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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

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-Ile,

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.
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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, gaoyao1 (GY1) which is homologous to two Arabidop-

sis lipases, DONGLE (DGL) and defective in anther dehis-

cence1 (DAD1) (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, OsPME1 and OsTSD2, which are epigenet-

ically regulated by a NAD(+)-dependent histone deacetylase

gene, OsSRT1, indicating the interaction of methanol and JA

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 fitness 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
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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-Ile. 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-Ile.

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 GLA1, 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 COI1 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.
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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-Ile, JAZs are recruited by the F-box protein COI1 that

binds JA-Ile 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

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.

Figure 1. Schematic of the diversity of different defense responses mediated by jasmonate (JA) signaling in Nicotiana attenuata.

(a) The canonical JA-Ile 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 (Ballar�e et al., 1996; Ðinh 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).

© 2019 The Authors
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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

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, JAZj, JAZk and JAZl; 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

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).
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collateral damage that comes with their oviposition behav-

ior 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

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

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 9 325 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 2c,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).

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 9 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 quantitative 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 unbiasedmetabolomic 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

rootmicrobiome,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

• 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-Ile), 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 AI-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-Ile levels?

• 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?

• To what extent do environmentally mediated epi-

genetic factors affect the genetic configuration and

evolution of JA signaling networks?
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