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Milkweed butterfly resistance to plant
toxins is linked to sequestration, not
coping with a toxic diet

Georg Petschenka and Anurag A. Agrawal

Department of Ecology and Evolutionary Biology, Cornell University, Ithaca, NY 14853, USA

Insect resistance to plant toxins is widely assumed to have evolved in response

to using defended plants as a dietary resource. We tested this hypothesis in the

milkweed butterflies (Danaini) which have progressively evolved higher levels

of resistance to cardenolide toxins based on amino acid substitutions of their

cellular sodium–potassium pump (Naþ/Kþ-ATPase). Using chemical, phys-

iological and caterpillar growth assays on diverse milkweeds (Asclepias spp.)

and isolated cardenolides, we show that resistant Naþ/Kþ-ATPases are not

necessary to cope with dietary cardenolides. By contrast, sequestration of

cardenolides in the body (as a defence against predators) is associated with

the three levels of Naþ/Kþ-ATPase resistance. To estimate the potential

physiological burden of cardenolide sequestration without Naþ/Kþ-ATPase

adaptations, we applied haemolymph of sequestering species on isolated

Naþ/Kþ-ATPase of sequestering and non-sequestering species. Haemolymph

cardenolides dramatically impair non-adapted Naþ/Kþ-ATPase, but had

systematically reduced effects on Naþ/Kþ-ATPase of sequestering species.

Our data indicate that major adaptations to plant toxins may be evolutionarily

linked to sequestration, and may not necessarily be a means to eat toxic plants.

Naþ/Kþ-ATPase adaptations thus were a potential mechanism through which

predators spurred the coevolutionary arms race between plants and insects.
1. Introduction
The long-standing model of coevolution posits that reciprocal adaptation in

species interactions can result in an arms race of escalating phenotypes [1,2].

Accordingly, adaptations of insect herbivores to host plant toxins are typically

interpreted as an evolutionary response to plant defence, crucial for the use of par-

ticular plant species as a dietary resource [3–8]. By contrast, the evolution of

specific adaptations to facilitate sequestration of plant toxins (i.e. the absorption

of toxins via the gut and their retention in the body [9]) implicates predators

and parasitoids (the third trophic level), or top-down control, as a driving force

in plant–herbivore coevolution. Despite the widespread appreciation of seques-

tration as an extreme component of host plant specialization and adaptation

against predation [9,10], the mechanisms of how sequestration integrates into

coevolutionary theory [3,11] are barely understood. To test the relative impor-

tance of coping with a toxic diet versus sequestration of toxins in shaping insect

adaptations, here we assess the functional consequences of an evolutionarily

escalating resistance trait across the milkweed butterflies [12,13].

Cardenolides (cardiac glycosides) are highly potent plant toxins that specifically

inhibit Naþ/Kþ-ATPase, an essential animal cation transporter [14,15]. Remark-

ably, molecular adaptation to cardenolides via altered Naþ/Kþ-ATPases (target

site insensitivity) has evolved convergently in at least five orders of herbivorous

insects [16–18]. Insect Naþ/Kþ-ATPase resistance is based on specific amino acid

substitutions altering cardenolide binding properties of Naþ/Kþ-ATPase, and

was first described in the monarch butterfly (Danaus plexippus) [19,20].

The monarch butterfly also represents a classic case of acquired defence,

where caterpillars not only tolerate, but also sequester cardenolides from

their milkweed host plants (Asclepias spp., Apocynaceae) and transfer these
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toxins to the butterfly stage for their own defence against

predators and parasites [21–23]. Virtually all of the �160

milkweed butterflies in the tribe Danaini (Nymphalidae) are

specialized on host plants in the Apocynaceae, which often

produce cardenolides [15], suggesting a long and shared

evolutionary history. Within the Danaini, however, Naþ/Kþ-

ATPase resistance evolved in a stepwise manner, resulting in

three forms of Naþ/Kþ-ATPase with increasing cardeno-

lide resistance. Among the 16 species of Danaini whose

Naþ/Kþ-ATPase genes were sequenced and Naþ/Kþ-ATPases

physiologically assayed, resistance to cardenolides was

determined by three discrete molecular forms [12].

Here we report on studies of three representative species of

milkweed butterflies, each having one of these different forms

of Naþ/Kþ-ATPase [12], ranging from sensitive to highly

resistant to cardenolides. Caterpillars of the common crow

(Euploea core; sensitive Naþ/Kþ-ATPase), the queen butterfly

(Danaus gilippus; intermediate resistance Naþ/Kþ-ATPase)

and the monarch butterfly (highly resistant Naþ/Kþ-ATPase)

were initially reared on eight species of Asclepias (incarnata,

syriaca, hallii, cordifolia, viridis, curassavica, linaria and asperula),

which vary approximately 14-fold in their foliar cardenolide

concentration, to test for an impact of dietary cardenolides

on caterpillar growth. Although the eight plant species vary

in more traits than cardenolides, this critical experiment

employed plants with diverse cardenolide mixtures, including

several species with extreme toxicity [24]. Because we

employed three caterpillar species with increasing levels of

molecular resistance (altered Naþ/Kþ-ATPase) to cardeno-

lides, growth differences were predicted to be especially

pronounced on plant species having high cardenolide con-

centrations. As we found plant cardenolide concentrations

not to affect caterpillar growth, this correlative approach was

confirmed using isolated cardenolides that were fed to caterpil-

lars. We next analysed sequestration of cardenolides into the

caterpillars’ haemolymph, gut and body tissues to assess

potential differences in uptake between the three caterpillar

species representing the three forms of Naþ/Kþ-ATPase

and found that the level of Naþ/Kþ-ATPase resistance

indeed is associated with the amount of cardenolides seques-

tered. Finally, we mechanistically tested the hypothesis that

Naþ/Kþ-ATPase alterations are physiologically required to

facilitate sequestration by examining the relative toxicological

burden of sequestered cardenolides. Using a novel in vitro
assay, we show that cardenolides present in the haemolymph

of sequestering species dramatically impair Naþ/Kþ-ATPase

of a sensitive species, but had attenuated effects on the donor

Naþ/Kþ-ATPase which had altered molecular resistance.

By injecting cardenolides into caterpillars we show that this

pattern revealed on the level of proteins translates to the

whole organism.

Despite the general acceptance of tritrophic interactions as

an important contributor to plant–insect interactions [25,26], it

is unknown how the third trophic level can influence reciprocal

adaptation between plants and insects [3]. It is well established

that cardenolides protect monarch butterflies from bird attacks

[21] and both monarch and queen butterflies, are mimicry

models for the viceroy (Limenitis archippus) [27,28] underlining

the effectiveness of cardenolide sequestration as a defence.

Moreover, it was shown that across milkweed butterfly species

(D. plexippus, the plain tiger, D. chrysippus and E. core) emetic

potency acting on predators is linked to the amount of cardeno-

lides stored [29]. Our study thus suggests a mechanism of how
the third trophic level can engage in plant–insect coevolution

by favouring altered tolerance and use of toxins by herbivores.

Indeed, the milkweed butterflies are a model for advancing

our knowledge of how complex community interactions

have shaped the evolution of species at the molecular and

physiological levels.
2. Material and methods
(a) Insects
Euploea core was maintained in a mesh cage in a greenhouse to

obtain eggs. Danaus gilippus and D. plexippus eggs were pur-

chased from commercial breeders. Work with E. core and

D. gilippus was permitted under USDA permit number P526P-

12-05106. Butterfly eggs were surface sanitized with a 100 ppm

solution of oxine (Bio-Cide, International Inc., Norman, OK,

USA) in water (0.01% ClO2) for 10 min to prevent potential

transfer of parasites [30].

(b) Plants
Seeds of Asclepias (asperula, curassavica, cordifolia, hallii, linaria, incar-
nata, syriaca and viridis) were obtained commercially or collected in

the field. Seeds were treated with household bleach (5%) for 5 min,

nicked and cold stratified for 7 days. After germination at 288C,

seedlings were planted in 500 ml pots filled with potting soil

(Metro-Mix; Sun Gro Horticulture, Canada CM Ltd, Vancouver,

Canada). Plants were fertilized (NPK 21 : 5 : 20, 150 ppm N) after

10 and after 20 days and watered as needed. Plants (non-flowering)

were used for experiments after four to seven weeks of growth in a

controlled environment walk-in chamber (14 : 10 h day/night

cycle, 400 microeinsteins m22 s21 of light, 278C/248C). Plants’

spatial locations were randomized in the chamber.

(c) Caterpillar growth experiment
To test for the effects of cardenolides on caterpillar growth, neonate

caterpillars of the three species were transferred individually to

Asclepias plants (i.e. one plant received only one caterpillar).

After 3 and 5 days in the environmental chamber under the

same conditions as used for plant growth, caterpillar body weights

were recorded using a micro balance (AT21 Comparator, Mettler

Toledo, Columbus, OH, USA). After weighing, caterpillars were

reapplied to the original plants. Also on day five, leaf samples

for cardenolide analysis were taken and caterpillars on plants

were caged within a mesh sleeve. Caterpillars remained on the

plants until they had reached the fourth or fifth instar. For asses-

sing caterpillar growth (5 days), caterpillars were kept on a

single plant, and in no case was more than 50% of the foliage

eaten. Later, plants were replaced with fresh plants of the same

species, if necessary. In total, five blocks of the caterpillar growth

experiment were performed. In every block, all eight Asclepias
species were used. See the electronic supplementary material,

table S1, for number of caterpillar weights obtained per block.

Sample sizes for each combination of insect and plant species are

listed in the electronic supplementary material, table S2.

(d) Haemolymph sampling
To assess sequestration of cardenolides into the body cavity, we

examined larval haemolymph from all three caterpillar species,

obtained from feeding 4th or 5th (last) instar larvae by cutting

one or two tentacles (first pair). A defined volume of haemolymph

(5–80 ml, with 77% of samples between 20 and 70 ml) was pipetted

into 200 ml of methanol in 1.5 ml Eppendorf tubes, samples were

mixed (vortex) and subsequently centrifuged at 20 000g for 3 min

to precipitate haemolymph protein. Supernatants were transferred
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Figure 1. Caterpillar weights after 3 days on eight species of milkweed. Caterpillars of Euploea core (grey, squares), Danaus gilippus (blue, circles) and D. plexippus
(red, triangles) were reared from hatching on eight species of Asclepias. Mean cardenolide concentrations (+s.e.) in leaves are shown on the x-axis. Species codes:
inc, Asclepias incarnata; syr, A. syriaca; hal, A. hallii; cor, A. cordifolia; vir, A. viridis; cur, A. curassavica; lin, A. linaria; asp, A. asperula. Inset: mean caterpillar mass
(+s.e.) was not different among the three caterpillar species. (Online version in colour.)
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into 2 ml screw cap vials and stored at 2208C until further proces-

sing. After haemolymph sampling, caterpillars were frozen, stored

at 2808C and eventually freeze-dried.
(e) Preparation of haemolymph samples for application
on Naþ/Kþ-ATPase

Supernatants (see above) were dried down in a vacuum concen-

trator and residues were dissolved in 200 ml methanol. After

treating the samples for 10 min in an ultrasound bath and cen-

trifugation (3 min at 5000g) supernatants were transferred into

fresh tubes. An equivalent of 10 ml (D. gilippus and D. plexippus)

or 5 ml (E. core) haemolymph was removed and dried down in a

fresh tube (the rest of the original sample was also dried down

for high-performance liquid chromatography analysis). The

dried residue was dissolved in 20 ml (D. gilippus and D. plexippus)

or 10 ml (E. core) DMSO (dimethyl sulfoxide) by vortexing and

treating for 10 min in an ultrasound bath. Subsequently samples

were mixed with 180 ml or 90 ml H2O to achieve a final concen-

tration of 10% DMSO. Samples were stored at 2208C until

application on Naþ/Kþ-ATPase.
( f ) Naþ/Kþ-ATPase assays
Naþ/Kþ-ATPase assays were performed as described in [12].

Instead of ouabain solutions [12], caterpillar haemolymph

samples were applied on the Naþ/Kþ-ATPase of E. core and on

the Naþ/Kþ-ATPase of the donor species (e.g. D. gilippus haemo-

lymph on D. gilippus Naþ/Kþ-ATPase) in parallel (on the same

96-well plate). Haemolymph samples obtained from E. core cater-

pillars were applied on E. core Naþ/Kþ-ATPase, only. For details

on Naþ/Kþ-ATPase assays, see the electronic supplementary

material. The numbers of haemolymph samples that were

applied on Naþ/Kþ-ATPase are listed in the electronic

supplementary material, table S2.
(g) Preparation of haemolymph samples for high-
performance liquid chromatography

Haemolymph extracts in methanol (see above) were dried down

in a vacuum concentrator; 60 ml or 80 ml methanol containing

0.1 mg ml21 digitoxin (Sigma, St Louis, MO, USA) as an internal

standard was added and samples were incubated for 10 min in an

ultrasound bath. Samples were centrifuged to remove undissolved

matter and transferred into glass inserts of 1.8 ml high performance

liquid chromatography (HPLC) vials and subjected to HPLC analy-

sis. See the electronic supplementary material, table S2, for the

number of haemolymph samples analysed.

(h) Preparation of food bolus and caterpillar body
samples for high-performance liquid
chromatography

Body tissues plus integument, the midgut epithelium (including

the underlying musculature) and the food bolus (gut contents)

were collected from freeze-dried caterpillars (a subset of the cater-

pillars which had been used for haemolymph sampling before, see

above) and dissected under a stereomicroscope (see the electronic

supplementary material, figure S1). Samples were homogenized,

extracted in methanol containing digitoxin as internal standard

and subjected to HPLC analysis. Details on sample sizes and

preparation are given in the electronic supplementary material.

(i) Preparation of plant samples for cardenolide analysis
Leaf samples (typically two fully expanded leaves per plant, sev-

eral of the needle-like leaves of A. linaria) taken at the fifth day of

an experiment were oven dried (508C) in coin-envelopes for several

days and subsequently stored under ambient conditions. After

grinding, samples were extracted with methanol (containing digi-

toxin as internal standard) and analysed by HPLC. Details on
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Figure 2. Caterpillar growth on leaf discs painted with isolated toxins. Cater-
pillars of E. core (grey) and D. plexippus (red) were fed A. syriaca leaf discs
painted with an equimolar mixture of ouabain and digitoxin. Control, painted
with methanol only; high cardenolide, 3 mg cardenolide per mg dry weight;
very high cardenolide, 6 mg cardenolide per mg dry weight. Bars represent
least square means+ s.e. (corrected for initial mass and plant mass consumed).
(Online version in colour.)
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sample processing are described in the electronic supplementary

material. Total numbers of replicates were A. incarnata ¼ 13,

A. syriaca ¼ 13, A. hallii ¼ 14, A. cordifolia¼ 15, A. viridis ¼ 13,

A. curassavica ¼ 14, A. linaria ¼ 9 and A. asperula ¼ 12.

( j) High-performance liquid chromatography analysis of
samples

Fifteen microliters of extract were injected into an Agilent 1100

series HPLC and compounds were separated on a Gemini C18

reversed phase column (3 mm, 150 � 4.6 mm, Phenomenex,

Torrance, CA, USA). Cardenolides were eluted on a constant

flow of 0.7 ml min21 with an acetonitrile–H2O gradient as fol-

lows: 0–2 min 16% acetonitrile, 25 min 70% acetonitrile, 30 min

95% acetonitrile, 35 min 95% acetonitrile, 10 min reconditioning

at 16% acetonitrile. UV absorbance spectra were recorded from

200 to 400 nm by a diode array detector. Peaks with symmetrical

absorption maxima between 216 and 222 nm were recorded as

cardenolides and quantified at 218 nm [31]. Concentrations were

calculated based on the peak area of the known digitoxin concen-

tration. Details on evaluation of plant, haemolymph and food

bolus samples are given in the electronic supplementary material.

(k) Leaf disc experiments
Leaf disc feeding assays were performed to allow for unambiguous

testing for an effect of dietary cardenolides on caterpillar growth.

Eggs of E. core and D. plexippus (obtained from colonies in a green-

house) were treated with oxine as described above and caterpillars

were allowed to feed on A. syriaca leaves until they had reached

the 2nd instar. Leaves of A. syriaca were collected in the field and

stored in a refrigerator. Leaf discs (19 mm diameter) were punched

out with a cork borer and were painted either with solvent only

(methanol, control), a solution of 1.275 mg ml21 ouabain and 1.275

mg ml21 digitoxin (high cardenolide concentration) 2.55 mg ml21

ouabain and 2.55 mg ml21 digitoxin (very high cardenolide concen-

tration) using a 20 ml pipettor (10ml on each side of the disc). One to

one mixtures of the commercial cardenolides ouabain and digitoxin

(based on weight) are about equimolar. Using this procedure, the

cardenolide concentration of the leaf discs was adjusted to none

(methanol only), 3 mg and 6 mg cardenolide per mg plant dry

mass (endogenous cardenolides should be less than 1 mg mg21

and were ignored, the dry weight of an A. syriaca 19 mm leaf disc

was assumed to be 17 mg, fresh weights ranged from 41 to 72 mg,

mean¼ 58 mg, s.e. ¼ 0.63). These concentrations were chosen to

encompass the range of cardenolide concentrations observed

across the Asclepias species used. Ouabain (polar) and digitoxin

(non-polar) were chosen to mimic the typical co-occurrence of

polar and non-polar cardenolides in Asclepias. Leaf discs were

placed on a piece of parafilm in a 9 cm Petri dish lined with dam-

pened filter paper. After evaporation of methanol a pre-weighed

2nd instar caterpillar (AT21 Comparator, Mettler Toledo) of E. core
or D. plexippus was included in the Petri dish which was subse-

quently sealed with parafilm and kept in a controlled environment

(14 D : 10 N cycle, 278C/248C). Samples sizes and experimental

details are reported in the electronic supplementary material.

(l) Injection experiment
To test for physiological effects of introducing cardenolides to

the body cavity, 3rd or 4th instar caterpillars of E. core and

D. plexippus were injected with the cardenolide ouabain dis-

solved in water (1022 M) or with pure water as a control.

Number of replicates was: E. core injected with H2O (n ¼ 8) or

ouabain (n ¼ 13); D. plexippus injected with H2O (n ¼ 7) or ouabain

(n ¼ 11). Prior to injection, caterpillars were anesthetized on ice for

approximately 5 min. Subsequently, either 2 ml H2O or ouabain

solution was injected into the abdominal dorsal vessel under a

stereomicroscope using a 34-gauge needle attached to a 25 ml syr-

inge (Hamilton, Reno, NV, USA). After injection caterpillars were
kept in plastic cups with a piece of tissue and supplied with a piece

of an Asclepias leaf. The next day caterpillars were inspected for

recovery as measured by feeding activity.

(m) Statistical analysis
All data were analysed using a generalized least-squares approach

in JMP PRO, v. 10.0 (SAS Institute, Cary, NC, USA). Data were

checked for normality of residuals for analyses of variance and cor-

relations. Data from the leaf disc experiment were analysed using

an ANCOVA (JMP) approach suggested by Raubenheimer &

Simpson [32]; initial caterpillar mass and plant biomass consumed

were used as covariates with cardenolide treatment as the indepen-

dent variable. We found no interactions between treatment and

covariates, and therefore, removed interaction terms from analysis.

Nonlinear curve fitting for the Naþ/Kþ-ATPase activity assay

was performed with ORIGIN-PRO 9.1.0 (Originlab Corporation,

Northampton, MA, USA) using a four-parameter logistic function

(top asymptote set to 100, bottom asymptote set to 0).

3. Results and discussion
(a) Growth of the milkweed butterfly caterpillars is

unaffected by cardenolides
If escalating Naþ/Kþ-ATPase resistance were an adaptation to

resist dietary cardenolides, we would expect that caterpillar

growth would be differentially impaired across the three

caterpillar species, especially on Asclepias spp. with highly

concentrated cardenolides. However, three lines of evidence

indicate no negative impact of foliar cardenolides on cater-

pillar performance among the three milkweed butterfly

species. First, their masses after 3 and 5 days of larval growth

showed no declining trend over approximately 14-fold

variation in foliar cardenolide concentrations (figure 1

and electronic supplementary material, figure S2, E. core:

F1,6¼ 1.147, p ¼ 0.325, D. gilippus: F1,6 ¼ 0.736, p ¼ 0.424,

D. plexippus: F1,6¼ 0.676, p ¼ 0.442, treating plant species

as the unit of replication; the lack of an effect of cardenoli-

des is upheld when treating each caterpillar individual as

the unit of replication: E. core: F1,60¼ 2.766, p ¼ 0.102,

D. gilippus: F1,48¼ 1.234, p ¼ 0.272, D. plexippus: F1,62 ¼ 1.899,
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p ¼ 0.173, see legend of the electronic supplementary material,

figure S2, for statistics on caterpillar mass after 5 days). Indeed,

one species with intermediate concentrations of cardenolides,

A. viridis, was reported to kill sheep [33], but did not impair
growth of the milkweed butterfly caterpillars. A similar

result was found in other studies, including one where mon-

arch caterpillars were reared on 50 different Asclepias species

([34]; see also [35,36]).
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Second, caterpillar mass did not differ across the three

caterpillar species (F2,18¼ 0.028, p ¼ 0.973; figure 1, inset), indi-

cating that the differences in Naþ/Kþ-ATPase resistance were

not reflected in caterpillar growth, even on plants with the

highest cardenolide concentrations (interaction term between

plant cardenolide content and caterpillar species: F2,18¼

0.169, p ¼ 0.846). When considering each plant species

separately, the caterpillars only had different masses on

A. incarnata, which was the lowest cardenolide plant species

(F2,19¼ 7.525, p ¼ 0.004); larval masses on all other plant

species were not significantly different ðPs� 0:1Þ. Finally, we

found no toxicity of isolated cardenolides when fed to E. core
(treatment: F2,34¼ 0.952, p ¼ 0.396; initial caterpillar mass:

F1,35¼ 15.743, p , 0.001; leaf mass consumed: F1,35¼ 159.535,

p , 0.001) and D. plexippus (treatment: F2,34¼ 0.597, p ¼
0.556; initial caterpillar mass: F1,34¼ 18.157, p , 0.001; leaf

mass consumed: F1,34¼ 185.088, p , 0.001) caterpillars

in painted leaf disc assays (figure 2), demonstrating that

Naþ/Kþ-ATPase substitutions are not necessary to protect

caterpillars from the toxic effects of dietary cardenolides.

(b) Escalating sequestration of cardenolides into
caterpillar haemolymph

While growth of the three caterpillar species did not differ in

response to cardenolides in their diet, there was substantial

differentiation in the uptake of cardenolides into their body tis-

sues. From the perspective of plant defence and toxicology,

cardenolides that enter the larval haemolymph may be the

most relevant as they are mobile and may reach neural

Naþ/Kþ-ATPase by diffusion [37]. Nonetheless, our HPLC

analyses showed that the haemolymph of E. core did not contain

cardenolides when reared on any of the plant species, indicat-

ing that the midgut epithelium of E. core is impermeable to

cardenolides. By contrast, haemolymph from D. gilippus and

D. plexippus caterpillars contained substantial amounts of

cardenolides (figure 3), with D. plexippus caterpillars sequester-

ing twice as much as D. gilippus (D. gilippus versus D. plexippus
controlling for plant species: F1,67¼ 18.488, p , 0.001). Using

the sensitive E. core Naþ/Kþ-ATPase as a pharmacological

detector for haemolymph cardenolides verified the findings

obtained by HPLC; D. gilippus and D. plexippus show a stepwise

pattern of increasing cardenolide sequestration (electronic

supplementary material, figure S3, inset: controlling for

plant species, F2,104 ¼ 134.974, p , 0.001; D. gilippus versus

D. plexippus: F1,67¼ 11.954, p ¼ 0.001, see also the electronic

supplementary material, figure S5). As in previous studies of

whole D. plexippus animals [34,38], both of these sequestering

species show an increase in sequestration when raised on

diets with increasing levels of cardenolides; sequestration satu-

rates, however, on mid-cardenolide plants, and some specificity

and selectivity clearly exists with altered sequestration on

particular species (e.g. A. curassavica and A. linaria, figure 3) [39].

(c) The toxicological burden of sequestration
If Naþ/Kþ-ATPase alterations evolved to facilitate sequestration,

we predict a toxicological burden of cardenolides for an insect

with a susceptible Naþ/Kþ-ATPase. Accordingly, we employed

‘forbidden combinations’ to assess this potential burden

by applying cardenolides from haemolymph sequestered by

D. plexippus and D. gilippus caterpillars on the sensitive

Naþ/Kþ-ATPase of E. core (as well as on the donor D. plexippus
and D. gilippus Naþ/Kþ-ATPase). Haemolymph cardenolides

sequestered by D. gilippus and D. plexippus revealed systemati-

cally stronger inhibition of E. core Naþ/Kþ-ATPase compared

with that on the donor’s enzyme (figure 4, E. core versus

D. gilippus: d.f.¼ 39, paired t ¼ 28.782, p , 0.001; D. gilippus
versus D. plexippus: F1,72 ¼ 393.883, p , 0.001) and inhibition of

E. core Naþ/Kþ-ATPase and Naþ/Kþ-ATPase of the donor

species (D. plexippus or D. gilippus) caused by the identical

haemolymph sample was significantly correlated (E. core
versus D. plexippus: F1,34 ¼ 21.058, p , 0.001, E. core versus

D. gilippus: F1,38¼ 212.279, p , 0.001). To test how this result

translates from the level of isolated Naþ/Kþ-ATPase to the

whole organism, we injected caterpillars of D. plexippus and

E. core with the standard cardenolide ouabain: E. core did not

tolerate cardenolides within the body cavity (only 23% of the

injected caterpillars recovered, Williams corrected G ¼ 13.940,

p , 0.001), while D. plexippus caterpillars were unaffected

(figure 5). This result confirms that butterfly resistance to

cardenolide toxins was associated with sequestration into

the body, not dietary tolerance of the compounds. Several

studies had suggested a physiological burden of cardenolide

sequestration in D. plexippus based on negative correlations

between body weight and amount of cardenolides stored

[40,41]; here we show with stronger inference that costs of

sequestration could lead to the evolution of cardenolide

resistance of Naþ/Kþ-ATPase.

(d) Processing cardenolides for sequestration and
following their fate

Although the larval haemolymph is a critical physiological

compartment for movement of sequestered toxins, the process

of sequestration begins in the gut and the toxins are eventually

stored in the integument [42]. We found that cardenolides

accumulate in the midgut lumen of D. gilippus and D. plexippus
but not in the midgut of the non-sequestering E. core (figure 6,

F2,23¼ 8.13, p ¼ 0.002, no difference between D. gilippus and

D. plexippus: F1,14¼ 2.373, p ¼ 0.146). Indeed, gut contents of

E. core seemed to have cardenolide levels below plant material

potentially indicating degradation (figure 6). Thus, not only do
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sequestering butterflies not degrade plant toxins, but very

early accumulation might fuel cardenolide diffusion via the

gut epithelium and may be a necessary precondition for

sequestration. Chemical analysis of caterpillar bodies (i.e. inte-

gument and adhering tissues, excluding the gut) revealed a

concordant pattern of sequestration as in the haemolymph

across the three butterflies (electronic supplementary material,

figure S4). Our work demonstrates that the process of seques-

tration begins in the midgut, in a second step toxins enter the

haemolymph, and are eventually retained in the body tissues.

Previous observations had suggested that D. gilippus and

D. chrysippus store lower amounts of cardenolides than mon-

archs [40,43,44] and that E. core does not sequester the

compounds [29,45]. Here we conclusively demonstrate these

patterns experimentally and show that sequestration is associ-

ated with the three discrete and progressive modifications of

the Naþ/Kþ-ATPase [12].
(e) Synthesis
Although all herbivores have adaptations to cope with plant

defences, we know relatively little about the evolutionary

origin of those traits. Indeed, most such traits have been inter-

preted as a coevolutionary answer to plant defence [3–8]. And

yet many herbivorous insects actively sequester plant defences

in their own defence [46], and there is some evidence that

sequestration explains the predominance of specialized over

generalist feeding habits [11,26]. Our data suggest that the

evolution of a major insect resistance trait in the milkweed but-

terflies, which is highly specific to cardenolide plant toxins, is

more likely to be associated with sequestration that confers

protection against predators, rather than as a dietary necessity.

For other well-studied sequestered plant defences like iridoid

glycosides [47], pyrrolizidine alkaloids [48] and aristolochic

acids [49], the relative importance of sequestration in the evol-

ution of toxin resistance is unclear. Adaptations to toxins
driven by sequestration could be a mechanistic link for how

sequestration leads to dietary specialization [50].

For the rest of the milkweed insect community, it is

an open question whether cardenolide resistance of the

Naþ/Kþ-ATPase also evolved in association with sequestra-

tion or as an adaptation to tolerate dietary cardenolides.

There are species that sequester cardenolides (e.g. arctiid

moths) but still possess a sensitive Naþ/Kþ-ATPase

[37], while other species (e.g. Labidomera clivicollis) have an

insensitive Naþ/Kþ-ATPase, but do not appear to sequester

cardenolides [15,16]. Nonetheless, by examining three pro-

gressive levels of Naþ/Kþ-ATPase resistance in a single

clade, our results bear on the long-standing debate of two

versus three trophic level interactions dominating plant–

herbivore coevolution [3,25]. Although a tritrophic view has

been widely accepted for ecological interactions, we have

now shown that such interactions, e.g. the evolution of seques-

tration, could be an important mechanism through which the

third trophic level spurs coevolutionary escalation.
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