow bars indicating that as herbivore load increases the levels of defense-related metabolites generally increase while
levels of nutritional metabolites for the herbivore decrease. However, when the attack comes from a specialized herbivore that can co-opt a plant defense
mechanism for its own defense, as is the case with Manduca sexta attack and nicotine production, the production of defense metabolites can be strongly
downregulated.
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DIRECT DEFENSES

Direct defense against herbivory involves a host of differ-
ent metabolites such as nicotine, trypsin protease inhibi-
tors, phenolamides and diterpene glycosides, that impair
the growth and digestive capabilities of the herbivores and
act as deterrents, thus reducing the probability of further
damage. A majority of these defensive metabolites are reg-
ulated by JA signaling in some tissues (Halitschke and
Baldwin, 2003; Heiling et al., 2010; Kaur et al., 2010; Kallen-
bach et al., 2012; Machado et al., 2016). Different variants
of the canonical JA signaling cascade will activate different
metabolites in a tissue-specific manner. For example,
chlorogenic acid is specifically upregulated in the pith of
stems when larvae of the pith-feeding weevil Trichobaris
mucorea attack stems of N. attenuata, the regulation of
which is locally mediated by JA (Lee et al., 2017). Interest-
ingly, this phenolic is neither regulated by JA nor elicited
by herbivory in tissues other than the pith, such as leaves,
where it functions as a ‘sun screen’ that accumulates in
response to UVB exposure (Ballaré et al., 1996; Dinh et al.,
2013). By comparing the field performance of the wild
type, JA-signaling mutants and plants silenced in the
expression of pathway-specific biosynthetic genes, the
direct defensive function of particular sectors of JA-regu-
lated secondary metabolism has been rigorously demon-
strated.

INDIRECT DEFENSES

Jasmonate signaling mediates different responses to her-
bivore attack in N. attenuata throughout the plant’s life
cycle. Glandular trichomes are one of the first physical bar-
riers that the herbivore must overcome to feed on the
leaves, and trichome development is regulated by JA sig-
naling (Xu et al., 2002; Paschold et al., 2007; Yoshida et al.,
2009). The glandular trichomes of solanaceous taxa are
also the sites of synthesis of many different secondary
metabolites (Laue et al., 2000; Kang et al., 2010; Weinhold
and Baldwin, 2011). One of the most abundant compound
classes in N. attenuata glandular trichomes are the O-acyl
sugars which are consumed by neonate caterpillars as
their first meal after hatching. These ingested O-acyl sug-
ars are rapidly saponified in the high-pH midguts of the lar-
vae, releasing volatile short-chain fatty acids that impart a
distinctive odor to larval bodies and frass. The fresh redo-
lent caterpillar frass, as it falls to the ground, attracts the
attention of ground-foraging predators, including ants
(Weinhold and Baldwin, 2011) and possibly lizards (Stork
et al., 2011), and thereby functions as an indirect defense
by tagging the larvae for predation. When herbivores
attack leaves, plants employ other forms of indirect
defenses by releasing herbivory-induced plant volatiles
(HIPVs) which increase the foraging efficiency of higher
trophic levels that prey upon herbivorous insects (Dicke

and Baldwin, 2010). In N. attenuata, these HIPV blends
include terpenes, such as linalool and (E)-a-bergamotene
(Halitschke et al., 2000; Kessler and Baldwin, 2001), that
are thought to function as long-distance cues and are
released systemically from plants and require JA signaling
and a pair of WRKY transcription factors (WRKY3/6) for
their activation (Kessler et al., 2004; Skibbe et al., 2008).
Interestingly, green leaf volatiles, that are released inde-
pendently of JA signaling, are amplified when JAZh is
silenced (Oh et al., 2012), are under circadian control (Joo
et al., 2018) and are thought to function as short-distance
cues for the predators as they are released more from
attacked leaves than the entire plant (Kessler and Baldwin,
2001; Halitschke et al., 2008; Allmann and Baldwin, 2010;
Schuman et al., 2012; Allmann et al., 2013; Zhou et al.,
2017).

TOLERANCE RESPONSES

When consumed by highly adapted specialist herbivores
that are able to sequester toxic compounds for their own
defense, plants may rapidly downregulate the production
of these toxins (e.g. nicotine; Winz and Baldwin, 2001) and
also activate tolerance responses that translocate nutrient
or carbon resources from attacked tissues (shoots) to spa-
tially isolated belowground root sinks protected from leaf-
feeding herbivores. These bunkered reserves can be
rapidly remobilized to support regrowth and flowering
after the herbivore pressure has subsided, and allow plants
to tolerate attack from folivores and optimize fitness in the
face of predictably varying herbivore loads. The mecha-
nism of this transient reallocation of photoassimilates from
shoots to roots is known to be independent of JA and
requires the activity of the GAL83 subunit of a SNF1-
related kinase (Schwachtje et al, 2006). However, the
remobilization of reserves from roots back to shoots to
support regrowth requires JA signaling with a particular
role for root-sequestered JA signaling, as shown by micro-
grafting experiments with JA-deficient lines (Machado
et al., 2013). Regrowth after herbivore attack involves a
complex suite of responses mediated by the intersection of
JA signaling with many other phytohormone signaling
systems, and will require more work to fully understand it
(Machado et al., 2013). While roots play a central role in
tolerance responses to herbivore attack, they are also
important players in the leaf defense responses discussed
above. For instance, in N. attenuata, JA levels are highly
increased in both shoots and roots in response to folivory,
which consequently activates the synthesis of nicotine in
the roots that is subsequently mobilized to the shoot for
defense. Micrografting experiments with N. attenuata have
revealed that intact JA signaling in both shoot and root
compartments is required for expression of the complete
nicotine defense response (Fragoso et al., 2014).
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AVOIDANCE RESPONSES

Plants deficient in JA biosynthesis or perception are highly
susceptible to attack from both invertebrate (Kessler et al.,
2004; Kallenbach et al, 2012) (but not nematodes;
Machado et al., 2018) and vertebrate (Machado et al.,
2016) herbivores, as well as florivores (Li et al., 2017). The
floral tissues are a conduit of Darwinian fitness and hence
are one of the most fitness-valuable tissues for plants in
later developmental stages. Consequently, consistent with
predictions of the optimal defense theory (McKey, 1974),
flowers are highly provisioned with defenses. Manduca
sexta moths commonly oviposit on leaves after pollinating
and nectaring on flowers of N. attenuata (Kessler, 2012).
The neonates hatching from these eggs grow into vora-
cious leaf-eating caterpillars that can be devastating to the
plant and against which most of the above-mentioned JA-
regulated defenses are likely to have evolved. If these
defenses are not effective and the larvae continue to con-
sume leaf material, JA signaling activates a unique avoid-
ance response, which entails interactions with components
of the plant circadian clock, to switch the flowers’ first
opening time from night to day. This change in flower
opening (and scenting) time allows the plant to switch

(a)
(O seed banks

Spatial scale
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pollinators from moths to hummingbirds, thereby avoiding
the collateral damage that results from attracting this moth
to function as a pollinator (Kessler et al., 2010). Silencing
the expression of ZEITLUPE (ZTL), a clock component
gene, alters flowering time and phenocopies the flower
movement pattern for the first night when flowers are
open, as is observed after herbivory (Yon et al., 2016). A
number of lines of evidence suggest that JA signaling is
directly involved in altering the function of this component
of the clock. Seven of the thirteen JAZ proteins (JAZa,
JAZb, JAZd, JAZe, JAZ], JAZk and JAZI; Figure 2a) in
N. attenuata are known to interact with ZTL in yeast two-
hybrid assays (Li et al., 2017). Furthermore, silencing ZTL
expression causes a phase-shift in expression pattern of
JA-responsive MYC2a transcripts in roots (Li et al., 2018),
which interestingly interact with JAZi that is only
expressed in flowers and known to regulate floral defense
(Li et al., 2017). From these results, we infer that JA signal-
ing transiently highjacks the clock to allow plants to switch
pollinators, and thereby reduce future herbivore loads.
This inference, however, will require additional research to
place it on a stronger experimental footing.

Why plants continue to rely on the pollination services
of the highly nicotine-tolerant moths and suffer the
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Figure 2. Natural variation in jasmonate (JA) signaling in Nicotiana attenuata enables the genetic dissection of the regulation of the pathway.

{a), (b} The post-fire germination behavior of N. attenuata recruits plants from long-lived seedbanks separated in both time and space, resulting in natural popu-
lations that harbor a substantial amount of genetic variation in JA signaling. The circled areas indicate the spatial distribution and longevity of the seedbanks of
N. attenuata. The size of the fire icons is proportional to the size of the fires, which in turn determines the amount of opened habitat and the opportunity to stim-
ulate the germination of N. attenuata seeds from the seedbanks in the subsequent one to three growing seasons post-fire before the burned habitat is again
recolonized by perennial plants. The seedbank colors reflect different genotypes and the color gradients reflect the density of viable seeds that wanes as the
seedbank ages with time. The genetic variance that results from plant recruitment from multi-generational seedbanks is shown for a small subset of a popula-

tion.

{c), (d) High-throughput phenotyping of natural variation in JA signaling using Empoasca spp. leaf hoppers which preferentially attack JA-deficient plants. The

data are adapted from Kallenbach et al. {2012).

© 2019 The Authors

The Plant Journal © 2019 John Wiley & Sons Ltd, The Plant Journal, (2019}, 99, 414-425

22



Manuscript |

420 Rishav Ray et al.

collateral damage that comes with their oviposition behav-
jor remains an open question which deserves further
experimental work. It might be that these moths, due to
the greater distances they travel, provide plants with pollen
loads that harbor a greater diversity of pollen genotypes
than the locally foraging hummingbird pollinators. This
diversity allows plants to select amongst potential mates
in mixed pollen loads to increase the genetic diversity of
their seedbanks (Bhattacharya and Baldwin, 2012). For a
self-compatible species with a very long-lived seedbank,
processes that increase the genetic diversity of offspring
are likely to increase the chances of surviving the long dor-
mancy periods between fires. At the time of N. attenuata
flowering in Utah, hummingbirds visit nectar sources in
the local areas of their nests, resulting in low rates of
outcrossing. Interestingly, the plant then utilizes another
JA-mediated defense, nicotine, in floral nectar to disrupt
the trap-lining foraging behavior of hummingbirds to
increase outcrossing rates with this pollinator (Kessler
et al., 2012).

Jasmonate signaling clearly mediates a bewildering
array of different responses in plants. When these
responses are genetically dissected in a native plant which
has not been subjected to rounds of artificial selection, and
the genetically manipulated plants are released into the
plant’s native habitat, it is possible to obtain glimpses of a
functionally coherent understanding of how these different
responses work together to allow plants to contextualize
their responses and maximize fitness. Clearly, JA signaling

Step 2. Four rounds of
systematic crosses resulting
in every individual having a

Step 1: Intercross of the founder lines

10| Jasmonic acid
.| 1haher W+0S

founders

A 525

‘.'
H m sz sz
H
i
@ ' © 8 * &8
-4 1 ua i
s H 1
3 1]
2 | o s cis
H e A ]
® H Q e x [ .
5 : =
E H L
- 1
g o 1 01 D35 0325
& e
S : - = :
& s ' ; S x -
B 1 -
= H ?
- 1
=i L] o 325
on H —
w8 0 T
ot - -

genome which is mosaic of 26

P spwents

regulates responses that can be understood as functioning
as direct and indirect defenses against current and future
attackers, enhancing a plant’s tolerance of herbivore attack
and avoiding future attack. However, these variants in JA
signaling and response that have been generated by RNAI
approaches do not necessarily represent natural variation
in JA signaling, and hence the raw material from which
natural selection could sculpt functional responses. In the
next section, we summarize what we know about natural
variation in JA signaling in N. attenuata and point to a way
forward that amortizes this natural variation in a forward
genetics approach to understand how evolution has
shaped JA signaling networks to optimize plant defense in
the face of varying environments.

NATURAL VARIATION IN JA SIGNALING IN
N. ATTENUATA POPULATIONS

Natural accessions of N. attenuata collected from across
the species’ range in the Great Basin Desert and grown in
a common glasshouse environment exhibit highly variable
OS-elicited JA profiles and responses (Figures 2d and 3a)
indicating a high within-population diversity in the species.
Recent advances in untargeted mass spectrometry (MS)-
based metabolomics have started to reveal the conse-
quences of this within-population diversity in the layers of
specialized metabolism differentially regulated by the JA
signaling pathway among accessions (Li et al, 2015).
Advances in the speed and decreases in the costs of high-
resolution MS instruments have made such analyses a
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Figure 3. Creation of a Multiparent Advanced Generation Inter-Cross (MAGIC) recombinant inbred line (RIL} population for Nicotiana attenuata that captures the
species’ genetic variation in jasmonate (JA} signaling and other ecologically relevant traits.

(a) Natural variation in herbivory-elicited JA signaling in the 26 founder accessions that were used for the construction of the MAGIC population; leaf JA levels
were quantified 1 h after leaf puncture wounds were immediately treated with the oral secretions of Manduca sexta larvae {data adapted from Li et al., 2015).
{b}-{d) Construction of the MAGIC population. A complete unidirectional diallelic cross was performed with the 26 accessions, followed by four generations of
systematic intercrossing to generate a 6 x 325 membered RIL population that was inbred for six generations to create the final MAGIC RIL population which is

about 99% homozygous and harbors different alleles from the 26 founders.
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powerful high-throughput (HTP) means of phenotyping
natural variation in JA signaling. In addition to this labora-
tory-based HTP phenotyping, we can utilize native herbi-
vores as accurate JA phenotyping tools in field studies.
Empoasca spp. leafhoppers, for example, can provide a
HTP ‘insect-guided’ phenotyping tool to rapidly and effi-
ciently screen native populations. The piercing—sucking
Empoasca spp. leafhoppers apparently ‘eavesdrop’ on
the JA-mediated signaling capacities of their host plants,
preferentially selecting those hosts that are deficient in
JA accumulation (Kessler et al, 2004; Kallenbach et al.,
2012). Intriguingly, this natural phenotyping ‘bloodhound’
specifically targets JA signaling independently of the
known downstream defense metabolites that are regu-
lated by JA signaling, and is thereby a phenotyping tool
for rapidly identifying JA-deficient accessions in natural
populations [Figure 2¢,d, adapted from Kallenbach et al.
(2012)].

This observation raises the following question: why is
there such extensive genetic diversity in natural N. attenu-
ata populations? One contributing factor is that the plants
largely occur for 2-3 years after fires and time their germi-
nation from long-lived seedbanks to initiate growth in the
first growing season after a natural burn. Seeds can remain
dormant in these seedbanks for hundreds of years and
synchronize germination in response to smoke cues that
are produced during fires (Baldwin and Morse, 1994; Bald-
win et al., 1994b; Preston and Baldwin, 1999). Since the
invasion and spread of cheat grass (Bromus spp.) into the
Great Basin Desert, the size of wildfires has grown sub-
stantially, as the dry grass readily spreads lightning-started
fires amongst the widely distributed woody species that
dominate this habitat. These larger fires are likely to have
increased the genetic structure of post-fire populations as
these large fires stimulate the germination of seeds from
multiple seedbanks of different ages at the same time (Fig-
ure 2a). The genetic heterogeneity of these populations is
probably maintained by the rapidly changing selection
regimes that occur after fires. As one of the first plants to
colonize post-fire habitats, N. attenuata enjoys low herbi-
vore loads and open and nutrient-rich habitats. As these
post-fire habitats are recolonized, herbivore loads and
competition from other plant species for fire-released
resources dramatically increase, and thereby change the
selection for traits that are associated with JA signaling
(Lynds and Baldwin, 1998; Baldwin, 2001). The adaptive
phenotypic diversity that is associated with JA signaling,
coupled with the ability to escape in time that the post-fire
germination behavior facilitates, has probably allowed
N. attenuata to evade selective sweeps that result from
strong natural selection in small populations (Bahulikar
et al., 2004) and thereby maintain high genetic and meta-
bolic heterogeneity in its natural populations (Figure 2b)
(Wu et al., 2008; Schuman et al., 2009; Li et al., 2015).
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Population geneticists have long utilized the genetic
variance derived from natural populations to query the
genetic architecture underlying traits of interest. Recently,
the allelic diversity in the genome of two natural acces-
sions collected from Utah and Arizona (Glawe et al., 2003;
Wu et al., 2008) has been utilized to create an advanced
intercross recombinant inbred line (AI-RIL) population to
identify genetic components of indirect defense (Zhou
et al., 2017) and arbuscular mycorrhizal interactions (Wang
et al., 2018). This AI-RIL approach has recently been
extended by creating a 26-parent Multiparent Advanced
Generation Inter-Cross (MAGIC) population which we
describe in the next section.

CAPTURING INTRA-SPECIES NATURAL VARIATION IN JA
SIGNALING WITH A MAGIC POPULATION

Linkage mapping (or QTL mapping) and association map-
ping (or GWAS) are the two most commonly used statisti-
cal frameworks to query the genetic architecture
underlying traits of interest. While GWAS can identify
associative single nucleotide polymorphisms with 1-bp
precision, the procedure has limitations that make it diffi-
cult to use with the highly structured natural populations
of N. attenuata. One of the primary assumptions of GWAS
is that there should be no structure in the population, that
is, the population must interbreed freely. This is due to the
fact that correlating patterns among loci and traits causing
variation can create spurious associations between mark-
ers and traits where no actual causal relation exists. This
problem has long been identified (Li, 1969; Lander and
Schork, 1994) and statistical efforts help to address it (Dev-
lin and Roeder, 1999; Pritchard et al., 2000; Yu et al., 2006).
Given that N. attenuata's post-fire germination behavior
from long-lived seedbanks creates natural populations with
substantial genetic structure (Figure 2b), thereby thwarting
the use of GWAS, we started a 9-year effort to create a 26-
parent MAGIC population that captures the natural varia-
tion of the species. MAGIC populations are one of the most
powerful forward genetic tools but they also recapitulate
aspects of natural N. attenuata populations and hence are
ideal for planting into native habitats.

Approximately 400 natural accessions of N. attenuata
have been collected over the past three decades of field
work with this species. These accessions were grown in a
glasshouse and screened for a panel of ecologically rele-
vant traits for this species, which included JA signaling (Li
et al., 2015), O-acyl sugar content (Luu et al., 2017) as well
as volatile emissions. From this screening, 26 accessions
that captured the majority of the phenotypic diversity of
the approximately 400 accessions were selected as the
founders of the MAGIC population (Figure 3a). Diallelic
crossing was performed on the 26 founder lines (with each
other) to obtain a set of intermediate crosses which had
alleles from each of two parents (Figure 3b). Systematic
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intercrossing of the intermediate lines was performed for
four generations, resulting in a population of 325 lines,
(26 x 25)/2, each harboring genetic contributions from all
the 26 founder lines in their genome. Two of six replicate
populations were selected and inbred for six subsequent
generations to ensure approximately 99% homozygosity
across all loci. While phenotyping this large MAGIC popu-
lation for JA levels can be onerous, the job can be readily
‘outsourced’ to herbivores such as Empoasca leafhoppers,
which can identify the JA-deficient lines in a HTP manner
under field conditions as described earlier.

Once the variation is quantified, it can be mapped to the
identified JA networks mentioned above, much like map-
ping genomic sequences onto a reference genome, allow-
ing for the discovery of network variants that are of
ecological significance. Although there is compelling evi-
dence that the core JA signaling module has remained
highly conserved throughout the evolution of vascular
plants (Howe et al., 2018; Monte et al., 2018), the elicitation
of the core JA module by environmental signals and the
resulting physiological responses are highly variable (Li
et al., 2016), which in turn might help explain the hetero-
geneity maintained at the population level. Whether natu-
ral variation in the up- and downstream components of the
core JA signaling pathway can explain the highly variable
distribution of specialized metabolites in N. attenuata pop-
ulations remains an open question. The natural variation in
JA-mediated metabolites quantified within N. attenuata
populations often exceeds the between-population diver-
sity (Li et al., 2015), a pattern consistent with the polymor-
phic genetic structure of the species (Bahulikar et al.,
2004). This coupled variation pattern in the natural popula-
tions suggests that the phenotypic variation results from
genetic variation in JA accumulation and perception. These
polymorphic genetic loci could include regulatory genes
that shape downstream responses to JA, potentially
including small and long non-coding RNAs. The genetic
variation might also be involved in the JA activation/deac-
tivation pathways through mechanisms such as hydroxyla-
tion, carboxylation, glycosylation or methylation, which in
turn could be subjected to layers of regulation, fine tuning
the amplitude, duration and timing of JA-mediated
responses. This fine-tuned JA signaling readout, which
includes both spatial and temporal variations, mediates
various physiological trade-offs and interactions with other
signaling pathways.

Given the guantitative variation in JA-induced metabolic
profiles and defense phenotypes, it is likely that a tran-
scriptomic analysis of these natural accessions would pro-
vide excellent opportunities for identifying previously
uncharacterized genes associated with various ecological
traits regulated by JA signaling and extending our under-
standing of JA signaling networks. Moreover, with current

advances in unbiased metabolomic techniques the previously
inaccessible layers of JA-regulated defense metabolites that
are central to plant fitness are now readily accessible and
quantifiable. These processes can be conceptualized as add-
ing extra dimensions to existing biological networks at the
organism level, dimensions that can be extended to the level
of populations. In addition to JA-related traits, the MAGIC RIL
population presents an excellent tool with which to uncover
the genetic underpinnings of other important ecological
traits, including, for example, the recruitment of the plant’s
root microbiome, mate selection, etc.

We propose that such an unbiased forward genetic
approach will pave the way towards a coherent under-
standing of the molecular mechanisms responsible for
plant fitness in natural environments. The approach does
not obviate the need for reverse genetic tools, as it is
essential to dissect imputed genetic loci to manipulate
these molecular mechanisms and evaluate their fitness
consequences, both under field and more controlled labo-
ratory conditions. The objective would be an organism-
level understanding of the function of this ‘Swiss Army
knife’ of phytohormones.

Summary Box

s Within-plant variation in JA signaling is mediated
by a diverse array of proteins such as JAR/JIH
which activate/deactivate the bioactive form of JA
(JA-lle), JAZ, NINJA-like proteins, transcription fac-
tors, etc. that can mediate various growth and
defense phenotypes in a tissue-specific manner
when challenged with various abiotic and biotic
stress factors.

Within-population variation in JA occurs when
plants face heterogeneous environments and
evolve the ability to contextualize their response to
these varying factors in order to maximize their fit-
ness; we know very little about the mechanisms
responsible for this type of variation.

The population-level variation can be leveraged to
genetically map these variable traits, using increas-
ingly complex Al-RIL and MAGIC mapping popula-
tions that harness the power of forward genetics
for a species.

Identifying the genetic components harboring the
variable traits in JA signaling that can be dis-
sected from genetically linked QTLs and genomic
islands extracted from QTL mapping and GWAS
studies will greatly advance our understanding of
the evolutionary processes that maintain the
natural variation in this important signaling path-
way.
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Open Questions

» What are the genetic mechanisms responsible for
natural variation in JA signaling, particularly in the
control of JA-lle levels?

o How does natural variation in JA signaling at the

molecular level influence phenotypic variation and

Darwinian fitness at the organismal level?

Despite the clear advantages of strong JA signal-

ing, which selective forces maintain variation in JA

signaling in natural populations of N. attenuata?

If fitness costs of JA-mediated responses are at

play in maintaining the natural variation, can these

costly responses be uncoupled from the advanta-
geous defenses mediated by JA signaling?

s To what extent do environmentally mediated epi-
genetic factors affect the genetic configuration and
evolution of JA signaling networks?
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In Manuscript II, we identified a mutation in the JA-Ile biosynthetic gene, NaJAR4, in
N. attenuata natural populations using high resolution GWAS, which was then associated
with higher fitness but relatively compromised foliar defenses indicating a growth defense
trade-off. However, the floral defense was buffered by a homologous gene, NaJAR6, which
complemented NaJAR4 in coordinating the overall defense responses in a spatio-temporal
manner within the plant. We estimated the frequency of this variant allele in the seed
collection of N. attenuata natural populations over several decades, revealing its presence at
variable frequencies, implying that a balancing selection through spatio-temporal variation
in populations is acting on the loci. Moreover, by analyzing the transcriptomes and
metabolomes of different natural accessions, we uncovered a complex gene co-expression
network which co-ordinated plant defense response against herbivory. Silencing certain
hub genes within this network using RNAi technique, revealed their pleiotropic role
in mediating the induced metabolic responses against herbivory, closely following the
omnigene model. The findings suggest that compensatory responses from a large gene
network, together with environmental variation can allow mutations with significant
fitness consequences to persist in natural populations.
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When insect herbivores attack plants, elicitors from oral secretions and regurgitants
(OS) enter wounds during feeding, eliciting defense responses. These generally require
plant jasmonate (JA) signaling, specifically, a jasmonoyl-L-isoleucine (JA-Ile) burst, for
their activation and are well studied in the native tobacco Nicotiana attenuata. We used
intraspecific diversity captured in a 26-parent MAGIC population planted in nature and
an updated genome assembly to impute natural variation in the OS-elicited JA-Ile burst
linked to a mutation in the JA-Ile biosynthetic gene NaJAR4. Experiments revealed that
NaJAR4 variants were associated with higher fitness in the absence of herbivores but
compromised foliar defenses, with two NaJAR homologues (4 and 6) complementing
each other spatially and temporally. From decade-long seed collections of natural pop-
ulations, we uncovered enzymatically inactive variants occurring at variable frequencies,
consistent with a balancing selection regime maintaining variants. Integrative analyses
of OS-induced transcriptomes and metabolomes of natural accessions revealed that
NaJAR4 is embedded in a nonlinear complex gene coexpression network orchestrating
responses to OS, which we tested by silencing four hub genes in two connected coex-
pressed networks and examining their OS-elicited metabolic responses. Lines silenced
in two hub genes (N2GLR and NaFBG67) co-occurring in the NaJAR4/6 module showed
responses proportional to JA-Ile accumulations; two from an adjacent module (NzERF
and NaFB61) had constitutively expressed defenses with high resistance. We infer that
mutations with large fitness consequences can persist in natural populations due to com-
pensatory responses from gene networks, which allow for diversification in conserved
signaling pathways and are generally consistent with predictions of an omnigene model.

jasmonate signaling | plant defense | MAGIC populations | Na/AR4 |
natural mutations with large fitness effects

Fisher in his seminal 1930 book proposed the geometric model of adaptation to reconcile
Darwinian and Mendelian views on genetics, predicting that most mutations are pleio-
tropic and that evolutionary adaptations, which drive populations to realize fitness optima,
result from changes in many genes of small fitness effects (1-3). Yet recent empirical
research has identified several examples of single-gene mutations with large fitness effects
in natural populations, from genes that influence coat color and burrowing behavior of
mice and in flower color that mediates pollination syndromes (4-6). In natural accessions
of the model plant, Arabidopsis thaliana, major mutations in several genes in the aliphatic
glucosinolate defense pathway (7) and in the salicylate (SA)-mediated pathogen resistance
locus, ACDG6 (8), are known to influence plant fitness in context- and season-specific
manners. Balancing selection regimes, mediating temporally and spatially varying and
conflicting selection pressures from different biotic and abiotic selective agents, are thought
to maintain these major mutations in natural populations. For example, attack from
seasonally variable herbivores and pathogens engage different and sometimes incompatible
defense responses (9), and the growth costs associated with some of these defense responses
can impair competitive abilities to produce frequency-dependent selection regimes (10).
While direct empirical evidence of these balancing selection regimes, particularly from
natural environments, is challenging to obtain, patterns of allelic diversity at mutated loci
provide compelling population genetic evidence for the existence of these balancing selec-
tion regimes, as elegantly shown for the ACDG locus (8).

While balancing selection provides an explanation for the maintenance of major muta-
tions at an evolutionary level of analysis (11), other processes operating at a mechanistic
level of analysis can buffer the fitness effects of these major mutations at the level of the
individual. This phenotypic buffering is commonly explored by examining the potential
compensatory effects of paralogs of the mutated loci, or when the mutation occurs in
well-characterized pathways, other elements of the pathway are explored for potential
fitness-buffering effects. Genome wide association (GWA) studies have consistently found
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low heritabilities for most traits, even those associated with large
fitness effects, such as complex diseases (12), likely due to pleio-
tropic effects of the mutated loci. These pleiotropic effects are fre-
quently explored within the context of presumed balancing
selection regimes, such as for growth-related traits in defense path-
way mutants (7, 8). However, when examined more globally, the
pleiotrophy is often found to extend more widely, often to traits
not clearly related to the proposed balancing selection regime,
presumably through gene regulatory networks (GRNs) (7, 13, 14).

Recently, the “omnigene” model (15), framed at the mechanistic
level of analysis, was proposed to reconcile the low heritabilities
observed in most GWA studies, by proposing that large-effect muta-
tions in a core pathway have additional nonzero effects from “periph-
eral” genes in the larger GRNs in which traits are embedded. These
highly interconnected networks have the “small world” property in
which most nodes are connected by few steps, even the “hub” genes
in these nodes (16, 17). These tightly coregulated gene networks have
modular topologies that distribute phenotypic effects to peripheral
nodes and could account for the low heritabilities (18). The omnigene
model has been applied to explain genetic and epigenetic bases of
several human diseases (19-21) and tested in populations of Poplus
nigra trees (22) using transcriptomic analyses, but manipulative tests
of the model are rare. The fine-grained modularity of GRN architec-
ture was demonstrated with perturbation experiments of the different
subunits of the conserved Mediator transcriptional coregulator of
Saccharomyces cerevisiae (23). We note that knocking down the expres-
sion of ACDG in different Arabidopsis accessions results in phenotypes
that extend beyond the protein’s canonical function as a transmem-
brane, ankyrin-repeat domain protein regulating the pathogenesis
phytohormone, SA, to another phytohormone, jasmonic acid (JA)
(8, 24). Hence, in studies that provide some of the strongest support
for balancing selection-maintaining mutations with large fitness
effects, the known pleiotropic interactions are generally consistent
with the predictions of the omnigene model. Here, we identify a
major mutation in the JA signaling pathway in a non-model plant
and take inspiration from the omnigene model to explore how this
major mutations fitness effects could be buffered.

In natural environments, plants are continuously attacked by
heterotrophs and compete with each other for fitness-limiting
resources; these primary environmental challenges have selected
for growth—defense tradeoffs largely mediated by the JA phytohor-
monal signaling systems that plants use to recognize herbivore
attack (25-30). When lepidopteran insect herbivores attack the
native tobacco plant, Nicotiana attenuata, fatty acid—amino acid
conjugates in the herbivores oral secretions and regurgitants (OS)
are introduced into wounds during feeding to elicit the JA-signaling
cascade (31-34), through its most active metabolite, JA-Ile (35,
36) acting as a ligand for coronatine-insensitive 1 (COI1), an FBox
protein (37-39) which forms a receptor complex with hypervari-
able jasmonate ZIM-domain (JAZ) proteins and inositol pentaki-
sphosphate (40-45). Most higher plants deploy this signaling
system in response to many environmental challenges (26, 45-48).
JA-induced responses activate the production of a plant’s arsenal
of diverse specialized metabolites that function as direct and indi-
rect defenses and are well studied in the N. attenuata-Manduca
sexta natural model plant-herbivore system (48-52) (SI Appendix,
Supplemental text).

At the heart of JA signaling, sits the conserved JA-Ile COI1
receptor system, the evolutionary history of which has illuminated
the GRN architecture of JA signaling. The nonvascular liverwort,
Marchantia polymorpha, neither produces nor perceives JA-Ile but
uses a JA-Ile precursor, dinor-cis/iso-12-0x0-10,15(Z)-phytodienoic
acid, as a ligand for its MpCOI1 receptor (53, 54). A single-residue
substitution in MpCOI1 switches ligand specificity to JA-Ile, a
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more polar metabolite that is more readily transported through
the vasculature (53), a trait lacking in liverworts. The JA-Ile recep-
tor complex is thought to be highly conserved among vascular
land plants, consistent with the observation that many biotrophic
pathogens, such as the model plant pathogen, Pseudomonas syrin-
gae, produce coronatine, a structural mimic of JA-Ile that activates
the COI1-JAZ receptor system and functions a key virulence
factor by dampening SA signaling responses (55, 56).

Two decades ago, when we released NzLOX3-silenced, JA-deficient
N. attenuata plants into natural habitats, they attracted an entirely
new herbivore species, an Empoasca leaf hopper (57), which subse-
quent research revealed to be a natural insect “bloodhound” for JA
mutants (58). This insect guild is prevented from using tobacco
plants with intact JA signaling as hosts by a combination of direct
and indirect defensive chemistry that is elicited in response to leaf-
hopper probing and provides a rarely documented mechanism for
non-host resistance against insect herbivores (59). Furthermore,
when N. attenuata plants, silenced in NaMYC2 expression, a major
JA-responsive hub gene, were released during two field seasons that
differed dramatically in their herbivory pressures, the NaMYC2-
silenced plants realized a significant growth advantage in the year
when herbivore pressure was low but were severely compromised
during the season of high herbivory pressure and did not survive to
reproductive maturity (60). These natural history interactions sug-
gested that natural populations of N. attenuata would harbor natural
JA-signaling mutants that balance the JA-mediated growth/defense
trade-off. Yet our understanding of how the fitness effects of such
putative JA-signaling mutants could have been buffered by
OS-elicited GRNs was hampered because previous attempts to
understand OS-mediated signaling in the Nicotiana genus using
closely related species did not resolve JA signaling within the
OS-elicited GRN (61, 62). We hypothesized that the failure of this
previous attempt using interspecific variation was due to the lack of
shared OS-mediated JA-signaling GRNs among these closely related
species; in other words, we had underestimated the speed with which
OS-elicited GRNs evolve (62).

Here, we revisit the OS-elicited gene network with an intraspe-
cific approach harnessing natural variation within N. aztenuata.
Together with a chromosome-length contiguous genome assembly
(N50 82 Mb), and a 26-parent Multiparent Advanced Generation
Inter Cross (MAGIC) Recombinant Inbred Line (RIL) population
of N. attenuata (SI Appendix, Materials and Methods, Figs. S1 and
S2, and Table S1), we imputed a locus associated with variation in
OS-elicited JA-Ile bursts. We screened for candidate genes using
RNAi-silenced lines of genes in the pathway and, with stable-isotope
labeling experiments, confirmed Na/AR4 as the causal gene. We
estimated the frequency of this variant locus in natural populations
and characterized the whole-plant fitness consequences of harboring
these variants in environments lacking herbivores. After failing to
find compensatory buffering effects in jasmonate resistant (JAR)
and COI paralogs, we undertook a broader multiomics integrative
approach and identified a putative GRN from a gene coexpression
network in which the mutation resides, and by manipulating gene
expression of four hub genes in two topologically connected mod-
ules, we characterized the OS-induced metabolic responses to exam-
ine predictions inferred from the omnigene framework (15, 18).

Results and Discussion

MAGIC Population and NaJAR4 Natural Variation. We constructed
a 26-parent MAGIC RIL population capturing a large fraction of
N. attenuata’s total natural variation to identify the genetic bases
of various ecological traits. The selection of 19 of the parental
lines was based on the accessions’ metabolic diversity in response
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to M. sexta OS elicitation (SI Appendix, Fig. S34; see SI Appendix,
Materials and Methods) and to dissect the genetic basis of traits
involved in plant—herbivore interactions. A Principal component
analysis of the Single-nucleotide polymorphisms (SNP) of the
parents shows a distinct population structure, partly correlating
with their geographic origins (S/ Appendix, Fig. S4D), and the
two replicate inbred MAGIC RIL populations, L1 and L2 (sixth
generation) form a tight cluster, indicating a homogencous
admixture. This genetic homogeneity allowed for the use of high-
resolution quantitative GWA trait mapping without population-
structure corrections (63) and after correcting for kinship effects,
the model delivered robust trait mappings. Given the importance
of the JA-signaling cascade, through its most active metabolite,
JA-Ile, in orchestrating this plant’s response to herbivory (64), we
quantified JA and its conjugates at 1 h after the OS elicitation of
a single leaf from two replicates of 650 MAGIC population RILs
and parents growing in a field plantation in Arizona in 2019.
Interestingly, JA-Ile and JA-Val levels showed greater variation in
the RILs compared to the parental lines (S Appendix, Fig. S30),
consistent with the loss of regulatory activity of the OS-regulated
gene networks on these phytohormones, which had been lost in
the creation of the RILs. The subsequent GWA analysis of OS-
elicited JA-Ile and JA-Valine (JA-Val) bursts imputed a significant
QTL at the same region of chromosome 5, consistent with the
two amino acids being conjugated to JA by the same biochemical
mechanism (Fig. 1 4 and B) (65, 66). Results from a replicate
glasshouse (GH) screen of the same MAGIC RIL population
imputed the same locus but at a marginal level of significance
(SI Appendix, Fig. S5), underscoring the importance of screening
plants in their native habitats to elicit ecologically relevant signals.

A B

Mining the assembled genome at chromosome 5, we identified
candidate genes, and further eQTL analyses of 350 RILs from the
same experiment identified jasmonoyl-L-amino acid synthetase
(NaJAR4) as a candidate (ST Appendix, Fig. S6), a known enzyme
conjugating Ile and Val to JA (66). The two SNPs showing the
highest association with the JA-Ile QTL, and JAR4 ¢QTL lie
adjacent to each other and show strong linkage (S7Appendix,
Fig. SGE). A phylogenetic analysis of the Na/AR4 region deline-
ating the variation found in the 26 parents of the MAGIC RIL
population (S7 Appendix, Fig. S4B), revealed that six variant (V)
lines form a monophyletic clade, and the variant allele correlated
with a strong reduction in NzJAR4 expression (SI Appendix,
Fig. S6 Band D). Additionally, phylogenetic analysis of all Nz/AR
genes in V. attenuata and well-studied taxa in the Solanaceae
placed NaJAR4 in a clade distinct from the other Nz/ARs in the
genome (81 Appendix, Fig. S7) and the OS-elicited expression of
NaJAR4 was highest among the NaJARs (SI Appendix, Fig. S6F).
We then randomly selected six other lines from the other clades
with high Naz/AR4 expression and used these as non-variant (NV)
lines for further comparisons. Sequence analysis and additional
PCRs confirmed a deletion in NzJAR4s 5’ untranslated region
(UTR) in the V lines, which renders the gene inactive (Fig. 1C
and SI Appendix, Fig. S6 A, B, and D).

We next scrutinized the geographic origins of V and NV lines
to evaluate whether the Na/AR4 mutation was a spatially limited
phenomenon. Clustering the accessions based on their genetic
distance captured only minor associations with their respective
geographic origin (87 Appendix, Fig. S4D); the V lines did not form
adistinct cluster but were distributed along the tree (Fig. 1.D). This
indicates a lack of population substructure associated with the
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Fig. 1. GWA trait mapping of OS-elicited JA-lle and JA-Val in MAGIC RIL populations and locations of the NaJAR4 mutation in N. attenuata natural populations

(A and B) GWA analysis of OS-elicited JA-Ile and JA-Val bursts. (C) The structures of the JAR4 gene showing Whole Genome Sequence (WGS) alignments of V and
NV lines and the deletion in the 5 UTR region of Na/AR4 in the V lines. (D) Genetic distance of natural accessions of N. attenuata originating in the SW USA. Blue
accessions indicate V lines and orange accessions indicate NV lines. Locations of seed collections in the SW Utah region over 9y from 32 natural populations that
were genotyped for the NaJAR4 variant (blue): Pie diagrams are genotype ratios of either bulked or averages of individual genotypes in each location represented
by the black circles, while points reflect each genotyped collection. Details of each collection are listed in S/ Appendix, Table S2.

PNAS 2023 Vol. 120 No.35 2308500120

https://doi.org/10.1073/pnas.2308500120 3 of 12

33



Manuscript Il

4 0f 12

34

NaJAR4 locus and is consistent with considerable gene flow among
the different populations. We focused on a small region in SW
Utah from where some V lines originate and examined the fre-
quencies of the variant allele (Fig. 1D and SI Appendix, Table S2)
to examine how their distributions changed over time in this
annual plant. Using DNA extracted directly from individual or
bulk seed collections, we quantified allele frequencies from multiple
seed collections made over 9 y from this 400 km? arca. The allele
frequencies were highly variable both spatially and temporally, with
no clear patterns of fixation (Fig. 1.D and SI Appendix, Table S2).
In the Jackson Spring (JS) population, for example, 8 of 11 (72%)
individuals sampled in 1990 harbored the variant allele. However,
ina 1999 bulk collection from the same location, this ratio dropped
to 23%. Populations within the 6 km? Gold Strike Mine (GSM)
area also harbored high frequencies of the variant allele, whereas
the variant allele was not found in seeds from several years of
collections at the DI ranch (the origin of the Utah (UT) genotype)
located just 5 km downstream from the GSM. From these results,
we infer that balancing selection through spatiotemporal variation
(67) is acting on the NaJAR4 loci, which maintains this allele in
natural populations (see SI Appendix, Supplemental text for addi-
tional discussion of this point).

To evaluate whether this Nz/AR4 mutation could be main-
tained in natural populations through gene duplication/neofunc-
tionalizations of canonical JA-signaling genes, we used a candidate
gene approach to evaluate whether other Na/ARs or NaCOIs could
provide Nz/AR4 mutants with compensatory responses
(SI Appendix, Supplemental text). As N. attenuata is an annual plant
that rapidly transitions from vegetative to reproductive growth as
its habitat dries out (68), the priority of defending leaves rapidly
switches to one of defending reproductive parts as plants transition
into flowering. Prior research had established that constitutive
JA-Ile levels in flower buds are typically 10x higher than those of
OS-elicited leaves and that floral defense engages a floral-specific
NaJAZi repressor that physically interacts with the NINJA-like
protein rather than the canonical NINJA (44). Floral JA-Ile levels
were dramatically lower (by 20-fold) in a previously characterized
NaJARG-RNAI line (69) compared to those of wild type (WT)
plants, indicating additional tissue-specific conjugation activity
of NaJARG (SI Appendix, Fig. S9). We then asked whether V.
attenuata has evolved a tissue-specific JA-Ile receptor through the
second COI in its genome, NaCOI2. We tested this hypothesis
in floral tissues by silencing NzCOI2 expression by stable RNAi
(SI Appendix, Fig. S10A); however, phytohormone and metabolic
profiles of irNaCOI2 lines revealed that NzCOI2 did not buffer
the likely fitness consequences of the JA-Ile variation (S7 Appendix,
Supplemental text and Fig. S11).

Taken together, these results establish a causal association
between natural genetic variation in the Na/AR4 locus of the N.
attenuata MAGIC population with OS-elicited JA-Ile levels in
leaf tissues and a genomic deletion in the NzJAR4 5" UTR that
lowers OS-elicited JA-Ile levels in the V lines. Additionally, the
effect of silencing Na/AR4 in floral tissues was much less than that
of silencing Nz/ARG, and thus the loss of Na/AR4 function could
potentially be buffered by intact NaJARG activity in floral tissues.
However, we needed to evaluate both the biochemical and fitness
consequences of the NaJAR4 mutation in greater detail.

OS-Elicited JA-lle Conjugation Kinetics. Nz/AR4 adenylates JA
for conjugation with Ile and Val (66). To determine whether the
V lines have lower Ile conjugation rates compared to the NV
lines due to abrogated NaJAR4 activity, we conducted in vivo JA-
conjugation kinetic experiments with isotopically labeled C-Ile.

We utilized previously published Nz/AR4- and NaJARG-RNAi

https://doi.org/10.1073/pnas.2308500120

lines produced in the UT genetic background (an NV line) as
positive controls for the experiments and quantified JA and its
conjugates at 45 and 90 min after simulated herbivory, just before
and exactly when OS-elicited JA-Ile peaks (Fig. 2 A and B) (35, 65,
69). We reasoned that if the JA-Ile levels are lower in the V lines
due to lower conjugation activity and not the lack of Ile substrate,
then supplementing puncture wounds with "*C-Ile in OS and
subsequently quantifying the C-labeled JA-Ile levels should
reflect activity differences between the two groups. Additionally,
to rule out the effect of JA variation, we analyzed the JA-Ile levels
with respect to the JA levels, estimating conjugation rates from
the slopes of JA-Ile vs. JA regressions (S Appendix, Table S3).

Both "*C-JA-Ile and endogenous JA-Ile conjugation rate estimates
at 90 min were significantly lower in Na/AR4 and NaJAR4x6-RNAi
lines compared to those of EV plants (Fig. 2 G and H). The V lines
phenocopied the NaJAR4-RNA: line in both their °C-JA-Ile and
endogenous JA-Ile conjugation rate estimates and had lower conju-
gation rates compared to NV lines (Fig. 2 7 and /). The estimated

3C-JA-Ile conjugation rates of NaJARG-RNAI plants were signifi-

cantly higher than those of EV plants, which suggests that NaJAR4
activity dominates Ile-conjugating activity at 90 min in leaves.
Moreover, the conjugation estimates of NzJAR4- and NaJAR4x6-RNAi
plants did not differ, suggesting that NaJARG activity contributes
little to the total Ile-conjugation activity at 90 min. The similarity of
the response in the V lines and the Niz/AR4-RNAi lines is consistent
with the inference that the deletion in the 5 UTR of their NaJAR4
gene (Fig. 10) is responsible for their lower conjugation rates.

Interestingly, at 45 min after OS elicitation, '°C-JA-Ile conju-
gation rate estimates of all Nz/AR-RNAI lines were significantly
lower compared to those of EV; however, no difference was
observed in the endogenous JA-Ile conjugation rate estimate at
this early time point (Fig. 2 Cand D). The opposite pattern was
observed in V vs. NV lines (Fig. 2 £ and F) where endogenous
JA-Ile conjugation estimates differed but not the exogenous
C-JA-Ile conjugation estimates. From these results, we inferred
that a larger apoplastic flux of *C-Ile conjugated by NaJARG, as
opposed to NaJAR4, was responsible, as the former is intact in
these lines and dominates the conjugation activity at 45 min. This
is in contrast to the lower flux of endogenously synthesized Ile
(SI Appendix, Fig. S12A4), possibly conjugated by basal NaJAR4
activity which showed a significantly lower conjugation rate in V
compared to NV lines. We quantified levels of Ile and its precursor,
threonine, and found no evidence of substrate limitations at either
time point (S/ Appendix, Fig. S12B). In summary, silencing
NaJAR4 had a stronger effect on OS-elicited JA-Ile accumulations
than did silencing Na/ARG, consistent with previous work (69),
and the two enzymes contribute to conjugation activity at different
times following OS elicitation in leaves.

Fitness Consequences of the NaJAR4 Variation. We next quantified
the whole-plant fitness consequences associated with the Na/JAR4
natural variant. Since N. attenuata is a self-fertilizing annual plant,
we used life-time seed set as an ecologically relevant proxy for
its fitness and MeJA-induced trypsin proteinase inhibitor (TPI)
activity was used as a proxy for quantifying defense (S Appendix,
Supporting Information Text). Moreover, JA-signaling is preserved
in floral tissues, the fitness consequences of Na/AR4 variation
can be accurately estimated in this currency. Additionally, after
germination in nature, V. attenuata plants compete for ephemeral
resources with conspecifics, which can be either full-siblings or
unrelated plants, and relative growth rates are another important
parameter in determining fitness outcomes, depending on genetic
ancestry. Therefore, we used a two-plant/pot competitive growth
system that facilitates the quantification of fitness differences
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under ecologically realistic conditions (70). The two plant/pot
experimental setup allowed us to quantify the relative growth/
defense trade-off incurred through TPI by the different genotypes
associated with Naz/AR4 variation (10, 71). We expected that if
plants deficient in NaJAR4 activity (Fig. 3 A and B) are trading off
their investment in defense toward growth and fitness, they would
acquire more resources than slower-growing but well-defended
competitors and be clearly distinguishable in the defense-fitness
trait space. In the case of plants harboring the intact Nz/AR4 copy,
their growth/defense trajectory would be the same as that of their
well-defended neighbor.

The MeJA-elicited NaJAR4-deficient V lines (X position in
Fig. 3) produced significantly greater seed set (by 37%), while the
Me]JA-induced TPI activity was significantly lower (by 50%) com-
pared with NV lines (Fig. 34), which is quantitatively consistent
with previously reported results (50). In line with these expectations,
the competing UT counterparts (inbred NV line used as a standard
wild-type in decades of N. attenuata research, Y) showed
MeJA-induced trends similar to those of the NV lines in the
fitness-defense trait space. However, in unelicited pairs, their realized
fitness matched that of their competitors. These data indicate that
the realized fitness gain of the V lines did not come at the expense
of the competing (Y) plants, as the MeJA-induced fitness of UT
competitors did not differ between the V and NV pairs. The fitness
benefit of the V lines is rather a direct consequence of the NaJAR4
deficiency, which reduced TPI activity by 50%, indicating a reduced
investment in plastic defenses resulting in a 37% gain in seed set.
Previous research with this species in a 2 plant/pot competition
setup found that when competing with non-kin, plants dramatically
increased their growth rates when not induced with MeJA (70), a

PNAS 2023 Vol.120 No.35 e2308500120

result consistent with Hamilton’s rule (72) (see SIAppendix,
Supporting Information Text for additional discussion of this point).
Furthermore, the relative defense/fitness trade-off effect for V lines
is likely underestimated due to the inclusion of two NV lines (AZ
and P-149) originating from Arizona, which are impaired in their
ability to produce TPIs due to an evolutionarily recent Nonsense
Mediated Decay pseudogenation of the TPI gene (73).

The NaJAR-RNAi: lines did not show significantly lower capsule
counts in response to MeJA treatments (Fig. 3B). Both silenced
lines accumulated two-fold lower TPI activity (Fig. 3B) compared
to NV plants (Fig. 34). When compared to their isogenic UT
competitors, the NaJAR-RNAI lines produced significantly more
(by 42%) capsules. Final stalk lengths, providing a quantitative
proxy for growth, revealed that V lines phenocopied the
NaJAR4-RNA; lines with comparable effect sizes, together with
strong growth reductions in MeJA-induced Y competitors in com-
parison to the JAR-deficient plants in both groups (Fig. 3C). The
estimated standardized effect size between uninduced X and Y
plants in V and Nz/AR4-RNAi lines remained small (0.32 and
0.26) butincreased to 0.84 and 1.56 in response to MeJA-induction,
respectively. In contrast, the effect size remained negative in the
NV group, reducing to -0.45 upon MeJA-induction, indicating
strong competition for resources between X and Y plants. In com-
parison to the Na/AR4-RNA: line, the MeJA-induced growth
reduction was stronger in the Na/AR4/6-RNAi group, where
under both control and induced conditions, Y plants were signif-
icantly shorter than X plants, as revealed by the larger effect sizes
that likely result from the additive effect of silencing Na/ARG.

These findings reveal that abrogating NaJAR activity through
RNAi in the UT WT genotype disrupts JA-induced regulation of

https://doi.org/10.1073/pnas.2308500120
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growth/defense responses. The V lines have presumably adapted
to their NaJAR deficient JA-signaling and, when MeJA-induced,
maximize their seed set by exploiting this deficiency (Fig. 34). In
contrast, MeJA induction of Nz/JAR-RNAIi lines in the NV UT
background did not increase seed set despite consistently display-
ing a NaJAR deficient growth/defense phenotype, suggesting that
their metabolic configurations are not adapted to this deficiency
(Fig. 3B). Recombination, as evidenced by gene flow patterns
(Fig. 1) and sporadic outcrossing in . attenuata populations (74,
75), both processes that antagonize selective sweeps, makes it
unlikely that these adaptations are in linkage disequilibrium with
the NaJAR4 loci. It is more likely that the beneficial adaptations
are dispersed across the genome. Overall, V lines lacking NaJAR4
activity realize higher fitness when induced in herbivore-free envi-
ronments compared to NV lines, displaying similar effects on
defense/growth-fitness trade-offs in magnitude, but not induction
patterns, as the NaJAR4-RNAi line. From these results, we infer
that other unknown compensatory responses have evolved in the
V lines, enabling their survival in natural populations. To better
understand these compensatory responses, we next characterized
the OS-elicited coexpression network in the natural accessions.

Multi-omic Integration of OS-Elicited N. attenuata Natural
Accessions. In higher plants, JA-lle is the critical bioactive
hormone that allows plants to contextualize an impressive array
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Fig. 3. Growth and fitness consequences of the NaJAR4
natural variation. (A and B) An ecologically realistic
competition experiment was used to estimate fitness-
defense consequences of the Na/AR4 variant. The middle
schematics describes two size-matched 10-d-old seedlings
that were planted in a single pot (n = 10), of which one
(Y-plant) was always a UT-WT plant, with the other competing
neighbor (X-plant) being, either (A) a non-isogenic V or NV
WT plant; or (B) an isogenic RNAi-line silenced in either
NaJAR4 or both Na/AR4 and NaJAR6 (NaJAR4/6). Bivariate
plots describe the fitness/defense consequences of methyl
jasmonate (MeJA)-elicitation during reproductive maturation
in fitness (lifetime capsule numbers: Y axis) and leaf defense
(fitness-costly trypsin proteinase inhibitor (TPI) defenses: X
axis). Traits of the X competitors are shown in the left-side
panels while those of the Y competitors are shown in the
right-side panels. (C) Flowering stalk lengths of X (solid lines)
and Y plants (dashed lines) measured at the final harvest,
37 d after treatments. Error bars indicate + 95% Cls. The
numbers on top of error bars indicate standardized effect
sizes estimated by Cohen’s D method.

of physiological and developmental processes to environmental
contingencies. The canonical model of JA-signaling posits that
responses will be proportional to the amounts of JA-Ile elicited by
environmental signals above some thresholds, and the diversity of
responses elicited emerges from the spatiotemporal diversity of JA-Ile
accumulations, their turnover, and specific JAZ/transcription factor
complexes that regulate downstream responses (40). The mutation
we identified dramatically lowers JA-Ile accumulations in leaves
and significantly affects JA-Ile-associated traits. Previous studies
showed that coexpression modules can deliver mechanistically
insightful genes, regulating specialized metabolic responses (76,
77). Extending our search from a canonical JA-signaling candidate
gene approach, we wanted to identify a conserved OS-induced
coexpression network and other hub genes within it, that might be
buffering the effect of the Na/AR4 variation in natural accessions.
This would enable us to gain mechanistic insights at a molecular
level into how the mutation is maintained in these populations,
which can otherwise be explained by balancing selection at a
functional level of analysis (11). We note that the coexpression
network structure regulating effector-triggered immunity can be
largely conserved even in JA/SA-deficient Arabidopsis plants (78),
where only the amplitude of the network was delayed, due to
abrogation of the phytohormonal network.

To this end, we analyzed the OS-elicited leaf transcriptomes of
29 N. attenuata natural accessions, including 25 of the 26 the
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MAGIC parental lines (S Appendix, Table S4), using gene coex-
pression analysis and constructed a putative OS-elicited network.
‘The analysis revealed seven major topologically connected modules
of coexpressed genes in which both Nz/AR4 and NaJARG clustered
in the same M7 module (Fig. 44). Gene ontology (GO) term
enrichment analysis for each module revealed the M7 module was
enriched for terms like “defense response,” whereas another mod-
ule, M5, was enriched in terms like “jasmonic acid metabolic pro-
cess,” “modulation of process of another organism,” and “response
to biotic stimuli,” indicating that a defense-response-related gene
network was captured in these two modules (S7 Appendix; Fig. S13),
which additionally, based on gene expression similarity, were also
functionally closely related (Fig. 4B).

We focused on the M5 and M7 modules (Fig. 44) to identify
potential hub genes that could be targeted for gene silencing to
test the effect on JA-Ile-associated traits with respect to the canon-
ical JA-signaling embedded in the gene network. Hub genes were
identified by ranking the genes by 11 network connectivity metrics,
and further manual curation of the GO term enrichment results
led to a selection of four genes, namely, Ethylene Response Factor
1B (NazERF) and F-BoxAt61340 (NaFBG61) from the M5 module,
and Glutamate receptor (N2GLR), and F-BoxAt67340 (NaFB67)
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from the M7 module. These selections were based on the observa-
tions that ethylene signaling is strongly elicited by OS in V. atten-
uata and fine-tunes JA-Ile responses (79, 80); glutamate receptors
are likely involved in systemic JA signaling through Ca*" signaling
(81); the F-Box NaFBG67 contains a conserved Tetratrico Peptide
Repeats motif which is involved in protein—protein interactions
and has been shown to be essential for phytohormone-mediated
signaling (82, 83); and the Arabidopsis homologue of NaFBG61 is
known to regulate multiple JA- and ABA-responsive genes in stress
situations (84). This suggested that the two selected F-Box genes
could be involved in OS-elicited hormone sensing, albeit by dif-
ferent mechanisms than that of the canonical COI1. Furthermore,
none of these genes co-localized with Nz/AR4 loci; thus, it is
unlikely that their role in the JA-signaling pathway would be con-
founded by selection pressures acting on the Na/AR4 locus.

To further understand the correlation patterns between gene
expression and downstream metabolite accumulations, we con-
ducted an integrative analysis using multiblock sPLSDA of the
OS-elicited transcriptomes, metabolomes, and phytohormones of
the 29 natural accessions. This dimension reduction (or latent
variable approach) to data integration helps to highlight correla-
tions across multiple datasets, parse-out outliers, or batch effects
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Fig. 4. Coexpression analysis of OS-elicited transcriptomes, metabolomes, and phytohormones of N. attenuata natural accessions (A) Coexpression analysis
of OS-elicited transcriptomes of N. attenuata natural accessions revealed seven gene modules. Each node in the dendrogram represents a single gene, and the
number of genes in each module is M1 =499, M2 = 93, M3 = 392, M4 = 214, M5 = 187, M6 = 89, and M7 = 259. (B) Module similarity was computed using the
eigen-gene expression of each module and by calculating the Pearson correlation coefficient similarity matrix. Hierarchical clustering was performed on the
(1-similarity) matrix obtained in the previous step. (C) Correlation plot of integrative analysis of the transcriptome, metabolome, and phytohormones performed
using multiblock sparse partial least squares discriminant analysis (SPLSDA), showing the correlation of each feature against two latent variables, namely
components 1 and 2. The two vectors C and W+OS are diametrically opposite, indicating that these two components adequately captured the variation due to
the OS elicitation. (D) UMAP clustering was performed on the OS-induced transcriptomes of N. attenuata natural accessions, and colored based on the modules
returned by the coexpression analysis in panel A.
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in individual sets, and provides a robust selection (of genes and
metabolites) to facilitate further downstream analyses (85). The
analysis revealed that major defense metabolites were linearly cor-
related with the expression of the four selected hub genes and
NaJARG (Fig. 4C). NaCOIl in the M2 module was negatively
correlated with component 1 and distinct from the two selected
F-Box genes that correlated positively with component 1, consist-
ent with the inference that the selected F-Box genes are not func-
tionally similar to the canonical JA-Ile/COI1 receptor complex.
Interestingly, NaJAR4 was not strongly correlated with JA or
JA-Ile, or with JA-induced metabolites along the first two SPLSDA
components, representing linear dimensionality reduction. This
suggested that Nz/AR4 expression may share a more complex
nonlinear relation within the network, not captured by the
sPLSDA. Indeed, Uniform Manifold Approximation and Pro-
jection (UMAP) clustering of the module gene expression, which
is a nonlinear dimensionality reduction technique, revealed that
NaJAR4 clusters well within the M7 module (Fig. 4D) in a
two-dimensional space. Taken together, these results indicate that
although the NaJAR4 variation has major fitness consequences as
observed in glasshouse experiments (Fig. 3), the variation itself is
embedded in a complex gene network in which other intercon-
nected genes could compensate for the deleterious effects of this
major mutation on N. attenuata’s OS-clicited defense responses.

Metabolomic Analysis of Silenced Hub Genes. To test the effects
of hub genes on OS-elicited defense responses, we silenced the
expression of the four hub genes from the M5 and M7 modules
by transforming N. attenuata plants with inverted repeat (ir) RNAi
constructs. We conducted the transformations in the UT genetic
background (an NV genotype) to produce lines that function
with an intact Na/AR4 allele and are thus not confounded by
compensatory responses from the connected genes in the network
(Fig. 3). Two homozygous T, plants were generated harboring
a single T-DNA insertion effectively silencing the expression
(SI Appendix, Figs. S10B, S14, and S15) of NaERF and NaFB61
(M5), NaGLR, and NaFB67 (M7) genes in individual lines,
showing consistent elicitation patterns of induced metabolites
in both lines. Thus, one replicate per construct was chosen for
comparisons with the V, NV, and Nz/AR4/6-RNAi lines. Rosette-
stage leaves were elicited with M. sexta OS and sampled after 1 h for
phytohormone analyses, and untargeted liquid chromatography—
mass spectrometry (LC-MS) analyses were used to characterize
their defense responses (Fig. 5).

The OS-elicited JA-Ile levels in V lines were significantly lower
(two-fold) than those of the NV lines (Fig. 5B). The lower JA
conjugation efficiency in V lines was likely responsible for signifi-
cantly higher JA levels (1.7-fold) compared to NV (Fig. 54). The
same trend was seen in the Nz/AR4- and NaJAR4x6-RNAI lines
(Fig. 5B) which also had significantly reduced basal (2.6-fold for
both lines) and induced JA-Ile levels (4.4-fold and 8.3-fold, respec-
tively) and tended to have higher induced JA levels compared
to those of WT plants (Fig. 54). JA-induced metabolites, CP,
DCS (51), and total diterpene glycosides (DTGs), sectors of spe-
cialized metabolism which are strongly regulated by JA-Ile (52)
(SI Appendix, Fig. S16), were proportionally down-regulated in
the NaJAR4x6-RNAi line, but the defense reductions in the V lines
were not as dramatic. Moreover, PLS-DA of mass features revealed
that OS-elicited V lines clustered differently than those of the
NaJAR4 and NaJAR4x6-RNA: lines, despite all of these lines being
comparably impaired in their NaJAR4 activity (Fig. 5F7).

Both the irNzGLR and irN2FB67 lines, silenced in genes of the
topologically proximal M7 module, had significantly reduced basal
JA and JA-Ile levels (Fig. 5 A and B), but did not differ from WT

80f12 https://doi.org/10.1073/pnas.2308500120
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in their OS-elicited levels. Consistent with the canonical role of
JA-signaling in defense responses, basal levels of CP and DCS
were significantly lower in these lines (2.5-fold and 1.5-fold,
respectively). Interestingly, OS-elicited levels were also low (by
1.5-fold and 1.7-fold) and hence not proportional to the lines’
induced JA/JA-Ile levels. Moreover, no effect was observed in total
DTGs in these lines, with the JA-Ile-elicited DTG, dimalonylated
nicotianoside II, also not being affected (SI Appendix, Fig. S16).
PLS-DA of the OS-induced mass features and the relative contri-
butions of the targeted compounds confirmed that irN2aGLR and
irNaFB67 lines had low constitutive and induced metabolite levels
that clustered separately from WT along component 1 (Fig. 5G
and SI Appendix, Fig. S17), revealing that variations correlated
with canonical JA-signaling in uninduced leaves, but not with the
expected induced changes.

For the genes of the topologically distal M5 module, both
RNAi-silenced lines showed WT or higher JA/JA-Ile levels after
OS clicitation (Fig. 5 A and B). OS-elicited JA-Ile in irNaFB61
plants were significantly higher (1.3-fold), and given that the
JA-Ile degradation products (OH-JA, OH-JA-Ile, and COOH-JA-
Ile) (86) of both lines were dramatically higher than those of WT
plants after OS elicitation (S/ Appendix, Figs. S18 and S19), it is
likely that the flux of oxylipins through JA-signaling was signifi-
cantly up-regulated in both lines. Surprisingly, basal levels of
JA-regulated DCS (by 5.9-fold and 3.3-fold) and DTG (by
2.6-fold and 2.3-fold) were dramatically up-regulated (Fig. 5 D
and £) and PLS-DA analysis of the LC-MS mass features revealed
that irVzERF and irNaFBG1 lines displayed a “constitutively-on”
defense phenotype along component 1 (Fig. 5H and SI Appendix,
Fig. $16), which was not proportional to constitutive JA/JA-Ile
levels, a complete departure from the canonical JA-signaling
model. Furthermore, OS elicitation did not increase the levels of
these metabolites. To test the putative constitutively defended
phenotype of irNzERF and irNaFBG1 plants, we conducted a
caterpillar bioassay, in which M. sexza larvae were fed razor-excised
leaves from these plants (cut at the base of petioles to minimize
wound-induced responses) and larval weight was measured as a
proxy for herbivore performance over 10 d. The mass of larvae fed
irNaERF and irNaFB61 leaves was significantly lower (by 54 and
53%) than those feeding on WT leaves (SI Appendix, Fig. S20).
In summary, disrupting hub genes in a topologically distal module
resulted in larger disruptions of the canonical model of JA-clicited
defenses.

Opverall, these results reveal that OS-elicited defense responses
inV lines show minor deviations compared to the NV lines, which
are likely buffered by the larger OS-elicited gene network. In con-
trast, the NzJAR4/6-RNAi lines in the NV background, which
have not had the opportunity to evolve a compensatory gene net-
work, exhibit significant differences. While both V lines and
NaJAR4/6-RNAI lines exhibit significantly reduced OS-elicited
JA-Ile levels and V lines phenocopy the Na/AR4-RNAi in specific
defense metabolites controlled by NaJAR4, subtle differences
between V lines and Nz/AR4-RNAi line are evident in the entire
OS-induced metabolome (Fig. 5F). Interestingly, these results
closely follow the quantitative predictions of the “omnigene”
model (18), where the OS-elicited defense responses in V lines
are perhaps buffered by the larger gene network, and that the
NaJAR4 variation only affects the proximal M7 module, resulting
in minor deviations from the NV lines. In contrast, deviations
resulting from silencing of the hub genes of the network, particu-
larly those from module M5, topologically most distal (Fig. 44)
from the module harboring Na/AR4, leads to the most aberrant
patterns of OS-elicited metabolites. This can be explained by the
amplifying effect of the M7 module, where perturbations in hub
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Fig.5. Metabolic characterization of four RNAi lines silenced in the expression of hub genes, two NaJAR-RNAi lines, V and NV plants (A-£) JA, JA-lle, caffeoylputrescine
(CP), dicaffeoylspermidine (DCS), and total diterpene glycoside (DTG) levels in unelicited (0 h) control plants and 1 h after OS elicitation in irNaERF, irNaFB61,
irNaGLR, and irNaFB67, NaJAR4/6-RNAi and the NV and V lines. Metabolite levels were normalized against the common UT genotype that was included in all
experiments and used as a genotypic control for all RNAi lines. The module dendrogram on the top is a subset of the coexpression clustering from Fig. 4A (with
reversed branch ordering for better visualization), indicating the relationships of the genes within their modules and their respective silenced lines. (F) Partial
least square discriminant analysis (PLS-DA) projection in two components of control and OS-elicited metabolomes of the NaJAR4 variant group. The WT lines
are circled within the larger NV group. (G) PLS-DA biplot of control and OS-elicited module 7 lines. (H) PLS-DA biplot of control and OS-elicited metabolomes of
module 5 lines. See S/ Appendix, Fig. S16 for quantifications of the JA-regulated sector of the potent HG-DTG defense metabolites. Error bars are SEs. Significance
was calculated by ANOVAs followed by Tukey's Honestly significant difference tests comparing against WT in the M5 and M7 groups and the NaJAR-RNAi group,
and NV in natural variant, across two treatment groups (*P-values < 0.05; ** <0.01; *** < 0.001; **** < (0.0001).

genes of the distal M5 module cascade through the highly inter- metabolic response (18). Moreover, the flux of oxylipins through
connected gene network, causing large cumulative effects directly ~ JA-signaling became increasingly unregulated with the topological
on the proximal M7 module resulting in a dramatic change in  distance of perturbed genes from Nz/AR4, as revealed by the
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OS-elicited OH-JA-Ile and COOH-JA-lle levels across the 3
groups (SI Appendix, Fig. S19). The M5 lines exhibit the highest
JA-Ile degradation levels, followed by irGLR in the M7 and the
JAR variant group. Thus, silencing hub genes in the OS-elicited
network results in major aberrations in defense responses, propor-
tional to their topological distance in the network from a major
mutation in a core gene of the pathway. This result provides insight
into how a gene network can buffer OS-induced defense traits
through phenotypic plasticity, allowing JA-Ile natural mutants to
maintain their chemical defense when faced with herbivory. This
interpretation complements the functional explanation at a differ-
ent level of analysis, where varying degrees of herbivory or other
environmental factors facilitate balancing selection regimes main-
taining Na/AR4 variants in natural populations.

Proximate and Ultimate Levels of Explanation of Major Mutations.
This work provides an example of how a single gene mutation
in a major signaling pathway can be buffered by a robust GRN
and provides the outlines of a mechanistic explanation for how
the mutants are able to persist in nature. In such cases, the GRN
likely evolve toward a stable state where a single gene mutation
becomes less likely to affect individual fitness (87). This robustness
however does not come at a cost of polygenic selection, as it can
facilitate accumulation of other loss-of-function mutations, thereby
increasing genetic diversity and providing additional mechanisms
for adaptation in changing environments, elegantly described as
“evolutionary capacitance” (88). Thus, a mechanistic understanding
of a traitin the context of its larger GRN can provide evolutionary
insights into organismal fitness. For example, when grown under
laboratory conditions, Arabidopsis JARI-mutants display an early
flowering phenotype but are also hypersensitive to drought, which
suggests the hypothesis that the mutation could maximize fitness
under drought conditions (89). Whether N. astenuata V lines are
similarly adapted to dryer sites, and whether the GRN minimizes
the V line’s likely drought susceptibility, are testable hypotheses
that could inform the analysis of potential balancing selection
regimes.

The melding of evolutionary and molecular biology approaches
is leading to a new era of consilience between these disciplines,
where the focus is shifting from gene-first to interaction-first
models (14). Molecular biology has primarily focused on under-
standing the genetic bases of a trait, often using model systems
to characterize signaling pathways. We have learned that these
systems are often complex, with multiple levels of fine-tuning
and cross-talk among signaling pathways (90). This complexity
can be amortized through an omnigene model, which empha-
sizes the interconnectedness of genes and their role in shaping
complex phenotypes (18). The integration of molecular and
evolutionary approaches can furthermore provide a more
nuanced understanding of the relationship between genes and
phenotypes and the genetic bases underlying complex traits in
the context of evolutionary outcomes. This framework accom-
modates both mechanistic and functional explanations for trait
evolution in an organismic context (14). However, it is still
critical to examine alternative hypotheses in the same level of
analysis to holistically understand biological systems (11). Our
inference of both spatiotemporal balancing selection and the
OS-elicited gene network facilitating the maintenance of the
NaJAR4 mutation are not alternative hypotheses as they are
posed at different levels of analysis. Thus, the analysis of the four
hub genes from the OS-elicited gene network presented here
should be viewed in the context of this broader perspective, as
part of a larger network of interacting players that contribute to
plant defense and fitness.

https://doi.org/10.1073/pnas.2308500120

Conclusions

The identification of natural variation in JA-signaling in V. azten-
uata brings full circle two-decades of research with this system in
which these natural mutants were anticipated based on the her-
bivore community’s response to field releases of lines from a
reverse-genetics toolbox (57). The dramatic response of leathop-
pers to field releases of JA-deficient RNAi lines, combined with
sporadic observations of leathopper damage in wild populations
(seemingly corresponding to JA deficiency in damaged plants,
(58)) suggested that natural populations of . attenuata must
harbor JA-signaling mutants. This is what we report here by devel-
oping a forward-genetics toolbox that captured most of the species
genetic variability in ecological traits. An updated contiguous
reference genome allowed natural variation in OS-elicited JA-Ile
bursts in field plantings of the MAGIC RIL population to be
imputed to the NzJAR4 locus. We mined our extensive seed col-
lections of natural V. attenuata populations to describe the spatial
and temporal persistence of the mutation in natural populations
and its fitness effects in controlled environments. We further show
how this large-effect single-gene mutation could be maintained
in natural populations as a consequence of being embedded in
stabilizing layers of an OS-induced coexpression network, which,
together with overlapping homolog functions, allow mutants to
maximize their fitness in varying environments.

It is likely that natural populations of other plant species harbor
such major mutations in other canonical signaling cascades,
despite large fitness effects of these mutations. Indeed, two com-
monly used models in plant biology are consistent with this infer-
ence: The laboratory strain of N. benthamiana, a workhorse for
plant biotechnology and synthetic biology, is a natural RZRI
mutant, highly deficient in the RNAi mechanisms required for
viral resistance (91-93); the reference strain of A. thaliana, Col-0,
is a natural hydroperoxide lyase mutant (94, 95) deficient in green
leaf volatile production. The coarse-grained perturbation analysis
presented here of an herbivory-induced gene network stabilizing
a natural mutation in canonical JA-signaling reveals how much
more remains to be discovered in the complex signaling systems
that plants use to optimize their fitness in heterogeneous natural
environments.

The results of this work also harmonize with recent work on
Cuaenorbabditis elegans natural populations (96). Interindividual
metabolic variation in amino acid (again, Ile and Val) conjugation
to 3-hydroxypropionate in the species, resulting from mutations
in propionyl-CoA carboxylase activity, which in humans causes a
rare, but severe, metabolic disorder—propionic acidemia—is main-
tained on a small spatial scale in Hawaiian island populations of
worms. It is likely that the compensatory transcriptomic and met-
abolic responses result from the pleiotropic effect of “peripheral”
genes, which maintain these large-effect mutations in the Ile/Val
conjugation steps in both natural populations of plants and nem-
atodes. In nematodes, the biochemical details of these compensa-
tory responses, elegantly characterized as “shunts within shunts”
are known; in plants, these mechanisms remain unresolved in the
complicated regulatory circuits of the 446-gene OS-elicited gene
network that buffers canonical JA-signaling from perturbations.
Clearly, more fine-grained perturbations of network topologies, as
pioneered in S. cerevisiae (23), are needed to evaluate whether and
how these complex gene networks and metabolic networks main-
tain large-effect mutations in natural populations.

The commonalities of metabolic variation uncovered in natural
populations of nematodes and plants suggest that the concepts of
precision medicine (97) apply equally well to animals and plants. In
plants, such concepts have been in practice through “precision” pest
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control and disease resistance for eons. These similarities also provide
valuable guidance to the conservation stewards of a planet rapidly
losing its unexplored biodiversity (98): Identifying and preserving
hotspots of genetic variance should be of the highest priority.

Materials and Methods

The description of plant materials, cultivation, plant treatment and sampling in
the GH together with subsequent transcriptome sequencing and analysis, metab-
olite analyses, genetic, genomicanalyses, and larval growth assays are all based
on published procedures and detailed in S/ Appendix. As the MAGIC population
and the field screening and its analysis motivated our focus on NaJAR4 variation
andits characterization, those methods are briefly described here, with additional
details in S/ Appendix.

Creation of MAGIC RIL Population. The founder lines for 26-parent MAGIC
RIL population were selected by screening 422 plants from 74 different natural
accessions for various ecologically relevant traits, focusing on metabolic response
to herbivory (99).The 24 plants with the most extreme phenotypes (S/ Appendix,
Fig. S3A) plus the well-characterized Utah (UT, 30 inbred line) and Arizona
(AZ, 22 % inbred line) accessions were chosen as MAGIC founder lines. This is a
common selection criterion for founder lines for multiparent plant population,
when the primary focus is to dissect the genetic basis of agronomic traits and
improve them (100) and not specifically to sample spatially stratified populations
to conduct population genetic analyses. Five rounds of systematic intercrossing
ensured the resulting population of 325 plants had genetic contribution from all
26 parents and were subsequently inbred for six generation to achieve approx-
imately 99% homozygosity. Detailed methods and technical considerations are
given in S/ Appendix, Materials and Methods. A graphical overview of the cre-
ation of this MAGIC population is given in ref. 64. All the plants for all crosses
were grown in GH of Max Planck Institute for Chemical Ecology (MPI-CE), Jena,
Germany, under the conditions described earlier.

Field Experiments and RNA-Seq from Field Samples. Two replicates of the
650 MAGICRILs population and the 26 parental lines were planted at the Walnut
Creek Center for Education and Research (WCCER) in Prescott, AZ. Smoke- and GA,-
treated N. attenuata seeds were germinated in Jiffy-7® peat pellets hydrated with
anative soil extractto provide plants with an appropriate microbiome during ger-
mination (101) and then planted in the field plot. Astandardized M. sexta-specific
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response in a kinetically defined mannerwas elicited in the second and third stem
leaves of every plant by wounding and applying 20 pL of 1:5 diluted M. sexta
0S. The first (lowest) stem leaf was left untreated and harvested as an unelicited
control leaf immediately before the elicitation. Leaf samples were harvested at
0h, 1h,and 72 h, respectively, and immediately frozen on dry ice, transported
on dry ice in dry-ice shipping containers to the MPI-CE, where they were stored
in —80 °C freezers until further processing. Ground frozen leaf tissue (1 h OS-
elicited) aliquots from 350 plants were shipped to Novogene (HK) Company Ltd.
for RNA-Seq and sequenced on lllumina Novaseq.

The details of the field watering and planting scheme as well as experimental
and harvesting protocols along with library preparations for sequencing are given
in SI Appendix.
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Supporting Information Text
Jasmonate (JA) signaling in . affenuata

The JA signaling cascade in N. aftenuata is triggered and strongly amplified when fatty acid
amino acid elicitors in the oral secretions (OS) of Lepidopteran larvae are introduced into wounds
during feeding (1-3). Both JA signaling and the resulting metabolic and transcriptomic responses
are well-characterized in the N. affenuata-M. sexta model plant-herbivore system, and are known
to be mediated by JA-lle (4) acting as a ligand for COI1 (5, 6) which forms a receptor complex
with hyper-variable jasmonate ZIM-domain (JAZ) proteins (7-10).

The JA signaling pathway provides context-dependent responses in form of diverse
specialized metabolites that function as direct and indirect defenses. This metabolic
reconfiguration accompanies changes in flowering behaviors that function as herbivore avoidance
responses for this plant-herbivore system (11, 12). The metabolic flux into specialized metabolism
used for chemical defenses can command substantial fractions of a plant’s fitness-limiting
resources (13—-15) and in combination with the inherent toxicity of many defensive metabolites
(16), is ultimately responsible for growth/defense trade-offs mediated by JA signaling (17-19).
The remarkable diversity of the often tissue-specific metabolic and developmental responses
regulated by this conserved pathway is largely mediated by the diversification of downstream
modules, including the JAZ family of transcription factors (10, 20, 21). Experiments performed
under unconstrained resources in the laboratory have shown that Arabidopsis thaliana mutants,
lacking five JAZ proteins and the photoreceptor, phytochrome B, can avoid the ubiquitous
growth/-defense trade-off faced by most plants (22). Hence, JA signaling likely anticipates the
ultimate resource-based and (auto)toxicity costs of elicited defense metabolites, allowing plants to
dampen or avoid these.

In the ABA phytohormone signaling system, which shares many structural similarities
with the JA-signaling system, ABA degradation products have evolved signaling functions through
duplications of the canonical receptors (23). We were particularly interested in evaluating if similar
signaling innovations had evolved in JA-signaling in N. affenuata, and hence examined
correlations with JA-degradation products (OH-JA, OH-JA-lle, COOH-JA-lle: Fig. S18 - S19) and
silenced the expression of NaCOI/2.

Balancing selection acting on the NaJAR4 allele

The spatio-temporal variation of NaJAR4 variant allele is consistent with previous unsuccessful
attempts at identifying population and geographical structure of N. attenuata using ISSR and
AFLP markers (24), likely resulting from the species’ long-lived seedbanks and long-distance
seed dispersal patterns from seasonal water flow and ancestral humans, who valued the plant for
smoking purposes (25). In natural populations, germination from long-lived seedbanks is
synchronized by smoke from wildfires (26, 27), where co-occurring plants commonly span a 10-
fold size range at flowering time. This substantial variability in an individual’s size can be
attributed to water availability at the micro-site of the germinating seed, adding an additional layer
of complexity to the underlying selection regime. From this natural history context, it is evident
that there is considerable mobility of N. aftenuata populations in different niches, either naturally
or through anthropogenic means, which are a pre-requisite for the persistence of genetic
polymorphisms through spatial variation (28, 29). We infer that balancing selection regimes
resulting from environmental stochasticity and phenotypic plasticity, rather than frequency
dependent niche adaptations, maintain this mutation in natural populations. This inference is
consistent with field studies of glucosinolate mutants in A. thaliana and Boechera stricta, where
fitness varied more by site and season than by genotype (30, 31), and provides another example
of “protected polymorphism” in plants through spatio-temporal variation (28). In order to analyze
the precise selection mechanism at play in this system, a more rigorous stratified sampling of .
attenuata population would be required, which was not our objective in selecting the MAGIC
parents ((32) and Materials and Methods).
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NaCQI2 does not buffer the NaJAR4 mutation in floral tissues

Research in the M. polymorpha system has revealed that the COI receptor complex has been
evolutionarily labile (33-35). Although Arabidopsis has only one copy of COl, other higher plant
genomes, such as corn and rice, harbor multiple COls (36-38); the N. attenuata genome has two:
NaCOl1, NaCOI2. \We hypothesized that NaCO/2 could be an alternate JA-lle receptor in floral
tissues, and silenced NaCOI2 expression by stable RNAI to test this inference (Fig. S10A).
Previous research with NaCOI7-RNA.i lines revealed strong feedback between receptor function
and ligand (JA-lle) accumulation: the lack of JA-lle perception results in elevated accumulation of
JA-lle and its degradation products (6, 8). However, JA and JA-lle levels did not differ between
irNaCOI/2 and WT plants, but the levels in irNaCOI1 plants differed dramatically from WT, as
previously published (5, 6, 8) (Fig. S11A-B). Additionally, JA-lle dependent total diterpene
glycosides (DTG) (39) levels which are significantly downregulated (by 51%) in irNaCOI1 were at
WT levels in irNaCOI2 plants (Fig. S11E). We thus discounted the possibility of an alternate JA-
lle receptor system in N. attenuata floral tissues, and NaCOI2 as a viable candidate that buffers
the fitness consequences of the JA-lle variation (Fig. 3).

MeJA induced TPI as a proxy for defense

MeJA treatment was used to induce defense responses in a standardized manner without leaf
damage, tissue loss, or inducing other phytohormone signaling; however, it elevates endogenous
JA levels for conjugation by NaJARs (17, 40). MeJA-induced trypsin proteinase inhibitor (TPI)
activity was used as a quantitative proxy for defense; TPI activity has been shown to be both a
potent anti-herbivore defense acting synergistically with other deterrents such as nicotine (41),
and to accrue significant fitness costs when plants are grown in competition with other plants
(13). Although nicotine, which is synthesized in the roots, commands almost 6% of N. aftenuata’s
nitrogen budget (14), nicotine pools are remarkably stable and are not reused for metabolism and
growth. In contrast, costs accrued due to TPI production in leaves likely reflect changes in
metabolism required to support their production (42) as well as other co-regulated induced
defenses and hence TPI activity is a reliable proxy for induced defense costs.

Kin-recognition and competitive outcomes

Under kin-recognition assumptions formulated by Hamilton’s rule (43), genetically-related
individuals such as the RNAI lines created in the UT-WT background paired with UT-WT plants,
can forgo their individual fithess toward others to maximize mean genotypic fitness, whereas
genetically-distant individuals would compete for the shared resources and through other means
maximize their own fitness. We reasoned that if the X plants (Fig. 3A-B) are trading-off their
investment in defense towards growth and fitness, they would be expected to acquire more
resources than the slower-growing but well-defended Y plants and be clearly distinguishable in
the defense-fitness trait space. Furthermore, the RNAI lines paired with UT-WT plants represent
full-sibling pairings that are homozygous at all loci but the one harboring the T-DNA insertion.
Under the assumption of kin-recognition, the NaJAR-RNA. lines are expected to perform better
than UT-WT, irrespective of the treatment, as the former will accrue lower defense costs owing to
the NaJAR deficiency. The results are consistent with kin-recognition expectations, where the
isogenic RNAI lines competing with UT-WT, did not show significantly lower capsule counts when
MeJA-induced although they accumulated 2-fold lower TPI activity compared to NV plants (Fig.
3B). However, when compared to their well-defended UT competitors, the NaJAR-RNA. lines
produced significantly more (by 42%) capsules. While these results are consistent with the
predictions of kin-recognition theory, further research is needed to resolve these putative kin-
recognition mechanisms.

Materials and Methods

Plant material

The N. attenuata WT plants used for all the sequencing and optical mapping were from a 31
generation inbred line referred to as the UT accession, which originated from a collection from a
native population at the Desert Inn (DI) ranch in Washington County, Utah, USA. The collection
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locations of the other natural accessions were described in (32) and are shown in Fig. S4. The
other natural accessions used in this study are listed in in table S4. All plants were grown with a
day/night cycle of 16 h (22-26 °C) /8 h 22-24 °C at a relative humidity of 40-60% in a glasshouse
(GH) of Max Planck Institute for Chemical Ecology (MPI-CE), Jena, Germany.

Creation of MAGIC RIL population

To create the 26-parent Multiparent Advanced Generation Inter-Cross (MAGIC) recombinant
inbred line (RIL) population, 422 plants from 74 different natural accessions were germinated and
characterized with respect to morphological, biochemical and ecologically relevant traits (32). The
24 plants with the most extreme phenotypes (Fig. S3A) plus the well-characterized Utah (UT, 30x
inbred line) and Arizona (AZ, 22x inbred line) accessions were chosen as MAGIC founder lines.
This allowed us to capture a large proportion of the diverse quantitative ecological traits from
genotypically diverse natural accessions of this native plant.

To structure this genetic diversity in the MAGIC RIL population, we developed a crossing
scheme with the 26-parental lines that entailed five rounds of systematic inter-crosses from which
the offspring would each have all of the 26 parental lines as ancestors. In each round of these
crosses, the following 3 criteria were fulfilled: (1) no reciprocal crosses, (2) each plant served as a
maternal line, and (3) each plant served as a paternal line if possible. In the first round, diallelic
crossing of each of the 26 parental lines with each other was performed, resulting in an F4 or A-
generation of (26 x 26 - 26)/2 or 325 different crosses. Five plants per founder line were grown
and one plant per line was used as a maternal line; the other 4 served as paternal lines (pollen
donors). To prevent self-pollination, all flowers on each maternal-line plant that would open in a
given night were antherectomized between 4:30 AM and the start of the light cycle (sunrise or
6:00 AM when GH lights were switched on), before anthesis, which normally occurred just before
corollas fully opened the following evening. For hand-pollinations, one freshly dehisced anther
was used to pollinate one maternal-line stigma in an antherectomized flower with approximately
4000 pollen grains (44). Five antherectomized flowers per line were pollinated. All seeds were
collected from each crossed capsule and were pooled per plant to represent one line of the A-
generation, numbered A1 to A325. This numbering scheme was maintained in all subsequent
crosses, which allowed tracking of the maternal lines; subsequent generations were given
different letters. For example, seeds of the A1 generation were germinated to produce plant A1,
which produced seeds B1, which were germinated to produce plant B1, which produced seeds
C1 and so forth.

The 2" to 5" rounds of crosses generated the B- to E-generations. All 325 lines created
in the F; were continued in the B-, C-, D- and E-generations, where in each step, each plant had
4, 8, 16 and all 26 MAGIC founders, respectively, as parents. In each generation, one plant per
line was grown, which served as both maternal and paternal lines. About 5 flowers per plant were
antherectomized as described above, and used for pollination and seed production in the 2™ and
3" rounds of crosses; in the 4™ cross, 27 lines were used twice as pollen donors to produce the
complete set of offspring with 16-founder parents. For the 5" round of crosses, a script was
developed to optimize the crossing scheme. Accordingly, 86 additional crosses were performed in
the 4™ round. The additional offspring served as pollen donors (in one case, DX8, as a maternal
line) in the 5" round of crosses. Since the plant DX8 produced no pollen, it was used as a
maternal line and pollinated with D189 pollen and hence line E189 was the only exception to the
rule of numbering lines according to the maternal plant. The complete crossing scheme is
provided as a supplemental file, Crosses_A-E.xIsx. These five generations of systematic crosses
were followed by 6 generations of inbreeding to create Recombinant Inbred Lines (RILs) with
~99% homozygosity. To achieve this, two lines from each of the 325 E-lines were inbred for 6
generations (lines F1-1 to F1-325 and F2-1 to F2-325, continued to lines L1-1 to L1-325 and L2-1
to L2-325). In each generation, one plant per line was grown, and after flowering and self-
pollination, seeds were collected from multiple capsules of each plant. The resulting L generation
represented a MAGIC RIL population consisting of 650 different RILS with approximately 99%
homozygosity.
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DNA sequencing of N. attenuata MAGIC population and reference accession

For the reference genome sequencing, plants were grown in the GH as described above.
Sequence data were generated using Pacific Biosciences SMRT sequencing (PacBio) and 10x
Chromium linked-read sequencing (10x) technology. The genomic DNA (gDNA) used for both
PacBio and 10x sequencing originated from the same individual plant. PacBio sequencing was
performed on RSII PacBio sequencers using the RSIl P6/C4 chemistry at DRESDEN-concept
Genome Center. High molecular weight gDNA for PacBio sequencing was isolated by Amplicon
Express (https://ampliconexpress.com) and three libraries were prepared and 192 SMRT cells
were sequenced. About 60x coverage was achieved during sequencing. 10x sequencing
including gDNA isolation was performed at the Max Planck Genome Centre, Cologne.

The MAGIC parental accessions were grown under the same GH conditions and high molecular
weight gDNA was isolated from ca. 2 x 300mg of frozen leaf tissue. The gDNA was isolated using
a modified CTAB method (45), using leaf material from late-rosette-stage plants, collected and
ground with mortar and pestle in liquid N.. Briefly, for each parental line, two 2-mL Eppendorf
tubes were filled each with 0.3 g of finely-ground leaf material. Per tube, gDNA was extracted by
adding 800 uL of hot (65°C) 2% CTAB buffer (2% CTAB w/v, 100 mM Tris pH 8.0, 20 mM EDTA
pH 8.0, 1.4 mM NacCl, 1% PVP MW 40000, 1% B-mercaptoethanol). After 1 h incubation at 65°C,
500 uL of chloroform/isoamyl alcohol (24:1, v:v) was added. Incubations at room temperature (10
min) were followed by 1 min centrifugations at 5,900 x g. The supernatant was mixed with 0.1 V
of 10% CTAB (w/v) and 1 mL of chloroform/isoamyl alcohol (24:1, v:v) was added. After repeating
incubation and centrifugation, 1 V of isopropanol was added. gDNA was precipitated overnight at
4°C and pelleted for 2 min at 16,100 x g. The pellet was dissolved in 800 uL of high-salt TE buffer
(10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, 1 M NaCl, 100 ng/uL RNaseA; Macherey-Nagel,
www.mn-net.com) and incubated for 30 min at 37°C. After phase separation with
chloroform/isoamyl alcohol (24:1, v:v) and centrifugation for 1 min at 5900 x g, the supernatant
was mixed with 750 uL of isopropanol. The precipitated gDNA was pelleted by centrifugation for 1
min at 9300 x g. The pellet was washed twice with 800 uL of 80% ethanol and finally dissolved in
50 uL of nuclease-free water. The sequencing was then performed at BGI TECH SOLUTIONS
(HONGKONG) CO on Hiseq 3000 sequencers.

For the sequencing of the 650 MAGIC RILs, seedlings of L1 and L2 (6th generation)
plants were grown in the GH as described above, in Jiffy peat pellets (Jiffy-7®,
https://jiffygroup.com/) and Tekus (Teku tray JP 3050/104 T black 95 box, Péppelmann GmbH &
Co. KG Kunststoffwerk — Werkzeugbau) planting pellets until plants were 2-3 weeks old. Frozen
tissue was shipped to Novogene and gDNA extraction and sequencing was performed at
Novogene HK. A total amount of 1.0 ug DNA per sample was used as input material for the DNA
sample preparation. Sequencing libraries were generated using the NEBNext® DNA Library Prep
Kit following the manufacturer's recommendations, and indices were added to each sample. The
genomic DNA was randomly fragmented to a size of 350bp by shearing, then DNA fragments
were end-polished, A-tailed, and ligated with the NEBNext adapter for lllumina sequencing, and
further PCR-enriched by P5 and indexed P7 oligos. The PCR products were purified (AMPure XP
system) and resulting libraries were analyzed for size distribution by Agilent 2100 Bioanalyzer
and quantified using real-time PCR. The qualified libraries were sequenced by lllumina Hiseq X
after pooling according to their effective concentration and expected data volumes.

BioNano Optical map generation

Leaves from 20 4-week old GH-grown plants of the 30th N. aftenuata Utah inbred generation
were harvested and transported on cooling packs (4 °C) to INRAE. One gram of these leaves
was treated according to the Plant DNA Isolation Kit protocol (Bionano Genomics) to isolate high
molecular-weight DNA. DNA quantity and size were estimated using Qubit (Invitrogen) and PFGE
(24 h; 6 V cm—1; angle, 120 °C; initial switch time, 60 s; final switch time, 120 s; linear ramping;
Biorad). DNA was labeled using the DLE-1 enzyme following the DLS protocol (Bionano
Genomics). Labeled molecules were produced using the Saphyr System (Saphyr Chip G1.2).
Data processing was performed using the Bionano Solve v.3.3 software
(https://bionanogenomics.com/support/software-downloads).
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Genome assembly and annotation

The genome assembly steps are summarized in a flowchart in Fig. S1. Briefly, Canu v1.8
assembler (46) was used to correct, trim and assemble the raw PacBio reads with default
parameters and the genome size set as 2.5Gb from previous size estimates (47). The resultant
assembly size was 2.18 Gb with an N50 of 3.5 Mb and a total of 2721 contigs. The raw assembly
was further polished using Racon (48) in two iterations using the corrected PacBio reads by
Canu. The polished assembly was further polished using the BWA + Freebayes pipeline as
outlined in Rhie et. al (49). For this step, we utilized lllumina based short reads to correct for small
indels and SNPs that potentially occur due to sequencing errors from the long PacBio reads. The
polished assembly was then super-scaffolded using the SSPACE-Longread tool (50). The
scaffolded assembly was further scaffolded using the BioNano Optical map, which resulted in
near chromosome level assembly with an N50 of 81.9 Mb and an L50 of 9, and a total of 1378
contigs (table S1).

To further anchor this assembly on pseudo-chromosomes, we constructed a genetic map
of N. aftenuata based on a biparental mapping population of 256 individuals constructed from two
geographically distinct genotypes originating from Utah and Arizona named UT and AZ
respectively (47). The sequenced reads were downloaded from NCBI (PRJNA378521) and
aligned using minimap2 (51). Genome Analysis Toolkit (GATK v4.1.4.1) (52) was used to call
SNPs and indels using the Haplotype caller following the recommended best practice workflow
and the resultant VCF file was generated. All the SNPs were initially filtered based on the
mapping quality and low-coverage individuals were removed. Further filtering was performed
using GATK to filter and remove non-informative markers with the following criteria: minimum and
maximum allele frequency of 5% and 95% respectively, minimum mean depth of 0.5, “QUAL <
30.07, “QD < 5.0%, “FS>60.0", “MQ < 40.0” and —cluster-window-size 10. This resulted in a total of
6028 high quality markers and 252 individuals. The linkage map was constructed using R/qgtl (563)
following the recommended workflow (54). The resultant map consists of 12 linkage groups,
which were then used to anchor the scaffolds using Chromonomer (55). Benchmarking of the
genome was performed using BUSCO (56) against the Embryophyta lineage at both the genome
and protein levels (Fig. S2).

Annotation of the genome was done similar to (57). Briefly, publicly available RNA-Seq
data (PRJNA317743) was aligned to the genome using HISAT2 (58) and transcripts were
generated using StringTie (59). RNA-Seq based transcriptomes were combined and selected
using Mikado (60). StringTie transcriptomes were provided to Mikado along with reliable splice
junctions obtained by Portcullis (61). Blast alignments to SwissProt plant proteins (62) were also
provided to the Mikado pipeline. Based on homology and identification of protein domains,
transcripts were classified as protein-coding and non-coding genes. Protein-coding transcripts
identified from expression data through Mikado were then integrated in the MAKER annotation
pipeline. MAKER (version 3.1) annotation pipeline (63) was employed iteratively to improve
previous version gene models and to predict novel gene models. For protein evidence, curated
proteins from SwissProt were provided to the MAKER annotation pipeline. For transcript
evidence, a Mikado generated transcriptome was provided to MAKER comprising of publicly
available RNA-Seq data. Functional annotations were assigned with TAIR11, SwissProt and
TrEMBL plant databases using DIAMOND (64) which is faster than legacy blast. Blast results
were imported to Automated Assignment of Human Readable Descriptions (AHRD)
(https://github.com/groupschoof/AHRD) to produce functional descriptions along with GO
annotations.

GH experiments and RNA-seq from GH samples

For the OS-elicited transcriptome co-expression analysis, rosette stage leaves of 29 N. attenuata
natural accessions (listed in table S4) were wounded with a pattern wheel and treated with 20 pL
of 1:5 diluted M. sexta OS (diluted with distilled water) or distilled water at +2 and +3 positions,
respectively, and the +1 leaves were harvested as controls immediately before elicitation (65).
The OS-elicited leaves were harvested and flash frozen in liquid N after 30 min to capture
unsaturated co-expression signals (66), which typically peak at 1 h post-OS-elicitation in this
species. Due to the challenges of harvesting and shipping leaf material from a remote field station
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and meeting the sample preparation requirements for high-quality RNA samples, together with
the need to have completely undamaged control samples as well as samples precisely OS-
elicited at 30 min, the 29 parental lines were regrown in a spatially randomized planting in the
GH, and one replicate per treatment group per accession was sent for sequencing. Leaf material
excluding the midrib was ground under liquid N, and shipped to NOVOGENE (HK) COMPANY
LIMITED for RNA-Seq. Briefly, mRNA from leaf tissue was enriched using oligo(dT) beads and
was then fragmented randomly by adding fragmentation buffer, and subsequently cDNA was
synthesized using mMRNA template and random hexamers primer, after which a custom second-
strand synthesis buffer (Illumina, dNTPs, RNase H and DNA polymerase I) was added to initiate
the second-strand synthesis. After a series of terminal repair, and sequencing adaptor ligations,
the double-stranded cDNA library was completed through size selection and PCR enrichment and
sequenced by lllumina HiSeq.

For the kinetic experiments with "*C-labeled lle, +2 and +3 leaves of GH-grown plants
were wounded with a pattern wheel and the resulting puncture wounds were immediately treated
with 20 L of 1:5 diluted M. sexta OS (diluted with distilled water) or OS containing 0.625 umol of
3C-labeled lle (Cambridge Isotope Laboratories), following the procedure previously validated by
Kang et al. (4). Given the source-sink relationship in N. affenuata (67), the youngest +1 leaf was
harvested as a control from each plant and flash frozen under liquid N, immediately before OS
elicitation, avoiding any systemic signals from younger source leaves reaching the older leaves
due to elicitation. The oldest elicited +3 leaves were harvested at 45min after the treatment to
minimize systemic effects on the +2 leaf, which was then harvested at 90 min into liquid N.. Since
OS-elicited JA-lle usually peaks at 90min after elicitation, the sampling window of 45 and 90 min
were chosen to accurately capture the conjugation rate of lle to JA just before JA-lle pools attain
peak values. The extraction and quantification of *C-labeled JA-lle is further detailed in the
Metabolite, TPI, and protein extractions and analysis section.

For methyl jasmonate (MeJA) treatments, size-matched seedlings were planted in 2 L
pots with a UT genotype as a neighbor in the GH. Leaf petioles of +1, +2, and +3 position leaves
of rosette-stage plants were treated with 20 uL lanolin paste containing 100 pug MeJA (Sigma-
Aldrich, USA), or with 20 uL of pure lanolin as controls, for six days. Leaves at standardized nodal
positions across treatment groups were chosen and leaf discs were harvested using a size 6
hole-punch (10 mm diameter) at the specified time points for metabolite extraction and
immediately frozen with liquid N». All plants were grown for 21 days post-treatment under the
normal watering regimes, and for an additional 22-day attenuating watering-regime described in
Schwachtje et. al. (68) which mimics the natural soil-drying environment that these plants
experience in their natural habitats and ensures the synchronized ripening of fertilized flowers
representing the total seed set. Following the drying regime, plants were harvested and fitness
correlates, i.e., the capsule count data was collected. Previous studies have shown that seed
number per capsule, seed mass, viability and dormancy of selfed seeds show only minor
variations as a function of location along the inflorescence (69), and lifetime capsule production is
thus a reasonable proxy for its Darwinian fitness. N. aftenuata is a fire-chasing plant that
germinates synchronously from long-lived seedbanks after fires in the Great Basin Desert in
North America; selfed-seeds do not differ in their primary or secondary dormancy (26, 27).

Field experiments and RNA-seq from field samples

The field plot at the Walnut Creek Center for Education and Research (WCCER) in Prescott,
Arizona, USA was prepared with a customized drip watering system. It consisted of 8 main 1-inch
diameter water pipes, each containing four splitters for irrigating the plants. Each splitter was
further subdivided into 18 drippers, which each watered four individual plants. The four plants in a
cluster at each dripper were 50 cm apart from each other, and the four-plant clusters were 150
cm apart. The two replicates of the 650 MAGIC RILs population and the 26 parental lines were
subsequently planted randomly in this plot, with each cluster containing a UT genotype as control.
Oral secretions (OS) from M. sexta larvae when reared on N. affenuata plants contain several
fatty acid-amino acid conjugates (FACs), which when applied to mechanical wounds on N.
attenuata leaves, closely mimics the amplified JA burst and its associated response observed
during actual feeding of the larvae (1, 70, 71). Thus, to elicit a standardized M. sexta-specific
response in a kinetically defined manner, 2™ and 3™ stem leaves of every plant (counting from the

6
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rosette (67)) were wounded with three rows of puncture wounds on each side of the midrib with a
fabric pattern wheel (Dritz, Spartanburg, SC), and the resulting puncture wounds were
immediately treated with 20 uL of 1:5 diluted M. sexta OS (diluted in distilled water). The 1%
(lowest) stem leaf was left untreated and harvested as an unelicited control leaf immediately
before the elicitation, while the 2™ and 3™ stem leaves were harvested at 1 h, and 72 h,
respectively. Leaves were harvested by excision with a clean razor at the base of the petiole to
minimize wounding. Samples were wrapped in aluminum foil, immediately frozen on dry ice and
transported on dry ice in dry-ice shipping containers to the MPI-CE, where samples were stored
in -80°C freezers until further processing.

Ground frozen leaf tissue (1 h OS-elicited) aliquots from 350 plants from the field
experiment were shipped to NOVOGENE (HK) COMPANY LIMITED for RNA-Seq. Briefly, mMRNA
was enriched using oligo(dT) beads and for long-non-coding libraries, rRNA was removed using
the Ribo-Zero kit which retains the mRNA. First, the mRNA was fragmented randomly by adding
fragmentation buffer, then the cDNA was synthesized by using mMRNA template and random
hexamers primers, after which a custom second-strand synthesis buffer (lllumina), dNTPs (dUTP,
dATP, dGTP and dCTP), RNase H and DNA polymerase | were added to initiate the second-
strand synthesis. This was followed by purification using AMPure XP beads, terminal repair,
polyadenylation, sequencing adapter ligation, size selection and degradation of second-strand U-
containing cDNA by the USER enzyme. The strand-specific cDNA library was generated after the
final PCR enrichment and was sequenced on lllumina Novaseq.

RNA-Seq and co-expression analysis

RNA-Seq data was aligned to the genome using HISAT2 (58) and transcripts were generated
using StringTie (59). The expressions of the annotated coding transcripts were aggregated at the
gene-level using the tximport package in R (72). Differential gene expression analysis was carried
out using DESeqg2 (73) and all downstream analyses was carried out on variance-stabilized
expression matrices obtained from DESeq2. For co-expression analyses, pairwise Euclidean
distances were used as gene similarity indices, and hierarchical clustering was performed using
the ward.D method. Subsequent trees were produced using the Dynamic Tree Cut package in R
(74).

Hub gene selection was performed in Cytoscape v3.9.1 using the Cytohubba plugin. The
geometric means of the individual ranks from 11 metrics were calculated and used for hub gene
selection. The ranks are available as an additional data file, M5_M7_Hub_ranks.xlIsx.

eQTL and GWA pipeline

RILs from both the biparental population and the MAGIC population were aligned using minimap2
(51) on the newly scaffolded genome. SNPs were called as described previously, and
subsequently filtered. For the MAGIC population GAPIT (75) was used for GWA analysis. For the
MAGIC GWA analysis, we included the maternal information of each RIL, i.e, which parental
accession was the mother, as an additional covariate to correct for maternally inherited plastidial
effects (76). The model also corrected for kinship effects in the population. A Generalized Linear
Model was used for the GWA analysis in GAPIT. eQTL analysis was performed using the Matrix
eQTL package in R (77).

RNAi-silencing by plant transformation

RNAi-silenced lines were produced by the published Agrobacterium tumefaciens mediated
transformation method (78) using a pRESC8 (79) or a pSOLS8 binary transformation vector (80)
containing an inverted repeat (ir) fragment (about 0.3 kb) of the NaCO/2 (Niat3g_36487; in
pRESCS), NaERF (Niat3g_79923), NaFB61 (Niat3g_00376), NaFB67 (Niat3g_20607), NaGLR
(Niat3g_14989) sequences each in separate vectors (table S5). The transgenic lines were
screened following previously described procedures (80). The number of insertion copies and the
fidelity of the insertions (over-reads and truncations) were evaluated by NanoString N-counter
technology (Fig. S10) (81). For each construct, the T, generation of two individual diploid,
homozygous line harboring a single completely integrated T-DNA was screened, and due to
consistent elicitation patterns in both lines (Fig. S14), the first line from each construct is
subsequently used in this study. The line numbers are irNaERF: A-19-020-5, A-19-032-3

50



Manuscript Il

irNaFB61: A-19-026-2, A-19-025-1 irNaGLR: A-19-028-5, A-19-065-3 irNaFB67: A-19-043-5, A-
19-130-5 irNaCOI/2: A-12-768-5. Silencing efficiency of each line was determined using
quantitative real time PCR (QRT-PCR) (Fig. S15).

M. sexta performance assay

M. sexta eggs were obtained from an in-house colony supported by Department of Evolutionary
Neuroethology at the Max Planck Institute for Chemical Ecology, Jena, Germany, as previously
described (82). To measure the performance of M. sexta larvae, an excised-leaf feeding assay
was conducted. To avoid activating induced defenses from larval feeding, young stem leaves
were excised with sterile razor blades from the base of the petiole with minimal cellular damage
and a single neonate M. sexta larvae was introduced in enclosed humidified containers placed in
the same GH conditions as the plants. The containers were cleaned, and leaves were
replenished at regular intervals. The larvae were weighed at 4, 6, 8, and 10 days after
introduction. The excised-leaf assay was critical to test the “Constitutive Induction” hypothesis of
irNaERF and irNaFB61 lines without inducing resistance traits that are known to spread
systemically throughout attacked plants. This assay would not be appropriate for larval
performance evaluations on irNaGLR and irNaFB67 lines, which showed constitutively lower
basal defense levels.

Metabolite, TPI, and protein extractions and analysis

For phytohormone and specialized metabolite extraction, circa 100 mg of ground leaf or floral
tissue (n = 7-10 replicates in each experiment) was aliquoted into Eppendorf tubes. One mL of
extraction buffer (80% MeOH) containing internal standards (Ds-ABA, Ds-SA, De-JA, De-JA-lle)
was added and samples were homogenized in a GenoGrinder 2000 (SPEX SamplePrep) for 60
seconds at 1,150 strokes min™'. After two centrifugations at 1600g, 800 L of the supernatant was
used for both phytohormone and metabolite analysis as described previously (83, 84). Briefly, the
phytohormone quantification was performed via liquid chromatography coupled to a triple
quadrupole MS (Bruker EVO-Q Elite) equipped with a heated electrospray ionization source. The
MS was operated in negative ionization mode using multiple reactions monitoring (MIRM). To
quantify "*C-JA-Ile, the existing method (83) was extended with an MRM setting to detect "*C-JA-
lle ((M-H] parental ion at m/z 328.2, fragment ion at m/z 136.0, collision energy 19V). The ratios
of the ion intensities of all the endogenous compounds and internal standards, together with the
fresh mass of the samples, as a normalization factor, were then used to calculate the
phytohormone levels of each sample.

Protein was extracted from circa. 100 mg leaf or floral tissue using cold extraction buffer
(0.1 M Tris-C1, pH 7.6, 5% polyvinylpolypyrrolidone, 2 mg/mL phenylthiourea, 5 mg/mL
diethyldithiocarbamate, 0.05 M Na,EDTA). Bradford assays were conducted to quantify protein
contents which were used to normalize TPI activity measures, as previously described in Van
Dam et al. (67).

DNA extraction from seeds and PCR

To quantify the allele frequency, we selected a template region (chr5:157084070-157084168) of
the NaJAR4 gene deleted in the V lines (Fig. 1), and an adjacent region (chr5:157079856-
157079950) which showed no evidence of deletion from any accession, as a normalizing control.
Allele frequency was determined as a ratio of the deleted region and the adjacent region. As a
test of the procedure, an experiment was conducted using the parental accessions (V and NV) of
known genotypes (Fig. S8) where the ratio was 0 for the V lines. Approximately 40 mg (ca. 400
seeds) of each N. affenuata accession was ground using mortar and pestle after flash-freezing
with liquid N,. DNA was extracted from the ground seeds using QIAGEN DNeasy Plant Kits
according to the manufacturer’s instruction. DNA was quantified using a Nanodrop
spectrophotometer (Peglab, ND-1000) and a total of 15ng DNA was used for PCR amplification.
Taq DNA Polymerase 2x Master Mix (Thermo Scientific) was used for PCR amplification
according to the manufacturer’s instructions. Finally, gPCR runs were performed using Taykon™
No ROX SYBR® Master Mix (Eurogente, UF-NSMT-B0701) on a Stratagene MX3005P. All the
primers used are listed in table S5.
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Statistical and bioinformatic analysis

All statistical analyses were carried out in R version 3.6.3 (85). The JA vs JA-lle slopes from the
isotope labeling experiment were initially fitted using the /m function in base R, where the
dependent variable was JA-lle, and the respective genotype groups were considered as
independent variables with JA levels as a covariate. Cook’s distance was calculated for each fit,
and outliers were removed before fitting the final model again. Post hoc slope difference
estimates and p-values were calculated using the emfrends function in the emmeans package
keeping JA fixed in the function (table S3).

NaJAR4 locus-specific sequences for each of the 25 accessions were reconstructed from
the reference genome by adding the indels and SNPs from the VCF files generated previously.
For the JAR phylogeny, protein sequences similar to NaJAR4 in the Solanaceae taxa were
retrieved from NCBI. For the phylogenies, either DNA or protein sequences were aligned using
MAFFT (86) and phylogenetic trees were constructed using RAXML (87) with 1000 bootstraps.
Integrative analysis was performed using the mixOmics package in R (88). GO term enrichment
was performed using the universal enricher function and the GO network was generated using
the cnetplot from clusterProfiler R package (89) in R version 4.2.1. SNP PCA was computed
using PLINK v1.90b5.3 64-bit, and plotted in R.
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Fig. $1. Flowchart depicting the steps used in the N. attenuata genome assembly. DNA
sequences attaining 60x coverage were generated by PacBio RS Il of Utah31x accession which
were used for the raw assembly by Canu v1.8. The raw assembly was then polished using racon
and Freebayes protocol utilizing the 10x linked reads of the same accession. The polished
assembly was then evaluated using BUSCO and further scaffolded using the SSPACE-LongRead
program. The scaffolded assembly was further scaffolded at chromosomal arm length using a
separate BioNano optical DNA map of the same accession. Finally, the hybrid scaffolded
assembly was anchored to the pseudo-chromosomes using an Al-RIL genetic map. This resulted
in an assembly with 12 pseudo-chromosomes with all unassigned scaffolds concatenated as a
single contig designated as chr0.
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Fig. S2. Benchmarking Universal Single-Copy Orthologues (BUSCO) scores of the N.
attenuata genomes version 2, version 3 and the latest Solanum lycopersicum genome,
SL4.0. (A) BUSCO transcript scores are comparable between the two versions of the .

A

N. attenuata v2

N. attenuata v3
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(SL4.0)
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N. attenuata v3
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attenuata genomes when compared with the S. lycopersicum genome. There was no significant
improvement in the new assembly in terms of the number of novel transcripts compared against

the BUSCOs, but genome contiguity was significantly improved (Supplementary Table 1). (B)
BUSCO scores of the same assemblies at the protein level compared against the more

conserved Embryophyta lineage. The N. attenuata v3 genome shows a slight improvement at the

protein level, which might be due to the combined effects of updated protein annotation

databases and the improved genome contiguity.
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Fig. S3. Genetic and metabolic characterization of N. attenuata natural accessions (A)
Selection of progenitor lines for the N. aftenuata MAGIC population based on the metabolic
diversity upon elicitation by M. sexta oral secretion (OS). The red points denote the accessions
chosen to create the MAGIC RIL population based on their spread across the two principal
components capturing the maximum metabolic variability. (B) PCA plot of the Single Nucleotide
Polymorphisms (SNP)s in the MAGIC RIL population and the 26 parental lines. (C) JA-lle and JA-
Val levels in the MAGIC RIL and parental lines 1 h post-OS elicitation.
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Fig. S4. The JAR4 sequence phylogeny and N. attenuata MAGIC parental analysis. (A) The
effect plot of the JA-lle QTL in the 26-parent MAGIC population planted in the AZ field plot in
2019. The effect plot of the QTL in the MAGIC population shows the presence of an alternate
allele that is associated with reduced OS-elicited JA-lle levels. (B) Phylogenetic analysis of the
JAR4 locus among the 26-parental lines of the MAGIC population. A 21kb region of DNA
sequence encompassing the NaJAR4 gene (Fig. 1C) was extracted from the newly assembled
UT30x (node labeled as P-UT in orange) genome. By introducing indels and SNPs obtained from
variant calls from the parent-specific whole-genome sequences, the NaJAR4 genomic loci of the
25 accessions were reconstructed from the UT reference sequence. Six of 7 accessions forming
a monophyletic group (blue color) had the most significant effect on the JA-lle QTL of the MAGIC
population and are called “Variant (V)" accessions. We randomly selected six from the remaining
accessions, including UT and called them “Non-Variant (NV)” accessions (orange color). (C)
Ancestry proportions in the parental lines inferred by the fastSTRUCTURE algorithm with a priori
number of population (K) set to 5 (D) Geographic origins of the 26 parental lines, some of which
correlate with their inferred ancestry.
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Fig. 85. Genome-wide Manhattan plots of OS-elicited JA-lle and JA-Val bursts in a MAGIC
population of N. attenuata planted in both field (AZ) and glasshouse (GH). (A) Orange dots
represent markers with significance levels, p-values < 0.05. The outermost two tracks (1, 2) show
genome-wide tests of significance level for OS-elicited JA-lle and JA-Val bursts, respectively, at 1
h after the treatment of the MAGIC population planted in a GH experiment. The next track (3)
shows the significance level for the OS-elicited JA-Val burst from a MAGIC population grown at
the Arizona (AZ) field site during the 2019 field season. Additionally, the chromosomal locations
of all NaJARs are shown in the outer track. (B) A magnified slice of chromosome 5 and 6 shows
that all OS-elicited JA-lle and JA-VAL bursts returned the same loci on chromosome 5.
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Fig. S6. JAR4 deletion and eQTL analysis. (A) A 1.3kb genomic region around the JAR4
deletion region (Fig. 1C) was amplified by PCR in 12 N. aftenuata natural accessions. The V
accessions (blue) showed a clear deletion where no band was present compared to the NV
accessions (orange) which showed an amplified product of expected length. (B) The JAR4 gene
shows a significant eQTL in the MAGIC RILS between alleles near the location where the OS-
elicited JA-lle QTL was found. (C) JA vs JA-lle levels from the Arizona 2019 field experiment
among the 12 V and NV parental lines. Significant association of JA-lle with the two groups is
observed (F 42 = 8.202, p-value = 0.00650) when accounting for the effect of JA (F1 42 =
12.5340, p-value = 0.000993). (D) Abundances of five JAR genes in the N. affenuata genome in
fragments per kilobase of exon per million mapped fragments (FPKM). The JAR4 and JARG are
the two characterized genes in this family, and the rest are annotated with their gene IDs in the
new genome. (E) Linkage Disequilibrium (LD) heatmap showing the locations of the JAR4 eQTL
and the JA-lle QTL position with respect to the JAR4 gene. The QTL positions lie adjacent to
each other on the genome and have high LD values. (F) NaJAR abundance in 12 tissues of the
N. attenuata UT accession in transcript per million (TPM). NaJAR-67993 shows similar levels of
expression compared to NaJAR4 in OS-elicited leaves, but in the phylogenetic analysis (Fig. S7),
was most closely related to A{GH3.10, which potentially plays a redundant role in JA conjugation
to the more dominant AtJART in Arabidopsis (90).
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Fig. S7: Phylogentic analysis of NaJAR genes in N. attenuata and well-studied taxa in the
Solanaceae family, with A. thaliana as outgroup. The highlighted clades include the five JAR
genes in the N. affenuata genome. The blue highlighted clade forms a distinct monophyletic

group with a recently discovered JAR, AtGH3.10, in A. thaliana (90). Numbers on the branches

reflect the bootstrap confidence levels.
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Fig. S8. Allele ratio of the NaJAR4 variant locus in V and NV lines. (A) Allele ratio was
determined from DNA extracted from the seeds of each of the parental accessions, and
subsequently using gPCR, the ratio of the C, values of the deletion region and an intact adjacent
region, was calculated. The ratio of all the V lines was effectively 0, indicating the accuracy of this
method. Error bars are 95% confidence intervals (n = 6).
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Fig. $9. Constitutive jasmonate levels in flower buds. (A-B) JA and JA-lle levels in the WT
and the NaJAR-RNAii lines (n = 6). The JA-lle levels were reduced 20-fold in the NaJAR6—
silenced line, suggesting a tissue-specific conjugation activity of NaJAR6. Error bars are standard
errors in both panels. Significance was calculated by ANOVA followed by Tukey's HSD test
comparing against WT (*: p-values < 0.05; **: < 0.01; ***: < 0.001; ****: < 0.0001).
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Fig. S10. Characterization of the RNAI-silenced lines of N. attenuata plants. (A-B) Vector
map of pPRESC8COI2S, pSOLBERF, pSOL8FB61, pSOL8GLR, and pSOL8FB67 lines. The blue
highlighted regions were selected for the confirmation of a single copy insertion. (C) TNOS+LB_1,
hptll_3, PNOS_1, P35S_1, and T35S_1 (blue) were used to evaluate single and complete T-DNA
insertions. pVS1_3 and nptll_1 (red) probe indicates over-reads of the plasmid sequences
outside of the T-DNA borders, which do not affect the plant phenotype or its stable inheritance.
The lack of signal from these probes indicate that over-reads did not occur during the
transformation process.
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Fig. S11. Jasmonate, defense metabolite levels and COIl gene expressions in the two COI-
silenced lines of N. attenuata. (A-D) Constitutive levels of JA, JA-lle, and its degradation
products (OH-JA-lle and COOH-JA-lle) in the flower buds of UT-WT and irCO/7 and irCO/2
silenced lines (n = 10). COI1 is a known receptor of JA-lle and both the irCOl-silenced lines show
significantly elevated pools of these phytohormones, due to the inactivation of this receptor.
However, irCO/1 accumulates 72% more OH-JA-lle and 60% more COOH-JA-lle compared to
modest 20% and 22% increases in irCO/2, respectively. (E) Total DTG levels were significantly
downregulated only in irCO/71 (by 51%) but not in irCO/2 lines. (F-G) Relative transcript
abundances of of NaCO/71 and NaCOI2 lines compared to UT-WT. (H) Transcript abundance in
Transcript per million (TPM) units in different tissues of N. aftenuata. Error bars are standard
errors in all panels. Significance was calculated by ANOVA followed by Tukey's HSD test
comparing against UT-WT (*: p-values < 0.05; **: < 0.01; ***: < 0.001; ****: < 0.0001).
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Fig. $12. Threonine and isoleucine levels in N. attenuata at 45 and 90min post OS-
elicitation in V, NV, and 4 RNAI lines. (A) No significant difference is observed in isoleucine
pools at either of the time points across all the lines (ANOVA p-value = 0.54, p-value = 0.75 at 45
and 90 min, respectively). This result makes the possibility that JA-lle variation results from
differential availability of isoleucine for conjugation unlikely, and suggests that the JA-lle
difference are primarily driven by the variation in JAR4 conjugation activity. Error bars indicate
95% confidence intervals in both panels. (B) Threonine, a precursor of isoleucine is also not
significantly different at 45 min (ANOVA with a = 0.05, p-value = 0.091). However, we observed
marginally higher pools of threonine at 90min between the V and NV lines (ANOVA, p-value =
0.02) which might be driven by the higher isoleucine conjugation rate to JA in the NV lines. This
difference is not reflected in downstream isoleucine pools, which might be explained by the
isoleucine feedback inhibition mechanism maintaining threonine-isoleucine homeostasis. This
trend is mirrored in the EV and JAR4-RNAi comparison (ANOVA, p-value = 0.05).
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Fig. $S14. Metabolite screening of 4 RNAI lines. (A-F) Caffeoylputrescine (CP),
dicaffeoylspermidine (DCS), and total diterpene glycoside (DTG) levels in unelicited (0 h) control
plants and 1 h post OS-elicitation in 2 replicate lines of irNaERF, irNaFB61, irNaGLR, and
irNaFB67. Metabolite levels were normalized against the common UT genotype which was
included in all experiments as the genotypic control for all RNAI lines. Due to overall consistent
elicitation patterns in all the replicate lines, line 1 for each construct is shown in subsequent
results. Error bars are standard errors. Significance was calculated by ANOVAs followed by
Tukey's HSD tests comparing against WT in M5 and M7 group (n = 10) across 2 treatment group
(*: p-values < 0.05; **: < 0.01; ***: < 0.001; ****: < 0.0001).
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Fig. S15. Silencing efficiency of the “hub”-gene RNAI lines. (A-D) Relative transcript
abundances of NaERF, NaFB61, NaFB67, NaGLR genes in the RNAi-silenced lines compared to
UT-WT 1 h after OS-elicitation (n = 6). Asterisks denote t-test p-values (*: p-values < 0.05; **: <
0.01; ***: < 0.001; ****: < 0.0001).
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Fig. $16. Nicotianoside Il levels in 4 RNAi lines silenced in the expression of "peripheral”
hub genes, namely NaERF, NaFB61, NaGLR, NaFB67, 2 RNA.i lines silenced in NaJAR4/6
and the NV and V lines. Nicotianoside Il, a JA-regulated DTG (39), in unelicited (0 h) plants and
1 h post OS-elicitation in the RNAi and WT lines. Metabolite levels were normalized against the
common UT genotype which was included in all experiments, and was the genotypic control for
all RNAI lines. Error bars are standard errors. Significance was calculated by ANOVAs followed
by Tukey's HSD tests comparing against WT in M5 and M7 group (n = 10) and the NaJAR-
silenced group, and NV in the natural variant group (n = 42), across 2 treatment group (*: p-
values < 0.05; **: <0.01; ***: < 0.001; ****: < 0.0001).
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Fig. $17. Relative PLS-DA loading scores of caffeoylputrescine, dicaffeoylspermidine, and
nicotianoside Il in irNaERF, irNaFB61, irNaGLR, irNaFB67, 2 RNA.i lines silenced in
NaJAR4/6 and the NV and V lines. The relative contribution from the loading scores of
caffeoylputrescine, dicaffeoylspermidine, and nicotianoside, the JA-regulated sector of HG-DTGs
was calculated from the LC-MS mass features along component 1 from the PLS-DA results
shown in Fig. 5F-H. The targeted loading scores of these JA-regulated metabolites in each group
are consistent with the predictions of the overall “omnigene” model.
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Fig. $18. JA-signaling degradation products in 4 RNA.i lines silenced in the expression of
"peripheral” hub genes, NaERF, NaFB61, NaGLR, NaFB67, 2 RNA.i lines silenced in
NaJAR4/6 and the NV and V lines. (A-C) OH-JA, OH-JA-lle, and COOH-JA-lle levels in
unelicited (0 h) plants and 1 h post OS-elicitation in the RNAi and WT lines. Phytohormone levels
were normalized against the common UT genotype, which was included in all experiments, and
was the genotypic control for all RNAi lines. Error bars are standard errors. Significance was
calculated by ANOVAs followed by Tukey's HSD tests comparing against WT in the M5 and M7
group and the NaJAR-silenced group, and NV in the natural variant group, across 2 treatment
groups (*: p-values < 0.05; **: < 0.01; ***: < 0.001; ****: < 0.0001).
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Fig. S19. Relative OS-elicited JA-lle degradation products, OH-JA-lle and COOH-JA-lle in
each of the 3 nodal groups of the OS-elicited GRN. The absolute levels of OS-elicited OH-JA-
lle and COOH-JA-lle from Fig. S17 were summed and normalized against the WT in each
experiment. The M5 group had the highest levels, followed by the M7, and the JAR variant group.
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Fig. $20. Caterpillar feeding bioassay testing the constitutively-induced hypothesis of
NaERF- and NaFB61-RNAi lines. The excised leaf feeding assay was conducted using neonate
M. sexta caterpillars whose weight was recorded for 10 days as a proxy of constitutive resistance.
To avoid activating induced defenses from larval feeding, leaves were excised with sterile razor
blades from the base of the petiole with minimal cellular damage, and fed to larvae individually
housed in enclosed humidified containers. Error bars indicate standard error (n= 8 plants/ line).
Statistical significance was computed using ANOVA followed by Tukey’s HSD at each day
against WT plants. Asterisks denote p-values (*: p-values < 0.05; **: < 0.01; ***: < 0.001; ****: <
0.0001).
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Table S1. N. attenuata genome assembly statistics. Various assembly statistics calculated on
the different stages of the new N. affenuata assembly together with the previously published
version 2 assembly and the S. lycopersicum assembly.

Assembly Total length  |Contigs |[N_count Gaps |[N50 N50n [N90 N90n
(bp) (bp) (bp)

N. attenuata v3 2201964433 (1378 14897441 1302 |81992919 |9 20517335 (30

polished + scaffolded

N. attenuata v3 2185972991 (2564 |0 0 3528542 (189 |896276 638

unpolished

N. attenuata v3 2090745855 (133870 |173879790 (95623 |251763 2329 |3889 25452

10x assembly

N. attenuata v2 2365682703 (37194 |275168947 (119817 (524499 420 |50394 5951

S. lycopersicum SL4 (782520033 13 44731 435 65269487 |6 53473368 (11
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Table S2. Variant allele ratios in various N. attenuata natural populations and individual
plants. Values were estimated from DNA isolated from seed collections shown in Fig. 1D. DNA
was isolated from ~40mg of each seed collection (representing approximately 400 seeds) and
allele ratio was quantified using real-time qPCR. Probes were designed to amplify the deleted
region shown in Fig. 1D, and an adjacent region in which there was no deletion. The respective
deletion C; values were normalized against the adjacent region to obtain the allele ratio. A value
of 1 indicates no deletion and a value of 0 indicates the presence of pure variant allele.
Intermediate values provide quantitative proxies of the proportion of variant alleles present in a
population or in an individual plant’s reproductive output.

Location Code Mean Cl Latitude Longitude
Before shot-up CAN site #2 20.8.95 0.889 0.082 37.201 -113.800
DI ranch past spring caves 7/8/93 0.891 0.396 37.331 -113.961
Goldstrike mine Bulk GSM 0.519 0.064 37.365 -113.942
Goldstrike #1 bulk 1990 0.749 1.856 37.376 -113.928
Goldstrike #5 bulk 1990 0.001 0.002 37.365 -113.942
Goldstrike #5 bulk 5 miles from water 0.546 0.268 37.376 -113.928
line
Goldstrike #1 bulk from 1 plant 0.002 0.002 37.365 -113.942
Bulk Grate 1,2,3,4,6 6/93 0.855 0.066 37.231 -113.844
Jackson springs bulk 1999 0.769 0.232 37.274 -113.880
Jackson springs Individual 1 1990 0.006 0.002 37.274 -113.880
Jackson springs Individual 2 1990 0.01 0.01 37.274 -113.880
Jackson springs Individual 3 1990 0.001 0 37.274 -113.880
Jackson springs Individual 4 1990 0.462 0.235 37.274 -113.880
Jackson springs Individual 5 1990 0.009 0.007 37.274 -113.880
Jackson springs Individual 6 1990 0.965 0.151 37.274 -113.880
Jackson springs Individual 7 1990 0.906 0.087 37.274 -113.880
Jackson springs Individual 8 1990 0.006 0.003 37.274 -113.880
Jackson springs Individual 9 1990 0.006 0.003 37.274 -113.880
1 Individual plant little house 0.001 0.003 37.271 -113.889
Motoqua road
1 Individual plant little house 0.012 0.005 37.271 -113.889
Motoqua road
Motoqua road night sample 1 1990 |MTQRd |0.427 0.23 37.260 -113.874
Motoqua road night sample 2 1990 0.835 0.614 37.260 -113.874
Motoqua road night sample 3 1990 0.8 0.659 37.260 -113.874
Motoqua road night sample 4 1990 0.685 0.34 37.260 -113.874
Pahcoon flat Aug 2 1999 PHCN Flat (1.04 1.602 37.222 -113.854
Shivwit Wash Aug 1 1999 SHVWT  [1.006 0.543 37.182 -113.757
Bulk collection from SUCS utah 1.151 0.023 37.215 -113.806
7/9/93
3 plant bulk SUCS site 21/8/95 0.993 0.051 37.215 -113.806
5 individual plants SUCS 6/93 1.071 0.431 37.215 -113.806
5 individual plants SUCS 6/93 1.072 0.095 37.215 -113.806
31
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Location Code Mean Cl Latitude Longitude

5 individual plants SUCS 6/93 1.11 0.096 37.215 -113.806

UT accession 30x inbred 1.053 0.17 37.327 -113.965
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Table S3. Pairwise comparison statistics of Fig. 2 indicating the contrasts and the
respective statistics. Pairwise statistics for each of the panels in Fig. 2 calculated using the
emmeans package in R, indicating the estimates of difference of slopes of JA-lle vs JA and the
associated p-values of the contrasts.

WT 90min JA vs *C-JA-lle

Timepoint comparison contrast estimate |SE df [t.ratio |p-value
RNAi 45min JA vs JA-lle EV - JAR4 0.064 0.029 |16 [2.247 |0.039
EV - JARG -0.060 0.039 |16 |-1.563 |0.138
EV - JAR4x6 0.060 0.025 |16 [2.389 |0.030
JAR4 - JARG -0.125 0.036 |16 |-3.417 |0.004
JAR4 - JAR4x6 |-0.004 0.022 (16 |-0.177 |0.861
JARG - JAR4x6 |0.121 0.034 |16 [3.561 |0.003
RNAi 45min JA vs 13C-JA-lle EV - JAR4 0.528 0.088 (16 |5.972 |1.952e-05
EV - JAR6 0.738 0.119 |16 |6.207 |1.254e-05
EV - JAR4x6 0.665 0.078 |16 |8.517 |2.437e-07
JAR4 - JARG 0.210 0.113 |16 |1.870 |0.080
JAR4 - JAR4x6 |0.137 0.068 |16 [2.020 |0.060
JARG - JAR4x6 |-0.073 0.105 |16 |-0.701 |0.493
RNAi 90min JA vs JA-lle EV - JAR4 0.047 0.018 |20 |2.59 |0.02
EV - JARG 0.028 0.017 |20 [1.68 |0.11
EV - JAR4x6 0.050 0.012 |20 |4.21  |4.27E-04***
JAR4 - JARG -0.019 0.021 |20 |-0.89 |0.38
JAR4 - JAR4x6 |0.003 0.018 |20 |0.15 |0.88
JARG - JAR4x6 |0.022 0.016 (20 {1.33 |0.20
EV - JAR4 0.240 0.107 |20 [2.23 |0.04*
RNAi 90min JA vs *C-JA-lle |Ev - JARG 0272 [0.098 [20[-2.77 [0.01*
EV - JAR4x6 0.273 0.070 |20 ({3.92 |8.47E-04***
JAR4 - JARG -0.512 0.126 |20 |-4.05 |6.32E-04***
JAR4 - JAR4x6 |0.034 0.106 (20 (0.32 |0.75
JARG - JAR4x6 |0.546 0.097 |20 |5.65 |1.57E-05***
NV -V 0.148 0.027 |71 |5.52 |5.16E-07***
WT 45min JA vs JA-lle
NV -V 0.010 0.097 |71 ]0.10 |0.92
WT 45min JA vs *C-JA-lle
NV -V 0.102 0.014 |72 |7.28 |3.35E-10***
WT 90min JA vs JA-lle
NV -V 0.384 0.077 |72 |4.95 |4.64E-06***
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Table S4. N. attenuata natural accessions. A list of natural accessions used in this study. The
column MAGIC parents indicates the accessions that were a part of the MAGIC parent crossing,
and the 29 transcriptome accession column indicates the ones used for transcriptome co-
expression analysis. P-UT or WT is the UT genotype sequenced and used as reference.

Accession ID MAGIC parents Transcriptome 29 accession
P-108 No Yes
P-133 Yes Yes
P-138 Yes Yes
P-149 Yes Yes
P-176 Yes Yes
P-179 Yes Yes
P-194 Yes Yes
P-214 Yes Yes
P-224 Yes No
P-274 No Yes
P-278 Yes Yes
P-281 No Yes
P-304 Yes Yes
P-305 Yes Yes
P-308 Yes Yes
P-331 Yes Yes
P-341 Yes Yes
P-351 Yes Yes
P-370 Yes Yes
P-382 Yes Yes
P-384 Yes Yes
P-421 Yes Yes
P-422 Yes Yes
P-43 Yes Yes
P-83 No Yes
P-84 Yes Yes
P-85 Yes Yes
P-97 Yes Yes
P-AZ Yes Yes
P-UT Yes Yes
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Table S5. Primer list. Primer sequences used for gJPCR and PCR amplifications and for RNAI

plasmid construction. The restriction sites used for cloning are underlined.

78

Primer Name Sequence 5’ to 3’ Purpose
JAR4_DEL F GACAGGAGGGAGCAGTAATATACA gqPCR
JAR4_DELR AAAGGTTTAATCGTCGTGTTTCA gqPCR
JAR4_CTRLF GACTTGAACCTCATCGCGGA gqPCR
JAR4_CTRLR |GCAATGCAGACCCCTTGTTG gqPCR
JAR4_DEL2F |GCTCGTAAACCACACAAGAAATG PCR
JAR4_DEL2R |TGTATATTACTGCTCCCTCCTGTC PCR
ERF F CAGCTCAAGAAACAACGTCGG gqPCR
ERF R GATCTTGAACTAACTTCCTCTTCCT gqPCR
FB61F ACTGCAGCGCAAATTAAGGA gqPCR
FB61 R TTCTCACTAGACCCGACCCA gqPCR
FB67 F AGAACTGGTCGGAATCTGCTC gqPCR
FB67 R GCAGTAGAATCGAATCATGCCAA gqPCR
GLRF ATAGACCCCCAGCATCCTTC gqPCR
GLRR AGACAAGAGGGGTTGCTCTG gqPCR
CONnF GGCTTGACGTACTTGGGGAA gqPCR
COMR CCCAACAACATTCCTTGTCTCA gqPCR
COI2F GGAATTCGGTGGGGGTTCAT gqPCR
COI2R CCAACAACATTCCTTGCCTCA gqPCR
COIl2-s-P GCGGCGCTGCAGTTACAAGTGTTTTTTTTAAACTATG RNAI
COI2-S-M GCGGCGACGCGTGCGCGTGGCTTCCCCTTGAGCTTG RNAI
COI2-AS-S GCGGCGGAGCTCGTTACAAGTGTTTTTTTTAAACTATG RNAI
COI2-AS-X GCGGCGCTCGAGCGCGTGGCTTCCCCTTGAGCTTG RNAI
ERF-S-P GCGGCGCTGCAGGATTCTACTAGGAATGGTGTTAG RNAI
ERF-S-H GCGGCGAAGCTTCAACATTTACATTCTCCATTTTTACTTC RNAI
ERF-AS-S GCGGCGGAGCTCGATTCTACTAGGAATGGTGTTAG RNAI
ERF-AS-X GCGGCGCTCGAGCAACATTTACATTCTCCATTTTTACTTC RNAI
FB61-S-N GCGGCGATGCATGAGGCTTTTTCATGTATCAAGGAC RNAI
FB61-S-H GCGGCGAAGCTTCAAAAACTCTGATGTCTGGCTCAGC RNAI
FB61-AS-S GCGGCGGAGCTCAGAGGCTTTTTCATGTATCAAGGAC RNAI
FB61-AS-X GCGGCGCTCGAGCAAAAACTCTGATGTCTGGCTCAGC RNAI
GLR-S-P GCGGCGCTGCAGCGCAACTGCCATCCCAGAAGTCAAG RNAI
GLR-S-H GCGGCGAAGCTTCCTAGTTGCTTATTATTACTCTTAGCTG RNAI
GLR-AS-S GCGGCGGAGCTCGCAACTGCCATCCCAGAAGTCAAG RNAI
GLR-AS-X GCGGCGCTCGAGCCTAGTTGCTTATTATTACTCTTAGCTG RNAI
FB67-S-P GCGGCGCTGCAGCGAGGGTCGCCGGTTCCTCGTCCAAG RNAI
FB67-S-H GCGGCGAAGCTTGTCTCCTAGTTTCGGGTCTTCCAC RNAI
FB67-AS-S GCGGCGGAGCTCCGAGGGTCGCCGGTTCCTCGTCCAAG RNAI
FB67-AS-X GCGGCGCTCGAGGTCTCCTAGTTTCGGGTCTTCCAC RNAI
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In Manuscript III, we focused on the role of volatile organic compounds (VOC) in
mediating plant interactions in N. attenuata system, particularly in the context of
ecological variations. We utilized two natural accessions from Arizona and Utah and
a bi-parental mapping population with these two accessions as parents, to investigate
the genetic factors controlling VOC variation. From field experiments we show that the
emission of linalool significantly correlated with the predation of M. sexta larvae and
eggs by native predators. Using QTL analysis, genetic mapping, and genome analysis, we
identified the causal gene, NaLIS, and the genetic variation that was associated with the
variation in linalool emission. By manipulating linalool emissions and its chemistry in vivo,
we show that the effects of different linalool enantiomers on M. sexta oviposition depended
on both the genetic background of the plant and the complexity of the environment.
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Plant volatile organic compounds (VOCs) mediate many interactions,
and the function of common VOCs is especially likely to depend on
ecological context. We used a genetic mapping population of wild
tobacco, Nicotiana attenuata, originating from a cross of 2 natural
accessions from Arizona and Utah, separated by the Grand Canyon,
to dissect genetic variation controlling VOCs. Herbivory-induced leaf
terpenoid emissions varied substantially, while green leaf volatile
emissions were similar. In a field experiment, only emissions of lin-
alool, a common VOC, correlated significantly with predation of the
herbivore Manduca sexta by native predators. Using quantitative
trait locus mapping and genome mining, we identified an (SH+}Hinalool
synthase (NaLlS). Genome resequencing, gene doning, and activ-
ity assays revealed that the presence/absence of a 766-bp
sequence in NaLlS underlies the variation of linalool emissions in
26 natural accessions. We manipulated linalool emissions and com-
position by ectopically expressing linalool synthases for both enan-
tiomers, (S)-(+)- and (R)-(—)-linalool, reported to oppositely affect M.
sexta oviposition, in the Arizona and Utah accessions. We used these
lines to test ovipositing moths in increasingly complex environments.
The enantiomers had opposite effects on oviposition preference, but
the magnitude of the effect depended strongly both on plant genetic
background, and complexity of the bioassay environment. Our study
reveals that the emission of linalool, a common VOC, differs by
orders-of-magnitude among geographically interspersed conspecific
plants due to allelic variation in a linalool synthase, and that the
response of a specialist herbivore to linalool depends on enantiomer,
plant genotype, and environmental complexity.

Nicotiana attenuata | Manduca sexta | enantiomer-specific linalool
synthase | tri-trophic interactions | oviposition preference

lants use a variety of volatile organic compounds (VOCs) to

mediate interactions with other organisms. VOC emissions
from different tissues, such as leaves, flowers, fruit, and roots
help to attract pollinators and seed dispersers, or defend against
abiotic or biotic stress, including that from heat, ozone, herbi-
vores, and pathogens (1, 2). However, herbivores also use plant
VOCs as host location cues and feeding stimulants (1, 2). Two
ubiquitous groups of plant VOCs are green leaf volatiles (GLVs)
and terpenoids. GLVs comprise Cg aldehydes, alcohols, and
esters derived from fatty acids via the lipoxygenase (LOX)/hy-
droperoxide lyase (HPL) pathway, which are released upon
damage from green tissues. The composition of GLV blends
varies among plants and due to different causes of wounding (3-5).
GLVs seem to be produced by all plants: the LOX/HPL
pathway is also known from algae (6, 7). In contrast, while the
general pathways of terpenoid biosynthesis are also conserved
in higher plants (8), the production of specific terpenoid VOCs
among the thousands of possible structures varies greatly from
plant to plant (4, 9). Terpenoid VOCs include hemiterpenes
(Cs), monoterpenes (Cyg), sesquiterpenes (Cis), and a few
diterpenes (Cy), and their derivatives, synthesized from the

www.pnas.org/cgi/doi/10.1073/pnas. 1818585116

mevalonate (MVA) or the 2-C-methyl-p-erythritol 4-phosphate/
1-deoxy-D-xylulose S-phosphate (MEP/DOXP) pathway (10).
Terpenoid VOCs directly synthesized by terpenc synthases
(TPSs) (8) are often emitted in response to stresses, and could
have many functions in stress responses and interactions (11).
Both GLVs and terpenoids have been shown to attract predators
or parasitoids of herbivores, a phenomenon termed indirect
defense, and some directly deter herbivore oviposition (12, 13).
Considering the diverse interactions mediated by VOCs and
their structural diversity, their functions may be highly specific.
Interestingly, common VOCs, such as linalool, are also known to
have multiple functions in different interaction systems (14).
Linalool is a monoterpenoid alcohol with 2 enantiomeric forms,
(R)-(—)-linalool and (S)-(+)-inalool; both occur frequently in
nature. In plants, linalool has been detected from many species
(15). One plant species may produce only 1 enantiomer, but others
can produce both enantiomers with dynamic composition, for example
across individuals or development stages (16-18). Linalool has
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been documented to have several functions in plants: as a
common component of floral scent (15), it is correlated with
pollinator attraction, especially for hawkmoths (19-22). Linalool
emitted from Datura wrightii (angel’s trumpet) flowers stimulates
visiting and feeding by Manduca sexta (tobacco hornworm) moths
and, interestingly, mated female moths were attracted only by
(5)-(+)-linalool but repelled by (R)-(—)-linalool (23). However, in
some cases floral linalool and its derivatives do not attract polli-
nators but function as repellents of floral antagonists (24). Linal-
ool is also often found in foliar VOCs, especially in herbivory-
induced plant volatiles. For example, linalool accumulates in the
trichomes of Solanum lycopersicum cv. Moneymaker (tomato)
leaves and stems and is induced by wounding, jasmonic acid ap-
plication, and herbivory by Tetranychus urticae (red spider mites)
(25). (5)-(+)-Linalool is the most abundant herbivory-induced
VOC in Oryza sativa (rice) plants attacked by Spodoptera frugi-
perda (fall armyworm) larvae, and the application of synthetic
racemic linalool to rice plants attracted Cofesia marginiventris
parasitic wasps, which are also attracted to S. fiugiperda-damaged
plants (26, 27). Linalool was also found in herbivory-induced VOCs
from Vicia faba (broad bean) plants damaged by Acyrthosiphon
pisum (pea aphids) and was attractive to the aphid parasitoid
Aphidius ervi in wind-tunnel assays (28). Linalool in insects may
function as a pheromone (29) and an antipathogen defense com-
pound (30), and has been reported in multiple bacteria and fungi
where its functions have not been revealed (31). Because linalool is
ubiquitous in the biosphere, with contrasting functions in different
interaction systems, its role has been recognized as highly context-
dependent (14). However, few studies have addressed the essential
question of how context affects linalool function.

The wild tobacco Nicotiana attenuata has been established as
an ecological model plant for which interactions with many in-
sects in its native environment, including the specialist Lepi-
dopteran pollinator and herbivore M. sexta and predatory
Geocoris spp. (big-eyed bugs), have been well characterized.
Previous studies showed that complex blends of terpenoids, in-
cluding (E)-B-ocimene, linalool, and (E)-a-bergamotene, can be
detected in the headspace of N. attenuata plants and that these
compounds vary among natural accessions (9, 12). The addition
of racemic linalool, but also (E)-a-bergamotene and several
other herbivory-induced VOCs, to wild N. attenuata plants in a
natural population in Utah (UT) significantly increased the
predation of M. sexta eggs; linalool further decreased oviposition
by adult moths (12). Two N. attenuata genotypes originating in
Arizona (AZ) and Utah, which vary in many traits (32-34), were
used to develop an advanced intercross recombinant inbred line
(AI-RIL) population (34). With this population, the gene
encoding the (E)-a-bergamotene synthase was mapped and
characterized and this compound was found to function both in
attracting M. sexta moths to pollinate flowers, and indirectly
defending leaves from M. sexta larvae (34).

Here, we used an integrated approach to dissect natural var-
iation in herbivory-induced foliar VOCs and their function in
tritrophic interactions in N. attenuata. Field predation assays
using the AI-RIL population derived from the AZ and UT ac-
cessions revealed that linalool is a key attractant for native
predators in Arizona. Quantitative trait locus (QTL) mapping
and genome mining, together with gene cloning and expression,
was used to identify and characterize a linalool synthase gene,
NaLIS. The NaLlIS gene displayed allelic variation, which
explained variation in linalool production among 26 N. attenuata
accessions collected from a selection of habitats within the range
of the species. Natural accessions and RILs produced only the
(8)-(+)-linalool enantiomer, and we used ectopic expression of
enantiomer-specific linalool synthase (LIS) genes to either en-
hance the production of (S)-(+)-linalool, or introduce foreign
(R)-(—)-linalool into the AZ and UT N. attenuata accessions.
Oviposition assays using mated M. sexta females in increasingly

14652 | www.pnas.org/cgi/doi/10.1073/pnas. 1818585116

complex and realistic environments demonstrated that the en-
hancement of (S)-(+)-linalool and introduction of (R)-(—)-linalool
affect the oviposition preference of M. sexta moths differently
depending on the enantiomer and plant accession. Furthermore,
we found that ectopic expression of these linalool enantiomers did
not affect the growth of M. sexta larvae. Together, these results
provide evidence for context-dependent functions of a ubiquitous
VOC, linalool, and imply local selection operating on plant signals
mediating tritrophic interactions.

Results

Terpenoid VOC Emissions Are Highly Variable in Natural Accessions
and a Derived Genetic Mapping Population. The AZ and UT ac-
cessions differ in many traits, including the release of individual
VOCs from leaves and flowers (32-34). Here, we show that the
differences in leaf headspace composition are extensive and
primarily due to differences in terpenoid VOCs. We detected 33
VOCs emitted by at least 1 accession after leaves were treated
with wounding and application of M. sexta regurgitant (W+R).
These compounds comprised 17 GLVs and 14 terpenoids, as well
as nicotine and benzyl alcohol (Fig. 14 and SI Appendix, Fig. S14
and Table S1). While the release of GLVs was similar, most
terpenoids were enriched in one or the other accession. Abun-
dance of the monoterpenoids (E)-p-ocimene and linalool were
36- and 3.5-fold higher, respectively, in the AZ versus the UT
headspace, while sesquiterpenoids—including (E)-a-bergamotene,
a-farnesene, sesquiphellandrene, and 5 unidentified terpenoids—
were much more abundant in the UT versus the AZ head-
space (Fig. 14 and SI Appendix, Table S1). Only 2 terpenoids,
a-duprezianene and an unidentified sesquiterpene (retention
time 27.3 min), were similar in relative abundance in
the 2 accessions.

We further profiled foliar VOCs from plants in an AI-RIL
population generated from crossing Arizona and Utah (34), after
leaves were treated by W+R. Variation of terpenoid emissions
among the 261 RILs was large and extended beyond the differ-
ences between the parental accessions (Fig. 1B and SI Appendix,
Fig. S1B). For example, the range of (E)-a-bergamotene and
linalool emission was 522- and 115-fold in the AI-RILs, com-
pared with a 38- and 3.5-fold difference in the parents, re-
spectively. Across the 261 RILs, the relative amount of (E)-
a-bergamotene in the leaf headspace was correlated with the
relative amount of (E)-B-ocimene, but not linalool (Fig. 1B).

Among Variable Leaf VOCs, Linalool Is Correlated with Predation
Rates of M. sexta by Native Predators in the Field. We selected 6
RILs with large differences in terpenoid composition for a field
predation assay. These RILs represented extremes in the emis-
sion of 6 terpenoids, including (E)-f-ocimene, a-farnesene, lin-
alool, (F)-a-bergamotene, and 2 unknown sesquiterpenes with
retention times of 22.8 and 23.8 min (SI Appendix, Fig. S1). The
randomly distributed RILs and both parental lines were tested
for predation rates of experimentally distributed M. sexta eggs
and larvae. This experiment was conducted in a field plot at the
Walnut Creek Center for Education and Research (WCCER)
(Fig. 1C) near Prescott, Arizona. During the experimental pe-
riod, we observed Geocoris spp. predators on several plants in
the field and most of the predation occurred during the daytime,
when Geocoris spp. are active (35). In total, predation rates on
M. sexta eggs and larvae during the whole assay ranged from 3 to
19% (Fig. 1C). The predation rates on different genotypes were
positively correlated with the relative abundance of linalool, but
not of the 5 other terpenoids, which varied in the headspace of
these lines (Fig. 1D).

Natural Variation of Linalool Is Driven by Allelic Variation in an

Identified Linalool Synthase, NaL/S. We used QTL mapping and
genome mining to determine the genetic components underlying
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Fig. 1. N. attenuata accessions from Utah and Arizona differ in terpenoid
emissions and among these, linalool is correlated with predation rates on M.
sexta. (A) Relative abundance of VOCs in headspace of AZ and UT leaves. For
each peak, the sum of the mean peak areas in AZ and UT, shown in S/ Ap-
pendix, Table 51, is set to 100% (see S/ Appendix, Table $1 for compound
IDs). Boxed IDs indicate the compounds shown in B. (B) The distribution of
relative abundances of (£)-a-bergamotene (34), (E)-p-ocimene, and linalool
within the AI-RIL population. Numbers in brackets indicate the compound
IDs (SI Appendix, Table $1). (C) Selected lines with large differences in ter-
penoid composition (S! Appendix, Fig. S1B) received different predation
rates on M. sexta larvae and eggs in a field plot in Arizona. Numbers of
predated larvae and eggs and numbers of total larvae and eggs placed on the
plants are shown on top of the bars. The 2 parental lines are indicated by bold
text. The assay lasted 72 h. Larvae and eggs were placed onto leaves at around
0500 hours and predated eggs and larvae were counted and supplemented at
around 2000 hours. The following morning they were counted again and all
larvae and eggs were replaced. Counting was repeated at dusk and the next
morning. Geocoris spp. appeared in the field during the assay. Field plot image
courtesy of R. Carlson (photographer). (D) Among 6 variable terpenoids, only
linalool is correlated with predation rate across the assayed lines. Numbers in
brackets indicate the compound IDs (5! Appendix, Table S1).

the variation of foliar VOCs in N. attenuata accessions. The pub-
lished QTL for (E)-a-bergamotene was successfully reidentified in
our dataset, with a higher LOD value than originally published (51
Appendix, Fig. S2) (34). In total, 8 terpenoids were mapped to the
same locus or nearby loci (SI Appendix, Fig. S2). In contrast, a
dominant single locus for linalool was mapped to a different
linkage group (Fig. 24). Because only the genome of UT has been
well sequenced (36), we first analyzed the linalool locus in the UT
genome. The corresponding region was located on the short arm of
chromosome VIII, with a length of around 316 kb. In the parallel
region of the S. lycopersicum genome, there are 4 putative TPS
genes (SI Appendix, Fig. S3). However, NIATv7_g00838 is the only
TPS at this region in the N. atfenuata genome and no other genes
share collinearity with the SI7PSs. We further mined data for the

He et al.

whole NaTPS family in N. attenuata (sequences in Dataset S1, and
see refs. 37, 38). Aligning the sequences of all putative 7PS genes,
we found that the putative CDS of NIATv7_g00838 (later con-
firmed by sequencing) could be classified as a single member of the
subclade TPS-g (SI Appendix, Fig. S4), possibly encoding a linalool/
nerolidol synthase. NIATv7_g00838 was later renamed NaL.IS.

Using the Nicotiana attenuata Data Hub (http:/nadh.ice.
mpg.de/NaDH/) (39), we found that the transcript abundance of
NaLlIS was relatively high in leaves, and present at lower levels in
some floral organs, such as anthers and the stigma, ovary, and
pedicel, but not detectable in the corolla or calyx. This is in
agreement with the fact that linalool is abundant as a foliar
VOC in some accessions, but not detected in floral VOCs of
N. attenuata (SI Appendix, Fig. S34). Using qPCR, we found the
transcript abundance of NaLIS was strongly correlated with the
amount of internal extractable linalool in leaves of transgenic
plants in the UT background [irMPK4 (40), which emits greater
amounts of most VOCs (SI Appendix, Table S2) and empty
vector (EV) controls] for plants under different treatments, in-
cluding light deprivation or abscisic acid treatment (Fig. 2C and
SI Appendix, Fig. S5). Additionally, we identified 2 genes puta-
tively encoding geranyl diphosphate (GPP) synthase (responsible
for biosynthesis of the monoterpenoid substrate GPP), one of
which was also highly correlated with the abundance of internal
linalool (ST Appcndlx Fig. S5), indicating coregulation of NaLIS
and]\ GPPS2.

NaLIS displays allelic variation between AZ and UT, both in
the genomic DNA and cDNA. Alignment of the genome region
bearing NaLIS in AZ and UT (sequences in Dataset S1) showed
that a 766-bp sequence is present in AZ but missing in UT (Fig.
2D). Comparing putative transcripts of NaLIS-AZ and NalLlIS-
UT to reported homologous genes in relatives such as S. lyco-
persicum, Solanum tuberosum, and Nicotiana tomentosiformis
revealed that NaLIS-AZ has a blmlldr TPS exon—intron structure
to these relatives, while NaLIS-UT does not. Nal.IS-AZ has
6 exons and 5 introns. The missing sequence of NaLIS-UT is part
of intron 5 and exon 6. Leaf transcriptome data (http:/nadh.
ice.mpg.de/NaDH/) from the 2 accessions revealed that the
remnant sequence of intron 5 and exon 6 of NaLIS-UT was still
transcribed, but the right border of exon 5 (left border of intron 5)
was not spliced. Therefore, the NaLIS-UT transcript was 168-bp
longer than NalIS-AZ. However, we identified an in-frame
TAG stop codon transcribed from intron 5 in the NaLIS-UT
transcript. This resulted in the ORF of NaLIS-UT not only lack-
ing exon 6 (278 bp) of NaLIS-AZ, but also including a 110-bp
sequence from intron 5, and thus the full-length CDS is 168-bp
shorter than that of NaLIS-AZ. Based on the different genome
and transcriptome information, we designed primers and ampli-
fied the full-length ORFs of both NaLIS-AZ and NaLIS-UT from
¢DNA prepared from leaves of AZ and UT, respectively (Fig. 2F).
chuencim of the amplicons confirmed the expected sequence
varjation in the NaLIS alleles from AZ and UT.

We tested the activities of the 2 NalIS variants in vitro (Fig.
2F). The putative plastid-targeting signal peptide was truncated
and the remaining sequence from each allele was heterologously
expressed in Escherichia coli. The extracted enzymes showed
different activities depending on the terpenoid precursor sup-
plied. When GPP was used as substrate, NaLIS-AZ produced
approximately 10-fold as much linalool as NaLIS-UT under
identical assay conditions (Fig. 2F). NaLIS-AZ also produced
nerolidol from (E,F)-faresyl diphosphate (FPP) and ger-
anyllinalool from (E,E,E)-geranylgeranyl diphosphate (GGPP),
whereas NaLIS-UT did not produce detectable terpenoids from
these 2 precursors (S Appendix, Fig. S6). The full-length protein
of NaLIS-AZ showed similar activity as the truncated protein
when expressed in E. coli, but with lower efficiency, while the
full-length protein of NaLIS-UT did not convert any of the
substrates in the in vitro assay.
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Fig. 2. NaLiSunderlies variation in linalool emission among N. attenuata accessions. (A) A single QTL was mapped for linalool using the Al-RIL population
and a single TPS was found within the mapped locus. The putative TPS gene is shown as a red bar, other proximate genes in gray. (B) NaLlS in the UT
accession is constitutively expressed in leaves, and in some floral tissues (no data are available for stem and root tissue). The relative transcript abundance
of NaLlIS among different tissues was extracted from the N. attenuata Data Hub (http:/nadh.ice.mpg.de/NaDH/) (39). TPM, transcripts per million. (C) In
transgenic plants of the UT background (irMPK4, which emits greater amounts of most VOCs, and EV controls), abundance of internal free linalool
extracted from leaves is highly correlated with relative transcript abundance of NaLlS under different treatments shown in S/ Appendix, Fig. S5 (mean +
SE, n = 3). IF5A3 was used as reference gene. (D) Alignment of the NaLIS genome region and different transcripts in AZ and UT shows splicing variation
between the 2 accessions at the last exon of the gene. Gray bars represent sequences of the NaLi$S genome locus. The dashed line represents a sequence of
766 bp missing in the UT genome compared with AZ. Red bars indicate exons of NaL/$ in UT and AZ. Blue bars indicate transcribed sequence after the stop
codon (TAG) in UT. NaLIS-UT has a longer transcript that includes a 110-bp sequence on the fifth exon, which is present in the intron region of the AZ
variant (and also homologous genes in other relative species including tomato, potato, and N. tomentosiformis). A stop codon at the end of this 110-bp
sequence makes the ORF of NaL/S-UT smaller than that of NaLiS-AZ. The sequence information on the transcripts of NaLIS-UT and NaL/S-AZ was extracted
from the N. attenuata Data Hub (http:/nadh.ice.mpg.de/NaDH/) (39) and later confirmed by cloning and sequencing. (£) ORFs of NaL/S-AZ and NaL/S-UT
amplified from ¢DNA of the 2 accessions. (F) Heterologously expressed NaLiS ORFs produce linalool from GPP. NaLIS-AZ has much higher activity than
NaLIS-UT in paralleled assays (note difference in scales of y axes). NaLIS-AZ can also accept (E,E)-FPP and (E,E,E)-GGPP to produce nerolidol and ger-
anyllinalool, respectively, as shown in S/ Appendix, Fig. $6. (G) VIGS of NaLiS in AZ caused reduced emission of linalool from leaves (mean + SE, n = 10). AZ
was used here because it has higher emission of linalool as shown in Fig. 1A and a more active NalLIS. Relative abundance of transcript: NaLIS/IF5A3,
relative abundance of linalool: peak area of m/z 93 mg~"' FM. (H) Amplified different 3’ ends of NaL$ in 10 natural accessions. The NaL/S-UT variant is
correlated with nondetectable or extremely low linalool emissions (peak area of m/z 93 mg™" FM < 30 counts/s in measurements, accession ID in blue) and
the NalLlS-AZ variant is correlated with high linalool emission (peak area of m/z93 mg’1 FM > 300 counts/s in measurements, accession in red). For relative
abundance of linalool sampled in the headspace of these accessions, see SI Appendix, Fig. S7. (I) Geographic distribution of 26 natural accessions
(including the 10 shown in H) and their linalool emission. Dots in blue indicate where the low linalool accessions were collected, and dots in red indicate
where the high linalool accessions were collected from N. attenuata’s native range. For relative abundance of the linalool emission, NaL/S alleles and
transcript accumulation in these accessions see S/ Appendix, Fig. S7. Satellite images courtesy of Google Earth.
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Subsequently, the activity of NaLIS was studied in vivo. We
inserted a 205-bp gene-specific sequence of NaLIS-AZ into the
pTVO00 vector in an antisense orientation, and used the resulting
construct for virus-induced gene silencing (VIGS) in AZ plants.
VIGs nearly eliminated transcripts of NallS and significantly
decreased the emission of linalool from W+R-treated leaves
compared with control plants, which were infiltrated with an EV
control (Fig. 2G); residual linalool emission may be due to
existing levels of NaLIS protein before VIGS took effect, but see
the discussion of linalool conjugates in Discussion.

Linalool is also highly variable among 24 other natural ac-
cessions of N. attenuata collected from different parts of N.
atfenuata’s native range, in addition to Arizona and Utah (ST
Appendix, Fig. S14). We classified 16 of these 26 accessions as
low-linalool emitters (peak area of m/z 93 mg™ FM < 30 counts/s)
and 9 accessions as high-linalool emitters (peak area of m/z
93 mg™' FM > 300 counts/s) based on linalool emission from
W+R-treated leaves. Between the highest of the low emitters,
accession 331, and the lowest of the high emitters, accession 179,
there is a 19-fold difference, indicating a qualitative difference
separating the low- and high-emitter groups. In contrast, the
highest linalool emitter, accession 133, only emitted approximately
11-fold as much linalool as accession 179. We selected 4 acces-
sions from each category and analyzed the length of NaLIS
transcripts at the 3’ end. The 4 low-emitting accessions produce
the UT variant of NaLIS, while the 4 high-emitting accessions
produce the AZ variant of the NaLIS transcript (Fig. 2H).

‘We mapped the reads to chromosome VIII carrying NalIS
and manually assembled the genomic sequence of NaL1S for the
26 accessions (sequences in Dataset S1, and see refs. 37, 38). All
of the high linalool emitters had the functional NaLIS-AZ allele,
while all low linalool emitters had the deletion on intron 5 and
exon 6 of the gene (SI Appendix, Fig. S7B). In contrast to the
tight correlation with the allelic variation, the linalool emission
did not correlate with NaLIS transcript abundance assayed by
RNA-seq across the 26 accessions (SI Appendix, Fig. ST7C).

The analyzed accessions were collected from different locations
in the natural range of N. attenuata (Fig. 2I). The greatest distance
between collection sites was 696 km between California (low-
linalool emitter 305) and Arizona (high-linalool emitters AZ,
149 and 422). The remaining accessions, including 4 low-linalool
emitters and 3 high-linalool emitters, were from a region covering
approximately 448 km” near the border between Utah and Nevada.
These accessions are all less than 33.5 km from each other, where
high- and low-linalool emitters were interspersed (Fig. 27).

Expressing Foreign LIS Genes in N. atfenuata Plants Alters Emission of
the Endogenous Enantiomer (S)-(+)-Linalool or the Foreign Enantiomer
(R)-(—)-Linalool. There are 2 natural enantiomers of linalool, and
both occur in plants and are reported to be perceived differently and
elicit different behavioral responses in M. sexta (23, 41, 42). We
analyzed W+R-induced foliar VOC samples from Arizona, Utah,
and 50 RILs, along with racemic linalool, a pure (R)-(—)-linalool
standard and enzyme products of NaLIS-AZ from (E,E)-FPP using a
chiral GC column. Only (S)-(+)-linalool was detected in the NaLIS-
AZ products and in all of the tested N. attenuata genotypes (Fig. 34).

We altered the enantiomer-specific linalool production in N.
attenuata plants via ectopic expression of 2 foreign LIS genes,
CbLIS, from Clarkia breweri for (S)-(+)-linalool and ObLIS from
Ocimum basilicum for (R)-(—)-linalool (42, 44). Each LIS under
control of the CaMV35 promoter was separately introduced into
AZ and UT plants, respectively, resulting in 4 different types of
ectopic expression lines (Fig. 3B). AZ~(S) and UT-(S) lines are
AZ or UT plants expressing CbLIS, which enhances emission of
(5)-(+)-linalool, while AZ-(R) and UT-(R) lines express ObLIS
in the AZ or UT background and emit (R)-(—)-linalool, which is
absent in N. attenuata WT accessions. We subsequently screened
transgenic lines for diploidy and homozygosity of transgene in-
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Fig. 3. Enantiomer identification of linalool produced in N. attenuata and

linalool emission from transgenic plants with ectopic overexpression of dif-
ferent linalool enantiomer synthase genes. (A) Chromatogram for racemic
linalool, standard (R)-(-)-linalool, major enzyme product of NaLIS-AZ from
(E,E)-FPP, and linalool produced by UT, AZ, and 3 of 50 tested RILs. No
(R)-(-)-linalool was found in any tested WT lines. (B) Profile of linalool in AZ
and UT WT plants and in different ectopic expression lines expressing either
CbLIS from C. breweri (produces (S)-(+)-linalool) or ObLIS from O. basilicum
(produces (R)-(-)-linalocl) in either the AZ or UT background (mean +SE, n =
3). Numbers in bold indicate the lines selected for further study. Shown here
are the sum of 2 enantiomers measured using a standard nonpolar GC col-
umn. Different enantiomers were identified later in representative lines
using a chiral column. In UT-(S) and AZ-(S) lines only (S)-(+)-linalool was found.
In UT-(R) lines only (R)-(-)-linalool was found. Both enantiomers were detected
in AZ-(R) lines; the ratios of the 2 enantiomers in the selected lines are shown
at the top of the bars. Data from WT plants are from an independent ex-
periment and are shown for comparison. Notice the different scales in every
chart. Photo of C. breweri is from Wikipedia, by Eric in SF; O. basilicum picture:
J.H; N. attenuata images courtesy of A. Kugler (photographer).

sertions, and used T2 plants of each line. We then measured
linalool emission from unelicited plants, because we aimed to
select plants for M. sexta oviposition assays (see below), and
many W+R-induced VOCs have been shown to reduce M. sexta
oviposition (12); moths lay only one or a few eggs per N.
attenuata plant (12, 45) and seem to avoid plants already dam-
aged by conspecifics.

We found that the ectopic lines as well as the corresponding
WT genotypes emitted linalool constitutively (Fig. 3). The (S)-
linalool emission from ectopic lines was within the range of
natural variation among accessions of N. attenuata (SI Appendix,
Fig. S9 and Dataset S2). Of 8 AZ-(S) lines, 6 emitted signifi-
cantly more linalool than AZ WT plants, with increases ranging
from 1.9- to 21.3-fold. Of 5 UT-(S) lines, 3 emitted 2.4- to 7.3-
fold higher linalool levels than UT WT plants. Five AZ-(R) lines
emitted 3.7- to 64.4-fold as much total linalool as AZ WT, while
linalool emissions from 8 UT-(R) lines were 18.9- to 1,149.3-fold
higher than the UT WT emission. While AZ-(S) lines produced
on average 18-fold higher linalool emissions than the corre-
sponding UT-(S) lines, the release of linalool was on average 1.8-
fold higher in UT-(R) compared with AZ-(R) lines. Besides the
differences in linalool emissions, other terpenoid VOCs mea-
sured from these ectopic expression lines were similar to the
corresponding WT plants (SI Appendix, Fig. S8 and Dataset S3;
lines used for further experiments are highlighted in SI Appen-
dix). None of the transgenic lines except AZ-915(S) showed any
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morphological or developmental differences from germination
to the flowering stage, and line AZ-915(S) was not used in
further experiments.

Enantiomer-specific linalool production was verified in rep-
resentative ectopic expression lines using a chiral GC column.
Only (5)-(+)-linalool was found in UT-(S) and AZ-(S) lines and
only (R)-(—)-linalool was found in UT-(R). Both enantiomers
were detected in AZ-(R) lines, with (S)-(+)-linalool only 0.3% as
abundant as the (R)-(—)-linalool isomer (Fig. 3B).

Based on linalool emission, we selected 2 lines of each back-
ground-foreign gene combination (Fig. 3B) for further study.
Among the 8 selected lines, UT-738(S) and UT-719(R) were
confirmed to have a single insertion of T-DNA using Southern
blotting by hybridizing an hptIl probe to genomic DNA digested
with Xbal or EcoRI (ST Appendix, Fig. S104). For the remaining
6 selected lines, a single and complete T-DNA insertion was
demonstrated using NanoString’s nCounter technology. Multiple
probes (sequences in Dataset S1) with different fluorescent barc-
odes were hybridized to sheared genomic DNA of each line to be
tested, and scanned and counted in an nCounter Sprint instrument.
Hybridization of 5 probes designed from transgene promotor
(Pnos, Psss) and terminator (Tnos, Tsss), as well as the selective
marker gene (hiptll) sequences indicated a single and complete
insertion of the transformation cassette in all 6 lines (ST Appendix,
Fig. S10B). Moreover, 2 probes designed from the transformation
vector backbone outside the right and left transfer borders (nptII,
pVS1) showed that only 3 lines harbor T-DNA overreads, which
did not affect the transgenic phenotype or stability of inheritance.
Very little background signal was observed for the 2 hybridization
probes (nptlIl, sat-1) designed from sequences not present on the
PpSOLOCDHLIS/ObLIS plasmids (SI Appendix, Fig. S10B). Trans-
genic lines screened in this study are listed in ST Appendix, Table S2.

Linalool emissions from natural accessions of N. attenuata
show a diurnal rhythm, with higher emissions during daytime and
low emissions at nighttime (9). In the UT accession used in our
experiments, linalool was emitted in greater abundance from
W+R-treated leaves during the day, and this was light-dependent
(SI Appendix, Fig. S114). In the transgenic plants, both enan-
tiomers followed a similar rhythm with greater emissions during
day than night (ST Appendix, Fig. S11B). However, there were
still considerable amounts of linalool of both enantiomers de-
tected in the headspace during the dusk and night periods when
M. sexta moths are active. This allowed us to compare behavioral
responses to the specific linalool enantiomers, which are per-
ceived differently by M. sexta adults (23, 41, 42).

Enhancement of Linalool Enantiomers in N. attenuata Leaves Alters
Oviposition Preferences of M. sexta in an Accession-Specific Manner.
We tested the oviposition preference of mated female M. sexta
moths for AZ and UT WT plants versus transgenic plants with
altered linalool emissions. Thus, AZ and UT WT plants and
4 ectopic expression lines—AZ-621(S), AZ-597(R), UT-738(S),
and UT-1174(R)—were used to assay oviposition by M. sexta
moths. Assays were conducted in 3 increasingly complex and
realistic environments (Fig. 4). Because these ectopic expression
plants constitutively emit linalool, and many M. sexta-clicited
VOCs have been shown to deter M. sexta moth oviposition
(12), we used unelicited plants for these assays.

First, binary choice assays were performed in a wind tunnel,
where the input air was filtered through activated charcoal to
remove background odors and wind speed and directions were
strictly regulated. For each trial, a single mated female moth was
released downwind of the plant pair in the tunnel during a
standardized time window in which moths are known to actively
oviposit, and allowed to choose between paired plants of AZ WT
and UT WT, or an ectopic expression line and the corresponding
WT. The moth was observed for the first 10 touches (any part of
the moth body contacting the plant) and then removed; the order
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Fig.4. Ectopic expression of (S)-(+)-linalool and (R)-(-)-linalool in UT and AZ
accessions differently affect oviposition preference of mated female M.
sexta moths. (A) First 10 touches of moths and the corresponding eggs laid
on plants in binary choice assays in a wind tunnel (mean + SE, sign tests; *P <
0.05; **P < 0.01, ***P < 0.001, n = 20). Wind tunnel picture: R.A.F. (B) Per-
centage of eggs laid on plants overnight in a climate chamber. Asterisks (*)
indicate statistically significant differences (mean + SE, sign tests; *P < 0.05;
**P < 0.01, n = 20). Oviposition chamber picture: J.H. (C) Eggs oviposited per
plant per night by 1 single mated female moth in the tent. (Friedman tests
for overall difference, Tukey-Kramer multiple comparison tests for com-
parisons of interest, P < 0.05, n = 12). Percentages of plants of each type
receiving at least 1 egg (summed across all assays) are shown below the plot.
Tent image courtesy of D. Kessler (photographer).

and number of visitations and the corresponding number of eggs
laid on each plant were recorded (Fig. 44). AZ WT plants, which
have higher (S)-(+)-linalool emission, were touched more often
and received more eggs than UT WT plants. However, compared
with AZ WT plants, the (S)-(+)-linalool-enhanced AZ-621(S)
were touched significantly fewer times, and tended to receive
fewer eggs (P = 0.18). Similarly, UT-738(S) plants were touched
fewer times and received fewer eggs than UT WT. In contrast,
(R)-(—)-linalool-emitting AZ-597(R) plants were visited more
often than AZ WT plants and received more eggs, while UT-
1174(R) was visited and received a similar number of eggs as the
UT WT. In all assays, the numbers of touches on each plant were
correlated to the number of eggs oviposited.

We subsequently tested the same binary combinations of lines
in a free-flying climate chamber where a colony of moths could
oviposit overnight on plants of paired genotypes (Fig. 4B). In the
chamber, air was not filtered and airflow was not controlled.
Similar to the results from wind-tunnel assays, more eggs were
oviposited on AZ WT than on UT WT in this more complex
environment. AZ-621(S) received fewer, and AZ-597(R) re-
ceived more eggs than AZ WT, respectively. However, neither
UT-738(S) nor UT-1174(R) received significantly different
numbers of eggs compared with UT WT plants.

Finally, all 4 ectopic expression lines and both WTs were tested
simultaneously in a large outdoor tent, which represented a semi-
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natural environment (Fig. 4C). In the tent, 10 plants of each ge-
notype (60 plants in total) were placed at random positions at
standardized distances (1.5 m from each other). A single newly
mated moth was released into the tent and kept overnight for ovi-
position. Of a total of 16 moths tested, 12 oviposited at least 20 vi-
able eggs in the trials. In this environment, ovipositing moths
generally preferred WT and transgenic plants of the AZ back-
ground (Friedman tests, P < 0.01, n = 12). AZ-621(S) tended to
receive fewer eggs than AZ WT and AZ-597(R). However, no
significant difference was found between any ectopic expression line
and the corresponding WT plants (Tukey—Kramer multiple com-
parisons tests). We also noticed that for each genotype, more than
48% of the plants received at least 1 egg, indicating high oviposition
activity by the moths. Among all 6 genotypes, AZ-597(R) had the
highest proportion of plants receiving eggs (Fig. 4C).

Linalool-Derived Glycosides Covary with Emitted Linalool and Do Not
Affect Growth of M. sexta Larvae. A large proportion of linalool
produced in plants is converted to different derivatives or con-
jugated and stored in tissues rather than emitted to the head-
space, and these conjugates have different functions in plant
interactions (24, 46, 47). The most abundant linalool conjugates
found in plant tissues are linalool glucosides, from which linalool
can be released by glucosidase treatment (48). Similar to the
headspace linalool emission, the linalool glycoside levels also
varied in W+R-treated leaves of natural N. attenuata acces-
sions (SI Appendix, Fig. S124). Furthermore, the amount of
glucosidase-released linalool from W+R-induced leaves was
strongly correlated with the linalool emission from W+R-elicited
leaves in these accessions (SI Appendix, Fig. S12B). In contrast to
the foliar headspace containing only (§)-(+)-linalool, the gluco-
sidase treatment released more 8-hydroxylinalool (SI Appendix,
Tig. S12C) in addition to linalool. We identified additional lin-
alool derivatives by comparison of leaf extracts from unelicited
leaves of AZ WT, AZ-621(S), and AZ-912(R) using UPLC-HR-
MS/MS. Several metabolites were increased in the ectopic ex-
pression lines compared with WT plants. The strongest differ-
ence was observed in a putative hydroxylinalool hexose conjugate
(C16H2:07) (SI Appendix, Fig. S11D). The accumulation of this
compound showed a similar pattern as the emitted linalool in the
3 genotypes. Furthermore, this compound was also detected in
the frass of M. sexta larvae when fed on these plants. The con-
centration of this compound in larval frass was correlated with its
abundance in the leaf tissue of the food plant.

In no-choice bioassays, we therefore tested whether ectopic
expression of linalool enantiomers influenced the growth of M.
sexta larvae. Freshly hatched M. sexta larvae were allowed to feed
on hydrated, cut leaves from AZ WT, AZ-621(S), and AZ-
912(R) plants. After 7 d of feeding larval mass did not signifi-
cantly differ between larvae grown on WT control plants and
plants with altered (S)-(+)- or (R)-(—)-linalool accumulation.

Discussion

The 2 N. attenuata accessions from Arizona and Utah vary in
multiple physiological traits and differ in many biological func-
tions (32-34). In this study we compared the foliar headspace of
the 2 accessions, and found the most variable VOCs to be ter-
penoids (Fig. 1 A and B). Among the variable terpenoids, lin-
alool was the only compound correlated with rates of herbivore
mortality due to native predators in a field plot in Arizona (Fig.
1C). By profiling the foliar headspace of an AZ x UT AI-RIL
population and conducting QTL analysis (34), we identified and
characterized the NaLIS gene, which is responsible for the bio-
synthesis of linalool in N. attenuata plants (Fig. 2 A-G). Allelic
variation in this gene corresponded to variation in linalool
emission across 26 N. attenuata accessions from geographically
interspersed locations (Fig. 2 H and I). We identified the linalool
enantiomer produced in N. attenuata to be (S)-(+)-linalool and
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tested its function by either enhancing the emission of this enan-
tiomer or introducing the foreign (R)-(—)-linalool enantiomer, in
both the AZ and UT backgrounds, by ectopically expressing 2
foreign enantiomer-specific LIS genes (Fig. 3). We found that
supplementing linalool emission affected the oviposition choice of
M. sexta female moths on N. attenuata plants in an enantiomer-
and accession-specific manner (Fig. 4). Although the ectopic ex-
pression lines also accumulated greater amounts of nonvolatile
linalool conjugates, the growth rate of M. sexta larvae was similar
on leaves from the ectopic expression lines and WT plants. Our
study demonstrates the importance of context in determining
functions of linalool even within a single plant—insect interaction,
and indicates specific aspects of context that may be important.

Linalool Varies Independently of Other Terpenoid VOCs in N.
attenuata. Several terpenoid VOCs, including (E)-p-ocimene,
(E)-a-bergamotene, and linalool varied strongly between the N.
attenuata AZ and UT accessions (Fig. 1 A and B). Except for
linalool, all other variable terpenoid VOCs were mapped to the
same single QTL, which was previously identified for (E)-
a-bergamotene using the AI-RIL population (SI Appendix, Fig.

2) (34). Thus, the results of our genetic analysis are consistent
with the observation that 7PSs are often clustered in plant ge-
nomes (8). In contrast, our mapping analysis identified a strong
QTL for linalool emissions (Fig. 24) on a linkage group different
from the previously identified TPS cluster locus (Fig. 24 and SI
Appendix, Fig. S3) (34). Therefore, the linalool synthase may be
free to evolve and segregate independently of other terpenoid
VOCs for which the genes are linked. The interspersed geo-
graphic distribution of the N. attenuata accessions with different
levels of linalool emission provides evidence that selection for
linalool is local and occurs on small scales, not clearly separated
by geographic features (Fig. 2I).

Allelic variation of NaLIS is a determinant, but not the only
factor, shaping the variation of linalool emission in N. attenuata.
Between accessions, NaLIS alleles determined low or high lin-
alool emission independently of transcript abundance (Fig. 2 D,
H, and I and SI Appendix, Fig. S7), while in 23 of the 26 acces-
sions examined in this study, the transcript levels of TPS38
strongly correlated with the emission of (E)-a-bergamotene
in both flowers and herbivore-induced leaves (34). How-
ever, within the UT background, transcript abundance of NaLIS
corresponded to tissue-specific differences in linalool emission
(Fig. 2B), and for transgenic plants subjected to different treat-
ments, linalool emission covaried with transcript abundance of
NaLIS (SI Appendix, Fig. S5). Furthermore, reduction in tran-
script abundance using VIGS also reduced linalool emission in
the AZ background (Fig. 2G). These data indicate that transcript
abundance of Nal.I$ determines linalool emission within a ge-
notype. Interestingly, even ectopic expression lines, which pro-
duce foreign LIS genes under the control of the constitutively
active CamV 358 promoter, showed variation in headspace lin-
alool abundance at different times of day (SI Appendix, Fig. S10),
suggesting that substrate availability may be an additional im-
portant factor, as was previously indicated for (F)-a-bergamotene
and (E)-p-farnesene emissions in N. attenuata (49). Consistent
with this observation, a monoterpenoid substrate synthase gene,
NaGPPS2, was found coregulated with NalLIS transcription and
linalool emission (SI Appendix, Fig. S5D).

Although linalool is variable among N. aftenuata accessions,
NaLlIS belongs to a clade of TPSs relatively conserved in enzy-
matic function. We identified NaLIS to be the single member of
the TPS-g clade in the NaTPS family (SI Appendix, Fig. $4). In
plants, the TPS-g clade is angiosperm-specific and well-known to
produce acyclic monoterpenes (8, 50). TPS-g is usually a small
clade compared with the highly divergent TPS-a and TPS-b
clades. The single member of TPS-g in Arabidopsis thaliana,
Atlg61680, was found to contribute to floral (S)-(+)-linalool
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emission and to produce nerolidol in vitro (51). Similarly, TPS-g
members, which are (§)-(+)-linalool/nerolidol synthases, have
been found in Fragaria X ananassa cv Elsanta (52), O. sativa (27),
S. Iycopersicum (53), and Gossypium hirsitum (54). However,
TPS-g proteins in Antirrhinum majus were also found to produce
(E)-p-ocimene and myrcene (50). In contrast to the presence of 2
functional linalool/nerolidol synthases and 2 mutants in the S.
lycopersicum genome, NaLIS was the only ortholog identified in
the N. attenuata genome (SI Appendix, Fig. S4). Moreover, more
than half of the 26 N. attenuata accessions studied bore the less-
efficient UT allele, in which exon 6 has been lost and a 110-bp
redundant sequence has been fused to exon 5 (Fig. 2D and SI
Appendix, Fig. STB). This allele generally seems to have reduced
enzymatic efficiency, and its activity toward FPP and GGPP
seem to be abolished; but it can still convert GPP to linalool,
suggesting that differences between the N. attenuata alleles may
be involved in determining substrate specificity versus pro-
miscuity of LIS enzymes.

Linalool Enantiomers Alter a Single Tritrophic Interaction in a
Context-Dependent Manner. Linalool has been identified in more
than 200 plant species. It is a common floral fragrance and has
been long considered as a pollinator attractant (22, 23, 55).
However, linalool emissions have also been reported to function in
plant defense to repel florivores and other antagonistic flower
visitors (24, 56, 57). Studies using linalool application, or genetic
modification of linalool emission by ectopic expression or silencing
of LIS genes, have shown that foliar linalool can mediate inter-
actions between plants and herbivores. For example, racemic
linalool has been reported to attract Geocoris pallens predators
and deter Manduca quinquemaculata oviposition in a field study of
awild N. attenuata population (12); to repel Myzus persicae aphids
from A. thaliana (46); to deter Helicoverpa armigera oviposition on
Nicotiana tabacum (54, 58); and to influence choice of multiple
herbivores, predators, and parasitoids on O. sativa (59). Thus, it is
generally accepted that linalool mediates different outcomes
depending on the interaction system. However, the way that
context exerts influence is poorly understood, and different con-
texts are usually not directly compared, and assumed not to be
relevant within the bounds of a single interaction.

In the present study, we selectively enhanced enantiomers of
linalool in N. attenuata accessions with highly differentiated
VOC backgrounds (Figs. 14 and 3). This enabled us to in-
vestigate the accession-specific effects of linalool enantiomers
on M. sexta moth oviposition behaviors. Previous reports
showed that supplementation of Datura wrightii flowers with
(S)-(+)-linalool alone or in mixture with other floral VOCs in-
creased oviposition rates by M. sexta moths, while addition of
(R)-(-)-linalool reduced oviposition compared with control
plants (23). In our study, AZ plants, which naturally produce
(5)-(+)-linalool from leaves, received more oviposition from M. sexta
moths, but enhancement of (S)-(+)-linalool by ectopic expres-
sion decreased oviposition (Fig. 4). Moreover, supplementation
of (5)-(+)-linalool in the UT background by ectopic expression
repelled M. sexta females in a wind-tunnel binary choice assay
(Fig. 44), but had no effect in the more complex environments of
oviposition chambers shared by several moths (Fig. 4B), or an
outdoor tent in which all genotypes were available for a single
moth (Fig. 4C). The (R)-(-)-linalool enantiomer showed accession-
specific effects on M. sexta preference: it increased oviposition in
the AZ background, but had no effect in the UT background
even though the UT ectopic expression lines emitted larger
amounts of (R)-(—)-linalool (Figs. 3 and 4). These results in-
dicate that moths use linalool as a context-specific cue, not only
in the context of different plant species and tissues, but also
depending on different characteristics, such as leaf VOC profile
within a plant species. Moth decisions about oviposition are
driven by a combinatorial olfactory code (60): that is, by taking

14658 | www.pnas.org/cgi/doi/10.1073/pnas. 1818585116

into account not only the neuronal response to linalool but at the
same time the activation of multiple olfactory receptors responding
to other relevant GLVs and terpenoids. In addition to linalool,
other terpenoids, such as (F)-a-bergamotene and (E)-p-ocimene,
were also highly variable among the N. attenuata accessions (Fig. 1
A and B) and thus we could choose individuals representing the
extremes of different VOCs (SI Appendix, Fig. S1B). Foliar (E)-
a-bergamotene in N. attenuata reduces survivorship of Manduca
spp. eggs (12), while floral (F)-a-bergamotene can attract M.
sexta moths for pollination (34). The effects of other terpenoids
in this system are less well understood. How linalool interacts
with other VOCs and plant characteristics to influence the be-
havior of M. sexta moths requires further investigation. However,
the context-dependent effects of linalool enantiomers on gravid
female M. sexta, combined with the very local difference in linalool
emission and, presumably, selective pressures, are consistent with
the geographic mosaic theory of coevolution (61).

The different biological functions of linalool enantiomers in
plant interactions are supported by the different perception of
these 2 enantiomers by animals. Linalool enantiomers can be dis-
tinguished by the human nose and have different odor thresholds
(62). They also evoke different neural responses in insects. How-
ever, context-defined functions of each linalool enantiomer are not
well understood, but have been suggested by some studies on
neural responses of M. sexta to linalool or linalool mixed with other
compounds contained in D. wrightii floral VOCs (21), which
showed that the neural ensemble evoked by the single compound
did not resemble those evoked by mixtures. By testing the glomeruli
activities in M. sexta’s antennal lobe evoked by 80 odors separately,
Bisch-Knaden et al. (42) showed that both (§)-(+)-linalool and (R)-
(—)-linalool, as well as racemic linalool, evoked stronger and more
broadly distributed activity in glomeruli compared with other ter-
penoid compounds. Furthermore, both enantiomers individually,
and the racemic mixture, induced feeding behavior of M. sexta
moths. In contrast, none of the 3 VOCs alone elicited oviposition
behaviors, although both enantiomers strongly stimulated activities
in multiple oviposition-related glomeruli (42).

Linalool has also been reported to mediate plant indirect de-
fense by attracting predators and parasitoids of herbivores (59, 63,
64). In this study we showed that emission of linalool in different
N. attenuata RILs is correlated with predation of eggs and larvae
of M. sexta by natural enemies in a natural habitat (Fig. 1 C and
D). It is possible that the avoidance of M. sexta females of linalool
in certain N. attenuata accessions is, at least in part, the result of
variable selection pressure from predators in nature.

Conjugation of Linalool in N. attenuata. Linalool is known to be
metabolized to nonvolatile derivatives. For example, over-
expression of CbLIS in petunia yielded nearly no emitted linalool
but abundant accumulation of linaloyl-§-b-glucopyranoside (48),
and A. thaliana expressing FaNESI produced more hydroxylated
or glycosylated linalool derivatives than free linalool (46). Express-
ing FaNES1 in Chiysanthemum morifolium produced, in addition to
volatile linalool, 4 nonvolatile linalool glycosides, including 2 puta-
tive linalool-malonyl-hexoses, a linalool-pentose-hexose, and a gly-
coside of hydroxy-linalool (47). Two cytochrome P450s (CYP71B31
and CYP76C3) were coexpressed with 2 linalool synthases (TPS10
and TPS14) in flowers of A. thaliana and converted linalool enan-
tiomers into hydroxylated or epoxidized products (17).

In our study, p-glucosidase treatment released approximately
200 times as much linalool from the N. attenuata leaf as was
measured in the headspace of accessions (SI Appendix, Fig.
S124), and the natural conjugate pool of linalool was strongly
correlated with headspace linalool (SI Appendix, Fig. S12B). The
linalool conjugates may act as direct defenses against herbivory.
Engineering linalool emission in chrysanthemum by expressing
FaNES attracted Frankliniella occidentalis, but the increased
abundance of linalool conjugates in tissues was repellent (47). When
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the major linalool metabolizing oxygenase CYP76C3 was knocked out
in Arabidopsis, the plant became more attractive to floral antagonists,
including F. occidentalis, Spodoptera littoralis, Plutella xylostella, and
Phaedon cochleariae (24). However, in our study, the growth of M.
sexta larvae on leaf tissue was not affected by the ectopic expression of
cither the native or the foreign linalool enantiomer (SI Appendix, Fig.
S12F). Furthermore, linalool conjugates are still abundant in the frass
of M. sexta larvae and thus seem generally not to be metabolized after
ingestion by larvae (SI Appendix, Fig. S12E). This indicates that the
altered oviposition preferences of M. sexta moths are not due to an
alteration of plants’ nutritional quality: linalool seems to be more
important as a signal in the interaction between N. atrenuata and
M. sexta. It is possible that under certain conditions, linalool could
be released from the conjugate pool because in the VIGS exper-
iment linalool emission was only reduced to half, while NaLIS
transcripts were reduced by 99.8% (Fig. 2G). However, because
VIGS is induced in rosette-stage plants, it is also possible that
some amount of NaLIS protein was produced in the leaves we
measured, before VIGS took effect. VIGs experiments were also
conducted in climate chambers, where levels of background con-
tamination may be higher than in a glasshouse or field.

Conclusion

Our data indicate that the ecological function of the ubiquitous
biological VOC linalool depends both on the enantiomer and on
details of the interaction context that can vary within species on a
small scale. This is in contrast to previous studies, which have fo-
cused on context-dependence across different species and interac-
tions. Our study reveals important factors for understanding the
evolution and functions of VOC-mediated signaling in plant-insect
interactions. For example, our data indicate that other specific
VOCs may determine the response of M. sexta moths to the same
enantiomer of linalool produced by different genotypes of the same
plant species. The active VOCs might be revealed by series assays
with different mixtures of linalool and various coemitted VOCs, or
the expression or suppression of different GLVs and terpenoids,
together with linalool enhancement/reduction in N. attenuata ac-
cessions, could be used to test linalool’s context-dependent function.

Materials and Methods

The description of plant and animal materials, cultivation, plant treatment,
headspace sampling, metabolite analyses, genetic, genomic, and transcriptional
analyses, gene cloning and heterologous expression, moth oviposition, and larval
growth assays, all based on published procedures, are detailed in S/ Appendix. As
the predation assay motivated our focus on linalool, and because this is a report
of the nCounter method for transgene copy number and insertion integrity,
those methods are presented here. All sequence data are provided in Dataset S1
or public databases, as described below. Source data are available at https:/
edmond.mpd|.mpg.de/imeji/collection/Kpsiw8PSKETsPdQV. Transgenic lines
screened and used in this study are listed in S/ Appendix, Table S2.

Predation Assay. The predation assay was performed in a field plantation at the
WCCER, located in Arizona (34°55'17.8"N 112°50'42.2"W) in the summer of
2017. 3 RILs (generation F12) and 1 UT WT plant were grown in quadruplets at
the corners of a 30 x 30-cm square. Quadruplets were separated by approxi-
mately 1 m. One set of plants of the entire AI-RIL population formed 1 block,
and within each block, genotypes were randomly distributed; 4 blocks were
planted (n = 4). Elongating plants were treated with wounding plus M. sexta
regurgitant on 3 expanded rosette leaves 5 d before the predation assay and
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leaf discs were collected for unrelated analyses to be reported elsewhere. Six
RILs with extreme differences in 6 terpencid VOCs, UT-WT, and AZ-WT plants
were used for the predation assay (n = 4). On the first moming of the assay, 1
M. sexta larva in the first instar was placed onto the adaxial side of the tip of
the youngest rosette leaf and 3 M. sexta eggs were glued to the abaxial side of
the same leaf. Larvae and eggs were counted as predated if they were com-
pletely empty and the remnant of the body or egg remained on the leaf.
Predated larvae and eggs were counted at dusk, and missing (predated or lost
from the plant for unclear reasons) larvae and eggs, and any which had dried
out were replaced with new eggs and larvae. The second morning, predated
larvae and eggs were counted a second time and all eggs and larvae were
replaced. Counting was repeated at dusk and the following morning. The cu-
mulative predation observed after 72 h is shown in Fig. 1C.

T-DNA Copy Number and Integrity Determination Using NanoString’s nCounter
Technology. T-DNA copy number and integrity were determined using either
Southemn blotting or NanoString’s nCounter Technology. Genomic DNA from
transgenic plant lines was isolated by a modified cetyl-trimethylammonium bro-
mide method (63). For Southern blotting, the hptll_3 probe binding to the
hygromycin phosphotransferase gene (66) was used after digestion of gDNA with
either Xbal or EcoRI. For nCounter Technology, 5 ug of gDNA per sample was
dissolved in water at a concentration of 30 ng/uL and sheared to fragment sizes
mainly between 250 and 500 bp using a Covaris M220 Focused-ultrasonicator
instrument according to the manufacturer’s instructions. Sheared gDNA was
precipitated, washed twice with 70% ethanol, and dissolved in water (12 pL). This
DNA (1 ulL) was used to confirm shearing on a 1% agarose gel.

For the nCounter analysis, a 12-code probe set (sequences in Dataset $1) was
designed from of 12 target regions comprising 3 calibrator genes that occur as
a single copy in the genome of N. attenuata and 9 functional regions in-
dicative of complete T-DNA insertions or T-DNA overreads of the trans-
formation vectors used for N. attenuata (SI Appendix, Supplementary
Information Text). The oligonucleotides were designed by NanoString and
synthesized by Integrated DNA technologies. The location of the target se-
quences on the binary plant transformation vectors is indicated in S/ Appendix,
Fig. $108. Sheared gDNA (4 uL) was hybridized with the 12-code probe set and
an XT-TagSet-12 according to NanoString’s nCounter protocols and run
together with a gDNA sample from a line known to have a complete single
T-DNA insertion (previously confirmed by Southern blotting and nCounter) on
a cartridge in an nCounter Sprint. The raw reads measured by the instrument
were normalized as follows: the geometric mean of the 3 calibrator values for
each of the 12 samples was calculated. The geometric mean of the 12 geo-
metric means was calculated. The normalization factor for each sample was
calculated by dividing the 12-sample geometric mean values by the geometric
mean of each individual sample. For normalization, the value for each probe
was multiplied with the normalization factor for the respective probe.
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Supplementary Information Text

Plant materials and growth conditions

The two N. attenuata natural accessions AZ and UT were collected from
populations near Flagstaff, Arizona (1) and the DI Ranch, T40S R19W section 9 of Utah
(2), and inbred for 22 (Arizona) or 30 (Utah) generations in the glasshouse. The
generation of the advanced intercross-recombinant inbred line (AI-RIL) population was
previously described (3); generation F11 was used for glasshouse experiments and seed
from these plants, F12, in the field experiment. The other N. attenuata natural accessions
were collected in the southwestern United States from the locations shown in Fig 21. The
full-length cDNAs of ChLIS (4) and OBbLIS (5) were cloned from plasmids kindly
provided by E. Pichersky and transferred into the pSOL9 plasmid (6). Agrobacterium
tumefaciens (strain LBA 4044)-mediated transformation proceeded as previously
described (7). Multiple N. attenuata stable lines ectopically expressing ChLIS and ObLIS
under control of the CaMV 35 promoter were generated in both UT and AZ genotype
backgrounds. Diploid transgenic lines were screened using flow cytometric analysis (8).
Homozygous T2 plants of each line were identified using seedling resistance to
hygromycin (6). Ectopic expression lines of ChLIS and ObLIS, and the RNAI silencing
line of irMPK4 (9) used in this study are listed in Table S2.

Seed germination followed the protocol by Kriigel et al. (7). After 10 days, seedlings
were transferred to small pots (TEKU JIP 3050 104 pots, Poeppelmann GmbH & Co.
KG, Lohne, Germany) in the glasshouse and then to 1 L pots 10 days later. For most
assays, plants were grown with soil, fertilization and watering regimes as previously
described, and grown under 19°C-35°C with a light period of 6:00-22:00 (supplemental
lighting by Philips Sun-T Agro 400 W and 600 W sodium lights) and 55% humidity (7,
10). For the VIGS experiment, plants were grown with the same soil and fertilization
regime in a climate chamber (22 °C; light period: 6:00 to 22:00, supplemental lighting by
Philips Sun-T Agro 400 W and 600 W sodium lights; 65% relative humidity). For
experiments in the field, seedlings were adapted to field conditions similarly to previous
studies (11, 12) with the following changes: seedlings in closed boxes were kept in a
shady location directly on the soil, and hardening-off was done by opening boxes and
then reducing shade cover two days later. Seedlings with a rosette diameter of ca. 1.5-2.5
cm were transplanted in to a field plot at the Walnut Creek Center for Education and
Research (34°55'17.8"N 112°50'42.2"W) located in Arizona. Plants were watered in the
early morning and evening using a drip irrigation system until they had established, and
then as needed. The planting arrangement in the field is described under “Predation
assay” in the Materials and Methods section of the main text.

Plant treatment and headspace sampling

RIL plants in the glasshouse were treated with wounding and M. sexta regurgitant to
induce defense responses. Collection of regurgitant from caterpillars reared on N.
attenuata UT WT plants, storage, and treatment was as previously described (13, 14).
Briefly, the rosette-stem transition leaf (SO) or the first stem leaf (S1) (15) of elongated
plants was wounded using a pattern wheel on each side of the midvein and 20 pL of
regurgitant diluted 1:5 with distilled water were added to the wounds and gently rubbed
in with a clean, gloved finger. Following treatment, the leaf was enclosed in a clean,
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ventilated PET cup (ca. 650 mL) with two pieces of silicone laboratory tubing (ST, 1 mm
i.d. x 1.8 mm o.d.; Carl Roth, catalog number: 9555.1; Smm for each piece) to absorb
plant volatiles and equilibrate with the headspace over 24 h (16, 17). Transgenic plants
for screening were not elicited and the youngest rosette leaf was used for treatments and
volatile sampling from elongating plants. Volatile sampling from VIGS plants followed
the same protocol. For diurnal emission and light deprivation experiments using UT WT
plants, volatiles were sampled during the night (22:00-6:00), and every 4h after that over
the day. Light deprivation was applied by wrapping the collection cup with aluminum foil
from 10:00-14:00. To assess diurnal emissions of linalool in transgenic plants, the
headspace was sampled for three different periods: dusk (18:00-22:00), night (22:00-
6:00), and day (6:00-14:00).

TD-GC-QMS analysis

One piece of ST was placed into a glass TD tube (Supelco, www.sigmaaldrich.com)
and analyzed on a quadrupole GC-MS-QP2010Ultra equipped with a TD-20 thermal
desorption unit (Shimadzu). For linalool quantification in RILs, accessions and transgenic
plants, as well as the relative quantification of other terpenoids (Figs. S8 and S9,
Supplementary Datasets D2 and S3), a ZB-Wax plus GC column (Phenomenex, 30 m x
0.25 mm x 0.25 pm) was used to analyze total linalool. Desorption and analysis were
performed as previously described (16, 17). For enantiomer identification, a Cyclosil B
column (Agilent, 30 m x 0.25 mm x 0.25 um) was used and the GC program was
modified: the oven program started at 40 °C and after a 2 min hold, increased to 80°C at
40°C/min, then to 140 °C at 5 °C/min, then to 200°C at 40°C/min followed by a 1 min
hold.

Peaks were integrated using the target and reference ions listed in Table S1 and
compound identifications were based on comparison of spectra and retention indices
against NIST libraries. The linalool spectrum and retention time was compared to pure
standards [racemic linalool and (R)-(-)-linalool, Sigma-Aldrich].

QTL mapping

The genotyping of the AI-RIL population and linkage map were reported by Zhou,
et al. (3). QTL mapping was performed using R package QTLRel (18) following the
workflow previously described by Zhou et al. (3), based on the relative abundance of
each compound in the 261 lines of the population.

Measuring transcript abundance of genes

The transcript abundance of NaLIS, NaGPPS1, NaGPPS2 were measured using
gPCR. For correlation between internal free linalool (see below) and transcript
abundance, the youngest rosette leaf of an elongating plant was used for both volatile
extraction and RNA extraction. Total RNA was isolated and genomic DNA was digested
using the NucleoSpin® RNA Plant kit (MACHEREY-NAGEL) according to the
manufacturer’s protocol. About 1 pg total RNA were reverse transcribed using the
PrimeScript™ RT reagent Kit (TAKARA). The relative transcript abundance of the
target genes was measured using gPCR with a MX3005P PCR cycler (Stratagene).
Transcript abundance of NaLlIS in the VIGS experiment was measured the same way
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using similar leaves. The eukaryotic translation initiation factor SA-3 (IF5A3) was used
as reference for normalization. Primers used for gqPCR are listed in Table S3.

Measurement of internal free linalool and glycosides

Internal free linalool was extracted from leaf tissue using ST pieces (17) following a
protocol modified from van Pinxteren et al. (19) and Matsui ef al. (20). Briefly, the
youngest rosette leaf of an elongating plant was harvested, flash-frozen and ground in
liquid N2. Distilled water saturated with CaClz (0.8 ml) was added to ground tissue (~100
mg) in a 1.5 ml glass GC vial (Sigma-Aldrich) to inhibit enzyme activity. One piece of
ST (1 mm i.d. x 1.8 mm o.d.; Carl Roth, catalog number: 9555.1; Smm for each piece)
was placed into the vial to extract volatiles from tissue.

Linalool conjugates were extracted and released following a protocol modified from
Lucker et al. (21). Briefly, about 200 mg ground tissue (precise mass recorded) of the
youngest rosette leaf of an elongating plant was extracted with 1 mL 80% MeOH.
Extracts were dried completely under nitrogen gas in a 1.5 mL GC vial. Then 100 pL
citric acid/phosphate buffer (pH 5.2) and 100 pL almond B-glucosidase (Sigma) solution
(6 units) were added to the sample along with one piece of ST and incubated overnight at
37 °C. ST pieces with collected internal volatiles were washed in MilliQ water and dried
briefly under nitrogen gas before measurements.

Analysis of NalIS allelic variants and transcript abundance in 26 accessions

The genomic sequence of NalIS-UT was extracted from the genome data in the
Nicotiana attenuata Data Hub [http://nadh.ice.mpg.de, (22)]. Scaffolds containing the
NalLlIS-AZ sequence in the AZ genome were identified using NaLIS-UT as query.
Genomic and transcript sequences of NaLIS-AZ and NalLlS-UT were aligned using
megablast (https://blast.ncbi.nlm.nih.gov). The 3’ end of the NaLIS§ transcript alleles in
ten accessions were amplified using primers listed in Table S3.

The entire chromosome VIII was extracted from the reference genome (23) and the
region of interest was identified within it. The nucleotide sequence from that region was
aligned pairwise with the putative AZ sequence. The pairwise alignment was merged
using a python script to create an augmented reference sequence and was then indexed
using BWA (24). The whole genome sequences of 26 accessions were then aligned to
this augmented reference using bwa mem aligner (24). Additionally, MAKER?2 (25) in
conjunction with AUGUSTUS (26), SNAP (27), and Genemark (28) used to predict de
novo gene model within the augmented sequence. The mRNA sequence was extracted
from the gene model and RNA-Seq data from 26 wound elicited leaf samples were
aligned and quantified using kallisto (29) on the modified transcriptome containing the
“augmented” gene. Finally, to obtain the consensus sequence with respect to the
reference, genome coverage was calculated at each base in that region using bedtools
genomecov function (30) and filtered where coverage was greater than 1. The contiguous
bases were then merged using the bedtools merge function to identify the deleted regions.
These regions were then visualized in IGV (31) to visually confirm the deletions for each
accession.

Heterologous expression of NaLIS in Escherichia coli and extraction of recombinant
protein
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The full-length ORF of NalLlS§ as well as the N-terminal truncated ORF lacking the
region encoding a putative signal peptide (nucleotides 1-87) were amplified from cDNA
made from leaves of AZ and UT plants separately with primers listed in Table S3.
Purified PCR fragments were cloned into the bacterial expression vector pET200
(Invitrogen). The procedure of expression and protein extraction followed the previous
description (3).

Analysis of recombinant NaLIS

To determine the catalytic activity of NaLIS, enzyme assays containing 40 pL of the
bacterial protein extract and 60 pL assay buffer with 40 uM GPP, (E,E)-FPP, or (E,E, E)-
GGPP and 10 mM MgCl2, were performed in Teflon-sealed screw-capped 1.5 mL GC
glass vials. Assays were overlaid with 100 uL hexane, incubated for 120 min at 25°C,
and vortexed for 1 min to extract enzyme products from the aqueous phase. The hexane
phase was then collected and analyzed using GC-MS. As a negative control, raw protein
extracts from E. coli expressing the empty vector pET200 were incubated with the
substrates GPP, (E,E)-FPP, and (E,E,E)-GGPP, respectively, as described above. No TPS
enzyme activity was observed in negative controls.

TPS enzyme products were analyzed on an Agilent 6890 Series gas chromatograph
coupled to an Agilent 5973 quadrupole mass selective detector. Measurements using a
DB-5MS column (Agilent, Santa Clara, USA, 30 m x 0.25 mm x 0.25 um) followed the
procedure previously described (3). Product identification was done using authentic
standards (linalool, nerolidol, Sigma-Aldrich) or the WILEY mass spectra library
(geranyllinalool).

VIGS of NallIS

Two hundred bp of the coding sequence of NaLIS were amplified using PCR with
primers given in Table S3 and transferred into the PTV vector for VIGS. The VIGS
followed the procedures described by Galis, ef al. (32). Silencing efficiency was tested by
measuring transcript abundance using qPCR, and headspace volatiles were sampled, as
described above.

T-DNA copy number and integrity determination using NanoString‘s nCounter®
Technology

Procedures are described in the main text. Here, we provide details of the 12 code
probe set.

For the nCounter analysis, a 12 code probe set (sequences in Supplementary Dataset
S1) was designed from of 12 chosen target regions, which comprised 3 calibrator genes
that occur as a single copy in the genome of N. attenuata [AOC_2: allene oxide cyclase
(GenBank LOC109240002); S-RNase-2_1: ribonuclease S-7-like (GenBank
LOC109235079); sulfite_2: sulfite reductase 1 (GenBank LOC109217753)], and 9
functional regions present on the pNAT (33), pRESC (34-36), pSOL (33), and pPOP6
(37) binary vectors used in our group for the transformation of N. attenuata. These target
sequences are indicative of complete T-DNA insertions (TNOS+LB_1: terminator of the
nopaline synthase gene; hptll_3: hygromycin phosphotransferase gene; PNOS_1:
promoter of the nopaline synthase gene; P35S_1: cauliflower mosaic virus 35S promoter:
T35S_1: cauliflower mosaic virus 35S terminator; saf-/_1: streptothricin
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acetyltransferase; npt/l_1: neomycin phosphotransferase Il gene) or T-DNA overreads
(pVS1_3: pVS1 vector backbone; nptlll_3: neomycin phosphotransferase III gene) of the
specific transformation vectors. The oligonucleotides were designed by NanoString
(Seattle, WA, USA) and synthesized by IDT (Integrated DNA technologies). The
location of the target sequences on the binary plant transformation vectors is indicated in
Fig. S10B.

Manduca sexta rearing, pupation, mating

M. sexta used in this study were from an in-house colony. Eggs were collected from
D. wrightii plants placed in an oviposition cage (2m x 1.5m x 1m) with mated moths,
inside of a climate chamber (24 °C, light period: 0:00 to 13:00, relative humidity: 70%).
In the same chamber, eggs were hatched in a small plastic box (8cm x 5cm x 4cm) with
small holes on the lid and reared there with artificial diet (38) until the second instar.,
Then the caterpillars were transferred into a larger plastic box (30cm x 20cm x 20cm)
with a plastic shelf at the bottom and dirty boxes were regularly replaced with clean
boxes. When the caterpillars were ready to pupate, they were individually transferred into
holes in a wood block and covered by wood panels. Pupae were removed about two
weeks later. For oviposition assays in the wind tunnel or tent, male and female pupae
were separated and placed into paper bags in cages (1 m x 0.4 m x 0.4 m). The cages
were placed either in the climate chamber (wind tunnel), or at the Isserstedt glasshouse
where the tent was located (tent). Two days after emergence, two males and one female
were put into a cage (30 cm x 30 cm x 30 cm) for overnight mating. Mated females were
then used for assays on the following day. For the oviposition assay in the climate
chamber, approximately equal numbers of male and female pupae were regularly placed
on a paper shelf with holes in an open paper box in the chamber. Moths emerged from
these pupae were allowed to mate freely and kept in the chamber during the experiments.

Oviposition assay in wind tunnel, oviposition chamber and tent

The oviposition behaviors of newly mated M. sexta female adults were observed in
the wind tunnel of the MPICE. The wind tunnel (240 cm x 90 cm x 90 cm) was set to the
following conditions: 25 °C and 75% relative humidity, a wind speed of 0.4 m/s and a
light level of 0.5 lux (39). Plants and moths were placed into separate chambers having
the same conditions as the wind tunnel one hour before the assay (movement to chambers
at 13:00, assay at 14:00). Then a pair of plants was placed upwind in the wind tunnel at a
precise location such that the stems of plants (about 50 cm high) were 42 cm from each
other, 24 cm from each side and 30 cm from the upwind wall of the wind tunnel. A single
mated moth in a black mesh cage (15 cm x @13 cm) was placed onto a platform at the
downwind end of the tunnel (45 cm from the sides, 10 cm from the downwind end and 30
cm from the floor). Then the top and side parts of the cage were removed and the moth
was exposed to wind and plant odors. The wings of the moth were lightly touched by
fingers until the moth started beating its wings. The moth was allowed to fly in the wind
tunnel until it touched plants 10 times. The identity of the plant touched each time was
immediately recorded. After 10 touches, the moth was removed from the wind tunnel.
Then the plants were removed and the number of eggs on each plant was counted and
recorded. As a backup, a video camera (Logitech C615, USA, infrared filter removed)
recorded the wind tunnel from the release of the moth to the 10 touches of plants. For
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every comparison between two genotypes, 20 pairs of plants and 20 moths were assayed.
The relative placement of genotypes was switched for each moth.

Overnight oviposition of M. sexta adults was assayed in an oviposition chamber (1.4
x 1.5 x 2.0 m, light period: 6:00 to 22:00), where a small colony of M. sexta moths
containing about 3-5 females and a similar number of males of different ages were
continuously kept and regularly renewed. Two genotypes (4 plants each) were placed into
the chamber. Plants of the same genotype were positioned in one row and the two rows of
different genotypes were 1.5 m apart. The plants were kept there overnight (20:00-8:00)
with moths, and then plants were removed and the eggs on each plant were carefully
collected with fingers in gloves and counted. In total, 20 plants were assayed for each
comparison of two different genotypes. Relative places of the rows of different genotypes
in the chamber were switched every day.

Oviposition of M. sexta on multiple plants was further assayed in a tent located in
Isserstedt, Jena, Germany, in July, 2018. The tent (24 mx 8 m x 4 m, Amiran, Kenya,
www.amirankenya.com) is located outdoors and covered with mesh at the sides and
front, permitting air exchange (11). The ground of the tent lacked vegetation (mostly
grass) which was removed before experiments. Ten plants of each of six genotypes tested
were placed in the tent, forming a population of 60 plants with each plant positioned 1.5
m apart. The plants were distributed in ten blocks each containing all six lines, and the
positions of different lines were randomized within each block and randomly switched
within the block every day during the assay period. Each day, a single mated M. sexta
female moth was released into the tent at 16:00 and kept there overnight. The moth was
removed at 11:00 on the following day and eggs were carefully collected from each plant
without damaging the leaves. The number of eggs from each plant was counted. Different
moths (days) were used as replicates. In total, 16 moths were assayed and 12 moths
which laid a reasonable amount (> 20) of viable eggs were used for statistical analysis.

Metabolite extraction from plant leaves and M. sexta frass, and LC-MS analysis

One hundred mg ground leaf material or 30 mg M. sexta frass was extracted in 1 mL
80% methanol in a 1.5 mL Eppendorf tube. Two steel balls were added to the solution
with leaf or frass material and tubes were shaken twice at 1200 strokes/min for 1 min
using a Geno/Grinder 200 (SPEX SPEX SamplePrep, http://www.spexsampleprep.comy/).
Tubes were centrifuged at 16 000 g for 20 min at 4 °C and the supernatant was
transferred to a new tube and re-centrifuged. The supernatant (500 uL) was then
transferred to a glass vial with a Teflon cap containing a glass micro-insert
(MACHEREY-NAGEL GmbH & Co.KG).

Samples were analyzed on an Ultimate 3000 UHPLC equipped with an Acclaim
column (150 mm x 2.1 mm, particle size 2.2 pm) connected to an IMPACT Il UHR-Q-
TOF-MS system (Bruker Daltonics, http://www.bruker.com). The flow was set to 0.4
mL/min with a solvent gradient decreasing from 90% to 10% of solvent A (water, 0.1%
[v/v] acetonitrile and 0.05% formic acid) and increasing from 10% to 90% of solvent B
(acetonitrile and 0.05% formic acid) over 20 min after an initial hold of 1 min, followed
by column equilibration at starting conditions for 4 min. The MS settings were as
follows: end plate offset 500V, capillary 4500V, drying gas 10 L/min at 200 °C, detecting
mass range 50-2000 Da, spectra rate 5 Hz. Mass detection was calibrated using sodium
formate clusters (v:v, 10 mM NaOH: isopropanol/water containing 0.2% formic acid=
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50:50%). Raw data files were analyzed using Bruker Compass DataAnalysis software
version 4.3,

Caterpillar growth assay

For growth assays on detached leaves, the youngest fully expanded leaf [position +1,
(15)] was excised at the base of the petiole and placed into a plastic cup (ca. 650 mL)
with wet tissues at the bottom. One first-instar caterpillar was placed on the leaf and kept
there for 5 days, at which time the mass of individual caterpillars was measured using a
Sartorius BP analytical balance (precision: 0.1 mg, resolution: 0.1 mg, linearity: 0.2 mg,
Sartorius Lab Instruments GmbH & Co. KG).

Statistical analyses

F-tests were used to compare volatile compounds in the headspace of AZ and UT
plants, and Bonferroni corrections were used for multiple testing, n=5. Pearson’s
correlations were calculated for terpenoid emission versus predation rate; gene expression
of NaLIS, NaGPPS1, 2 versus emission of linalool; and headspace linalool versus
glucosidase-released linalool in accessions. Student’s t-tests were used to compare the
relative abundance of NaLIS transcripts or linalool emission between VIGS NaLl§ and
VIGS EV plants, n=10, and the mass of M. sexta larvae fed on AZ and ectopic expression
lines of AZ background, n=20. PCA analysis of the relative abundance of terpenoids
other than linalool emitted by ectopic expression lines was conducted with ClustVis on
centralized data (40). Sign tests were used to compare numbers of touches or eggs
received by plants of different genotypes in the wind tunnel or the oviposition chamber.
The number of eggs received by each plant in the oviposition chamber was transformed
to the proportion of all the eggs laid during the night, n=20. Friedman tests were used to
compare the number of eggs received by plants of six genotypes in the tent assay, n=12,
followed by Tukey-Kramer Multiple Comparisons tests for pairwise comparisons of
interest.

Regression and Student’s ¢-tests were performed in MS Excel. Sign tests were
performed in SPSS Statistics 17.0 (https://www.ibm.com/analytics/spss-statistics-
software). Friedman test and Tukey-Kramer Multiple Comparisons tests were performed
in GraphPad InStat (https://www.graphpad.cony/). The significance level was set at
p<0.05.
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Fig. S1. Variation of terpenoids between AZ and UT, and within an AI-RIL population from

crossing AZ and UT. A. Representative chromatograms of volatile compounds in headspace of
AZ and UT leaves (see Table S1 for compound IDs). B. RILs having different compositions of
six terpenoid volatiles, selected for the field predation assay shown in Fig. 1.
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Fig. S2. Mapped loci for individual herbivory-induced terpenes using 261 RIL lines.
Most terpenes are mapped to a similar locus on linkage group 3 (on chromosome II).
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N. attenuata S. lycopersicum
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Fig. S3. A single NaTPS was found within the mapped locus associated with linalool,
whereas the homologous region of the tomato genome contained a small cluster of
SITPSs. Putative TPS genes are shown as red bars, non-TPS genes in grey.
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Fig. S4. The NaTPS family and variation of herbivory-induced transcript abundance
between UT and AZ leaves. The subfamily is indicated by circled letters at the root of

each group. Green circles indicate the genes induced by M. sexta in UT leaves at least 2-

fold according to RNA-seq or microarray data from N. attenuata Data Hub
[http://nadh.ice.mpg.de, (19)]. Bars beside the gene show the relative fold of induction
(treated/control) of the gene in the two accessions (U: UT; A: AZ). Sequences of the
NaTPSs and TPSs from other species with known subfamilies are in Supplemental File

S1.
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Fig. S5. Linalool was only detected in the leaf headspace but not in the floral
volatiles of UT, and in leaves, the abundance of internal free linalool was correlated
with the transcript levels of NaLIS, NaGPPS2 but not NaGPPS1. A. Linalool emitted
by leaves or flowers of UT plants (mean+SE, n=3). Volatile collection time: 12 hours,
from 8:00 to 20:00. B. Abundance of internal free linalool in leaves of EV and transgenic
UT (irMPK4, a high volatile emitter) plants under different treatments (mean+SE, n=3);
ctrl: control; wrap: wrapping; ABA: abscisic acid. C. Relative transcript abundance of
NaLlS, NaGPPS1 and NaGPPS2 in same samples as in B (mean+SE, n=3). D.
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Correlation between the compound in B and the gene transcript level in C. FM: fresh
mass.
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Fig. S6. Biochemical characterization of recombinant NaLIS. The alleles were expressed
as full-length versions or as N-terminal truncated versions lacking the putative signal
peptide in Escherichi coli. Shown are data from the truncated proteins; the full-length
proteins had lower activity when expressed in E. coli. A. Western blot analysis of His-
tagged fusion protein of NaLIS-UT and NaLIS-AZ heterologously produced in E. coli.
The amount of the NaLLIS enzymes in E. coli raw protein extracts was analyzed using an
anti-His-antibody. Different volumes of NaLIS-AZ were compared to 10 pL NaLIS-UT.
Similar amount of NaLIS enzymes (10 pL NaLIS-UT extract and 1 uL. NaLIS-AZ
extract) were used for later assays in B. B. Products by empty vector and recombinant
NaLIS alleles from substrate (E,E)-FPP (left) and (E,E,E)-GGPP (right). Product from
GPP is shown in Fig. 2F C. Mass spectra of major identified enzyme products.
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Fig. 87. Linalool natural variation correlates with NaLIS allelic diversity in 26 N.
attenuata accessions, but not with the transcript abundance of NalLIS. A. Leaf linalool
emission after wounding plus M. sexta regurgitant treatment (mean+SE, n=3). B. NalLlS
allele diversity revealed by genome resequencing. Black bars on the top show the
structure of NaLIS ORF. Grey bars represent genomic sequences (Supplemental File S1)
of NaLlIS in different accessions. Darker grey bars indicate the sequence present in
NalLIS-AZ variants but missing in NaL{5-UT variants. C. Transcript abundance of NaLlS
in leaves after wounding plus M. sexta regurgitant treatment, from RNA-seq data. TPM:
transcripts per million.
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Fig. S8. Terpenoid volatiles other than linalool are similar to WT in ectopic expression
lines. Shown here are PCAs with 95% confident intervals based on all other detected
foliar terpenoid volatiles for ectopic expression lines of each background-transgene
combination and responsive WT plants. Input data are in Supplemental File S2.
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Fig. S9. Normalized linalool emission in ectopic expression lines and natural accessions.

Ectopic expression plants and natural accessions were measured in different batches of

plants containing AZ and UT EV (empty vector) or WT plants as control for each batch.

Emission of linalool was normalized to AZ control plants in each experiment. Ectopic

expression lines used for further experiments were 621, 622, 615, and 738.
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Fig. S10. Confirmation of single and complete T-DNA insertions in ectopic expression
lines using Southern blotting or Nanostring nCounter® technology. A. Southern blotting
with a probe for the hygromycin resistance marker gene HPTII for UT-738(S), UT-
719(R) and an unused line (middle lane) following digestion of genomic DNA with either
EcoR1 or Xbal. B. The map of the pSOL9 plasmid used for transformation. The location
of the probes (sequences in Supplemental File S1) used for nCounter analysis are shown
as black bars outside the circle. TNOS+LB_1, hptIl_3, hptll_3, PNOS_1, P35S_1 and
T355_1 are used to demonstrate single and complete T-DNA insertions. pVS1_3 and
nptll_1 are probes indicating overreads of the plasmid sequences outside of the T-DNA
borders, which do not affect the plant phenotype or its stable inheritance, but may be
mentioned when applying for field releases of transgenic plants. C. Counts of hybridized
probes to the sheared genomic DNA of independent ectopic expression lines; nptIIl_3
and sat-1_1 are probes with a sequence not present on the plasmid used as a negative
control. The positive control (“Control) is a line known to contain a single complete
insertion without overreads.
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Fig. S11. Both ectopically expressed and endogenous linalool emission have a diurnal
rhythm and the emission is directly regulated by the presence/absence of light. A: Light
deprivation during the middle of the day decreased the emission of linalool in UT plants
(mean+SE, n=3). Dark periods are indicated by grey bars. B: The emission of the foreign
enantiomer, (R)-(-)-linalool and endogenous enantiomer, (S)-(+)-linalool in the transgenic
lines in dusk (18:00-22:00), night (22:00-6:00) and day (10:00-18:00). mean+SE, n=3.
FM: fresh mass.
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Fig. S12. Oxidation/Conjugation of linalool does not regulate the natural variation of
linalool emission of N. atfenuata. A. Glucosidase treatment released an abundance of
linalool from leaves of N. attenuata natural accessions (mean+SE, n=3). B. Glucosidase-
released linalool is strongly correlated with linalool in headspace across the natural
accessions. C. Hydroxylinalool was also detected in glucosidase-treated leaf material
using GC-MS. D. Hydroxylinalool conjugates in leaves were detected using UPLC-
MS/MS. E. Ectopic expression of foreign LIS genes increased content of linalool in
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leaves (mean+SE, n=3). F. Enhanced linalool enantiomers and conjugates did not affect
the growth of M. sexta larvae. ns: not significant.
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Table S1. List of peaks integrated in headspace samples from W+R treated leaves of plants from
an AI-RIL population, and mean (£SE) peak areas in the “AZ" and “UT" parental lines. Numbers
in bold indicate statistically significant differences between accessions (Bonferroni-corrected
p<0.01 following an F-test).

Retention  Target Reference AZ S uT s
Index Name Time m/z m/z (Peak area x 10°) (Peak areax 10)

1 I-hexanal 7.75 56 41 0.42+0.06 0.45+0.06
2 (E)-B-ocimene 10.90 93 4.44+0.84 0.13+0.01
3 (Z)-3-hexen-1-ol-acetate 12.95 67 82.1 2.84+0.77 1.29+£0.24
4 unknown GLV 13.01 56 0.92+0.28 1.39£0.21
5 1-hexanol 14.16 56 69 0.93+0.18 1.20+0.28
6 (£)-3-hexenyl propanoate 14.80 67 57; 82 5.07+1.16 4.85+0.66
7 (£)-3-hexenyl butanoate 14.91 67 55; 82 25.5+5.25 30.9+£5.76
8  (E)-2-hexenyl butanoate 15.17 71 43 1.39+0.29 2.53x0.45
9  n-hexyl butanoate 15.66 71 56 1.14+0.34 1.52+0.38
10 hexyl-2-methyl butanoate 15.94 57 85; 103 0.59+0.18 1.21+0.23
11 (E)-3-hexenyl butanoate 16.90 67 82;55 48.2+12.7 40.5£8.90
12 (Z)-3-hexenyl valerate 17.15 67 82,57 44.5+12.0 40.5£6.03
13 (Z)-3-hexenyl isovalerate 17.53 67 82 1.55+0.27 2.17£0.19
14 linalool 19.19 93 0.56+0.09 0.16+0.02
15  a-duprezianene 19.78 119 161; 91 2.39+0.29 2.98+0.57
16 (E)-a-bergamotene 19.85 119 107 0.35+0.06 13.4+3.37
17 P-elemene 19.92 147 189 0.01+0.00 0.68+0.21
18  (2)-3-hexenyl caproate 20.34 82 67;99 16.5£3.31 20.7+£4.09
19 unknown GLV 20.56 82 67,99 5.65+1.79 8.55+1.81
20 (Z)-3-hexenyl hexanoate 21.66 67 82; 141 0.61£0.13 0.55+0.08
21 unknown GLV 21.87 67 82;55 12.2£2.91 19.7+3.63
22 o-terpineol 22.62 93 121; 136 2.00+0.31 6.43+1.18
23 sesquiterpeneRT22.7 22.68 161 147 0.02+0.00 0.25+0.05
24 sesquiterpeneRT22.8 22.83 93 121 0.10+0.03 1.66+0.34
25  sesquiterpeneRT23.0 22.96 93 189; 133 0.06+0.02 1.89+0.45
26 unknown GLV 23.15 67 55; 82 4.42+1.35 4.35+£0.94
27  o-farnesene 23.71 93 107 0.48+0.12 0.01+0.00
28  sesquiterpeneRT23.8 23.80 93 147 0.02+0.00 0.76+0.20
29  sesquiphellandrene 24.07 93 161 0.03+0.01 0.21+0.04
30  sesquiterpeneRT24.2 24.24 93 119 0.05+0.01 0.26+0.03
31  nicotine 26.18 84 133; 162 67.4+16.4 233+51.4
32 benzyl alcohol 26.46 79 108; 77 19.0+0.77 15.3%1.75
33 sesquiterpeneRT27.3 27.39 121 93 7.31+0.87 9.54+1.54
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Table S2. Transgenic lines used in this study.

Elill:rl:ber Abbreviation Background Trans-gene Enl;?:;:‘i?ﬁg;ilml

A-09-620  AZ-620(S5)

A-09-621 AZ-621(S)

A-09-622  AZ-622(S)

A-09-636  AZ-636(5) AZ

A-09-638  AZ-638(95)

A-09-658  AZ-658(S5) _

A-09910  AZ-910(S) CHLIS Tull ORF [Genbank: = ¢, ) linalool)
CBUS58314, (4)]

A-09-915 AZ-915(S5)

A-09-615 UT-615(S)

A-09-736  UT-736(S)

A-09-738 UT-738(S) uT

A-09-745  UT-745(S)

A-09-746  UT-746(S5)

A-09-597 AZ-597(R)

A-09-625  AZ-625(R)

A-09-630 AZ-630(R) AZ

A-09-912  AZ-912(R)

A-09-946 AZ-946(R)

igzﬁg Emgﬁ OPLIS full ORF [GenBanks = b ) Hnalool
AY693647, (5)]

A-09-788  UT-788(R)

A-09-789  UT-789%(R) uT

A-09-815 UT-815(R)

A-09-1168 UT-1168(R)

A-09-1170 UT-1170(R)

A-09-1174 UT-1174(R)

Fragments of NaMPK4 [GenBank:
A-08-119  irMPK4 uT HQ236013, (9)] in inverted repeat *

orientation

Lines in bold: selected for assays of oviposition preference and larval growth. *This line generally
emits more all kinds of N. attenuata volatiles than WT plants.
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Table S3. Primers used for gPCR or PCR amplification in this study.

Experiment Gene Primer
qPCR NalI§ Forward TACATGAGATCACCTTATAGGGCAC

Reverse ~ TGCATAGATTTCCCCACGTCT

NaGPPS1 Forward CATTGAAATGATCCATACTGCAAGC
Reverse = CCAGCCAGTACTGCCACTC

NaGPPS2 Forward TATGGGAAAAATTTGGGCTTGGC
Reverse ~ TGGCATACAATATAGGGGCAGTT

IF5SA3F Forward GTCGGACGAAGAACACCATT

Reverse = CACATCACAGTTGTGGGAGG
TAGAACTAGTGGATCTGTGTCGCGGTAGCTAAAG

VIGS NallS Forward A
Reverse ~CCCCCTCGAGGTCGAGGAGTGCATGTGCTCTCAGT
Transcript size NaLIS-UT CDS Forward ATGGCAATGACTAGAGCACTCTCC

Reverse ~ CTATTGTTCCGTGGCAAATTCAGA
NaLIS-AZ CDS Forward ATGGCAATGACTAGAGCACTCTCC

Reverse =~ CTACACATGCAACATAGACTTGATGT
NaLIS-transcript Forward GCACTCTTTACAGATCCAAGAATGT

Reverse ~ CTATTGTTCCGTGGCAAATTCAGA

N-terminal truncated NaLIS-UT Forward CACCATTCAGGTTTCATGCGGAAGCTC
Reverse  CTACACATGCAACATAGACTTGA
NalIS-AZ Forward CACCATTCAGGTTTCATGCGGAAGCTC

Reverse  CTATTGTTCCGTGGCAAATTCAGA
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Discussion

I will begin the discussion with an overview of the existing and evolving molecular tools in
the genomics era, introduce some ecological and evolutionary conceptual frameworks, and
discuss the results presented in this dissertation in the context of these models.

Ecology in the genomics era

The major technical theme in this dissertation is the use of multi-omic data, especially
genomics and metabolomics to elucidate complex ecological interactions at a molecular
level. The integration of genomics into ecological research took place in the beginning of
this century, which gradually shifted the research focus towards investigating the genetic
basis of organismal responses to natural environments (Tanksley, 1993; Mitchell-Olds et al.,
2007), and testing functional hypotheses using genetically modified organisms. Around
the same time, it became apparent that evolutionary processes can occur rapidly enough
to influence ecological dynamics and vice versa, necessitating the inclusion of evolutionary
considerations in ecological studies (Hairston Jr et al., 2005). This realization opened up
new possibilities for ecology as a discipline to embrace genomic tools, allowing for the
identification of genetic mechanisms associated with ecological traits. Furthermore, this
approach provided insights into the population-scale effects of genetic factors, down to the
resolution of individual genes.

The initial step of identifying genes associated with a specific trait of interest can
be accomplished through the use of forward genetic approaches. This methodology
typically involves conducting a screening process to identify a mutant phenotype within
a population, which can arise naturally or be induced through artificial means, such as
ethyl methanesulfonate-mutagenesis carried out in Arabidopsis plants (Campos et al.,
2016). The population is subjected to phenotyping, and the causal mutations, genes, or
quantitative trait loci (QTLs) responsible for the observed phenotype are identified using
various genetic mapping techniques, fine mapping strategies, positional cloning, and
other advanced genomic tools (Schneeberger, 2014; Pereira et al., 2020). Traditionally,
positional cloning has been employed to identify the causal mutations, a process that is
known for being laborious, expensive, and time-consuming due to the low recombination
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rates observed in the target regions (Lukowitz et al., 2000). However, with the advent of
genome sequencing, the identification of causal mutations can now be achieved rapidly
and at a relatively low cost. By comparing the genomes of the sample of interest with
an available reference genome using bioinformatic tools, the precise locus of genetic
variants can be identified. While both the sequencing and computational costs have
decreased rapidly in the last decade, analyzing large and complex genomes, such as those
of polyploid plants still remains a major challenge (Kyriakidou et al., 2018). The advantage
of employing a forward genetic approach is its ability to uncover novel genes that may not
have been considered as candidates based on a priori knowledge. However, it is important
to acknowledge the technical limitations associated with detecting loci of small effect, as
highlighted in previous studies (Otto and Jones, 2000; Rockman, 2012). Another drawback
of forward genetic approaches lies in their inherent bias towards phenotypes that exhibit
readily observable differences between populations. This bias may lead to the overlooking
of traits that are less apparent but still crucial for adaptive processes.

Another essential requirement for a successful forward genetic screen is a high-quality
contiguous reference genome assembly that accurately detects variants and identifies
candidate genes linked to the traits of interest. Nicotiana attenuata, which has undergone
a genome triplication event, presents a significant technical challenge in this regard, due
to high number of repeat regions, making the genome assembly process difficult with
short reads, thereby resulting in a fragmented genome (Xu et al., 2017). In Manuscript
III, we employed a synteny approach, as previously used to identify another terpene
synthase gene (Zhou et al., 2017), where the variant genomic region was compared with
the analogous Solanum lycopersicum genome to identify the causal gene associated with
variations in linalool emissions. To solve this reliance on other genomes in identifying
causal genes, we assembled a contiguous N. attenuata genome from PacBio long reads.
Although long reads can make the overall genome assembly more contiguous, they are
often error prone at random bases, and can thus lead to false positives while performing
variant call (Korlach and Pacific Biosciences, 2013). To overcome this, we polished the
assembly with short Illumina reads, and super-scaffolded it using BioNano optical maps
to achieve a chromosome-length assembly. This improved genome was then used in
Manuscript II to identify the causal gene (NaJAR4) associated with JA-Ile variation in the
MAGIC population without relying on other genomes as previously done in Manuscript
IIT and by Zhou et al. (2017).

In contrast, the goal in reverse genetics is to investigate the impact of induced
variation within a specific gene and to infer its biological function. This can be achieved
through techniques such as gene knockout, knockdown, or over-expression through
various techniques such as RNA interference (RNAIi), ectopic expression, or through
genome editing such as CRISPR-Cas9 (McGinnis, 2010; Zhu et al., 2020). This allows
researchers to hone in on the specific effects of the particular gene, enabling the direct
assessment of its function in a biological process. The N. attenuata silenced lines used in
this dissertation have been transformed using the stable RNAi approach, which makes it
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heritable and the turn around time is relatively fast, where phenotypes can be observed in
the T, generation (Gase et al., 2011). However, a disadvantage of the RNAi approach is that
some genes can be resistant to silencing by exogenous RNA, probably because of sequence
or structural features of these genes. Also, transcripts of genes that are similar in sequence
to the target locus may be inadvertently co-silenced together with the actual target gene,
leading to ‘off-target’ effect, thereby making it difficult to interpret the results.

Both forward and reverse genetic approaches serve as valuable tools in unraveling
the intricacies of genetic adaptation. Their combined use allows us to achieve the broad
objective to understand the fitness consequences of specific phenotypes, decipher the
underlying genetic architecture, and comprehend the selective pressures influencing traits.
While each approach offers valuable insights, they are inherently limited in providing a
complete picture individually. Therefore, by synergistically combining these approaches,
we can harness their collective power and gain a more comprehensive understanding of
the complex puzzle of adaptation genetics (Barrett and Hoekstra, 2011). For example,
forward genetics can identify novel genes and pathways underlying a specific phenotype,
and reverse genetics can subsequently confirm the roles of these genes by manipulating
their expression and studying the resulting ecological or fitness effect as employed in both
Manuscript II and Manuscript III. Interestingly, two different mapping populations
have been employed in these two studies, MAGIC population in Manuscript II and an
AI-RIL population in Manuscript III. The N. attenuata MAGIC population captures a large
portion of the genetic diversity of the species, and in general has been proven to be very
powerful in dissecting genetic basis of various traits in other systems (Scott et al., 2020).
Whereas, the AI-RIL is a bi-parental mapping population, which makes it more tractable
both computationally and logistically, but comes at a cost of limited pool of genetic
diversity compared to MAGIC population. The N. attenuata AI-RIL population consists
of the well characterized UT and AZ genotypes as its parents, which in principle makes it
a subset of the larger MAGIC population. By integrating information from these forward
genetic tools, and complementing it with reverse genetic approaches, we can validate the
functions of identified genes and gain a deeper understanding of the ecological processes
in which they are involved and assess their impact on organismal fitness. Moreover, the
emergence of high-throughput DNA/RNA sequencing technologies has facilitated the
integration of forward and reverse genetics approaches rapidly and in a cost effective
manner (Ben-Amar et al., 2016; Sahu et al., 2020).

DNA sequencing plays a dual role in unraveling both mechanistic and evolutionary
aspects of biological systems. On one hand, DNA sequence provides a template for
molecular biologist to derive mechanistic understanding of how biological processes occur
at the molecular level. On the other hand, DNA sequence data also enables the study
of evolutionary processes and the reconstruction of evolutionary relationships among
organisms by studying the single nucleotide polymorphism (SNP) or conserved sequences
between diverging populations or species. Additionally, DNA sequence can bring together
these two camps into providing mechanistic insights into evolutionary change, such as the
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identification of genetic mutations which lead to variance in traits under selection, and
genomic rearrangements that drive evolutionary function. Thus it becomes a double edged
sword and has led to numerous debates of scientists talking past each other. The source of
the debate arises from the definition of the word “function” (Garson, 2016), which can be
broadly delineated into two categories, causal role (CR), and selected effect (SE) (Garson,
2016).

In the context of the biological function of DNA, CR refers to the specific contribution
or influence of a particular DNA sequence or gene on a biological process or phenotype.
It refers to the direct cause-and-effect relationship between the DNA sequence and the
observed effect. CR emphasizes the mechanistic understanding of how DNA sequences
function in biological systems. On the other hand, SE relates to the evolutionary
perspective of DNA function. It considers the role of DNA sequences in contributing
to an organism’s fitness and survival through natural selection. The SE focuses on
the evolutionary consequences of DNA sequences, highlighting their ability to confer
advantages or disadvantages in terms of adaptation, reproductive success and overall
fitness.

This debate reached its pinnacle with the publication of the ENCODE project, which
proposed that over 80% of the human genome was functional in the CR sense (ENCODE
Project Consortium, 2012). However, contrasting this perspective, a significant body of
literature suggests that a much smaller portion, at most 25% and likely even less, of the
human genome is subject to selection and thus possesses a SE function (Doolittle and
Brunet, 2017). The ENCODE project did not distinguish between the SE and CR viewpoints
of function, sparking extensive discourse among biologists, particularly regarding the
functional role of transposable elements (TEs), often regarded as “junk DNA” (Doolittle
and Brunet, 2017). Although TEs contain expressed and regulated genes, their adaptations
primarily serve their own propagation selfishly, and lack necessary positive contributions
to the fitness of the host organisms in whose genomes they reside (Orgel and Crick,
1980). Consequently, when defining function, it is crucial to consider the specific frame
of reference in which it is being evaluated. For example in Manuscript II we show that
the NaJAR4 locus does have significant fitness effect in environments lacking herbivores,
thus one can argue that this locus has a SE function. However, the functional definition
of the NaLlIS locus investigated in Manuscript III should be limited to CR since we show
how it affects linalool levels, but do not show a direct fitness effect associated with the
locus. However, we note that the effect of M. sexta oviposition based on the plant’s genetic
background might ultimately result in fitness effect, but it needs to demonstrated.
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The Selfish Gene model

“We are survival machines - robot vehicles blindly programmed to preserve the selfish
molecules known as genes. This is a truth which still fills me with astonishment.”

- Richard Dawkins, The Selfish Gene

Richard Dawkins in his seminal book, “The Selfish Gene”, presented the contrasting
roles of individual organisms and genes in the process of natural selection (Dawkins, 1976).
To reconcile this conflict, Dawkins introduced the concepts of “replicator” and “vehicle.”
Replicators represent the fundamental units of selection and correspond to DNA, entities
that persist and replicate, leading to lineages of identical copies with occasional random
alterations. These replicators come together and form cooperative entities called “vehicles,”
which encompass higher organisms. The vehicles serve as the collective framework for the
survival and propagation of replicators. It is worth noting that in this context, the term
“gene” encompasses stretches of DNA that impact traits within an organism, including both
coding and non-coding elements such as transposons and siRNAs, extending beyond the
conventional notion of coding regions transcribed into proteins.

The notion of a genotype (the “vehicle”) optimizing its fitness in relation to its
environment can be enticing, however, this perspective can be problematic and overlooks
a fundamental flaw. Individuals with optimal phenotypes will inevitably produce offspring
with suboptimal phenotypes due to random mutations and recombination, resulting in
reduced fitness, or due to change in the environment itself. In contrast, the concept of
the selfish gene as an optimizer overcomes this challenge through gene-level selection,
where multiple agents affecting conflicting traits evolve mechanisms that lead to an
adaptive compromise at the individual level. Consequently, individuals can exhibit strong
adaptation even if there isn't a specific trait they optimize (Dawkins, 1990; Haig, 2014).
Similarly, in the context of plant-insect interactions, it may be tempting to favor an
individual-centric evolutionary model over a gene-centric one, but as Haig argues that
organismal phenotypes often arise as by-products of selection acting on multiple loci (Haig,
2014). This notion is empirically supported by the OS-elicited gene network analysis and
subsequent metabolic response characterization presented in Manuscript II.

In Manuscript II, we identified four hub genes from an OS-elicited gene co-expression
network. Upon silencing these genes using RNAi, the metabolic response of the silenced
lines provided insights into the potential role of each of these genes in buffering the
deleterious effect of the NaJAR4 mutation through gene regulatory networks. This
buffering mechanism closely aligns with the “parliament of genes” model, which offers a
gene-centric perspective on evolution and highlights the ability of genes to suppress selfish
genetic elements that may reduce the fitness of other genes in the organism (Leigh, 1971;
Scott and West, 2019). Given that the other genes in the organism far outnumber the
selfish genetic elements, there is a collective interest among these genes to suppress them,
leading to a resolution of conflicts and ultimately favoring fitness maxima at the individual
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level (Strassmann and Queller, 2010; Queller and Strassmann, 2018). We propose that the
conserved OS-induced gene co-expression network in natural accessions of N. attenuata
is analogous to such a parliament of genes, potentially providing a buffering effect against
the deleterious NaJAR4 mutation against herbivory. In other words, for the deleterious
NaJAR4 allele, even though it selfishly tries to propagate itself, the effect is buffered by the
larger “parliament of genes”, that ultimately maximize the individual fitness. Furthermore,
this model also hints at a large gene level interaction network at play, such as that of an
“omnigene” model (Boyle et al., 2017; Liu et al., 2019), as discussed in Manuscript II.

However, Dawkins notes that Darwinian selection does not directly operate on genes
themselves, but through their effects, that is phenotypes. Natural selection favors certain
genes over others not due to their intrinsic nature, but because of the consequences they
bring about in their phenotypic effects in the real world (Dawkins, 1976). The formal
Darwinian definition of “individual fitness” entails the production and propagation of
new individuals, not just somatic survival of selfish genes. Very often these phenotypic
effects can extend beyond individual organisms, thus making it important to understand
an individual’s fitness in an ecological context. To avoid philosophical conflicts, we need
to employ a pluralistic view to have a holistic understanding of the system considering
the alternative hypotheses at the same level of analysis (Sherman, 1988). Thus, rather
than searching for a universal maximization mechanism underlying natural selection,
it can be more fruitful to identify the specific biological circumstances where natural
selection consistently produces phenotypes that potentially maximize fitness, such as in
Manuscript II and III. By doing so, we can gain insights into the evolutionary history of
populations exhibiting these phenotypes, leading to a more comprehensive understanding
of the biological system, as proposed in Manuscript I.

For example, in Manuscript III, we show the role of linalool chemistry on oviposition
patterns of Manduca sexta, which varied depending on the environment complexity.
Plants producing (S)-(+)-linalool attracted more moths for oviposition, while an increase in
(S)-(+)-linalool through genetic manipulation resulted in reduced oviposition. In contrast,
(S)-(+)-linalool supplementation in the UT background led to moths being repelled in a
wind-tunnel assay, but showed no effect in more complex environments. The impact of the
(R)-(-)-linalool enantiomer on oviposition varied among AZ and UT plants, despite the
higher (R)-(-)-linalool emissions in UT lines. Interestingly, in an outdoor tent experiment
with all the WT and ectopic expression lines, there was no significant preference among
different lines for oviposition; however, female moths tended to prefer the AZ background
lines. Typically, in such a scenario, gravid female moths seek to maximize fitness by
selecting host plants that can provide nourishment for their emerging larvae, ensuring
survival. This selection is driven primarily by olfactory cues (Spathe et al., 2013), which
also play a role in pollination for the plant, providing nectar as a reward, resulting in an
antagonistic and mutualistic interaction between the host plant and the moth. However,
for the moth, the selection pressure between these two behavior differ: oviposition and
host selection can directly affects the fitness of the individual, whereas feeding behavior
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does not (Spathe et al., 2013). In contrast, for the plant, moth pollination offers an
advantage in maintaining a diverse genetic pool through out-crossing, but at the same
time oviposition leads to herbivory, incurring a fitness cost. Analyzing the foliar metabolic
profile of these WT and ectopic expression lines challenged with M. sexta herbivory, and
assessing their volatile bouquet’s impact on predation rates of M. sexta larvae and eggs, we
can quantitatively test how plants resolve this conflict and optimize their fitness.

It thus becomes essential to acknowledge and examine the presence of these
evolutionary conflict occurring within and between biological systems. Biological conflict
arises from the inherent tension that exists between interacting organisms or selfish
genetic elements, occurring at different levels, including between individuals, between
species, or even within an individual organism as discussed. Such conflicts stem from
the divergent interests and selective pressures acting on different entities, leading to
competition, antagonism, or trade-offs (Queller and Strassmann, 2018). Investigating
and elucidating these conflicts can provide key insights into the dynamics of ecological
interactions, the evolution of traits, and the overall formation of biodiversity.

Growth defense trade off

In plant-herbivore interactions, a fundamental phenomenon that has been studied in
great detail is the growth-defense trade-off (Ziist and Agrawal, 2017). This trade-off refers
to the allocation of often limited resources by plants, where they must strike a balance
between investing in growth and allocating resources towards defense mechanisms against
herbivores. Plants face a continual challenge of optimizing their growth for reproduction
and survival while simultaneously defending themselves against herbivory (Cope et al.,
2021). Allocating resources to defense traits such as physical barriers, chemical deterrents,
or induced defenses can come at the cost of growth and reproductive potential, ultimately
affecting their fitness. In order to understand the effect of herbivory on plant fitness and
the underlying evolutionary process, we need to first understand and quantify the cost
associated with plant defense.

Plant defensive traits or compounds require precursor molecules obtained from
primary metabolism, together with energy and metabolites required for various other
processes involved in the synthesis, modification, transport, and maintenance or storage of
these metabolites. Consequently, the metabolic cost associated with these activities can be
substantial and can act as a significant limiting factor in plant development (Gershenzon,
1993). At the same time, there is conflicting empirical evidence regarding whether such
metabolic costs ultimately manifest as fitness effects (Koricheva, 2002). While it is
commonly proposed that the direct competition for resources or allocation costs between
two traits is the primary causal factor driving trade-offs, this perspective may oversimplify
the intricate allocation processes in plants (Karban and Baldwin, 2007). For instance,
when N. attenuata plants were induced with methyl jasmonate (MeJA) in hydroponic
chambers, their allocation towards reproduction remained relatively unaffected despite
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the substantial increase in nitrogen allocation for nicotine production. Conversely, when
these plants were grown in their natural habitats with varying soil nitrogen content, a
significant difference in estimated fitness was observed between the two groups (Baldwin
et al., 1998). Thus, evaluating the allocation costs within the appropriate environmental
context becomes crucial. It is important to acknowledge that while resource availability
serves as a limiting factor influencing trade-off decisions, phenotypic variation is also
driven by biotic and abiotic interactions experienced by individuals over time and space.
In this case, plants are required to balance resource allocation with the probability of
herbivore attacks, which ultimately shapes their fitness in a context-dependent manner.

In Manuscript II, we assessed the cost of induced defense by evaluating the activity
of MeJA-induced trypsin protease inhibitor (TPI). TPI has been demonstrated as a potent
defense mechanism against herbivores, working in synergy with other deterrents like
nicotine (Steppuhn and Baldwin, 2007), and was associated with substantial fitness costs
when plants are grown in competition (Zavala et al., 2004). We show that MeJA-induced
NaJAR4 variant lines exhibited a 37% increase in seed capsule production compared to
lines carrying the intact NaJAR4 allele when grown in an herbivore-free environment.
This finding suggests that these variant lines may have adapted to their deficiency in
NaJAR4 mediated jasmonate (JA)-signaling, and when heavily induced with MeJA in this
case, they exploit this deficiency to maximize their seed set. Additionally, we observed
only minor differences in the induced metabolic defense response between the NaJAR4
variant lines and the non-variant lines. This result revealed how the genetic background
of an individual influences trade-offs and underscores the role of individual genotype in
determining the allocation cost, which ultimately affects fitness in this particular case. It
is worth noting that N. attenuata plants germinate post fire events, leading to competition
among conspecifics for ephemeral resources. Therefore, to effectively assess fitness
outcomes and growth-defense trade-offs in ecologically realistic conditions, experiments
should be conducted in resource-limited environments. This concept aligns with Charles
Darwin’s observations in the Galdpagos Islands, which formed the basis of “The Origin
of Species”, where he observed that adaptive traits evolved in species facing resource
limitations, enabling them to maximize their fitness in such environments.

All these observations raises a fundamental question: why do these trade-offs exist
in nature? A leading hypothesis suggests that trade-offs in fitness enhancing traits,
including those across different environments, are essential for maintaining genetic
diversity within a species (Fritz and Simms, 2012; Agrawal, 2020). Two decades earlier,
when the growth-fitness trade-off associated with TPl was demonstrated by Zavala et
al. (2004), it was not contextualized in its evolutionary context (discussed in Agrawal
(2020)). Manuscript II attempts to address this gap by elucidating how TPI, which is
regulated by jasmonoyl-L-isoleucine (JA-Ile) (Wang et al., 2007), which in turn is affected
by NaJAR4 variant allele which is maintained in natural populations under a balancing
selection regime. Our results reveal substantial gene flow among populations harboring
this allele at varying frequencies, suggesting that balancing selection resulting from
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environmental stochasticity and phenotypic plasticity, rather than frequency-dependent
niche adaptations, contribute to the preservation of this variation in the gene pool of
N. attenuata, consistent with the hypothesis. Although our glasshouse experiments
demonstrate that a 50% reduction in TPI production can lead to a 37% increase in seed
production under ecologically realistic conditions, it remains uncertain how plants truly
benefit from the trade-off against TPI in the presence of multiple biotic and abiotic
stresses in natural field conditions. Nevertheless, this genetic diversity potentially provides
a reservoir for trait variation within populations which might manifest under certain
environmental conditions buffering emergent environmental stress, elegantly described as
“evolutionary capacitance” (Bergman and Siegal, 2003).

Evolutionary trade-offs can also shape trait variation in higher trophic interactions by
allocating limited resources towards different advantageous traits. A field study involving 16
milkweed species (Asclepias spp.) and its major herbivore (the aphid Aphis nerii) in different
soil conditions with variable predator pressure demonstrated that the cascading effects of
predators on plant biomass were not associated with predator-herbivore interactions, but
rather with the trade-off between herbivore tolerance and the effects of soil fertility on
plants (Mooney et al., 2010). Additionally, the emission of volatile organic compounds
(VOCs), specifically sesquiterpenes, was found to positively correlate with the top-down
effects of predators on plant biomass, providing a mechanistic insight into this interaction.
Similarly, in N. attenuata natural accessions, OS treated VOCs from leaf headspace show
substantial variation (Halitschke et al., 2000), which was also recapitulated in Manuscript
III, and moreover, the emission of linalool significantly correlated with predation rates of M.
sexta eggs and larvae. This variation in linalool emission was driven by allelic variation in
the NaLlIS gene between two well-characterized N. attenuata genotypes, UT and AZ. The UT
genotype, harbors a 766 basepair deletion in one of the exons of the NaLIS gene, and emits
only trace amounts of linalool. Interestingly, the AZ genotype is impaired in producing
TPIs due to pseudogenation of the TPI gene but UT harbors an intact allele of the gene (Wu
et al.,, 2007). This negative correlation between linalool emission and TPI production in
these two accessions suggests an evolutionary trade-off within the N. attenuata populations.
Indeed, previous research by Schuman et al. (2012) showed that when TPI production was
silenced in plants with UT background, predation of M. sexta larvae and eggs by Geocoris
spp. was higher compared to WT plants, which the authors hypothesize is due to Geocoris
spp.s preference for TPI-silenced line fed larvae, which are more nutritious. This hypothesis
can be rigorously tested by planting the AZ and UT genotypes in their native habitats, and
conducting predations assays involving the native predators, at the same time measuring
the emitted VOCs.

Thus, a comprehensive understanding of the growth-defense trade-off employing
natural populations, coupled with advanced genomic and metabolomic platforms, can
provide both mechanistic insights into plant function, while also uncovering the broader
ecological and evolutionary role of these trade-offs. This knowledge can offer valuable
guidance for conserving global biodiversity in the face of rapidly changing world climate,
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and considering that plants often hold a central position in most ecosystems, they should
thus be accorded a significant priority.

Conclusion and outlook

The advent of high-throughput sequencing, advanced chemical analysis techniques
and remote sensing technologies has revolutionized ecological research and greatly
enhanced our ability to test long standing hypotheses. Recently by integrating unbiased
metabolomics and transcriptomics and applying sophisticated statistical tools, predictions
of optimal defense and moving target theories on plant defense were tested (Li et al., 2020).
However, a major challenge lies in effectively integrating diverse data obtained from
various platforms and formats across the genotype-phenotype continuum, performing
robust data exploration and forming critical hypothesis, and analyzing and interpreting the
final outcomes. To address this, it is imperative to incorporate more robust visualization
tools, advanced multi-omics analysis approaches using better statistical models and
bioinformatic tools, and provide them with high quality a priori information to reduce
false positives. The manuscripts presented in this dissertation, provides a framework to
evaluate natural variation in ecological and evolutionary context, which we subsequently
apply to elucidate the role of natural variation in N. attenuata defense response, and also in
its higher trophic interactions. We integrated high-throughput genomics, transcriptomics,
and metabolomics together with field observation data on various ecological traits, and
contextualized these natural variations with the natural history of the species.

Today, when sequencing genomes has become a routine procedure, we are entering
the “pan-genomic” era, where we can simultaneously asses genetic variation associated with
traits at a population scale, which was previously not captured through a single reference
genome (Jin et al., 2023). Assimilating this wealth of data would now require researchers to
critically develop robust alternative hypotheses at the same level of analysis (Sherman, 1988)
and this presents an unprecedented opportunity to draw holistic inferences of organisms at
a population level and drive conservation efforts of our biodiversity.
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Summary

Plants have been instrumental in shaping Earth’s natural history, comprising a substantial
portion of biomass and serving as the primary food source for heterotrophs. Insects,
particularly herbivores, exert selective pressures on plants, driving the evolution of diverse
defense strategies in them. These plant-insect interactions were first recognized by
scientists in the 18" century, and later, in the 19" century, biologists began to appreciate
the impact of plant chemistry on herbivore behavior, leading to the emergence of the field
of chemical ecology.

This dissertation describes various aspects of plant-herbivore interactions in N.
attenuata by examining natural variation through two mapping populations, and its
implications on plant fitness and defense responses. We first define a framework
to understand natural variation, specifically in the jasmonic acid (JA) pathway in an
ecological context, and subsequently identify a genetic variation in the NaJAR4 gene,
which conjugates isoleucine to JA, thereby significantly affecting jasmonoyl-L-isoleucine
(JA-Tle) levels. When elicited with methyl jasmonate, different NaJAR4 variants in N.
attenuata natural accessions exhibit varying fitness outcomes, which can be explained by a
JA signaling-regulated growth defense trade-off. Transcriptome analysis of Manduca sexta
oral secretions and regurgitant (OS)-elicited natural accessions of N. attenuata revealed
that the NaJAR4 mutation is embedded in a gene co-expression network coordinating
defense responses against herbivory. By manipulating hub genes in the gene network we
test the metabolic responses to OS-elicitation, which were either proportional to JA-Ile
accumulations or made the plants constitutively induced. This suggests a possible buffering
effect of the gene network on the NaJAR4 mutation, which together with varying herbivory
loads perhaps allow the mutation to persist in natural populations. Furthermore, from
seed collections of natural populations spanning a decade, we find that these variants occur
at variable frequencies, indicating that that balancing selection through spatio-temporal
variation is acting on the NaJAR4 loci. These results demonstrate the context-dependent
nature of plant-herbivore interactions, where biotic and abiotic factors together with
genetic variation influence plant fitness and defense responses.

Additionally, the dissertation explores the ecological importance of volatile organic
compounds (VOC), uncovering natural variation in the NaLIS gene in N. attenuata
plants that affects the emission of OS-elicited linalool from leaves, a common VOC, and
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is significantly correlated with predation of M. sexta by native predators in the field.
Furthermore, by manipulating the NaLIS gene, we demonstrate that the impact of linalool
on M. sexta oviposition preference depends on the linalool chemistry, plant genetic
background, and environmental complexity. Thus, the presence of enzymatically inactive
variants like NaJAR4 and NallS, together with evidence of balancing selection, highlights
the dynamic interplay between genetic diversity, environmental complexity, and herbivore
behavior in maintaining adaptive potential of plants in nature.
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Zusammenfassung

Pflanzen haben maf3geblich die Naturgeschichte der Erde geprdgt, indem sie einen
erheblichen Teil der Biomasse ausmachen und als primare Nahrungsquelle fiir
Heterotrophe dienen. Insekten, insbesondere Herbivoren, iiben selektiven Druck auf
Pflanzen aus und treiben dadurch die Evolution verschiedener Abwehrstrategien voran.
Diese Pflanzen-Insekten-Interaktionen wurden erstmals im 18. Jahrhundert von
Wissenschaftlern erkannt, und spater, im 19. Jahrhundert, begannen Biologen sich auf die
Auswirkungen der Pflanzenchemie auf das Verhalten von Herbivoren zu fokusieren, was
zur Entstehung des Fachgebiets der chemischen Okologie fiihrte.

Diese Dissertation beschreibt verschiedene Aspekte der
Pflanzen-Herbivoren-Interaktionen in Nicotiana attenuata, indem natiirliche Variationen
in zwei Mapping-Populationen untersucht werden und ihre Auswirkungen auf die Fitness
der Pflanzen und deren Abwehrreaktionen betrachtet werden. Zunachst wird ein
Rahmenwerk definiert, um die natiirliche Variation, insbesondere im
Jasmonsdure-(JA)-Signalweg, im 6kologischen Kontext zu verstehen. AnschliefRend wird
eine genetische Variation im NaJAR4-Gen identifiziert, das Isoleucin an JA bindet und
somit die Konzentration von Jasmonoyl-L-Isoleucin (JA-Ile) wesentlich beeinflusst. Bei
Zugabe von Methyljasmonat zeigen unterschiedliche NaJAR4-Varianten in natiirlichen N.
attenuata-Linien unterschiedliche Fitnessergebnisse, die durch ein ausbalanciertes
Wachstums-Abwehr-Verhaltnis im Zusammenhang mit JA-Signalgebung erkldrt werden
konnen. Die Transkriptomanalyse von natiirlichen N. attenuata-Linien, die mit oralen
Sekrete (OS) von Manduca sexta Raupen induziert werden, zeigt, dass die
NaJAR4-Mutation in ein Gen-Koexpressionsnetzwerks eingebettet ist, das
Abwehrreaktionen gegen Pflanzenfresser koordiniert. Durch Manipulation von
Schliisselgenen im Gen-Netzwerk testen wir die metabolische Reaktion auf
OS-Stimulation, die entweder proportional zur JA-Ile-Akkumulationen ausfallen oder die
Pflanzen konstitutiv aktivieren. Dies deutet auf eine mogliche Pufferwirkung des
Gen-Netzwerks auf die NaJAR4-Mutation hin, die zusammen mit der variierenden
Herbivorenbelastung moglicherweise die Persistenz der Mutation in natiirlichen
Populationen ermoglicht. Dariiber hinaus zeigt die Untersuchung von Sammlungen von
natiirlichen Populationen tiber eine Dekade hinweg, dass diese Varianten in variablen
Frequenzen auftreten, was darauf hinweist, dass eine balancierende Selektion durch
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rdumlich-zeitliche Variation auf die NaJAR4-Loci einwirkt. Diese Ergebnisse zeigen die
kontextabhdngige Natur von Pflanzen-Herbivoren-Interaktionen, bei denen biotische und
abiotische zusammen mit genetischer Variation die Fitness und Abwehrreaktionen der
Pflanzen beeinflussen.

Dartiber hinaus erforscht die Dissertation die 6kologische Bedeutung fliichtiger
organischer Verbindungen (VOC) und deckt eine natiirliche Variation im NaLIS-Gen bei
N. attenuata-Pflanzen auf, die die Emission von OS-induziertem Linalool aus Blattern
beeinflusst, ein haufiges VOC, und signifikant mit der Pradation von M. sexta durch
heimische Rauber im Feld korreliert. Durch Manipulation der NaLIS-Gen wird gezeigt,
dass die Auswirkungen von Linalool auf die Eiablagepraferenz von M. sexta von der
Linalool-Chemie, dem genetischen Hintergrund der Pflanze und der Umweltkomplexitat
abhangen. Die Existenz enzymatisch inaktiver Varianten wie NaJAR4 und NaLlIS sowie der
Nachweis einer balancierten Selektion betont das dynamische Zusammenspiel von
genetischer Vielfalt, Umweltkomplexitit und Herbivorenverhalten zur Aufrechterhaltung
des Anpassungspotenzials von Pflanzen in der Natur.
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