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less of herbivore type. Annuals induced less in response to generalist herbivory
than did perennials, while induction response was equivalent across the ecotypes
for specialist herbivory.

4. The effects of the DIV1 locus on levels of constitutive and induced defence were
dependent on genetic background, the annual versus perennial haplotype of DIV1
and herbivore identity. The patterns of univariate induction due to DIV1 were
non-additive and did not always match expectations based on patterns of diver-
gence for annual/perennial parents. For example, perennial plants had higher lev-
els of constitutive and induced defence than did annuals, but when the annual
DIV1 was present in the perennial genetic background induction response to her-
bivory was higher than for the perennial parent lines.

5. Patterns for multivariate defence arsenals generally echoed those of univariate,
with annual and perennial monkeyflowers and those with alternative versions of
DIV1 differing significantly in constitutive and induced resistance. Like univari-

ate resistance, induced multivariate defence arsenals were affected by herbivore

identity.
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1 | INTRODUCTION

Plant evolutionary biology has long predicted phenotypic trade-
offs in resource allocation among plant traits, where resource
investment in one life-history trait occurs at the expense of an-
other (Cope et al., 2021; Futuyma & Moreno, 1988; Lundgren &
Des Marais, 2020). Plant defence hypotheses are premised on
the assumption of finite resources available for the allocation to
growth, defence, reproduction and other critical functions (Coley
etal., 1985; Herms & Mattson, 1992; Rhoades, 1979). Intraspecific
patterns of resource allocation are generally different from pat-
terns among plant species, which often follow the predictions of
the resource allocation hypothesis (Coley et al., 1985; Endara &
Coley, 2011). Within species, levels of constitutive defence (de-
fence in the absence of herbivory) typically are correlated with
the length of a growing season (Hahn & Maron, 2016; Kooyers
et al., 2017). Intraspecific differences in investment in defence
could be particularly pronounced in species with both annual
and perennial ecotypes. Perennial plants live and often repro-
duce across multiple growing seasons, giving them more time for
foliar production and constitutive defence than annuals, which
must complete their reproductive life cycles within one growing
season (Lowry et al., 2019; Mutikainen & Wall, 1995). In addition,
plants with longer periods of vegetative growth (whether within
or across growing seasons) may face greater herbivore pressures
than annuals (Marquis & Moura, 2021).

In addition to constitutive defence production, plants often
induce higher levels of defence following herbivory (Adler &
Harvell, 1990). Defence induction provides a mechanism for plants
to minimize direct or ecological costs of defence production in the
absence of herbivory while increasing levels of defence when they
are attacked (Cipollini et al., 2003; Stamp, 2003; Strauss et al., 2002).
While evolutionary defence hypotheses such as Optimal Defence
Theory predict trade-offs between constitutive and induced de-
fences within individuals (Rhoades, 1979; Stamp, 2003), empirical
studies show that levels of induced resistance may be positively or
negatively correlated with levels of constitutive resistance (Karban
& Baldwin, 1997).
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6. Our results highlight the complexity of the genetic mechanisms underlying plastic
response to herbivory. While a genetic locus underlying substantial phenotypic
variation in life-history strategy and constitutive defence also influences defence
plasticity, the induction response also depends on genetic background. This re-
sult demonstrates the potential for some degree of evolutionary independence
between constitutive and induced defence, or induced defence and life-history

strategy, in monkeyflowers.

constitutive defence, defence induction, generalist herbivore, herbivory, monkeyflower,
resistance, specialist herbivore

Induction of defence occurs when the feeding of insects on
plants initiates the activation of multiple plant signalling path-
ways, including the jasmonic acid and ethylene pathways (Acevedo
et al., 2019; Thaler et al., 2012). Chewing herbivores may elicit both
a generalized response to cellular damage as well as a more specific
response to the chemical cues generated by particular insect species
(Bonaventure, 2014). This provides plants with an opportunity to tai-
lor defence to specific herbivores, or types of herbivores. In addition,
herbivores can orally secrete molecules (elicitors and effectors) that
suppress or alter plant response (Erb et al., 2012; Jones et al., 2022;
Musser et al., 2002). A plant's response to herbivory is thus affected
by both the plant and the herbivore. These reciprocal interactions
are highly complex and may be interaction-specific in their effects,
with the same compound initiating opposite effects in the defence
pathways of different plant species (Bonaventure, 2014; Musser
et al., 2005; Tian et al., 2012). In addition, plant defence responses
may benefit one herbivore species but not another, due to differen-
tial herbivore response to defence trait(s) (Cornell & Hawkins, 2003).

Many plant species are attacked by both dietary generalist and
dietary specialist (hereafter generalist or specialist) herbivores.
Specialist herbivores feed on plants from a narrow phylogenetic
breadth and are often able to at least partially avoid or mitigate the
effects of phylogenetically conserved plant defences. In comparison,
generalist herbivore species tend to have a wider dietary breadth,
with tremendous variability in the extent of generalization within this
category (Loxdale & Harvey, 2016; Singer, 2008). The specialist-gen-
eralist paradigm predicts that specialist herbivores will be less nega-
tively affected by the defences of their host plants than generalists
(Ali & Agrawal, 2012; Rothwell & Holeski, 2019) and may also benefit
from the host defences via sequestration. Predictions of specific-
ity of plant response to herbivores are often framed in the context
of generalist versus specialist herbivore, with the expectation that
plant induction may differ according to herbivore diet breadth (e.g.
Agrawal, 2000; Bowers & Stamp, 1993). Although this difference
is not always confirmed in the literature (Ali & Agrawal, 2012), the
ability of a plant to respond differently to a variable community of
potential herbivores represents one type of investment in inducible
defence, in addition to the magnitude of response.

d ‘8 ‘PTOT ‘SEPTSIET

/:sdny wouy

:sdiy) SUONIPUOD pue SWIL, Y 298 “[§Z0Z/S0/F1] U0 A1eIqrT AuIUQ ASTIAN “KUSIATU IS URBIYOUA KQ [09F 1 SEFT-SIE /111 101/10p/wO0 K[IA

10100 Ko

QSUAIIT SuOWWo)) AN d[qedrjdde oy £q pauIoaoF are sa[ONIR Y asn Jo sa[NI 10 A1eIqI oul[uQ KT UO (¢



BLANCHARD ET AL.

1798
Functional Ecology E E%m

Despite the multiple ecological and evolutionary hypotheses
mentioned above that postulate a phenotypic relationship between
growth, reproduction and constitutive and/or induced resistance
to herbivores, these hypotheses do not make any predictions about
the underlying molecular genetic mechanisms that mediate these re-
lationships. While genes or genetic regions involved in constitutive
defence trait variation and/or trade-offs between constitutive resis-
tance and growth are beginning to be identified in model systems
(e.g. Campos et al., 2016; Havko et al., 2016), that research has typi-
cally been done in benign laboratory conditions and has not incorpo-
rated plastic defence trait induction. Likewise, the jasmonic signalling
pathway is recognized as the core pathway involved in defence induc-
tion in response to herbivory, particularly chewing herbivores (Erb &
Reymond, 2019). This pathway is known to interact with transcription
factors involved in plant growth (Howe et al., 2018). However, there
has been very little conceptual overlap between these molecular ge-
netic studies and those incorporating evolutionary ecology theories
of trade-offs between defence and other aspects of life-history (Zist
& Agrawal, 2017). Both defence traits and life-history attributes are
quantitative traits influenced by multiple genetic loci (Holeski, 2021;
Kliebenstein, 2014) and with complex regulatory pathways mak-
ing the translation between genetic architecture and phenotypic
outcome or broad evolutionary predictions more difficult (Huot
et al.,, 2014; Kliebenstein, 2016; Yang et al., 2012).

Previous research in yellow monkeyflower shows that trade-offs
between life-history strategy and constitutive defence levels are at
least in part genetically controlled (Holeski et al., 2013, 2014; Kooyers
et al., 2017, 2020). Populations and ecotypes of this species are often
locally adapted along a drought-induced gradient in growing season
length (Hall & Willis, 2006; Kooyers et al., 2014). One major quanti-
tative trait locus (QTL), DIV1, accounts for a substantial portion of the
differences in life-history and constitutive defence traits between eco-
types (Lowry et al., 2019). The DIV1 locus maps to a nested set of two
large chromosomal inversions (Kollar et al., 2023) that contribute to
adaptive phenotypic divergence in multiple traits between perennial
and annual ecotypes of the species (Lowry & Willis, 2010).

In this article, we investigate how the genetic mechanisms that
underlie differences in allocation between growth, reproduction
and constitutive resistance traits influence plant defence induc-
tion in response to herbivory. We assess patterns of constitutive
defence and induced defence. We focused our study on annual
and perennial yellow monkeyflower plants that have evolved in re-
sponse to local adaptation to divergent habitats. To study how the
adaptive DIV1 locus contributes to differences in induced defence,
we included lines in our experiments where DIV1 was reciprocally
introgressed into both annual and perennial genetic backgrounds.
To understand how induced responses would differ for damage
by a dietary generalist versus a dietary specialist herbivore, we
exposed plants to feeding by both types of herbivores. Overall,
we assessed how life-history strategy, genetic locus (DIV1) and
herbivore identity act independently and interactively to affect (1)
constitutive defence (2) extent of induction and (3) specificity of
induction response.

2 | MATERIALS AND METHODS
2.1 | Study system

Yellow monkeyflower (Erythranthe guttata (DC), GL Nelsom; synonym:
Mimulus guttatus DC, Phrymaceae) is a forb that occurs in ephemeral
and perennial water sources across western North America. This
species produces phenylpropanoid glycosides (PPGs), secondary me-
tabolites which can have negative impacts on a variety of herbivores
(Holeski et al., 2013; Keefover-Ring et al., 2014; Rotter et al., 2018).
Yellow monkeyflower is a model system for the study of ecology and
evolutionary genetics due in part to the great deal of morphological,
genetic and life-history variation across its range (Flagel et al., 2014;
Friedman, 2014; Hall & Willis, 2006; Monnahan & Kelly, 2017; Wu
et al., 2008). The plants used in this study are derived from natural
populations in Northern California that differ in life-history strat-
egy across a seasonal soil-water availability gradient (Lowry &
Willis, 2010). Populations growing near the coast live in year-round
seeps and are perennials that invest heavily in vegetative growth, in-
cluding lateral stolons, and are slow to flower. In contrast, populations
growing further inland live in ephemeral seeps which dry up each year
with the onset of regular summer drought. These plants are short-lived
annuals that invest little in vegetative growth and reproduce quickly.

2.2 | Herbivores

To examine differences in induction due to different herbivores,
we selected two caterpillar species that feed upon natural popula-
tions of M. guttatus in Northern California where our source plant
populations occur. Common buckeye, Junonia coenia (Nymphalidae),
specializes on plants that contain iridoid glycosides or PPGs and
can sequester both (Bowers & Collinge, 1992; Rothwell, Keefover-
Ring, and Holeski, unpublished data). Cabbage looper, Trichoplusia
ni (Noctuidae), is a common agricultural pest and extreme dietary
generalist that feeds on wild species across a broad range of plant
families. Our study did not require ethical approval from an animal

ethics committee.

2.3 | Plant materials

To test the impact of the DIV1 locus on the induction of PPGs, we utilized
near-isogenic lines (NILs) where annual and perennial DIV1 ecotypes
were reciprocally introgressed into the opposite genetic background.
These lines were created using an inland annual population (LMC) and
a coastal perennial population (SWB) that occur in habitats that differ
dramatically in soil-water availability during summer months (Lowry &
Willis, 2010). As described in more detail by Lowry and Willis (2010), a
line from each ecotype was crossed to create heterozygous F1s. These
were then recurrently backcrossed to the parental lines of each ecotype.
After genotyping using two markers outside of DIV1 and one within
DIV1, heterozygous individuals were backcrossed again to both parental
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ecotype lines. After 3-4 generations of backcrosses, plants that were
homozygous were selected for the annual or perennial orientation of
DIV1. This resulted in four lines, one with the annual genetic background
and the annual orientation of DIV1 (Annual control), one with the annual
genetic background and the perennial orientation of DIV1 (Annual with
perennial DIV1), one with the perennial background and the perennial
orientation of DIV1 (Perennial control) and one with the perennial back-
ground and the annual orientation of DIV1 (Perennial with annual DIV1).
These lines were then self-fertilized four times. This crossing design is
illustrated in figure 3 of Lowry and Willis (2010) and in Figure S1. Annual
and perennial parent lines (Annual parent and Perennial parent) were
also self-fertilized for at least nine generations to account for inbreed-
ing as a result of the breeding scheme. The control lines and lines with
the DIV1 haplotype that have the same genetic background (e.g. annual
control vs. annual with perennial DIV1) are expected to be, on average,
equivalent across all regions of the genome except at the DIV1 locus.
Note, however, that some genes from the alternative ecotype are also
introgressed, at random, across the genome of all of these individuals.
For example, both the annual control lines and the annual with perennial

DIV1 lines have some perennial genes introgressed.

2.4 | Induction experiment

We used caterpillar herbivores to experimentally induce changes in
PPGs in the four NILs and in the annual and perennial parent lines. In
the winter of 2021, we cold-stratified seeds in the dark at 4°C on soil
for 1week. We then transferred the seeds to a growth room, under
full-spectrum T5-grow lights, at 21°C. We germinated seeds under hu-
midity domes in the growth room under 16-h day-length for 1week.
We then transplanted all seedlings to individual 4” pots and continued
to grow them at 21°C with 13-h day-length, randomizing their position
within the grow racks once a week. The 13-h day length is similar to the
early growth conditions for the parent populations in their natural habi-
tat. We bottom-watered the plants once a day for 30min and fertilized
with a 10-30-20 fertilizer (Peters' Professional Base Formulation) once
a week. We used two soil-mixes; for germination, we used 65% peat
moss, 20% perlite, 15% vermiculite, three tablespoons dolomite lime,
three tablespoons wetting agent and three tablespoons silica; for the
rest of the experiment, we used 55% peat moss, 30% bark, 15% perlite,
three tablespoons dolomite lime, three tablespoons wetting agent and
three tablespoons silica.

We tested induction in the lines discussed above (annual parent,
annual control, annual with perennial DIV1, perennial parent, perennial
control and perennial with annual DIV1), factorially crossed with two
caterpillar species (buckeyes and cabbage loopers). These two vari-
ables resulted in 12 unique groups. For each group, we assigned 20
plants to induction treatment (feeding by caterpillars; 20 plantsx 2 cat-
erpillar species) and 10 to the control group (no herbivory; 10 plants x 2
caterpillar species). The cabbage looper and buckeye treatments (and
the timing of affiliated plants) were offset by 1 month.

At day 35, we applied six neonate caterpillars to each treatment
plant, three to one leaf at the second node and three to one leaf at the
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third node. To keep caterpillars in place, we used green mesh bags with
drawstrings closed around the feeding leaves. As added protection for
the leaves that we intended to sample for PPG concentration, in case of
any caterpillar escape, we also placed these bags around the opposite
second node leaf from the second node feeding leaf. The control plants
had the same three leaves bagged, but without any caterpillars. For
10days, we checked these plants daily, replacing any deceased cater-
pillars (this occurred six times in the first 3days and then not after) with
newly hatched neonates. On day 10 of the experiment, we removed all
caterpillars and mesh bags from all plants. We then used a hole punch
to apply additional leaf-area removal to any herbivory treatment leaves
that did not reach 50% removal so that the proportion of tissue re-
moved was standardized. On day 11, we sampled both the opposite
second-node leaf and the fourth-node leaf on the same side of the
plant as the second node feeding leaf for chemical analysis. We flash
froze leaves with dry-ice and then lyophilized, after which we stored
them in a freezer at —20°C until processing for chemical analysis.

2.5 | Quantification of PPGs

To determine the PPG concentrations in sampled leaves, we ground,
extracted and prepped extract aliquots as described in Holeski
et al. (2013). We then used high-performance liquid chromatography
(HPLC) to quantify PPGs. The HPLC method is described in Kooyers
et al. (2017) and was run on an Agilent 1260 HPLC with a diode array
detector and Poroshell 120 EC-C18 analytical column (4.6 x250mm,
2.7um particle size); Agilent Technologies. We measured six differ-
ent PPGs: Calceolarioside A, conandroside, verbascoside, mimuloside,
unknown PPG 10 and unknown PPG 16 (Keefover-Ring et al., 2014;
Kooyers et al., 2017). We calculated concentrations of PPGs as verbas-
coside equivalents, using a standard verbascoside solution (Santa Cruz
Biotechnology, Dallas, TX), as described in Holeski et al. (2013, 2014).

2.6 | Replication statement

Scale at which the Number of replicates
factor of interest is at the appropriate
applied scale

Scale of
inference

Ecotypes within
a species

Ecotypes or nearly
isogenic lines (NILs)
within ecotypes
within a species

Ten control plants
(constitutive) and 20
herbivory-treatment
plants (induced)

2.7 | Dataanalysis

We assessed phytochemical defences in both a univariate and mul-
tivariate way. Defences were characterized as sums of individual
compounds (total PPG concentration), and multivariate suites of
compounds (hereafter termed ‘arsenals’). In some contexts, we also

examined concentrations of individual PPGs.
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Yellow monkeyflower populations generally all contain the same
set of PPGs in varying concentrations (e.g. Holeski et al., 2013,
2014; Kooyers et al., 2017; Rotter et al., 2018, 2019). Within spe-
cies, plants with higher concentrations of secondary metabolites
also tend to have a greater diversity of compounds, which suggests
that, when plant samples with low-concentrations of secondary
metabolites are analysed, low-concentration compounds may fall
below detection limits. To compensate for limits in detection, pre-
vent the impact of zero-inflation on our multivariate analyses and
allow for data transformation, we replaced all Os in our data set
with 0.1, which represents 0.1% of the average sample concentra-
tion (Martin-Fernandez et al., 2003). The data are available from
the Dryad Digital Repository, https://doi.org/10.5061/dryad.w3r22
810f (Blanchard et al., 2024).

2.8 | Total PPG concentration

To analyse how the summed concentration of all PPGs (total PPG
concentration) changed with induction by caterpillar herbivory, and
how this induction varied among NILs and between plants that were
fed upon by the two caterpillar species, we fit a linear model with
total PPG (mg PPGs/g of dry plant material) as the response vari-
able. Our first model was a linear mixed-model (ImerTest function
from the ImerTest package) in R (Kuznetsova et al., 2017) with four
fixed effects: treatment (constitutive vs. induced), caterpillar spe-
cies (buckeye vs. cabbage looper), plant line (the six NILs) and leaf
node (second vs. fourth); and one random effect, plant ID, to ac-
count for the repeated-measures effect of sampling two leaves from
each plant. The model included all two-way interactions. To adhere
to the assumptions of the model of homoskedasticity and normal-
ity, we log-transformed the data. We found a significant interaction
between leaf node and treatment, indicating differences in induc-
tion between nodes (F, 5,,=229.92, p<0.001). We then performed
pairwise comparisons (with the function emmeans from the package
emmeans, Lenth et al., 2024) to determine the effect of treatment
across leaf nodes, which indicated that only the fourth node leaves
had significantly induced (second node: t=1.56, p=0.403; fourth
node: t=20.51, p<0.001).

As only the fourth node leaves induced in response to herbivory,
we focused only on the fourth node leaves for all other analyses
and ran a simplified linear model (Im function) including only three
fixed effects: treatment, caterpillar species and plant line (annual
parent, annual control, annual with perennial DIV1, perennial parent,
perennial control and perennial with annual DIV1), and all interac-
tions. To adhere to the assumptions of the model of homoskedas-
ticity, we used a weighted regression approach, with the inverse
of the variance for the explanatory factors as the weighting. This
approach was more compatible with our downstream analysis than
transforming the results. All two-way interactions and the three-
way interactions were significant, so none were dropped from the
model. We then performed statistical tests to determine: (1) which
groups significantly changed in total PPG concentration (or induced)

in response to herbivory and (2) if the degree of induction varied
by ecotype, herbivore species or DIV1. Induction is indicated by a
significant difference in PPGs between the constitutive and control
plants (treatment variable) for each group (caterpillar species x plant
line combinations). As chemical defence is a complex quantitative
trait, the amount and direction of change of PPGs (degree of induc-
tion) in response to herbivory is also an important measure of the
impacts of ecotype, herbivore species and DIV1 on induction. We
determined degree of induction as the difference between constitu-
tive and induced PPGs for each group and then compared this differ-
ence among groups. To statistically test for differences in degree of
induction, we specified custom contrasts (generated using function
model.matrix from the stats package and fitted with function glht
from multcomp package (Hothorn, 2023), with Bonferroni adjust-

ment for multiple comparisons).

2.9 | Multivariate PPG arsenals

To determine how the composition of all six PPG compounds
changed with induction by caterpillar herbivory, and how this var-
ied among NILs and between caterpillar species, we used permu-
tational multivariate analysis of variance (PERMANOVA, function
adonis2 from package vegan, Oksanen et al., 2022, with Bray-
Curtis distance). For our model, which also focused only on the
fourth node leaves, we included the same three fixed effects as
for the univariate model: treatment, caterpillar species and plant
line, and all interactions. All two-way interactions were signifi-
cant, but the three-way interaction was not. Therefore, we simpli-
fied the model by dropping the three-way interaction. We then
made pairwise comparisons (using function adonis. pair from the
package EcolUtils, Salazar, 2021) to further investigate how our
variables influenced multivariate PPG composition. We specified
custom contrasts (fitted with PERMANOVA) to test for differ-
ences in the degree of induction in multivariate arsenals depend-
ing on herbivory identity.

To visualize how multivariate PPG composition is influenced by
our factors, we used non-metric multidimensional scaling (NMDS)
(MetaMDS function in vegan package with Bray-Curtis distance to
determine dissimilarity) and added standard error ellipses at 95%
confidence around the centroid of each cluster (function ordiellipse
from package vegan).

3 | RESULTS
3.1 | Parentecotypes

As in previous studies with annual and perennial yellow monkey-
flower ecotypes (Holeski et al., 2013; Lowry et al., 2019), the annual
parent line tended to have lower constitutive levels of defence, with
approximately half of the total PPG concentrations as perennial par-
ent lines (Figure 1).
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FIGURE 1 Constitutive and induced total foliar produces phenylpropanoid glycosides (mg/g dry foliar tissue). Results include annual and
perennial parent lines and annual/perennial lines with DIV1 or other genetic regions from the alternative ecotype introgressed. Induction
was done via buckeye or cabbage looper herbivory. Significant differences between constitutive and induced values for each category are

indicated with asterisks. Bars indicate 95% confidence intervals.

We found significant induction of Total PPGs across all plant
lines and herbivory treatments. We also found significant two-way
and three-way interactions for each independent variable, indicating
differential responses of plant lines to herbivore identity (Table 1).
We thus subsequently explored the effects of custom-specified con-
trasts used to test for significant induction in response to herbivory
and to compare the degree of that induction.

Total PPGs increased significantly following herbivory in both
annual and perennial parent lines, regardless of herbivore identity
(Table 2A). Within ecotypes, annual parent lines induced marginally
less in response to the specialist than to the generalist herbivore, while
perennial parent lines did not differ in extent of induction by the two
herbivore species (Figure 2; Table S1). Across ecotypes, annual and pe-
rennial parent lines did not differ significantly from one another in the
extent of induction from the specialist herbivore (t=-2.04, p=0.588),
but the annual parent lines induced less than perennial parents in re-
sponse to the generalist herbivore (t=-3.43, p=0.009).

3.2 | DIVllocus

Induction in response to feeding by both herbivores was influ-
enced by DIV1, as well as introgression of non-target genes. All

introgression lines had significant induction in response to both
specialist and generalist herbivores except for the annual lines with
perennial non-DIV1 genes introgressed (‘annual control’; Figure 1;
Table 2B,C).

The impact of DIV1 on the extent of induction was context-
dependent, depending on both the origin of DIV1/genetic back-
ground, and herbivore identity. The response to herbivory by the
specialist herbivore was most pronounced in annual plants with the
perennial DIV1, while response to herbivory by the generalist herbi-
vore was most pronounced in perennial plants with the annual DIV1
(Table 2C; Figure 2).

Introgression of the perennial DIV1 locus into the annual ge-
nome significantly increased the amount of induction in response
to buckeye (specialist) herbivory, relative to annual parent lines
or annual lines with other perennial genes introgressed (‘annual
control’; Table 3A). Annual lines with the introgressed peren-
nial DIV1 locus induced more than a fourfold increase in total
PPGs relative to the annual parent lines in response to buckeye
herbivory (Figure 2). While these lines almost doubled in total
PPG levels following cabbage looper herbivory (Figure 1), this
extent of induction was not significantly greater than that of the
other annual lines following cabbage looper herbivory (Figure 2;
Table 3A).
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TABLE 1 The effect of treatment (constitutive vs. induced), plant line (six lines that differ in genetic background and DIV1), caterpillar
species (specialist buckeye vs. generalist cabbage looper) and all two-way and three-way interactions on (A) the univariate trait foliar total
produces phenylpropanoid glycosides (PPGs) concentration, and (B) the multivariate trait PPG defence arsenals.

(A) Univariate analyses
(total PPGs)

(B) Multivariate analyses
(PPG defence arsenals)

Factor df F
Treatment (control vs. herbivory) 1330 608.1
Plant line 5330 118.9
Caterpillar species 1330 123.4
Treatment:plant line 5330 7.0
Treatment:caterpillar species 1330 26.4
Plant line:caterpillar species 5330 30.2
Treatment:plant line:caterpillar species 5330 2.0

Note: Significant p-values are in bold text.

p-Value Pseudo F p-Value
<0.001 289.5 0.001
<0.001 63.7 0.001
<0.001 142.6 0.001
<0.001 11.0 0.001
0.028 321 0.001
<0.001 244 0.001
0.003 1.3 0.199

TABLE 2 Induction of foliar total produces phenylpropanoid glycosides, tested with custom contrasts following the analysis reported
in Table 1 and corrected with Bonferroni adjustment. Control lines have some alleles from the alternative ecotype but maintain the DIV1
orientation that matches their genetic background. Positive T statistics indicate induced concentrations that are higher than constitutive

concentrations.

Comparison—induced versus constitutive

Buckeyes (specialist)

Cabbage loopers (generalist)

Plant line Estimate SE
(A)
Annual parent 9.33 2.08
Perennial parent 18.60 4.04
(B)
Annual control 11.32 4.44
Perennial control 27.52 4.06
(©
Annual with perennial DIV1 4497 6.82
Perennial with annual DIV1 34.32 3.75

T p-Value Estimate SE T p-Value
4.49 <0.001 16.96 1.61 10.54 <0.001
4.61 <0.001 28.48 2.94 9.70 <0.001
2.55 0.134 13.64 2.66 5.13 <0.001
6.78 <0.001 35.64 3.65 9.77 <0.001
6.60 <0.001 21.48 2.99 7.19 <0.001
9.14 <0.001 45.27 4.58 9.90 <0.001

Note: Significant p-values are in bold text and indicate significant induction.

Contrary to expectations, introgression of the annual DIV1 locus into
the perennial background also increased the amount of induction in re-
sponse to herbivory relative to perennial parent lines (Figure 2; Table 3B).
Perennial lines with the annual DIV1 locus introgressed induced at least
twofold in response to feeding by each herbivore (Figure 1). This in-
duction was only marginally significantly greater than that of perennial
parents for the specialist buckeye herbivore, although significant for
this comparison for the generalist cabbage looper (Figure 2; Table 3B).
Perennial lines with the annual DIV1 locus introgressed did not induce
more in response to either herbivore than did the perennial lines with
other annual genes introgressed (‘perennial control’; Table 3B).

3.3 | Multivariate arsenal defence induction

Multivariate defence arsenals changed following herbivory, for all herbi-
vore types and across all plant lines (Table 1B). There were also significant

interactions for all two-way permutations of treatment, plant line and

herbivore type in their effects on the multivariate defence arsenal.

3.4 | Parentecotypes

As with the univariate metric of total PPGs, constitutive multivariate
PPG arsenals of annual parent lines differed from those of perennial
parent lines (pseudo F=35.46, p(perm)=0.001; Figure 3). The arse-
nal composition of annual and perennial parent lines significantly
changed relative to constitutive arsenals following herbivory (an-
nual: pseudo F=64.35, p(perm)=0.001; perennial: pseudo F=36.20,
p(perm)=0.001; Figure 3).

Herbivory by the specialist herbivore resulted in a different defence
arsenal than did herbivory by the generalist, within both annual and
perennial parent lines (pseudo F=50.40, p(perm)=0.001). Herbivory
by the generalist herbivore also resulted in a greater change in
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FIGURE 2 The change in concentration of foliar total produces phenylpropanoid glycosides in response to herbivory. Results include
annual and perennial parent lines and annual/perennial lines with DIV1 or other genetic regions from the alternative ecotype introgressed.
Induction was done via buckeye or cabbage looper herbivory. Mean change is indicated by black squares with +1 standard error bars in
colour. All plant lines showed significant induction except annual control plants with buckeye herbivory.

TABLE 3 The effects of the DIV1 locus on degree of total produces phenylpropanoid glycoside induction, tested with custom contrasts
following the analysis reported in Table 1 and corrected with Bonferroni adjustment.

Degree of induction (induced—constitutive) Buckeyes Cabbage loopers
Comparison Estimate SE T p-Value Estimate SE T p-Value
(A)
Annual with perennial DIV1 versus annual parent 35.64 713 5.00 <0.001 4.51 3.39 1.33 >0.999
Annual with perennial DIV1 versus annual control 33.65 8.13 4.14 <0.001 7.84 4.00 1.96 0.714
(B)
Perennial with annual DIV1 versus perennial 15.72 5.51 2.85 0.065 16.80 5.44 3.09 0.030
parent
Perennial with annual DIV1 versus perennial 6.79 553 1.23 >0.999 9.64 5.85 1.65 >0.999
control

Note: Significant p-values are in bold text and indicate a difference in the degree of induction between plant lines.

defence arsenals than did herbivory by the specialist herbivore (pseudo Plant lines did not differ in the specificity of their multivariate
F=16.024, p(perm)=0.001). Regardless of herbivory type, annual and defence arsenal response to induction by the specialist versus the
perennial parent lines were also significantly different from one another generalist, as shown by the lack of three-way interaction between

in induced PPG arsenal composition (pseudo F=54.19, p(perm)=0.001). treatment, plant line and herbivore type (Table 1B).
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3.5 | DiIVllocus

Constitutive and induced PPG multivariate arsenals were signifi-
cantly influenced by the DIV1 locus (Figure 3; Table 4). Both recipro-
cal introgressions of DIV1 (introgression of the perennial DIV1 locus
into the annual genome and introgression of the annual DIV1 locus
into the perennial genome) resulted in significant shifts in consti-
tutive and induced PPG arsenal composition when compared with
parent lines.

While that result is relatively straightforward, comparisons
of constitutive and induced multivariate arsenals between lines
introgressed with DIV1 versus other genes illuminates the com-
plex genetic interactions underlying the phenotype patterns. The
constitutive composition did not differ between annual lines intro-
gressed with perennial DIV1 versus those introgressed with other
perennial genes, though the induced composition did differ be-
tween those lines (Figure 3; Table 4). Conversely, the induced com-
position did not differ between perennial lines introgressed with
annual DIV1 versus those introgressed with other annual genes,
though the constitutive composition did differ between those lines
(Figure 3; Table 4).

3.6 | Response across individual PPGs

A closer look at changes in levels of individual PPGs following
herbivory by the specialist buckeye or generalist cabbage looper
highlights some of the trends underlying broader patterns in the
univariate and multivariate responses. These patterns are shown in
Figure 4. We did not do significance testing on individual PPG levels
due to the very high number of combinations of individual PPGs, but
here we highlight a few trends. First, there is very clearly specificity
in response to herbivory, which is particularly apparent for calceo-
larioside A (calcA) and conandroside, the two most abundant PPGs
across the study (Figure 4a).

There is a substantially greater increase in calcA in most plants
induced by cabbage loopers relative to buckeyes, with the extent
ranging from nearly the same (in perennial parents) to a ninefold in-
crease in annuals with perennial DIV1. Likewise, most plants induced
by buckeyes have a relatively greater increase in conandroside, rang-
ing nearly the same (in perennials with annual DIV1) to 13-fold (in
annuals with perennial DIV1) relative to cabbage looper induction.

Second, concentrations of individual PPGs tended to increase in
response to herbivory, with a few exceptions (Figure 4). Plants with
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TABLE 4 The influence of the DIV1 locus on constitutive (A) and induced (B) multivariate produces phenylpropanoid glycoside arsenal
composition, tested with PERMANOVA pairwise comparisons following the analysis presented in Table 1.

(A) Constitutive arsenal composition (B) Induced arsenal composition

Comparisons Pseudo F Corrected p(perm) Pseudo F Corrected p(perm)
Annual with perennial DIV1 versus annual parent ~ 34.01 0.001 54.74 0.001

Annual with perennial DIV1 versus annual 0.49 0.549 11.42 0.003

control

Perennial with annual DIV1 versus perennial 3.70 0.035 5.50 0.007

parent

Perennial with annual DIV1 versus perennial 4410 0.001 2.10 0.129

control

Note: Significant p-values are in bold text.
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FIGURE 4 Induced changes in plant foliar concentrations (mg/g dry weight) of individual produces phenylpropanoid glycosides (PPGs)
in response to herbivory by buckeyes and cabbage loopers. Bars represent mean change in concentration and error bars show +1 standard
error. Note the differences in y-axis scale between panels (a) (PPGs with higher concentrations) and (b) (PPGs with lower concentrations).

the perennial background (perennial parent lines, perennial control
lines and perennial lines with the annual DIV1 locus) had reduced
levels of some compounds following herbivory. This is most appar-
ent for the compound unknown PPG 16 and is most pronounced
following buckeye herbivory.

Finally, among compounds present in lower concentrations
(Figure 4b), plants with the perennial background invest the most in
verbascoside in response to induction, regardless of herbivore type.
Plants with the annual background invest more evenly in a variety
of these lower concentration compounds; this trend is especially
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pronounced in plants with the annual background following buckeye

herbivory.

4 | DISCUSSION

In this study, we investigated how divergent plant life-history strate-
gies and a life-history altering locus influence plasticity of phyto-
chemical herbivory resistance traits in response to attack by two
herbivores with different diet breadth. We found that plant life-
history strategy (annual vs. perennial) and the DIV1 locus signifi-
cantly influenced levels of constitutive herbivory resistance, as well
as resistance induction. Perennial plants had higher total levels of
univariate constitutive and induced defence than annuals, regard-
less of herbivore identity. Annual lines induced less in response to
herbivory by the generalist than did perennial lines, while induction
response was equivalent across parent ecotypes for herbivory by
the specialist.

The effects of the DIV1 locus on levels of constitutive and in-
duced defence were dependent on genetic background, the hap-
lotype of DIV1 and herbivore identity. The patterns of univariate
induction due to DIV1 were non-additive and did not always match
expectations based on patterns from annual/perennial parents.
For example, while perennial plants had higher levels of constitu-
tive and induced defence than did annuals, when the annual DIV1
locus was present in the perennial genetic background, induction
response to herbivory was higher than for the perennial parent
lines. DIV1 also influenced the specificity of univariate induction;
for example, the introgression of perennial DIV1 into the annual
background caused a reversal of the relative response to the two
herbivores.

Patterns for multivariate defence arsenals generally echoed
those of univariate, with annual and perennial plants and those with
different haplotypes of DIV1 differing significantly in constitutive
and induced resistance. Like univariate resistance, we found spec-
ificity of response, whereby induced multivariate defence arsenals
differed based on herbivore inducer. However, specificity of multi-

variate response did not differ among plant lines.

4.1 | Genetic basis of resistance and life-history
strategy trade-offs

The evolution of resource allocation to growth, reproduction
and defence depends on the nature of abiotic and biotic selec-
tion pressures faced by each local population as well as trait ge-
netic architecture and prevalence of genetic constraints. While
classic plant defence theory focuses on phenotypic patterns and
selection pressures (Coley et al., 1985; Herms & Mattson, 1992;
Rhoades, 1979), plant evolutionary response to these pressures is
dependent on trait genetic architecture and the extent to which
traits are genetically correlated (Gardner & Latta, 2007; Kooyers
et al., 2020).

Our results finding higher constitutive levels of phytochemi-
cal defence in perennial versus annual plants are consistent with
prior results in yellow monkeyflowers (Holeski et al., 2013; Lowry
et al., 2019) as well as other systems (e.g. Mutikainen & Wall, 1995;
but see Wallis & Galarneau, 2020). In Northern California, as well as
other regions of its range, yellow monkeyflower populations differ
dramatically in life-history strategy along a soil-water availability
gradient that governs growing season length (Gould et al., 2018;
Hall & Willis, 2006; Lowry et al., 2008; Lowry et al., 2019). Along
with this local adaptation in life-history traits, there is a trade-off
between growth, reproduction and constitutive defence (Kooyers
et al.,, 2017, 2020). While prior studies in yellow monkeyflower
showed that perennial plants invest more heavily in defence in
the form of constitutive levels of PPGs than do annuals (Holeski
et al., 2013; Lowry et al., 2019; Rotter et al., 2019), and that this
difference is substantially influenced by the DIV1 locus, relative
levels of phytochemical induction were previously unknown.
Here, we show that perennial plants, in addition to being more
highly constitutively defended, also induce more than annuals.
Further, yet-to-be-determined genes in the DIV1 locus underlie
part of this differential induction response by annuals and pe-
rennials. The co-localized genetic control of constitutive and in-
duced resistance illustrates a genetic mechanism underlying the
phenotypic predictions in plant defence theory for relationships
between these traits. A small amount of previous work in mon-
keyflower and other systems has also shown genetic loci (QTL)
that co-localize for constitutive and induced defences (Bloomer
et al., 2014; Holeski et al., 2010; Kliebenstein et al., 2002).

Likewise, in support of a genetic mechanism underlying phe-
notypic predictions of plant defence theory, genetic correlations
between plant reproduction or growth and constitutive phyto-
chemical defence have been found in multiple plant species (e.g.
Defossez et al., 2018; Koricheva, 2002). Previous work in yellow
monkeyflower identified loci (QTLs) that co-localize for constitu-
tive defence and life-history aspects and underlie differences in
allocation among traits (Kooyers et al., 2020; Lowry et al., 2019).
In comparison, while genetic variation for induced defence is
widespread (Agrawal et al., 2002; Holeski et al., 2010, 2012;
Kliebenstein et al.,, 2002; Ogran et al., 2020), assessment of ge-
netic correlations or trade-offs involving induction are relatively
rare. We know of no genetic mapping studies that examine dif-
ferences in allocation to induced defence and life-history traits
among populations.

Over the past decade, multiple studies have emphasized the
role of complex regulatory control pathways in shaping both
growth and resistance, with multiple interactions between these
pathways influencing the phenotypic outcome (Huot et al., 2014;
Kliebenstein, 2016; Yang et al., 2012). An elegant study in Arabidopsis
demonstrated that when genetic-based regulatory switches are ma-
nipulated, growth-defence trade-offs can be uncoupled (Campos
et al., 2016). While the genes and regulatory pathways responsible
for trade-offs among growth, reproduction and constitutive re-
sistance are beginning to be elucidated in model systems (Zist &
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Agrawal, 2017), the role of these in shaping patterns of defence in-

duction remains largely unassessed.

4.2 | Therole of DIV1 and gene interactions in
shaping resistance

Our use of plants with perennial and annual background genomes
with introgressed regions from the alternative background allows us
to fill in knowledge gaps of the genetic mechanisms underlying re-
sistance associated with different life-history strategies. Prior work
in yellow monkeyflower demonstrated that the DIV1 chromosomal
inversion contributes to the difference in life-history strategy be-
tween annual and perennial populations (Friedman, 2014; Friedman
et al., 2015; Lowry et al., 2019; Lowry & Willis, 2010). The peren-
nial haplotype of DIV1 contributes to greater long-term growth and
less short-term fecundity than does the annual orientation. While
DIV1 locus also affects constitutive PPG concentrations (Lowry
et al., 2019), the influence of this on defence induction was previ-
ously unknown.

Our comparisons of the DIV1 introgression lines with the ‘con-
trol’ lines, that have the same genetic background, demonstrate that
the induction of both univariate and multivariate resistance pheno-
types is context-dependent, with genetic background, DIV1 locus
and type of herbivory influencing the outcome. Our experiment was
not designed to specifically test for the role of epistasis in the in-
duction of resistance, but both univariate and multivariate induced
resistance phenotypes do not fit patterns of additive combinations
of alleles from a particular genetic background and DIV1 combina-
tion. This is most apparent in the induction results for plants with
a perennial background and the annual orientation of DIV1; these
plants showed a greater degree of induction than perennial parent
lines with the perennial orientation of DIV1.

The genetic architecture of quantitative traits, such as life-
history strategy and/or resistance traits, is often complex, with non-
additive effects of multiple genetic loci (Falconer & Mackay, 1996).
The extent to which epistasis affects within-population trait varia-
tion and thus evolution is largely unknown (notable exceptions in-
clude Kelly, 2005; Kelly & Mojica, 2011). Previous studies in yellow
monkeyflower have found substantial pleiotropy (single gene/region
influencing multiple traits) as well as epistasis underlying life-history
traits and defence traits. For example, pleiotropic effects influenc-
ing life-history traits that differ between annual and perennial eco-
types have been found in multiple studies (Friedman, 2014; Hall &
Willis, 2006; Hall et al., 2010; Lowry & Willis, 2010). Previous work
with the DIV1 introgression lines did show epistasis for life-history
traits such as flowering time (Friedman, 2014). Unlike our results,
which showed the greatest phenotypic effect of the perennial
DIV1 allele on PPG levels when present in the annual background,
Friedman (2014) found the greatest effects on life-history traits
in lines with the annual DIV1 locus in the perennial background.
We hypothesize that these differences across studies could re-
flect differences in traits of focus or could be due to differences in

. BRITISH 1807
Functional Ecology ggg,tg,ﬁ;w
experimental day length between studies. Here, we use a relatively
short day length (3h shorter than Friedman, 2014) that mimics the
growing season in the natural populations from which our lines were
derived. This may lead to different allocation outcomes to growth,
flowering and resistance traits than in experiments with longer day
lengths.

4.3 | Specificity of induction response

Patterns across plant lines with different DIV1 loci indicate that plant
specificity to herbivory is genetically complex. Both our univariate
and multivariate phytochemical resistance results show some dif-
ferential responses to herbivory by the generalist cabbage looper
versus the specialist buckeye, but this result was not uniform across
plant lines. Specificity is complex in that it can be affected by both
plant detection of herbivore identity and/or herbivore-specific sup-
pression of plant response (Bonaventure, 2014; Jones et al., 2022),
and can also reflect local adaptation. For example, as shown in
Table 2, perennial parent and control lines tend to induce more in
response to the specialist herbivore than do annual parent/control
lines. This pattern is reversed in the perennial plants with the an-
nual DIV1 locus. In addition, both DIV1 lines induce drastically more
than do the parent and control lines in response to herbivory by the
specialist. The consistency of this pattern across both DIV1 lines
indicates a potential disruption of the genetic pathways influenc-
ing induction in response to this herbivore that occurs simply with
the swapping of the DIV1 region. The same pattern is not seen in
response to the generalist herbivore. It is not clear from our study
what aspect of specificity is driving the patterns observed; the in-
teraction between DIV1 and genetic background might underlie de-
tection of herbivore identity and/or be involved with suppression of
induction by particular herbivores.

Our results with individual PPGs highlight some of the patterns
underlying the changes in Total PPG concentration and the multi-
variate arsenal composition following herbivory across plant lines.
Herbivores can respond to suites of compounds within a subclass of
defensive metabolites (such as PPGs) in several ways. They can re-
spond to the combined concentration of all compounds, to the con-
centration of individual compounds and to mixtures of compounds
(Agrawal & Fishbein, 2006; Wetzel & Whitehead, 2019). Prior work
in yellow monkeyflower showed that performance of dietary gen-
eralist and specialist Lepidoptera (including the two species used in
this study) is correlated with concentrations of individual PPGs, as
well as with total PPG concentration (Rotter et al., 2019). The perfor-
mance of the specialist buckeye is positively correlated with several
individual PPGs; this herbivore sequesters PPGs and may be using
them as feeding stimulants (Holeski et al., 2013; Rotter et al., 2018).
Our results show patterns of plant response that would be expected
with specificity of induction in response to specific herbivores. One
compound, conandroside, that is negatively associated with buck-
eye performance was one of the most induced by buckeyes across
plant lines in our study. The performance of the generalist herbivore
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(cabbage looper) used in our study is negatively associated with cal-
ceolarioside A, which was one of the individual PPGs most induced
by cabbage looper herbivory in this study.

Prior work in other systems has shown variation in the magni-
tude and specificity of induction on an interspecific scale (Campbell
& Kessler, 2013). However, very few studies have investigated
differences in specificity among plant populations (Bingham &
Agrawal, 2010; Uesugi et al., 2013), particularly in a context with
known differences in herbivore pressure (Liu et al., 2018) and/or
allocation to constitutive defence. Our findings of specificity of re-
sponse, potential disruption of the pathways underlying this spec-
ificity and differing patterns of induction of PPGs that are known
to correlate with herbivore performance, present potentially fruitful
avenues for future research inquiries into the genetic basis of and

constraints on specificity of induction.

5 | CONCLUSIONS

We found differences in phytochemical resistance induction across
annual and perennial ecotypes of yellow monkeyflower. These
patterns were governed to some extent by the DIV1 genetic re-
gion, which also contributes substantially to differences between
ecotypes in life-history traits and constitutive defence levels. This
co-localization of traits may influence trade-offs in yellow mon-
keyflower defence and highlights the importance of incorporating
molecular genetic studies into plant defence theory. The context-
dependence of the effects of the DIV1 locus on induction (i.e.
variation due to genetic background as well as herbivore identity)
provides support for the complexity of the regulatory pathways un-
derlying trait plasticity.
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