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Abstract

How species interactions may modify the effects of environmental change on evolutionary adaptation is poorly
understood. Elevated CO; is known to alter plant-herbivore interactions, but the evolutionary consequences for plant
populations have received little attention. We conducted an experiment to determine the effects of elevated CO, and
herbivory by a specialist insect herbivore (Danaus plexippus) on the expression of constitutive and induced plant
defense traits in five genotypes of Asclepias syriaca, and assessed the heritability of these traits. We also examined
changes in relative fitness among plant genotypes in response to altered CO, and herbivory. The expression of plant
defense traits varied significantly among genotypes. Elevated CO, increased plant growth and physical defenses
(toughness and latex), but decreased investment in chemical defenses (cardenolides). We found no effect of elevated
CO; on plant induction of cardenolides in response to caterpillar herbivory. Elevated CO, decreased the expression of
chemical defenses (cardenolides) to a different extent depending on plant genotype. Differential effects of CO, on
plant defense expression, rather than direct effects on relative fitness, may alter A. syriaca adaptation to changing
climate.
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Introduction

Central to ecological conservation and management
remains the question: will species be able to accommo-
date the rapid ecological changes imposed by anthro-
pogenic disturbance? If species can adapt to these
changes, how will global change drivers interact with
other selective pressures acting in species’ environ-
ments to shape the evolution of species? It is clear that
many global environmental changes (GECs) substan-
tially alter the environmental conditions, and thus
selection regime, experienced by biota (Reusch & Wood,
2007). Species can accommodate changing conditions
through a variety of mechanisms, including phenotypi-
cally plastic responses, migration, and genetic change
(Jackson & Overpeck, 2000). While phenotypic plasti-
city and migration are likely responses to rapid envir-
onmental change (Parmesan, 2006), habitat destruction
and fragmentation have decreased the area of suitable
habitat and increased dispersal distances among such
habitats (Travis, 2003). As a result, in situ evolution in
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response to changing climate is likely to become in-
creasingly important (Davis & Shaw, 2001), but evi-
dence for this phenomenon is scarce (Gienapp et al.,
2007). It is unclear if natural populations host sufficient
genetic variation to adapt evolutionarily to rapid en-
vironmental change (Jump et al., 2009; Kellermann et al.,
2009).

In order for species to respond evolutionarily, GEC
drivers must differentially alter the expression of organ-
ism growth, reproductive, or other phenotypic traits
under selection. Additionally, the observed phenotypic
traits must be both heritable and variable within popu-
lations. Recent literature documents a few examples of
altered fitness responses within agricultural and native
plants, insects, and bird species to global change drivers
(Reusch & Wood, 2007). Specifically, GEC drivers may
directly alter the fitness of genotypes within a popula-
tion by altering allocation to reproductive traits. For
example, rice (Oryza sativa L.) genotypes grown under
elevated CO, vary significantly in their grain yields as a
result of intraspecific variation in photosynthetic rate
(De Costa et al., 2007).

In reality, the performance and fitness of organisms
under environmental change will reflect complex
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interactions among changing biotic forces (competition,
predation, disease) and changing abiotic forces (tem-
perature, precipitation, atmospheric CO,) (Tylianakis
et al., 2008). For plants, the presence of competitors,
herbivores, or symbionts within the environment can
enhance or limit their responses to GEC (Brooker, 2006).
For example, elevated CO, has no effect on Bromus
erectus growth and reproduction when plants are grown
with conspecifics. In contrast, B. erectus plants grown
with heterospecifics under elevated CO, show de-
creased growth and fitness (Steinger et al., 2007). In
other words, competitive background and atmospheric
CO, interact to determine Bromus fitness. Only by
examining how species interactions modify the effects
of environmental change can we begin to understand
and predict the ecological and evolutionary conse-
quences of these complex changes in natural systems.

GEC drivers are known to alter the interactions of
plants with insect herbivores through changes in plant
palatability and quantity (Stiling & Cornelissen, 2007;
Bidart-Bouzat & Imeh-Nathaniel, 2008). Elevated CO,
can alter plant-herbivore interactions by increasing
plant growth, decreasing plant nutrient content, and
altering the expression of plant defenses (Kinney et al.,
1997; Agrell et al., 2000). However, not all plants re-
spond to elevated CO, in a similar or predictable
fashion (Lindroth et al.,, 1993; Hunter, 2001; Bidart-
Bouzat & Imeh-Nathaniel, 2008) and the outcomes of
plant-herbivore interactions under future atmospheric
conditions remain difficult to anticipate (Petri et al.,
2010).

Predictions are complicated yet further if the expres-
sion of plant defense is modified by interactions with
herbivores. Induced defenses, or those expressed in
response to herbivore damage (Agrawal, 2001) can
affect plant fitness (Baldwin, 1998; Agrawal, 1999) and
subsequent herbivore consumption (Van Zandt & Agra-
wal, 2004a). Elevated CO, has been shown to increase
induction of chemical defenses in Arabidopsis thaliana
and Brassica rapa (Bidart-Bouzat et al., 2005; Himanen
et al., 2008), but decrease induction in Glycine max
(Zavala et al., 2008), and has little or no effect on
herbivore induction of plant defenses in Populus tremu-
loides, Acer saccharum, Lotus corniculatus, Gossypium hir-
sutum, and Quercus myrtifolia (Roth et al., 1998; Bazin
et al., 2002; Agrell et al., 2004; Rossi et al., 2004). From
these examples, we see that the effects of elevated CO,
on induction are not well-understood and a general
predictive theory has not yet been achieved.

Elevated CO; is well known to alter plant-herbivore
interactions in ecological time (Lindroth et al., 1993; Hall
et al., 2005; Stiling & Cornelissen, 2007), whereas only a
few studies have explored potential effects of elevated
CO; on the evolutionary outcome of plant-herbivore

interactions (Bidart-Bouzat, 2004; Lau & Tiffin, 2009).
Assessing genetic variation within populations for plant
defense expression, and changes in fitness under in-
creasing CO,, is crucial to understanding plant adapta-
tion and plant-insect coevolution under realistic
scenarios of environmental change. Because genetic
variation often exists in the expression of plant defenses
(Berenbaum et al., 1986; Simms & Rausher, 1987), we
expect that elevated CO, may differentially affect the
induction of defense among genotypes (Julkunen-Tiitto
et al., 1993; Lindroth et al., 2001). Additionally, elevated
CO, may magnify or diminish differences in defense or
fitness among genotypes and as a consequence, increase
or decrease the strength of herbivory as a selective force
on plant populations. For example, some genotypes
within species may exhibit greater defense induction
than do other genotypes under ambient CO, conditions,
whereas elevated CO, may alleviate allocation tradeoffs
such that all genotypes induce to approximately the
same degree. As a consequence, elevated CO, may
increase or decrease the fitness differences among plant
genotypes. Examining the interactive effects of herbiv-
ory and CO, among multiple plant genotypes may
allow us to anticipate both the phenotypic (ecological)
and fitness (evolutionary) consequences of these forces.
Only the manipulation of multiple abiotic and biotic
factors will allow us to understand the complex ecolo-
gical mechanisms that drive adaptation to environmen-
tal change (Tylianakis et al., 2008), and may allow us to
predict how these ecological changes affect the evolu-
tion of plant populations.

To examine the potential for our focal plant popula-
tion to accommodate changing atmospheric CO, con-
centrations, and the effect of elevated CO, on
constitutive and induced plant defense, we examined
the following predictions. First, we proposed that our
focal plant population would contain genetic variation
in the expression of reproductive and defense traits, and
that these traits would be heritable. Second, we ex-
pected that CO, would affect the expression of plant
growth, reproduction, and constitutive and induced
defense, and that plant genotypes would exhibit varia-
tion in phenotypic response to CO,. We tested this
prediction by examining variation in phenotypic re-
sponses to elevated CO, among plant genotypes. Third,
we predicted that plant fitness (measured as plant
reproductive traits) would vary among genotypes and
that elevated CO, would alter the expression of these
traits.

To address these questions, we examined intraspeci-
fic variation and heritability in the expression of
growth, reproductive, and defensive traits, and
the effects of elevated CO, on these traits, in the
common milkweed Asclepias syriaca L. (Apocynaceae).
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We examined the induction of plant defenses in
A. syriaca by monarch larvae Danaus plexippus (Lepi-
doptera: Nymphalidae: Danainae), a specialist insect
herbivore.

Materials and methods

Plant and insect species

The common milkweed, A. syriaca, inhabits open fields
throughout eastern North America, and reproduces asexually
through rhizomatous growth belowground and sexually
through the production of follicles that are fertilized by a
single pollinium. As a result, A. syriaca pods contain
full-sibling seeds. A. syriaca hosts at least 12 specialized insect
herbivores, including chewing leaf feeders, phloem feeders,
leaf miners, stem feeders, root feeders, and seed predators.
Many physical and chemical traits deter herbivory or retard
insect development on A. syriaca (Zalucki & Malcolm, 1999;
Zalucki et al., 2001; Agrawal & Fishbein, 2006). High concen-
trations of cardenolides, toxic, bitter-tasting steroids, can
decrease the survival and performance of the specialist
herbivore D. plexippus (Zalucki et al., 2001). Latex, a sticky
polyisoprene polymer that contains cardenolides and other
compounds, is stored within pressurized laticifers and can
engulf small herbivores and inhibit the feeding of larger ones
(Zalucki & Malcolm, 1999; Zalucki et al., 2001). Trichomes
produced on the upper and lower lamina and leaf veins of
A. syriaca may inhibit feeding by herbivores (Levin, 1973). Leaf
toughness, tightly correlated with specific leaf mass (SLM)
(Frost & Hunter, 2008), can also inhibit feeding by many insect
herbivores (Coley, 1983; Read & Stokes, 2006). While all of the
defensive traits described here consist primarily of carbon, the
enzymes required to construct them require nutrients such as
nitrogen and phosphorus (Gershenzon, 1994). The responses
of A. syrianca defenses to elevated CO, are therefore hard to
predict.

Much work has been conducted on the effects of the multi-
trait Asclepias defensive phenotype on its specialist herbivores
(Zalucki & Malcolm, 1999; Zalucki ef al., 2001; Agrawal &
Malcolm, 2002; Agrawal, 2004; Agrawal & Fishbein, 2006), and
it is well-established that variation in plant defensive traits
affects herbivore performance and host choice in natural
systems. Additionally, Asclepias spp. are known to respond
to insect herbivory by altering their chemical phenotype
(Malcolm & Zalucki, 1996; Martel & Malcolm, 2004; Van Zandt
& Agrawal, 2004a,b; Zehnder & Hunter, 2007). Because we
know that A. syriaca alters the expression of plant defenses in
response to herbivory, it is an ideal plant in which to investi-
gate the effects of elevated CO, on defense expression and
induction.

A. syriaca is a perennial rhizomatous herb, and seedlings do
not reproduce sexually for at least 2-3 years at our field site in
northern Michigan (authors’ unpublished results). Instead,
plants reproduce asexually during this time, through rhizo-
matous growth and ramet production. In the fall, all above-
ground plant material senesces; belowground biomass
and meristem production (buds on the rhizome) constrain

regrowth and ramet number the following year. Following
established methods (Fagerstrom, 1992), we therefore estimate
A. syriaca fitness after one growing season using belowground
biomass and the number of buds produced on the rhizome. We
emphasize that this limits our conclusions about effects of
treatments on plant fitness to the first few years of growth.

Experimental design

A. syriaca pods were collected from a single population in
northern Michigan at the University of Michigan Biological
Station (UMBS) in Pellston, MI during Fall 2007. Five A. syriaca
full-sibling families, hereafter referred to as genotypes, were
delineated initially based on spatial clustering of their ramets
and phenological, morphological, and chemical differences
among genets. Subsequent excavation of rhizomes and micro-
satellite analyses have confirmed the existence of independent
genets at our field site. During May 2008, we established five
genotypes of A. syriaca, each generated from a single pod from
one of the five field genotypes. Seeds were cold stratified for 4-
5 weeks during spring 2008, and were germinated in May 2008
on moist filter paper at 25°C. Following germination, seed-
lings were planted into 50mL cells containing potting soil
(SunGrow Horticulture, Vancouver, BC, Canada) and reared in
a growth chamber for 2 weeks. Eighty seedlings of each genotype
were planted individually into 6 in. pots containing approx 1L
of a 2: 1 mixture of potting soil (SunGrow Metromix) and UMBS
sandy soil, respectively. Transplanted seedlings were kept in
the UMBS glasshouse for 2 weeks to prevent frost damage.
Four weeks after the initial planting (June 1-2, 2008),
A. syriaca individuals were placed in open-top controlled
atmosphere chambers in the field at UMBS. The chamber array
consisted of 20 chambers, with 10 maintained at ambient CO,
concentrations, and 10 maintained at elevated CO, concentra-
tions (760 ppm, dawn until dusk), dispersed uniformly within
the array. Each chamber held two individual plants from each
of the five plant families (10 plants per chamber), five desig-
nated for caterpillar herbivory, the others undisturbed con-
trols. Atmospheric CO, concentrations were monitored daily
in all elevated CO, chambers and two ambient chambers using
a LI-COR LI-6262 IRGA (LI-COR, Lincoln, NE, USA) and CO,
was adjusted to maintain the target concentration in each
elevated CO, chamber. Plants were watered daily and their
heights measured weekly for the 9 weeks of CO, treatment.
Two weeks before the herbivory treatment was initiated (early
July, 2008), when plants were approximately 2 months old, all
plants were covered with a fine mesh (paint strainer bags,
Mastercraft Mfg., South El Monte, CA, USA) to keep any local
herbivores from consuming the plants or inducing plant
defenses, although nearly all plants were free of prior damage.
We captured gravid monarch butterflies from the field at
UMBS, allowed them to lay eggs in the laboratory, and collected
eggs on leaf disks using a hole punch and stored them in a
refrigerated incubator until use (maximum 2 weeks). All monarch
eggs came from five wild caught females of unknown provenance.
The induction treatment was initiated 5 days before harvest.
A single D. plexippus egg that had darkened just before larval
eclosion was ‘glued’ to the leaf of each treatment plant using
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milkweed latex. Before it dries, latex is an effective defense
against herbivores, but the tiny amount added was allowed to
dry and was not harmful to the larvae. Eggs were placed on a
single individual of each plant family in each of 10 ambient
and 10 elevated CO, chambers (100 eggs total). The larvae
hatched within hours and were allowed to eat for 5 days
following eclosion, resulting in the consumption of approxi-
mately 10-20% of each plant. Both control and herbivore
treatment plants remained covered in mesh during the cater-
pillar treatment.

Although A. syriaca can rapidly (24h) induce cardenolide
expression in response to damage (Malcolm & Zalucki, 1996),
extended periods of damage (up to 30 days) by aphid herbi-
vores can also affect cardenolide expression in Asclepias spe-
cies (Zehnder & Hunter, 2007). The length of our herbivory
treatment, with continual damage throughout the treatment
period, should be suitable to detect changes in plant expres-
sion of defenses.

Harvest

Plants were harvested at 12 weeks of age and each had
between six and 22 leaves. A. syriaca plants have opposite
leaves. All plant heights were measured, and vertical growth
during herbivore treatment was used to calculate net regrowth
during the herbivory period as a measure of tolerance. Five
hole punches (424 mm®) of fresh leaf tissue were taken from
one ‘side” of the two largest leaf pairs on each plant, placed
immediately into 1mL of methanol and stored at —10 °C for
cardenolide analysis. Five identical leaf disks were taken from
the opposite ‘side’ of the leaf pairs and stored in glassine
envelopes to provide estimates of sample dry weights and
measures of other leaf traits. Latex that flowed from the first
five holes punched was collected on a preweighed cellulose
disk (1 cm diameter), dried, and weighed.

Analysis of plant traits

Aboveground and belowground tissues were dried and
weighed to the nearest 0.01 g as measures of above- and
belowground biomass. The number of buds on each rhizome
was counted and used as a measure of clonal reproduction
(Fagerstrom, 1992; Wikberg et al., 1994). The masses of all five
disks were averaged and used to calculate the specific leaf
mass (SLM = mass/area) for each plant as an index of foliar
toughness (Frost & Hunter, 2008). The number of trichomes on
five subsections of the upper and lower sides of each leaf was
counted under a dissecting microscope at x 4 using an optical
micrometer, and averaged to a single value for each plant. The
amount of leaf tissue consumed by caterpillars was estimated
on scanned leaves using WINFOLIA software. Analysis of carde-
nolides in leaf tissue was performed using methods modified
from Malcolm & Zalucki (1996) and Zehnder & Hunter (2007).
Briefly, leaf disks were ground in methanol for 2 min using a ball
mill (Retsch MM200, Haan, Germany), sonicated at 60 °C for 1h
and evaporated to dryness. Samples were resuspended in 150 pL
of methanol containing 0.15mgmL ! digitoxin as an internal
standard and analyzed using reverse phase high-performance
liquid chromatography at high system pressures (UPLC,
Waters Inc., Milford, MA, USA). Peaks were detected by absorp-

tion at 218 nm using a diode array detector, and absorbance
spectra were recorded from 200 to 300 nm with digitoxin as the
standard. Peaks with symmetrical absorption maxima be-
tween 217 and 222 nm were recorded as cardenolides. Indivi-
dual cardenolide compounds were separated by differences in
retention time. The cardenolide peaks reported here were
found in at least 2/3 of all examined samples. Total cardeno-
lide concentration was calculated as the sum of all separated
cardenolide peaks, corrected by the concentration of the inter-
nal standard and the estimated sample mass.

Statistical analysis

We estimated the heritability for each plant phenotypic trait
using full-sibling estimates of heritability. Full-sibling herit-
ability estimates approach narrow sense heritability measures
when all genetic variance is additive, and are typically lower
than broad sense heritabilities (Falconer, 1981, Roff, 1997).
Although estimates of behavioral and physiological traits can
be contaminated by dominance variation, morphological traits
tend to have lower dominance variation in general. Thus, full-
sib estimates of heritability are generally robust, compared
with regression estimates (Mousseau & Roff, 1987; Roff, 1997).
We calculated heritability as two times the plant genotype
variance component, divided by the total variance component
(H? = @VCeu_sin)/ VCeuni_sib + VCerror)  (Lynch & Walsh
1998). We estimated the variance component explained by
plant genotype using PROC MIXED (SAS v.9.1) using a one-way
ANOVA, with genotype as a random effect to extract the
genotype variance component (Agrawal, 2005). The signifi-
cance of each heritability estimate was calculated using a z-
test. Although heritability analyses conducted under con-
trolled conditions usually yield higher estimates than do field
estimates, the two are strongly correlated and heritabilities
detected under lab conditions are considered meaningful
under field conditions (Roff & Simons, 1997). We acknowledge
that a complete forecast of how trait values may change in the
long-term depends on the pattern of additive genetic variances
and covariances of traits (Schluter, 1996). As a result, our initial
analysis does not currently allow a meaningful calculation of
genetic covariances, but does describe a useful prerequisite for
evolutionary change.

To determine if herbivory (i.e. induction treatment), plant
genotype, or CO, caused significant variation in plant growth
or defensive traits, F-tests were performed on the trait values
of all treatment (herbivory) and control plants. Residuals were
examined for each model and response variables were log-
transformed if necessary to improve homoscedasticity. Follow-
ing Quinn & Keough (2002), we used a split-plot model, with
plant genotype and herbivory treatment crossed within CO,
treatments. The model was run using PROC MIXED in sAs v 9.1.
Herbivory, plant genotype, CO, and their interactions were
considered fixed effects, while chamber and its interactions
were considered random effects. Differences among treatment
means were assessed using Tukey’s HSD tests. Here, we focus
on plant responses to insect damage. Analysis of D. plexippus
performance on A. syriaca under ambient and elevated CO,
will be presented elsewhere.
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Results

Genetic variation and heritability of growth, reproductive,
and defense traits

Genotypes (full-sibling families) of A. syriaca collected
from different genets within the same Northern Michi-
gan population were highly variable in the expression
of growth, reproductive, and defensive traits (Table 1).
Plant genotypes varied significantly in total biomass,
regrowth ability, latex exudation, trichome density, and
the expression of cardenolides (Table 1). Plant traits,
however, were not uniformly heritable (Table 1). De-
spite our limited ability to detect significant heritability
due to the inclusion of only five full-sibling families, we
have detected patterns in these data and therefore make
note of moderately significant trends (P <0.10) in herit-
ability estimates. For example, plant growth and repro-
ductive traits such as biomass, root biomass, and the
number of buds on the rhizome displayed very low
levels of heritability (H”=0.02-0.24, Table 1), while
most of the defensive traits, including latex, and all
cardenolide compounds examined exhibited moderate
heritability estimates (H? = 0.13-0.32, Table 1), that ap-
proached statistical significance (P<0.10). In contrast,
SLM, a proxy for leaf toughness, displayed very low
heritability (H> = 0.03, Table 1).

Genotype responses to elevated CO,: growth,
reproductive, and defense traits

Elevated CO,; increased aboveground biomass and be-
lowground biomass by an average of 15% (Fy 9o = 4.82,

P =10.031; F;,90 = 3.98, P = 0.049, Tables 2 and 3), but did
so to a similar extent among all plant genotypes. Atmo-
spheric CO, concentration, however, had no direct
effect on the number of bud meristems produced on
A. syriaca thizomes (F; 99 = 0.89, P = 0.35, Tables 2 and
3). Despite substantial effects of CO, on aboveground
and belowground biomass, we found no interactions
between genotype and CO, on belowground biomass or
meristem bud number produced by each genotype (Fig.
la and b) or in response to herbivory (three-way inter-
action) (Table 2).

In contrast to its effect on growth and reproductive
traits, elevated CO, altered the expression of many
plant defenses differently depending on plant geno-
type. Specifically, CO, tended to increase latex exuda-
tion in two of the five genotypes (Family x CO,
F490=2.14, P=0.082, Fig. 2). Plants grown under ele-
vated CO, contained on average, 20% less cardenolide
than those grown under ambient atmospheric condi-
tions (F1,90 =4.18, P =0.04, Tables 2 and 3, Fig. 3), but
plant families were affected to different extents by
increased CO,. Some genotypes decreased cardenolide
expression to a greater extent under elevated CO, than
did others. Of the three cardenolide peaks detected in
the majority of plants, CO, affected the expression of
cardenolide peak 1 (the most polar compound) as well
as total cardenolide concentration differently among
plant genotypes. The concentration of cardenolide peak
1, comprising 5% of total cardenolide concentration,
was reduced substantially in two genotypes under
elevated CO,, whereas expression levels in the
other genotypes remained unchanged (Fy g =4.69,

Table 1 Number of values (N) used to calculate trait means (Mean), F-ratio for plant genotype, variance component (VC) explained
by genotype, and full-sib heritability (H) for growth, reproductive, and defensive traits of Asclepias syriaca from Pellston, MI

Plant trait N Mean F VCeull_sib VCerror H?
Growth and reproductive traits
Aboveground biomass 197 0.316 6.04*** 0.00 0.02 0.11
Belowground biomass 197 0.834 1.86 0.00 0.13 0.02
Rhizome mass 197 0.537 1.74 0.00 0.01 0.24
Bud number 197 27.6 1.84 3.85 197.74 0.02
Tolerance trait
Regrowth 197 0.737 2.87* 0.02 0.41 0.05
Defense traits
Latex 197 1.47 6.87%** 17.80 117.71 0.13*
Trichome density 197 5.89 5.15%** 0.10 0.46 0.18*
SLM 197 0.0212 2.2% 0.00 0.00 0.03
Cardenolide peak 1 188 0.06 11.49*** 0.00 0.00 02"
Cardenolide peak 2 188 0.27 6.03°* 0.02 0.05 0.26%
Cardenolide peak 3 188 0.5 17.49%** 0.08 0.19 0.31*
Total cardenolides 188 1.13 20.39%** 0.27 0.60 0.32*

Significance of heritability estimates are based on z-scores, with
*P<0.10, *P<0.05, ***P <0.001.

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02316.x
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Fig. 1 The effect of elevated CO, on genetic families of Asclepias
syriaca in the production of (a) belowground (rhizome plus fine
root) biomass, and (b) number of meristem buds on the rhizome,
both traits associated with fitness. Bars represent mean trait
values =+ 1SE pooled across herbivory treatments and F- and
P-values are derived from the full model.

P =0.0018, Fig. 3a). Similarly, total cardenolide concen-
tration, comprised of all cardenolides in plant foliage
including rare and common peaks, also declined in two
of the five genotypes exposed to elevated CO,
(Fy4,81 =2.58, P=0.043, Fig. 3d). Plants grown under
elevated CO, decreased the expression of cardenolide
peak 2 (20% of total cardenolide concentration), and this
effect did not differ significantly among genotypes (CO,

CO; concentration
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Fig. 2 The effect of elevated CO, on latex exudation among
genetic families of Asclepias syriaca. Bars represent the mean dry
mass of latex exuded =+ 1SE pooled across all herbivory treat-
ments and F- and P-values are derived from the full model.

Fi,00=333, P=0.0714, CO,xFamily F4q=1.77,
P =0.14, Fig. 3b). Elevated CO, increased SLM by 40%
(F1,90 = 60.29, P<0.0001, Table 2) irrespective of plant
genotype (CO, x Family Fy o9 = 0.20, P = 0.937, Tables 2
and 3). Elevated CO, also increased the variation
among genotype averages in cardenolide expression
(Fig. 3d), but tended to decrease the variation among
genotypes in the expression of latex and individual
cardenolide compounds (Figs 2 and 3).

Effects of plant genotype and CO, on plant responses to
herbivory

The amount of leaf tissue consumed by caterpillars did
not differ among CO, treatments (F; 7o =2.05, P = 0.15)
or plant genotypes (Fy 79 =1.42, P =0.236). Herbivory
by caterpillars decreased aboveground plant biomass
by 15% (Fy,81 =5.6, P =0.020, Tables 2 and 3). Cater-
pillar herbivory reduced by 20% the rate of plant net
regrowth during damage (Herbivory Fj g =9.19,
P =0.0033, Tables 2 and 3). Elevated atmospheric CO,,
however, mitigated the negative effect of insect herbiv-
ory on plant fitness, measured by the number of meri-
stem buds produced on A. syriaca rhizomes
(CO; x Herbivory F; g1 =7.55, P =0.0072, Fig. 4).

Plant genotypes responded to caterpillar herbivory
with altered physical and chemical defense expression.

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02316.x
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Fig. 3 The effect of elevated CO, on constitutive expression of cardenolide peaks 1-3 and total cardenolide concentrations (a—d) among
five genetic families of Asclepias syriaca. Bars represent the mean concentration of cardenolides in foliar tissue =+ 1SE pooled across
herbivory treatments and F- and P-values are derived from the full model. *Differences between ambient and elevated CO, treatments
within families, using Tukey-Kramer adjustments for all pairwise comparisons.

All plant genotypes exhibited a 55% decline in latex
exudation following caterpillar herbivory (F; s; = 69.39,
P<0.0001, Tables 2 and 3). Elevated CO,, however,
ameliorated the negative effect of caterpillar herbivory
on latex exudation in some genotypes (three-way inter-
action Fy 99 =2.38, P =0.057, Table 3). In addition, all
plant genotypes that were consumed by caterpillars
displayed nearly 10% lower SLM than the control plants
(Fy,81 =13.71, P=0.0004, Table 2). Neither herbivory,
CO,, or their interaction affected substantially the
density of trichomes on leaf surfaces (Table 2).
Herbivory by caterpillars induced increases in the
concentration of some, but not all, foliar cardenolide
compounds. Among all plant genotypes, caterpillar

herbivory caused an average increase of 50% in the
concentration of the second most polar cardenolide:
peak 2 (Fy, 5 =4.05, P =0.047, Table 2). Similarly, the
total concentration of cardenolides also increased by
31% in response to herbivory (F; g =4.81, P =0.031).
The induction of chemical defenses was not signifi-
cantly different among plant genotypes or modified
by elevated CO, (Tables 2 and 3).

Discussion

Rapid environmental change has imposed novel selec-
tion regimes on most species, to which natural popula-
tions must adapt in order to persist in the face of altered

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02316.x
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Fig. 4 The interaction of elevated CO, and insect herbivory on
the number of Asclepias syriaca rhizome buds following herbivore
treatment. Bars represent mean trait values + 1 S.E. pooled
across genotypes and F- and P-values are derived from the full
model.

conditions. Our focal plant population hosts substantial
genetic variation in the expression of growth, reproduc-
tive, and defensive phenotypic traits. Despite high
levels of genetic variation in nearly all traits examined,
our full-sib analysis indicates that defensive traits are
more heritable than growth or reproductive traits, con-
sistent with classical theory (Mousseau & Roff, 1987),
and thus able to respond evolutionarily to selection.
Although our analysis is limited to five genotypes,
hindering our ability to detect significant heritability,
our heritability estimates for defense traits in A. syriaca
are similar to those found by Agrawal (2005), lending
support to our results. Additionally, we found that
A. syriaca genotypes respond differently to elevated
CO, in the expression of defense, but not growth or
reproductive traits. From these results, we conclude
that elevated CO, will not directly change genotype
frequencies within this population of A. syriaca; rather,
insect herbivory acting on altered defensive phenotype
will likely shape the evolution of this plant population
instead.

Field experiments demonstrate that the specialist
herbivores of A. syriaca preferentially feed on plants
depending on defense expression, previous damage, or
induction by previous herbivores (Van Zandt & Agra-
wal, 2004a; Agrawal, 2005), which may drive selection
in A. syriaca populations (Agrawal, 2005). For example,
A. syriaca genotypes with high levels of latex exudation

or high trichome densities typically host lower abun-
dances of weevils, leaf miners, and leaf-feeding beetles
than those with lower expression of these traits (Agra-
wal & Van Zandt, 2003). As a result, selective herbivore
damage is likely to act in combination with genotype-
specific effects of elevated CO; to alter the evolutionary
(and potentially coevolutionary) trajectory of this plant
population and its herbivore community.

Effects of CO, on plant defense

Elevated CO, substantially altered the defensive phe-
notype of A. syriaca, decreasing plant expression of
chemical defense and increasing expression of physical
resistance and tolerance to herbivory. Elevated CO,
increased plant tolerance to herbivory by mitigating
the negative effect of herbivory on the number of bud
meristems produced on plant rhizomes. This response
has been documented in other perennial plants, but is
not a universal phenomenon. Betula pendula (silver
birch) seedlings are able to compensate to herbivory
by increasing total net carbon uptake and regrowth
following damage (Huttunen et al., 2007). In contrast,
both A. thaliana and B. rapa are less tolerant to insect
herbivory when grown under elevated CO, (Marshall
et al., 2008; Lau & Tiffin, 2009). The disparate effects of
CO, on plant tolerance identified may be due to the
different metrics of tolerance assessed in these studies
(seed production and regrowth), and because peren-
nials can postpone reproductive costs until the next
growing season (Huhta ef al., 2009), the negative effects
of herbivory may have not yet been manifest. Alterna-
tively, perennials may be able to fully or overcompen-
sate from herbivory damage with adequate access to
nutrients (Huttunen et al., 2007), while annuals grown
under elevated CO, actually display accelerated phe-
nology and a decreased lifespan (Marshall et al., 2008).
In this case, perennials may increase allocation to
nutrient foraging through the growth and proliferation
of fine roots or allocation to mycorrhizal symbionts,
responses which Brassicaceous annuals are unlikely or
incapable of performing.

With regard to plant palatability, elevated CO, in-
creased leaf ‘toughness’ and decreased investment in
cardenolide compounds among all A. syriaca families.
We found no effects of elevated CO, on the induction of
cardenolides. In previous work, elevated CO, has been
demonstrated to alter induced responses, increasing
induction of N-containing glucosinolates in A. thaliana
(Bidart-Bouzat et al., 2005), but also decreasing induction
of proteinase inhibitors in G. max (soybean) (Zavala et al.,
2008). However, our study, along with the bulk of work
on induced responses in perennial plants, indicates
no substantial effect of elevated CO, on induction of

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02316.x
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chemical defenses (Roth ef al., 1998; Bazin et al., 2002;
Agrell et al., 2004; Rossi et al., 2004). Our results indicate
that plant induction under elevated CO, does not corre-
spond to predictions made by simple resource availabil-
ity (Bryant et al., 1983), but that alternative plant defense
theories based on the enzymatic costs of defense and
plant ontogeny must be invoked to understand these
effects (Gershenzon, 1994; Boege & Marquis, 2005).

Elevated CO, did, however, significantly reduce the
constitutive expression of cardenolides in A. syriaca.
Although the majority of studies report that elevated
CO, increases the expression of carbon-based com-
pounds (Bidart-Bouzat & Imeh-Nathaniel, 2008), de-
clines in carbon-based compounds have been detected
as well. The reductions in cardenolide expression may be
due to decreased availability of nutrients with which to
synthesize enzymes (Gershenzon, 1994) or resource-based
tradeoffs among competing demands. In support of the
trade-off mechanism, we found that elevated CO, increa-
sed plant biomass and increased latex exudation in two of
five plant families, but decreased cardenolide expression,
which may indicate a trade-off in resource allocation
among competing demands (Herms & Mattson, 1992).

Alternatively, CO,-induced changes in biomass and
defensive phenotype may indicate a shift to a different
ontogenetic stage where plants rely on tolerance and
physical defenses rather than chemical defense (Boege
& Marquis, 2005). We were not able to test this hypoth-
esis directly, because all plants were harvested at a
single point in time. However, unpublished data from
our field site shows that A. syriaca loses chemical
defense in favor of structural defense with age (M. D.
Hunter, unpublished results) and elevated CO, may
accelerate this. A similar ontogenetic effect of elevated
CO; on plant defense allocation was noted in loblolly
pine (Pinus taeda), where elevated CO, directly in-
creased P. taeda biomass, and indirectly increased con-
centrations of condensed tannins in aboveground plant
material through accelerated plant growth and onto-
geny (Gebauer et al., 1998). Elevated CO, often accel-
erates development in woody and herbaceous species
(Norby et al., 1999; Ludewig & Sonnewald, 2000), but
the consequences for plant defense have rarely been
considered. Further studies should investigate the effect
of elevated CO, on ontogenetic shifts in the defensive
phenotype of perennial plant species and subsequent
effects on herbivores throughout the growing season
(Zavala et al., 2009).

CO; x genotype interactions

Despite intraspecific variation in phenotypic response
to elevated CO,, changing atmospheric composition did
not directly affect relative fitness of genotypes within

our focal plant population. Instead, we identified heri-
table intraspecific variation in the expression of defense
phenotype and found that the effect of CO, on the
expression of defenses was often genotype-specific.

Specifically, we found that elevated CO, differentially
affected the expression of latex and polar cardenolide
peaks among plant families. A majority of previous
work has found that plant species harbor genetic varia-
tion in the degree to which defense expression responds
to elevated CO,. Clones of P. tremuloides respond differ-
entially to elevated CO, in the production of condensed
tannins (Mansfield et al., 1999; Lindroth et al., 2001).
Similarly, Salix myrsinifolia clones produce different
amounts of salicin, salicortin, and catechin in response
to elevated CO, (Julkunen-Tiitto et al., 1993). Genetic
variation in the effects of CO, on defense induction has
also been documented. Bidart-Bouzat et al. (2005) re-
ported significant genetic variation in the induction of
total and individual glucosinolates by A. thaliana under
conditions of elevated, but not ambient CO,. In our
experiment, elevated CO, increased variation among
milkweed genotypes in total cardenolide expression,
but decreased among-genotype variation in other traits,
including latex exudation and some specific cardeno-
lide compounds. Apparently, there is no simple rela-
tionship in milkweed between elevated CO, and the
expression of genetic variance in defense traits. Some
traits (e.g. total cardenolides) may exhibit more varia-
tion upon which natural selection can act whereas other
traits (e.g. latex) may exhibit less.

Importantly, the genotypes in this study originated
from a single population. Because anthropogenic
changes to habitat matrices have, in part, limited gene
flow among populations, in situ evolution is thought to
be increasingly important in determining adaptation to
changing conditions (Davis & Shaw, 2001). As a result,
our study allows population-level prediction of evolu-
tionary changes in this species in response to caterpillar
herbivory and rising atmospheric CO, concentrations.

Our results emphasize the key role of interactions in
evolutionary adaptation to global climate change. We
present evidence that in the absence of insect herbivory,
the genetic composition of plant populations should not
change substantially, but that selective herbivory
dependent on plant defensive phenotype (Agrawal &
Van Zandt, 2003; Van Zandt & Agrawal, 2004a; Agra-
wal, 2005) could alter gene frequency within this popu-
lation. Managing populations under changing global
conditions will require not only an understanding of
populations” genetic diversity and ability to adapt to
changing conditions (Reusch & Wood, 2007), but will
also require that we anticipate the effects of species
interactions on these adaptive responses (Hulme, 2005).

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02316.x
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Conclusions

A. syriaca families display substantial variation and
heritability in the phenotypic expression of traits, espe-
cially those traits implicated in defense against herbi-
vores. Elevated CO, has substantial effects on A. syriaca
defensive phenotype, shifting it from chemical defense
toward increased tolerance and expression of physical
defenses. Despite significant effects of elevated CO, on
A. syriaca growth and fitness components, the effects of
elevated CO, uniformly increased growth and repro-
ductive traits similarly among all plant families. How-
ever, elevated CO, affects the expression of plant
defensive phenotype differently among families and
increased variation in expression of cardenolides
among plant families. In this way, genetic variation in
defense response to elevated CO, and resulting changes
in plant-herbivore interactions may mediate plant
adaptation to changing climate.
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