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Abstract
Attempts over the past 50 years to explain variation in the abundance, distribution and diversity of plant

secondary compounds gave rise to theories of plant defense. Remarkably, few phylogenetically robust tests of

these long-standing theories have been conducted. Using >50 species of milkweed (Asclepias spp.), we show

that variation among plant species in the induction of toxic cardenolides is explained by latitude, with higher

inducibility evolving more frequently at lower latitudes. We also found that: (1) the production of cardenolides

showed positive-correlated evolution with the diversity of cardenolides, (2) greater cardenolide investment by a

species is accompanied by an increase in an estimate of toxicity (measured as chemical polarity) and (3) instead

of trading off, constitutive and induced cardenolides were positively correlated. Analyses of root and shoot

cardenolides showed concordant patterns. Thus, milkweed species from lower latitudes are better defended

with higher inducibility, greater diversity and added toxicity of cardenolides.
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INTRODUCTION

Widespread literature suggests that plants from lower latitudes

experience stronger biotic interactions (Pennings et al. 2009; Schemske

et al. 2009) and therefore should invest in higher levels of defenses

(Coley & Aide 1991). Indeed, tropical plants are more likely to produce

toxic alkaloids (Levin & York 1978), latex (Lewinsohn 1991) and

typically have tougher leaves of lower nutritional quality than temperate

species (Coley & Aide 1991). In marine systems, tropical algae tend to

have a greater diversity of secondary metabolites, to be better

defended, and to have stronger deterrent properties than temperate

algae (Bolser & Hay 1996). A comprehensive recent review, however,

indicates that only six of 16 studies found higher levels of herbivory at

lower latitudes (Moles et al. 2011). For plant defenses, despite the

strong patterns described above, screens of other secondary metab-

olites such as tannins and flavonoids showed mixed results, and

apparently less than a quarter of studies showed increased production

of toxic secondary metabolites at lower latitudes (Moles et al. 2011).

Although most of the early studies cited above were comparative in

nature, phylogenetically rigorous tests that account for evolutionary

history were lacking. Addressing evolutionary history is important,

however, because patterns in defense may be confounded with

phylogenetic patterns. For example, directional latitudinal trends in

defense may be caused by the high diversity of particular tropical

lineages. By controlling for phylogenetic history, we can ask whether

higher levels of defense in the tropics are the result of repeated

independent evolution, which would suggest that higher defenses are

adaptive.

A potential cause of the lack of resolution about large-scale patterns

in plant defense comes from the fact that it is still unclear whether the

evolution of defense proceeds via changes in the amount of particular

compounds, phytochemical diversity or other aspects of chemical

toxicity (Table 1). Debate around the evolutionary and ecological

significance of defense compounds has centred on why there is such a

diversity of secondary compounds, even within a species. Are all of

the secondary metabolites in a plant biologically active or does

phytochemical diversity serve little role other than increasing the

probability of producing a few biologically active compounds when

ecological circumstances requiring defense arise (Jones & Firn 1991;

Berenbaum & Zangerl 1996; Rasmann & Agrawal 2009)? Phylogenetic

analyses of phytochemical diversity showed that some plants tend to

increase defence during evolutionary history by increasing chemical

structural complexity or other aspects of toxicity (Becerra et al. 2009).

A survey of >30 Asclepias species, on the contrary, showed a

directional macroevolutionary trend of decreasing total cardenolides in

favour of increased investment in plant tolerance to damage (Agrawal

& Fishbein 2008). Mixtures of secondary compounds can also have a

synergistic ecological effect, causing greater negative impacts on

herbivores than when compared with equal amounts of single

compounds (Berenbaum & Zangerl 1996).

Inducibility, or the ability to increase defensive traits after herbivore

attack, has classically been viewed as a way for plants to cope with high

resource demands and the unpredictability of herbivore attack (Zangerl

& Bazzaz 1992; Karban et al. 1999). Theory predicts that because

constitutive and induced defences ought to compete for resources, they

should trade off among genotypes or species (Zangerl & Bazzaz 1992;

Agrawal et al. 2010; Rasmann et al. 2011), nonetheless, evidence for

tradeoffs between constitutive and induced defense is mixed, (Morris

et al. 2006; Bingham & Agrawal 2010; Rasmann et al. 2011).

Milkweeds in the Pan-American genus Asclepias are optimal

candidates to investigate classic plant defence theories. They have a

well-characterized defensive arsenal (including toxic cardenolides and

latex) (Zalucki et al. 2001), tremendous variation among species

(Agrawal & Fishbein 2008), and known phylogenetic relationships
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(Fishbein et al. in press). Cardenolides (or cardiac glycosides) disrupt

the sodium and potassium flux in cells, and occur in all milkweed

tissues and in latex (Malcolm 1991). Despite insect behavioural and

physiological adaptations to reduce cardenolide exposure and toxicity

(Dussourd & Eisner 1987; Holzinger & Wink 1996), several lines of

evidence show that cardenolides continue to be detrimental to both

above and belowground herbivores (Zalucki et al. 1990; Agrawal 2005;

Rasmann et al. 2011). However, there is an indication that not all

cardenolides are equally toxic. The core aglycone steroidal structures

of cardenolides can be decorated with many structural sugar groups

(the �glycoside� of cardiac glycosides), which alter the physico-chemical

properties of the molecule. Cardenolides with different polarities are

absorbed at different rates through the insect gut, with non-polar

cardenolides being more readily absorbed than polar ones (Malcolm

1991) and therefore, more detrimental to the herbivores (Scudder &

Meredith 1982; Malcolm 1991; Petschenka & Dobler 2009; Rasmann

et al. 2009b).

In this study, we revisit classic hypotheses of plant defense by

assaying aboveground tissues in 51 species of milkweeds and root

tissues in 18 species, using phylogenetically controlled analyses.

Specifically we asked: (1) Are there latitudinal gradients in plant

defenses? (2) What is the relationship between different axes of

cardenolide defense? (Table 1) and (3) Are there tradeoffs between

constitutive defense and its inducibility?

MATERIALS AND METHODS

Milkweed biogeography

The Asclepias is a monophyletic group of about 130 species in North

America, Mesoamerica and the Caribbean, with six additional species

endemic to South America (Woodson 1954; Bollwinkel 1969; Fishbein

et al. in press). Asclepias species are found from southern Canada to

central Argentina. To map the distribution of the 51 species used

herein, we recorded the maximum, minimum and mean latitude for

each of the species� distributions using Woodson (1954), Bollwinkel

(1969), available online data (http://plants.usda.gov) and personal

comments from M. Fishbein.

Aboveground cardenolides collection

Seeds of 51 species (49 Asclepias species and two species from the

African sister genus Gomphocarpus) were collected by the authors and

their colleagues or purchased from native plant nurseries (sources are

given in the Acknowledgements) (Table S1 Supporting information).

All plants (6–12 plants per species) were germinated in a warm

(28 �C), dark chamber after stratifying the seeds at 4 �C on moist filter

paper for 2 weeks. One seedling per pot (10 cm diameter pots) was

transplanted into potting soil (Metro-Mix Sun Gro Horticulture

Canada CM Ltd., Vancouver, British Columbia, Canada) and grown in

a growth chamber (12 h daylight, 26 �C day : 20 �C night) for

4 weeks before harvesting. Plants were watered ad libitum and fertilized

[N : P : K 21 : 5 : 20 150 ppm N (g ⁄ g)] once every week. To test for

aboveground inducibility of cardenolides, after 30 days of growth,

leaves of approximately half of the plants (3–6 per species) were

exposed to one-first-instar monarch butterfly caterpillar (Danaus

plexippus L.), a species that feeds almost exclusively on Asclepias spp.

The other plants (3–7 per species) remained undamaged. Three days

after cessation of the herbivory treatment (c. 10% leaf damage per

plant), all plants were harvested and aboveground tissue was flash

frozen before being dried in a drying oven at 40 �C.

Root cardenolide collection

To assess root cardenolide production, we additionally germinated and

grew 18 species of Asclepias (n = 10 replicates per plant species), which

comprised a subset of the previous 51 species (Table S1). Plants were

grown using the methods above, except that plants were placed out of

doors (on a rooftop patio). After a month of growth, plants were

exposed to five, first-instar larvae of the specialist cerambycid beetle

Tetraopes tetraophthalmus, by placing the larvae about 1 cm deep within

the rhizosphere of the plant. Tetraopes tetraophthalmus is nested within

the New World clade of Tetraopes (Farrell & Mitter 1998). Adults feed

on leaves and flowers, whereas larvae feed exclusively on roots of the

milkweeds. Tetraopes tetraophathalmus adults were collected on naturally

occurring A. syriaca patches around Ithaca, NY, USA and kept in large

ventilated containers (30 · 20 · 15 cm) in the laboratory. Males and

females were provided with fresh milkweed leaves and oviposition

sites (dried grass stems). The oviposition substrate was removed from

the rearing boxes every third day and incubated in the dark at 27 �C

for 7–10 days. Newly hatched larvae were kept in large petri dishes

(10 cm diameter) on moist filter paper for a maximum of 24 h before

adding them to the roots of the experimental plants. Plants and

herbivores were then left to grow for an additional month before

harvesting root material, which was flash frozen in liquid nitrogen and

oven-dried at 40 �C for 3 days. Root and shoot cardenolides were

Table 1 Predictors of plant chemical toxicity and evidence for cardenolides. In particular, the toxic effects of cardenolides may increase with (1) overall amount, (2)

phytochemical diversity, (3) more lipid-soluble (and thus more membrane-permeable) compounds and (4) higher inducibility.

Chemical measure Why toxic? Evidence for cardenolides

Amount (lg mg)1 dry tissue) Dose dependent effects Cohen 1985

Rasmann et al. 2009b

Rasmann et al. 2011

Diversity (number of distinct peaks per sample) Difficult to deal with chemical mixtures No tests with cardenolides, but evidence

from Berenbaum & Zangerl 1996

Polarity (estimated by HPLC retention time) Less polar compounds are more able

to cross membranes

Malcolm & Zalucki 1996

Rasmann et al. 2009b

de Roode et al. 2008

Inducibility (absolute increase following herbivory) Dose dependent effects, variability

in food quality

Karban et al. 1997

Rasmann et al. 2011

2 S. Rasmann and A. A. Agrawal Letter

� 2011 Blackwell Publishing Ltd/CNRS



subsequently extracted in methanol and amount was determined by

UV absorption using HPLC according to Rasmann et al. (2009b).

Cardenolide diversity analyses

Leaf and root cardenolides of each species were aligned along the

time axis of the HPLC chromatogram. Based on our protocol and

column type, early-eluting peaks are considered to be more polar than

later-eluting peaks (Rasmann et al. 2009b). Each species was recorded

with the total number of cardenolide peaks (richness) and the total

amount (the sum of all individual peaks). We arbitrarily considered

species to have the same type of cardenolide when there was less

than 0.2 min difference between peak retention times in a total run

of 35 min. In addition to cardenolide richness and amount, we

sought to assess relative distribution of cardenolides across the time

range for each species. Specifically, we borrowed evenness measures

from the biodiversity literature to measure peak diversity indices for

each species using the Shannon–Wiener index H = )sum(Pilog[Pi]),

where Pi is the relative amount of a given cardenolide peak in a

species divided by the total amount of cardenolides in that species.

Finally, to provide a measure of cardenolide polarity, we developed a

mean polarity index P = sum(PiRTi), where RTi is the retention time

of the ith peak in the species, weighted by each peak�s relative

amount Pi.

Statistical analysis

A comprehensive phylogeny was pruned with the retention of branch

lengths to create a phylogram for the 51 and 18 species experiments,

recording shoot and root cardenolides respectively (Fishbein et al. in

press). We used simple Pearson�s correlations to test for the

relationship between mean latitude of species and total cardenolide

production, diversity and polarity indices, both aboveground and

belowground.

In addition to raw correlations, we tested for the effect of shared

evolutionary history in a maximum likelihood phylogenetic general-

ized least squares (PGLS) framework using Pagel�s Continuous,

implemented in BayesTraits (Pagel 1999). Using PGLS, models of trait

evolution differing in complexity can be compared using a likelihood-

ratio test (LR), in which LR = )2[log-likelihood of the better-fitting

model – log-likelihood of the worse-fitting model]. Under the

assumption of model equivalence, the LR statistic should be chi-

square distributed with one degree of freedom. (when a single

parameter is altered between the models compared). We first

estimated phylogenetic signal of all continuous traits using Pagel�s
lambda (k) in Continuous (Pagel 1999). The estimated k is compared

statistically to models, where k is forced to either 0 or 1. A k-value of

1 indicates phylogenetic signal consistent with a random-walk model

(i.e. trait similarity is directly proportional to the extent of shared

evolutionary history). A k-value approaching 0 indicates that the data

fit a model where there is no relationship between shared ancestry and

trait values (i.e. phylogenetic independence). For the phylogenetic

independent correlation analyses, the LR parameter was estimated

from a random-walk model (k = 1) with and without an estimated

covariance. When the raw and the PGLS analysis gave the same result,

only the latter is presented, otherwise, both analyses are presented.

To test for potential negative correlations between constitutive

cardenolides (total amount, diversity and polarity) and their inducibility

(i.e. the difference in mean phenotype values for each species between

control and damaged plants), we conducted tests to control for

potential spurious correlations in such analyses. Specifically, we

employed the test outlined by Morris et al.(2006) developed in Matlab

(version 7.5.0.342 – R2007b, MathWorks Inc., USA). This statistical

approach accounts for several issues that have apparently confounded

previous attempts to assess a tradeoff between constitutive and

induced resistance (Morris et al. 2006). Specifically, it uses the

difference in mean resistance between damaged and control plants

as an optimal metric for induced resistance measurements and uses a

modified Monte Carlo procedure that takes into account sampling

variation due to limited sample size, measurement error from

environmental and genetic differences and induced susceptibility, i.e.

lower resistance in damaged than in undamaged plants (Morris et al.

2006). In addition, we performed phylogenetically controlled analyses

to test for correlations between mean constitutive cardenolide levels

and their inducibility.

RESULTS

Diversity of cardenolides and phylogenetic signal

Across 49 species of Asclepias and two species of the sister genus

Gomphocarpus, we found 86 unique cardenolide peaks in the leaves,

with a maximum of 33 peaks for A. incarnata ssp. pulchra and a

minimum of two peaks for A. tuberosa. In the roots of 18 species, we

found 47 unique peaks with a maximum of 19 peaks in A. asperula and

a minimum of three in A. subverticillata (Table S1). In addition, we

found a positive relationship between species ranking of total root vs.

shoot cardenolide amount (here species are ranked to control for

potential heterogeneity among two different growing environments)

(n = 18 species, PGLS analysis, likelihood ratio (LR) = 8.608,

P = 0.003).

We then estimated phylogenetic signal for each trait (Table S2).

Both inducibility of shoot cardenolides and species mean latitude

showed phylogenetic signal consistent with Brownian motion

evolution (i.e. k = 1) (Table S2). Phylogenetic signal for constitu-

tive cardenolide levels, their absolute number and the diversity

index in shoots was estimated at less than 1 (k = 0.646, 0.408,

0.464 respectively), but their interpretation is uncertain because

none of these values was statistically distinguishable from 0 to 1.

Root cardenolides also carried some phylogenetic signal (k = 0.709

for constitutive and 0.682 for inducibility), which was significantly

different from 0 to 1 (Table S2). All other traits, including our

index of cardenolide polarity showed little or no phylogenetic

signal.

Biogeography of milkweed defenses

Are there latitudinal gradients in plant defenses?

Across 51 species, constitutive foliar cardenolides, and more so, their

inducibility, declined when moving away from the equator (Fig. 1,

Table S3, raw correlation for shoot constitutive cardenolides

r = )0.277, P = 0.049, PGLS LR = 0.562, P = 0.453 and their

inducibility, PGLS; r = )0.329, LR = 4.47, P = 0.034). Root carde-

nolides also showed a negative relationship between latitude and

constitutive cardenolide levels, but only before accounting for

phylogenetic non-independence (Table S3, raw correlation for root

constitutive cardenolides, r = 0.479, P = 0.044, PGLS LR = 1.506,

P = 0.219) and not for root inducibility (PGLS LR = 0.006,
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P = 0.938). Total number of cardenolide peaks and diversity also

decreased in the shoots of more temperate milkweeds (Table S3, raw

correlations, r = )0.298, P = 0.034 and r = )0.290, P = 0.039 for

peaks and diversity, respectively, but not when accounting for

phylogenetic non-independence, for peaks LR = 0.074, P = 0.786

and for diversity, LR = 0.538, P = 0.463). Finally, polarity of peaks

tended to decrease when moving away from the equator, although this

result was not significant (Table S3, r = )0.137, P = 0.336 and

LR = 3.002, P = 0.083).

Since previous analyses had shown a phylogenetic reduction in

cardenolide investment across 51 species of milkweeds (Agrawal et al.

2009), we sought to disentangle the potential confounding effect of

geographic location (latitude) and that more derived species are also

the ones growing further away from the equator (Woodson 1954;

Farrell & Mitter 1998). Our strongest result above, that inducibility of

foliar cardenolides decreases away from the tropics, persisted even

when including node depth of each Asclepias spp. as predictor of

cardenolide inducibility (multiple regression analysis; LR estimated as

the difference between the full model and the model lacking

latitude = 5.700, P = 0.017 and LR estimated as the difference

between the full model and the model lacking node depth = 0.014,

P = 0.906).

Evolution of cardenolide toxicity

What is the relationship between different axes of cardenolide defense?

To assess how cardenolides have evolved along multiple axes of

defense (Table 1), we assessed the relationship between the amounts

of cardenolides above and belowground with their diversity, polarity

and inducibility. Since all diversity index values (in the constitutive

state, damaged state and the inducibility) strongly correlated

positively with cardenolide richness (Table S4), we only analysed

the total number of cardenolide peaks as our measure of chemical

diversity. Also, because trait values in the damaged (induced) state

always positively correlated with trait values in the constitutive state

(data in Table S4), we only present trait values for the constitutive

state and inducibility (i.e. the difference between damaged and

control plants).

We found that a species� total investment in cardenolides was highly

and positively predictive of the number of distinct cardenolides

produced (Fig. 2a, Table S4; for shoots: r = 0.860, LR = 68.74,

P < 0.0001; and roots: r = 0.483, LR = 4.784, P = 0.028). However,

we saw differential investment of peak production for the same

amount of cardenolides in roots vs. shoots (see different slopes of the

regression lines in Fig. 2a), suggesting that roots tend to invest more

in an abundance of one or a few cardenolides rather than on higher

numbers of peaks. The relationship between inducibility (damaged –

constitutive) cardenolide amount and the inducibility of peak number

held positive for shoots (r = 0.592, LR = 23.278, P < 0.0001), but

not for roots (r = 0.354, LR = 2.404, P = 0.121), again indicating that

induction in the roots strongly favours the increase of the peaks

already present instead of increasing the diversity of cardenolides.

Average peak polarity of cardenolides in shoots was negatively

correlated with total amount in the constitutive state (Fig. 2b,

Table S4; shoot polarity vs. cardenolides: r = )0.190, LR = 7.374,

P = 0.007), but not for roots (r = )0.271, LR = 1.114, P = 0.291)

and not for inducibility (shoots; r = )0.081, LR = 1.636, P = 0.201

and for roots; r = )0.099, LR = 2.108, P = 0.147). This result for

shoot cardenolides indicates that as total amounts increase among

species, so too does the predicted toxicity of the cardenolides (less

polar compounds are more toxic).

Figure 1 Negative relationship between shoot and root inducibility of cardenolides

(change in amount between damaged and control plants) as a function of their

latitudinal distribution. For shoots (black dots, solid line, n = 51 milkweeds

species), monarch (Danaus plexippus) caterpillars were used as the inducing agent and

this relationship holds true after accounting for shared phylogenetic history. For

roots (open dots, dashed line, n = 18 milkweeds species) Tetraopes tetraophthalmus

was used as the root herbivore, and this relationship was only significant in a raw

correlation.

Figure 2 Relationship between constitutive cardenolide amount and (a) the number

of individual cardenolide peaks and (b) average constitutive peak polarity. Black

dots ⁄ solid line represents shoot data, and open dots ⁄ dashed line represent root

data of 51 and 18 milkweed species respectively. In the top panel (a), the slopes of

the regression lines are significantly different from each other (t65 = 6.572,

P < 0.0001).
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Are there tradeoffs between constitutive defenses and their inducibility?

To answer this question we assessed the relationship between

constitutive investment and inducibility for all cardenolide traits (total

amount, polarity and number of peaks) using two complementary

analyses (spurious error corrected correlations and phylogenetically

corrected correlations). Since we assume that correlations that are

corrected for spurious error are more critical in assessing tradeoffs

among constitutive trait values and inducibility (Morris et al. 2006;

Rasmann et al. 2009a), we only pursued the phylogenetic analysis if the

first analysis was significant. Contrary to predictions, instead of

tradeoffs, we found positive relationships between constitutive

cardenolides and their inducibility in both shoots and roots (Fig. 3a,

for shoots, correlation corrected for spurious correlations: r = 0.484,

P = 0.007 and PGLS LR = 11.886, P = 0.005; roots, correlation

corrected for spurious correlations: r = 0.794, P = 0.006 and PGLS

LR = 6.262, P = 0.012).

We further found some evidence for a relationship between

constitutive polarity and its inducibility in shoots (Fig. 3b, corrected

for spurious correlations: r = )0.3249, P = 0.064, PGLS: LR =

21.774, P < 0.0001) and roots (Fig. 3b, corrected for spurious

correlations: r = )0.541, P = 0.02; PGLS: LR = 35.74, P < 0.0001).

This latter result for roots is, however, driven by one species

(A. tuberosa, see outlier in Fig. 3b for root data), which has very few

peaks, and all very polar (Table S1, spurious corrected-correlation

without A. tuberosa, r = )0.275, P = 0.214). Thus, for the shoot data,

plant species with more polar constitutive cardenolides tended to

induce more non-polar forms. Finally, we did not find a relationship

between constitutive number of individual peaks and their inducibility

for shoots (Fig. 3c; corrected for spurious correlations: r = 0.038,

P = 0.244) or roots (Fig. 3c corrected for spurious correlations:

r = )0.314, P = 0.266).

DISCUSSION

In accordance with biogeographic hypotheses about variation in biotic

interactions and the evolution of plant defense, we found that

milkweed species from lower latitudes invest more in defense against

herbivory than more temperate species, and this was primarily driven

by increasing inducibility of cardenolides in lower latitude species.

Although latitude itself is not the ultimate cause of this effect, it is

concordant with hypotheses about biotic selection pressures being the

strongest at lower latitudes (Pennings et al. 2009; Schemske et al.

2009). We additionally found that species with higher levels of

constitutive cardenolide amounts also produced a higher diversity of

cardenolide types, more non-polar (and likely more toxic) forms, and

showed greater induction following attack by monarch butterfly

caterpillars. These relationships, which hold true after accounting for

the phylogenetic non-independence of the species, strongly support

the notion of positive-correlated evolution along multiple axes of

cardenolide defense.

Why so many types of cardenolides?

There are two major hypotheses for why individual plant species

produce many different types of closely related secondary compounds.

First, increasing the diversity of compounds (especially those that are

not costly) may simply increase the probability that one compound is

highly active against a specific consumer (Jones & Firn 1991). Second,

chemical diversity per se enhances plant resistance against the wide

variety of organisms interacting with the plant (Berenbaum et al.

1991). Berenbaum & Zangerl (1996) tested the idea that diversity of

secondary metabolites primarily functions to increase the likelihood of

at least one being highly defensive. Contrary to expectations, they

found that furanocoumarins in Pastinaca sativa are equally and

effectively toxic to a wide variety of herbivores. In contrast, however,

there exists a large number of natural products with no known or very

low activity [e.g. only a few of the 100-plus gibberellins have a known

Figure 3 Relationships between constitutive levels and the inducibility (damaged –

control) of (a) total cardenolides, (b) index of polarity for cardenolides and (c)

number of peaks. Black dots ⁄ solid line represent shoots and open dots ⁄ dashed line

represents roots of 51 and 18 species of milkweed, respectively. In the middle panel

(b), a secondary y-axis for root cardenolides is shown on the right side of the graph

for ease of representation.
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biological activity, but those few that are active are potent at

nanomolar amounts (Fischbach & Clardy 2007)]. Additional to the

single compound activity, the production of some chemical mixtures

can synergistically improve the activity of compounds when compared

with the sum of each individual compound individually (Berenbaum

et al. 1991; Duffey & Stout 1996; Steppuhn & Baldwin 2007; Rasmann

& Agrawal 2009). To our knowledge, nobody has tested for synergism

between various cardenolides, but our pattern of correlated evolution

of increasing diversity and amounts of cardenolides is consistent with

the synergism hypothesis.

There is evidence indicating that some biosynthetic pathways leading

to the accumulation of plant natural products are not fully active,

because of suppression of gene expression (Degenhardt et al. 2010).

Indeed, roots and shoots of our 18 milkweed species showed striking

differences in cardenolide profiles, suggesting high tissue specificity for

gene expression and ⁄ or production of these toxic molecules. In fact,

roots may experience totally different guilds of herbivores compared

with aboveground tissues, leading to differential expression of

defenses. For example, milkweed roots are primarily subject to feeding

by specialized Tetraopes spp. larvae (Farrell & Mitter 1998). Shoot

cardenolides, although effective against some herbivores such as

monarch larvae, were ineffective against adult Tetraopes (Agrawal 2005).

Whatever the ultimate reason, it is clear that investment in cardenolides

is somewhat differentiated between roots and shoots of Asclepias spp.

but they also show correlated evolution (i.e. species with low overall

shoot cardenolides also tended to have low root cardenolides, etc.).

Total above- and belowground cardenolide production was positively

associated with the diversity of cardenolide forms (Table S4). Contrary

to models of the macroevolution of defenses against herbivores,

we previously showed that total cardenolides decreased during the

diversification of Asclepias and thus, along with total cardenolide

amounts, there may be directional selection for reduced cardenolide

diversity as chemical defense becomes less important than other

strategies (Agrawal & Fishbein 2008).

Chemical polarity and toxicity

In addition to the evolutionary correlation between amount and

diversity of cardenolides discussed above, we also reported that species

with higher levels of total cardenolides had more non-polar cardeno-

lides (Fig. 2b). This suggests that high cardenolide species also have

more toxic forms (Malcolm 1991). Indeed, monarch caterpillars feeding

on leaves painted with a less polar cardenolide (digitoxin) grew less than

when feeding on leaves painted with a more polar compound (ouabain)

(Rasmann et al. 2009b). Generally, cardenolide activity inhibits Na+

K+-ATPases and amino acid changes in this sodium-potassium pump

render it less sensitive to cardenolides (Holzinger & Wink 1996). This

is, however, not the only mechanism for cardenolide insensitivity in

animals. Some insects prevent toxicity of ingested cardenolides by

simply preventing them from passing the gut membrane (Malcolm

1991). For example, while the Na+ K+-ATPases of the oleander hawk

moth, Daphnis nerii, are highly sensitive to the cardenolide ouabain when

it is injected directly into the moth�s body, the low permeability of the

gut membrane for such compounds prevents its toxicity when ingested

normally (Petschenka & Dobler 2009).

Others have suggested that toxicity of secondary metabolites against

herbivores may evolve by increases in molecular complexity (Beren-

baum & Feeny 1981). Furanocoumarins in the Apiaceae have evolved

increased molecular complexity (from linear form to angular forms) in

an apparently escalating coevolutionary arm race against specialist

herbivores (Berenbaum & Feeny 1981). Farrell & Mitter (1998)

suggested that diversification and reciprocal adaptation to specialist

root herbivores spurred the production of high levels and more

complex cardenolides in milkweeds; i.e. from the simpler calotropog-

enin type to a more complex labriniformin type. We found here that

milkweeds investing in high levels of cardenolides, as well as higher

levels of inducibility, were also investing in less polar forms and

because it is unclear how polarity corresponds to the chemical types

discussed by Farrell & Mitter (1998), future research will need to

further investigate the structure-function relationship of cardenolides.

Thus, it would appear that given the evolutionary relationships

previously shown (Agrawal et al. 2009) and the ones described herein,

there was a general decrease of total cardenolides, along with a decrease

of their diversity and an increase in polarity during diversification of

Asclepias. We expect that the net impact of these traits is declining plant

resistance, but this remains to be tested with bioassays.

Tradeoffs between constitutive and induced defense?

Contrary to general predictions, we found a positive relationship

between constitutive cardenolide production and their induction

(Fig. 3a). Interestingly, shoot results are in accordance with results for

root cardenolides and with a previous analysis that examined only

12 species of Asclepias (Rasmann et al. 2009a). In contrast to the

present comparison among species, we have found a tradeoff between

constitutive and induced cardenolide production across genotypes of a

single species (A. syriaca) in both the roots (Rasmann et al. 2011) and

shoots (Bingham & Agrawal 2010). Investment in constitutive levels

should be favoured in more predictable environments, whereas

inducibility should be favoured in places where herbivore presence is

less constant (Zangerl & Rutledge 1996). Nonetheless, across >50

milkweed species, we find greater constitutive cardenolides evolving

with greater induction of the same compounds (Fig. 3a). Our result of

a positive association is not unprecedented. Two other studies have

taken a comparative approach across taxa to address this question.

Thaler & Karban (1997) reported a positive correlation between

constitutive and induced resistance across 21 wild cotton (Gossypium)

species and suggested that constitutive resistance was the ancestral

state. Heil et al. (2004), on the other hand, showed the opposite

pattern. Facultative myrmecophytic Acacias had highly inducible

defenses, but derived species with obligate associations with ants had

evolved constitutive traits. Thus, constitutively low species showed

strong induction and constitutively high species showed no induction,

suggesting a tradeoff between these two modes of defense.

We consider our findings a result of repeated evolution independent

of phylogenetic history and the geography of diversification.

Milkweeds seem to have originated in the tropics and then diversified

preferentially northward into temperate regions (Woodson 1954;

Farrell & Mitter 1998). Nonetheless, even when accounting for this

directional radiation into the temperate zone, we still found

consistently stronger inducibility in species that inhabit lower latitudes

(Fig. 1).

Concluding speculation

If plant defense against herbivores, like most adaptations, is composed

of multiple traits, and those traits act additively or synergistically, then

there may be positive-correlated evolution among traits. Here, all
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evidence points towards a scenario where expansion of Asclepias into

higher latitudes was accompanied with a decrease both aboveground

and belowground in the multimodal cardenolide defense (i.e. less

abundant, less diverse, less inducible and more polar). Indeed, root

defenses are not independent from shoot defenses, as the two show

positive-correlated evolution. At the current juncture, it is impossible

to disentangle the effect of herbivore pressure vs. habitat in shaping

patterns of cardenolide production, although there is indication that

specialist herbivores such as monarch butterflies and Tetraopes have a

tropical origin and later expanded pole wards following Asclepias

(Farrell & Mitter 1998; Brower & Jeansonne 2004). Although

tradeoffs are certainly important in the evolution of defense strategies,

tradeoffs are not universal and concerted patterns of defense

allocation appear to be common. We advocate including biogeography

and induced defense as additional dimensions of the plant defense

syndrome hypothesis (Kursar & Coley 2003; Agrawal & Fishbein

2006).
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