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Environmental clines in organismal defensive traits are usually attributed to stronger
selection by enemies at lower latitudes or near the host’s range center. Nonetheless, lit-
tle functional evidence has supported this hypothesis, especially for coevolving plants
and herbivores. We quantified cardenolide toxins in seeds of 24 populations of common
milkweed (Asclepias syriaca) across 13 degrees of latitude, revealing a pattern of increas-
ing cardenolide concentrations toward the host's range center. The unusual nitrogen-
containing cardenolide labriformin was an exception and peaked at higher latitudes.
Milkweed seeds are eaten by specialist lygaeid bugs that are even more tolerant of carde-
nolides than the monarch butterfly, concentrating most cardenolides (but not labrifor-
min) from seeds into their bodies. Accordingly, whether cardenolides defend seeds
against these specialist bugs is unclear. We demonstrate that Oncopeltus fasciatus
(Lygaeidae) metabolized two major compounds (glycosylated aspecioside and labrifor-
min) into distinct products that were sequestered without impairing growth. We next
tested several isolated cardenolides in vitro on the physiological target of cardenolides
(Na+/K+-ATPase); there was little variation among compounds in inhibition of an
unadapted Na+/K+-ATPase, but tremendous variation in impacts on that of monarchs
and Oncopeltus. Labriformin was the most inhibitive compound tested for both insects,
but Oncopeltus had the greater advantage over monarchs in tolerating labriformin com-
pared to other compounds. Three metabolized (and stored) cardenolides were less toxic
than their parent compounds found in seeds. Our results suggest that a potent plant
defense is evolving by natural selection along a geographical cline and targets specialist
herbivores, but is met by insect tolerance, detoxification, and sequestration.

coevolution j plant–insect interactions j monarch j milkweed j chemical ecology

Geographical patterns in plant defense expression have been increasingly viewed
through the lens of adaptation (1–3). Be it latitudinal patterns in attack and defense
(4, 5), or greater levels of damage at plant range centers where herbivores congregate
(6, 7), there is ample opportunity for plant local adaptation to herbivory. Nonetheless,
a key factor missing from the plethora of existing studies is a functional link between
measures of plant defense traits and impacts on specific herbivores (3, 5). Given that
most plants have multiple enemies with varying degrees of specialization, understand-
ing the degree of mechanistic match between plant defense and particular herbivores is
critical to gaining insight into coevolution. For example, classic work on the genetic
and physiological basis of lepidopteran detoxification of plant-produced furanocoumar-
ins has linked geographical patterns of defense with local adaptation of the herbivores
(8–10).
We have been studying the multiple specialized herbivores of milkweed, each having

well-characterized and genetically based physiological differences in tolerance to toxic
cardenolides (11, 12). In particular, distinct genetic substitutions in the herbivores’
Na+/K+-ATPase genes provide predictable tolerance to the toxins. Nonetheless, despite
characterization of overall levels of tolerance (12, 13), specific interactions between par-
ticular cardenolides and insect Na+/K+-ATPases are only beginning to emerge (14, 15)
and may be a key means of understanding coevolution in a community context. In
particular, because milkweed herbivores specialize on different plant parts (e.g., roots,
leaves, seeds, etc.) (16), testing the functional match between defense expression and
impacts on herbivore tolerance of specific cardenolides in different plant parts is a
fruitful avenue to decipher coevolution between a plant and multiple attacking herbi-
vores (13).
Here we take an integrative approach, spanning geographical patterns and whole

organism feeding assays to metabolomic analyses and toxin–target site in vitro experi-
ments to address the function of specific seed defenses of common milkweed (Asclepias
syriaca). We focus on the specialized seed-feeding large milkweed bug, Oncopeltus
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fasciatus, the most cardenolide-tolerant insect known (13, 17,
18), but use the monarch butterfly as a key comparison group
which, although less tolerant of cardenolides, shares many of
the sodium pump adaptations with Oncopeltus. In particular,
we addressed the following hypotheses: 1) geographical patterns
in seed defense are predictable across the range of A. syriaca and
phenotypic differences among populations are greater than that
expected due to neutral genetic differentiation (i.e., PST > FST)
(19); and 2) some cardenolide defenses will be effective against
even the most tolerant seed predator specialist, but may not be
sequestered unless they are converted to less toxic forms.

Results

Seed Cardenolides along the Geographical Cline. We tested
latitude as a predictor of seed cardenolide production across 24
populations of common milkweed, ranging from Quebec City,
QC, Canada to Bishop, North Carolina, spanning nearly 13
degrees of latitude. High-resolution mass spectrometry revealed
the relative concentrations of each of 20 cardenolides and we
used high performance liquid chromatography (HPLC-UV) to
quantify the total concentrations of the 13 most abundant car-
denolides (Fig. 1 and SI Appendix, Fig. S1 and Tables S1–S3).
For nearly all measures, including total cardenolide concentra-
tion, a quadratic model was a much better fit to the data than a
linear model, with cardenolide concentrations peaking between

40 and 45° north latitude, roughly corresponding to the range
center of A. syriaca from Pennsylvania to the south and New
York, Vermont, and New Hampshire to the north. Two specific
compounds are worth highlighting: glycosylated aspecioside (a
newly described structure), the dominant cardenolide in seeds,
comprising 42% of the total; and less concentrated labriformin,
which is an unusual epoxy cardenolide containing nitrogen and
sulfur in a thiazoline ring (20) (Fig. 1). Interestingly, in addition
to 70% of the variation in labriformin being explained by lati-
tude, this compound also had a different pattern than all others,
saturating in production above 42° north latitude, but not
declining further north (Fig. 1 and SI Appendix, Fig. S1). We
note that two additional cardenolides, aspecioside A and glycosy-
lated syriogenin A, decrease in relative concentration from south
to north and this opposing pattern could indicate that these car-
denolides are the biosynthetic precursors of labriformin (SI
Appendix, Fig. S2). A correlational heat map confirms a signifi-
cant negative correlation of labriformin with aspecioside A and
glycosylated syriogenin A (SI Appendix, Fig. S3). The highest sig-
nificant positive correlation of labriformin was found with syrio-
side A and B, suggesting shared biosynthesis.

Next we assessed whether phenotypic differences between popu-
lations in cardenolide defenses were greater than neutral genetic
differentiation using a modified PST > FST approach (following
refs. 21, 22) (SI Appendix, Figs. S4 and S5 and Table S4). We
assessed FST using 925 established single nucleotide polymorphisms

A

C

B

D

Fig. 1. Latitudinal prediction of seed cardenolides among 24 populations of common milkweed (A. syriaca) in eastern North America. (A) Glycosylated aspe-
cioside, the dominant compound (highly polar, 42% of total seed cardenolides). (B) Diglycosylated syriogenin, a polar cardenolide comprising 12% of the
total. (C) Labriformin, the least polar seed cardenolide (8% of the total) also containing a thiazoline heterocycle with nitrogen and sulfur. (D) Total cardeno-
lide concentration. (A–C) Quantified by high-resolution mass spectrometry and (D) quantified by HPLC-UV. A quadratic model was the best fit by far in all
cases. We note that both herbivore diversity and leaf damage showed a similar humped-shaped curve in field surveys, with herbivory peaking at ∼42° north
latitude (6). **P < 0.01, ***P < 0.001. Analyses of other compounds is presented in SI Appendix, Fig. S1 and the correlation among compounds is presented
in SI Appendix, Fig. S3.
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(SNPs) (23) in each of 12 of the 24 sampled populations. Pheno-
typic differences between populations (PST) were substantially
greater than FST for labriformin and syrioside B (but not for the
other dominant cardenolides), indicating spatially divergent selec-
tion on these compounds (SI Appendix).

Sequestration and Feeding Experiment. In a laboratory rearing
experiment, Oncopeltus sequestered greater than four times the
concentration of cardenolides in A. syriaca seeds (on a dry mass
basis, mean ± SE total cardenolides in mg/g, seeds: 2.81 ±
0.61; bugs: 11.33 ± 0.61; n = 10, t = 9.21, P < 0.001).
Among the six most abundant cardenolides present in milk-
weed seeds (accounting for 87% of the total), five were more
abundant in bugs than in seeds (Fig. 2). The sole exception to
this pattern was labriformin, which was not sequestered. We
thus hypothesized that labriformin was highly toxic and
degraded by Oncopeltus. Additionally, the dominant cardeno-
lide in bugs was aspecioside A (33% of the total), a compound
that was very low in our seeds (3% of the total in this collection
from Ithaca, NY). Because of the structural similarity of the
previously undescribed glycosylated aspecioside and aspecioside
A (the latter simply missing one sugar compared to the former),
we hypothesized that Oncopeltus accumulated aspecioside A by
modification of glycosylated aspecioside (SI Appendix, Fig. S6).
Accordingly, we conducted feeding experiments, with artifi-

cial diets spiked with purified glycosylated aspecioside, labrifor-
min, or ouabain (as a standard) compared to controls without
cardenolides. Several measures of Oncopeltus growth and perfor-
mance were not impacted by cardenolides (SI Appendix, Table
S5), and we found evidence that glycosylated aspecioside was
degraded in vivo to aspecioside A and that labriformin was con-
verted to three products that are stored in adults (desglucosyrio-
side, syriobioside A, and oxidized labriformin) (SI Appendix,
Fig. S7 and Table S6).

Cardenolide Toxicity Tested by Functional Na+/K+-ATPase
Assays. We next tested the inhibitory capacity of a subset of
purified cardenolides on their physiological target, the Na+/K+-
ATPase in vitro. Here we used ouabain as a standard, along

with isolated and purified glycosylated aspecioside (polar,
dominant, sequestered intact, and converted), aspecioside A
(sequestered after conversion from glycosylated aspecioside), digly-
cosylated syriogenin (polar, subdominant, sequestered intact), and
labriformin (apolar thiazoline ring–containing cardenolide, sub-
dominant, not sequestered). All compounds were tested on the
highly sensitive porcine Na+/K+-ATPase (Fig. 3, Upper Inset) and
showed relatively little variation in their inhibition of this unad-
apted enzyme. Nonetheless, our main comparison was between the
monarch enzyme compared to that of Oncopeltus, both obtained
from isolated neural tissues. We focus on this comparison because
Oncopeltus has the same critical amino acid substitutions in the
sodium pump as the monarch (namely a combination of histidine
at position 122 and a substitution of the ancestral glutamine at
position 111: Threonine in bugs and valine in monarchs). In con-
trast to the monarch with its single gene copy, Oncopeltus expresses
two versions of the sodium pump in the nervous tissue featuring
additional genetic substitutions, among others at positions 786 and
797 that have been shown to further increase the enzyme’s toler-
ance of cardenolides (24). Thus, we are addressing the added bene-
fit of these seed bug substitutions toward tolerance of cardenolides.

Although the compounds had differential effects on monarch
versus Oncopeltus (Fig. 3, interaction term between compounds
and the two enzymes F4,30 = 18.76, P < 0.001) the latter was, on
average more than sixfold more tolerant than the former. Ouabain
and the highly sequestered aspecioside A were the least inhibitive,
followed by glycosylated aspecioside. Strikingly, labriformin was
the most potent cardenolide across the board, but Oncopeltus neu-
ral tissue was 18 times more tolerant than that of monarchs.
Remarkably, the monarch enzyme was not much more tolerant of
labriformin compared to the sensitive porcine enzyme (SI
Appendix, Fig. S8), suggesting that the additional genetic substitu-
tions in the two sodium pump isoforms of Oncopeltus are most
beneficial against this highly toxic compound.

Oncopeltus sequestered three distinct modified compounds
when fed labriformin, generated via a degradative pathway of the
3-thiazoline ring (via hydrolysis: desglucosyrioside and syriobioside
A), and a nondegradative pathway (oxidation to form a thiazolidi-
none ring: oxidized labriformin) (Fig. 4). We were able to purify
and test two of these metabolites on the Oncopeltus Na+/K+-
ATPase. The sequestered compounds were, on average, eightfold
less potent than labriformin, but not significantly different from
the standard ouabain. Labriformin was not detected in bugs fed
pure labriformin (SI Appendix, Table S6). Furthermore, the
absence of labriformin and presence of oxidized labriformin in
Oncopeltus extracts are the opposite pattern found in A. syriaca
seeds, supporting the biotransformation of labriformin (SI
Appendix, Fig. S7). Thus, the modification and breakdown of lab-
riformin may reduce its ultimate toxicity for Oncopeltus. Mon-
archs are known not to sequester labriformin either, but
sequester at least two breakdown products (syriobioside A and
desglucosyrioside) (25, 26). Our data indicate that both syrio-
bioside A and oxidized labriformin (unknown whether this is
sequestered by monarchs) also have substantially lower toxic-
ity to monarchs than labriformin (SI Appendix, Fig. S8).

Discussion

Geographical patterns in the expression of plant defense may
be driven by a variety of factors, and such patterns are wide-
spread across latitude, elevation, and precipitation gradients
(2–5, 27, 28). Yet, missing from most studies is a functional con-
nection between measures of defense chemistry and impacts on
herbivores, especially for adapted (or coevolved) species (3, 5).

Fig. 2. Concentration of cardenolides in common milkweed (A. syriaca)
seeds (collected in Ithaca, NY, 42.4440° north latitude) and sequestered by
large milkweed bugs (O. fasciatus, whole adults extracted). Shown are
means ± SE quantified by HPLC-UV. Although most cardenolides are con-
centrated in bugs compared to seeds, note that dominant (in bugs) aspe-
cioside A is essentially absent in seeds, and labriformin is absent in bugs
compared to seeds. The shown compounds comprise 87% of total seed
cardenolides and are arrayed from most polar on the Left to nonpolar on
the Right. *P < 0.05, ***P < 0.001, ns, not significant. Compositional differ-
ences between seeds and bugs along the labriformin degradation pathway
identified by high-resolution mass spectrometry are shown in SI Appendix,
Fig. S7.
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We previously demonstrated genetically based latitudinal clines
in the expression of foliar defenses in common milkweed (A.
syriaca), both in North America where it is native (6), and in
Europe where it was introduced and has spread over 400 y (29).
Malcolm (30) previously described a longitudinal trend in A.
syriaca cardenolides, with implications for survival of monarchs.
Furthermore, total cardenolides in leaves were reported to peak
in midlatitudes near the range center of A. syriaca (31). In the
current study, by focusing on individual cardenolide toxins in
milkweed seeds, we have identified compounds that appear to be
under selection, and that have tremendous potency against
adapted herbivores.
Labriformin, in particular, is one of five nitrogen-containing

cardenolide toxins (along with thiazolidine ring–containing
uscharin, 3-thiazoline voruscharin, and two thiazolidinone
ring–containing cardenolides) identified among hundreds of
others (lacking nitrogen) in the genus Asclepias. In A. syriaca,
3-thiazoline ring–containing labriformin has been long known
and we were able to anticipate and detect its thiazolidine deriv-
ative, reduced labriformin, which is analogous to voruscharin
(SI Appendix, Fig. S9) (20, 32–34). Although labriformin was
known historically to be poisonous to livestock (35) and not
sequestered by monarchs (31, 36), little was known about its
physiological interactions with specialist herbivores. We have

shown that labriformin’s geographic pattern of expression is
unique among A. syriaca’s seed cardenolides (Fig. 1 and SI
Appendix, Fig. S1), it is likely subject to divergent selection
among populations (SI Appendix, Fig. S5), and is among the
most potent cardenolides tested against adapted sodium pumps
(Fig. 3). Although we do not show whether the driver of this
cline is mostly biotic, abiotic, or both, it is conceivable that
evolution of more toxic defenses may be realized in more favor-
able locations where herbivores also tend to congregate (2).
Although we previously reported greater insect diversity and
herbivory on common milkweed near the range center com-
pared to the northern and southern range edges (6), additional
work specifically on the geography of seed predation and carde-
nolide tolerance/sequestration is needed.

Specificity in Chemical Defense–Herbivore Offense. An emerg-
ing pattern from work on natural product inhibition of the
insect sodium pump is that most cardenolides are more or less
equally potent against unadapted sodium pump enzymes, while
stronger differentiation is found on the more tolerant (adapted)
enzymes (14, 15). Accordingly, the total concentration of car-
denolides in a plant extract is typically an excellent predictor of
the extent of sodium pump inhibition, irrespective of the carde-
nolide composition (37). However, the same compounds often

Fig. 3. The neural Na+/K+-ATPase of O. fasciatus is more tolerant of inhibition by cardenolides than that of monarch butterflies. Shown is the dominant
seed cardenolide (glycosylated aspecioside) and its sequestered conversion product (aspecioside A), diglycosylated syriogenin, which is a subdominant com-
pound that is sequestered intact; and labriformin, which is not sequestered. Data are presented as the molar concentration of plant toxin necessary to
cause 50% inhibition of the animal enzyme, or IC50. Higher values on the y axis indicate that the enzyme is more tolerant to the cardenolide; values within
the orange bars indicate the fold increase in tolerance of the Oncopeltus enzyme over the monarch enzyme. Note that O. fasciatus is substantially more toler-
ant compared to monarchs for labriformin (the most potent cardenolide overall) compared to all other compounds (enlarged in Bottom Right Inset). Upper
Right Inset shows the IC50 values for the same compounds on the highly sensitive porcine Na+/K+-ATPase. Each bar is a mean of 3 to 10 replicates (each
based on a 6-concentration inhibition curve) ± SE.
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show >100-fold variation in inhibition of adapted sodium
pumps (14, 15) (Figs. 3 and 4 and SI Appendix, Fig. S8), and
one of the approaches we have employed to understand specif-
icity in defense is to match particular defense compounds to
particular enzymes. A key result from the current work is how
labriformin appears to be especially important in the milkwee-
d–Oncopeltus interaction.
Labriformin is 1.5 to 2 times more potent than glycosylated

aspecioside and the standard ouabain on the unadapted porcine
sodium pump (Fig. 3). Nonetheless, when compared to the
Oncopeltus enzyme, labriformin is 6 and 13 times more potent.
Reciprocally, to understand the benefits of the Oncopeltus
highly adapted sodium pump involving both gene duplications
and substitutions (18, 38), we compare the advantage it has
over the monarch’s enzyme. This comparison is especially use-
ful because Oncopeltus has the same base-level adaptations as
the monarch (functional substitutions at amino acid positions
111 and 122 of the cardenolide-binding pocket), with addi-
tional substitutions at positions 786 and 797 (24). Although
Oncopeltus has an 8- and 2-fold advantage over monarchs for
glycosylated aspecioside and ouabain, respectively, it has an
18-fold advantage over monarchs in terms of coping with labri-
formin (Fig. 3). A general agreement among pharmacological
studies of enzymatic assays classifies molecules with the half max-
imal inhibitory concentration (IC50) >100 μM as nontoxic, 10
to 100 μM as moderately toxic, IC50 <10 μM as toxic, and
IC50 <1 μM as highly toxic. With IC50 values of 5 μM, labrifor-
min falls under the toxicity threshold for the monarch and
comes close to voruscharin’s toxicity (IC50 = 2 μM) (15).

Remarkably, the monarch’s enzyme, which typically shows >50-
fold enhanced tolerance to cardenolides compared to nona-
dapted enzymes, has little advantage in the case of labriformin
(SI Appendix, Fig. S8). Given labriformin’s abundance in seeds
(which is substantially higher than in leaves), its high potency
against adapted enzymes, and the Oncopeltus advantage in cop-
ing with this compound (IC50 = 91 μM), it appears that labri-
formin could be at the center of reciprocal adaptation between
milkweed and seed bugs. The specific advantage of the different
copies of the sodium pump and differential expression among
bug tissues are worthy of further study among populations and
species of the Lygaeinae.

Advances in Our Understanding of Milkweed–Herbivore Coevo-
lution. Nearly 50 y ago Duffey and Scudder (39) showed that
Oncopeltus sequesters polar but not the most nonpolar cardeno-
lides from A. syriaca seeds; they also showed that Oncopeltus
degrades some cardenolides (e.g., the nonpolar and nonmilkweed
compound, digitoxin) following ingestion, but does not degrade
others (e.g., ouabain). The overall organismal tolerance of these
seed bugs to cardenolides and the tremendous tolerance of their
sodium pumps in vitro was also well established previously
(18, 40–43). In fact, geographic variation in A. syriaca seed chem-
istry was briefly studied by Moore and Scudder (44) as a possible
explanation for differences in sequestration of Oncopeltus reported
in various studies. Nonetheless, despite being well studied, the
specific cardenolides in A. syriaca seeds and those that are seques-
tered versus not sequestered were previously undescribed. By
connecting the nonpolar labriformin, its structural attributes

A

B

Fig. 4. Sequestration by O. fasciatus involves modifications of labriformin into three end products. (A) Two endogenous modification pathways exist, one
with hydrolysis and reduction (loss of the thiazoline ring) and the other via oxidation (thiazoline ring maintained). Syriobioside A occurs in much lower quan-
tities (∼1/100 concentration) compared to desglucosyrioside and oxidized labriformin. (B) The difference in inhibitory impacts of labriformin and two of the
end products on O. fasciatus (shown also is the standard, ouabain). Data are presented as the molar concentration of plant toxin necessary to cause 50%
inhibition of the animal enzyme, or IC50 (note log scale on the y axis). Higher values on the y axis indicate that the enzyme is more tolerant to the cardeno-
lide. Different letters above bars represent significant (P < 0.05) pairwise comparisons based on Fisher’s least significant difference. Each bar is a mean of
three to six replicates (each based on a 6-concentration inhibition curve) ± SE.
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(e.g., the nitrogen- and sulfur-containing thiazoline ring), and
its potency relative to degradation products produced by bugs,
we have added key missing links in our understanding of
milkweed–herbivore coevolution.
More generally, the extent to which milkweeds have inde-

pendently evolved highly toxic nitrogen-containing cardeno-
lides and different specialized lineages of herbivores have
adapted to these compounds in parallel offers a test of repeated
patterns in coevolutionary interactions. We previously studied
interactions between nitrogen-containing voruscharin in Ascle-
pias curassavica leaves and monarch butterflies (15). Voru-
scharin negatively impacts monarch growth, is not sequestered,
and is transformed by monarchs to less toxic compounds (calac-
tin and calotropin) via hydrolysis and reduction. Voruscharin
has been reported from a few Asclepias spp., as has labriformin
(which has a distinct genin), although their frequency in the
genus and phylogenetic distribution are currently unknown
(20). Oncopeltus processes labriformin in a highly parallel man-
ner to that of monarchs consuming voruscharin, although an
additional nondegradative pathway of 3-thiazoline via oxidation
also exists for labriformin (Fig. 4). Mass spectrometric evidence
suggests that the double oxidation occurs on the 3-thiazoline
ring to form a rare S-oxothiazolidinone; this heterocyclic struc-
ture is supported by previously described thiazolidinone deriva-
tives of cardenolides (SI Appendix, Figs. S10 and S11) (34).
Here, Oncopeltus sequesters the less toxic nitrogen-containing
oxidized labriformin in addition to the reduced desglucosyrioside
and syriobioside A (Fig. 4). Together, these results suggest that
nitrogen-containing cardenolides may be an evolved defense
with apparent counter adaptations in multiple herbivores. The
fact that both voruscharin and labriformin have strong inhibi-
tory effects on adapted sodium pumps but relatively modest
effects on the unadapted enzyme supports the notion that these
compounds evolved in response to milkweed specialists.
The costs of coping with highly toxic nitrogen-containing car-

denolides were elucidated for monarchs as a reduction in growth
associated with conversion of voruscharin and sequestration of
its metabolites (15). On the contrary, there is a long history of
finding no such costs of cardenolide exposure or sequestration
for Oncopeltus (40, 41, 45), likely due to their remarkable mor-
phological and physiological adaptations (18, 42). Our results
from feeding Oncopeltus diets with purified glycosylated aspecio-
side and labriformin support these past studies. Nonetheless,
another recent study fed Oncopeltus prepared diets of pure carde-
nolides (a mix of ouabain and digitoxin), revealing some costs
(46). Although Oncopeltus showed faster nymphal growth,
increased body mass, and enhanced longevity when fed diets
with cardenolides, fecundity was reduced by 50% when cardeno-
lides were continued on their diets as adults (at a dose of 6 mg/g
dry mass). This high but realistic concentration of cardenolides
was higher than that in the current study (we used 0.5 mg/g car-
denolides). Furthermore, current work in our laboratory suggests
negative effects of A. syriaca seed cardenolides on Oncopeltus,
although only for male bugs. Understanding the costs of adapta-
tion, cardenolide conversion, and sequestration for Oncopeltus
thus remains an important yet unresolved question.
In summary, geographic, chemical, and functional evidence

supports the notion that labriformin may be important in the
evolutionary interactions between common milkweed seeds and
Oncopeltus. Expression of labriformin peaks in northern lati-
tudes and appears to be evolving by natural selection; nonethe-
less, Oncopeltus seed predators have a remarkable tolerance to
these compounds, they chemically modify them to reduce tox-
icity, and sequester the end products for their own defense.

Materials and Methods

Common milkweed, A. syriaca (Apocynaceae), is a long-lived perennial plant that
reproduces both sexually (through seed, largely by outcrossing) and asexually
(by producing spreading underground stems). Its native geographic range spans
much of eastern North America (east of Nebraska) roughly from Quebec, Canada
to North Carolina. A. syriaca is attacked by a community of at least 12 specialized
herbivorous insects (16), with two species of lygaeid bugs that feed on seeds.
Other insect herbivores feed on roots, stems, leaves, and phloem sap. Here we
employ field-collected seeds previously used in Woods et al. (6), with three to
five independent seed collections from each of 24 populations (total n = 113)
(SI Appendix, Table S7). We focus on latitude as a predictor of defense expres-
sion across these populations because it is strongly correlated with mean annual
temperature as well as three other measures of climate (6). Mean annual precipi-
tation had little predictive power. Population locations and basic climatic infor-
mation are given in SI Appendix, Table S7.

Seed Cardenolides along the Geographical Cline. Based on methods in
Agrawal et al. (15) we employed HPLC-UV analysis on an Agilent 1100 HPLC
with diode array detector and a Gemini C18 reversed-phase, 3 μm, 150 mm ×
4.6 mm column. Here we used 50 mg of ground freeze-dried tissue (seeds or
bugs), added 1.5 mL of 100% methanol, a 20 μg digitoxin as an internal stan-
dard, and 20 FastPrep beads, extracted by agitating twice on a FastPrep-24
homogenizer for 45 s at 6.5 m/s. We then centrifuged the extract at 20,800 × g
for 12 min. Supernatants were dried down in a vacuum concentrator at 35 °C
and resuspended in 200 μL methanol, filtered using 0.45-μm hydrophobic
membranes in a filter plate, and 15 μL was injected into the HPLC running a
constant flow of 0.7 mL/min with a gradient of acetonitrile and water as follows:
0 to 2 min at 16% acetonitrile; 2 to 25 min from 16 to 70%; 25 to 30 min from
70 to 95%; 30 to 35 min at 95%; followed by 10 min of reconditioning with
16% acetonitrile. As is standard for cardenolide analysis (15), peaks were
recorded at 218 nm and absorbance spectra were recorded between 200 nm to
300 nm. Peaks showing a characteristic single absorption maximum between
214 and 222 nm correspond to the unsaturated lactone, which is diagnostic of
cardenolides in our system. Concentrations were standardized by peak area to
the internal standard (digitoxin).

We recorded 28 cardenolides by HPLC; however, most were rare and
occurred in less than half of the populations. Six cardenolides accounted for 87%
of the total across populations and were considered the dominant peaks. Com-
pound concentrations were also assessed using mass spectrometry, here pooling
three samples per population (n = 24).

Following methods in Agrawal et al. (15), here we use high-resolution mass
spectrometry to identify compounds (by exact mass and pattern of fragmentation)
and compare their relative concentration. We employed a reversed-phase chroma-
tography Dionex 3000 LC coupled to an Orbitrap Q-Exactive mass spectrometer
controlled by Xcalibur software (Thermo Fisher Scientific). Methanolic extracts
were separated on an Agilent Zorbax Eclipse XDB-C18 column (150 mm ×
2.1 mm, particle size 1.8 μm) maintained at 40 °C with a flow rate of 0.5 mL/min.
Solvent A contained 0.1% formic acid (FA) in water; solvent B contained 0.1% FA
in acetonitrile. The A/B gradient was started at 5% B for 2 min after injection and
increased linearly to 98% B at 11 min, followed by 3 min at 98% B, then back to
5% B over 0.1 min and finally at 5% B held for an additional 2.9 min to reequili-
brate the column. Mass spectrometer settings were as follows: Spray voltage
(�3.0 kV, +3.5 kV), capillary temperature 380 °C, probe heater temperature
400 °C; sheath, auxiliary, and sweep gas 60, 20, and 2 AU, respectively. S-Lens
radio frequency level was 50, resolution 240,000 at m/z 200, automatic gain con-
trol (AGC) target 3e6. Each sample was analyzed in positive electrospray ionization
mode withm/z ranges 70 to 1,000, and each isolated cardenolide was analyzed in
both positive and negative electrospray ionization modes. Parameters for data-
dependent tandem mass spectrometry (MS/MS) (dd-MS2) were MS1 resolution
60,000; AGC target 1e6. MS2 resolution was 30,000, AGC target 2e5, maxi-
mum injection time 50 ms, isolation window 1.0 m/z, stepped normalized colli-
sion energy (NCE) 10, 30; dynamic exclusion 1.5 s, top five masses selected for
MS/MS per scan. LC-MS data were analyzed using MZmine software (see below)
and MS2 spectra were obtained via Excalibur software (Thermo Fisher
Scientific).
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The acquired LC-MS data files were converted to mzXML files using the
ProteoWizard MSconvert tool. LC-MS data were then preprocessed with the
open-source MZmine 2 software (47) and consisted of peak detection, removal
of isotopes, alignment, filtering, and peak filling. Peak detection was performed
in three steps: 1) mass detection with noise value = 15,000; 2) automated data
analysis pipeline (ADAP) chromatogram builder with minimum group size in
number of scan = 5, group intensity threshold = 25,000, minimum height =
30,000, and m/z tolerance = 10 ppm; 3) wavelet ADAP deconvolution with S/N
= 3, minimum feature height = 1,000, coefficient area threshold = 5, peak
duration range = 0.01 to 3 min, and retention time wavelet range = 0.01 to
0.04 min. Isotopes were removed using the isotopic peak grouper with m/z tol-
erance = 10 ppm, retention time tolerance = 0.5 min, and maximum charge=
3. Chromatograms were aligned using the join aligner with m/z tolerance = 10
ppm, weight for m/z = 75, retention time tolerance = 0.5 min, and weight for
retention time = 25. Filtering minimum peak in a row = 4, minimum peak in
an isotopic pattern = 2, and keep-only peaks with MS2 scan. Gap filling was
applied using the method peak finder with retention time correction with inten-
sity tolerance = 10%, m/z tolerance = 10 ppm, and retention time tolerance =
0.5 min. Quality control (QC) metabolites with a coefficient of variation (CV)
greater than 30% were removed from the whole data matrix. Correlation heat
map, and t tests were performed with MetaboAnalyst 5.0 (48).

Glycosylated aspecioside, diglycosylated syriogenin, aspecioside A, glycosy-
lated syriobioside, syrioside A and B, diglycosylated oxidized syriogenin, diglyco-
sylated digitotoxin, and labriformin were isolated and characterized by NMR
spectrometry. The chemical structures of glycosylated syriobioside, syrioside A and
B, diglycosylated oxidized syriogenin, and diglycosylated digitoxigenin will be
reported in a separate manuscript. The high-resolution mass spectrometry
(HRMS) and MS/MS data of isolated cardenolides were used to retrieve the carde-
nolide ion adducts in A. syriaca seed samples. We mined the HRMS data for addi-
tional cardenolides based on reported structures in A. syriaca and anticipated
cardenolides structures. After normalization using a standard, the relative concen-
tration based on ion counts was reported.

Cardenolide concentrations (28 peaks) were assessed with latitude as a pre-
dictor. Because most plots clearly showed a nonlinear quadratic relationship, we
included latitude squared in the model. Statistical analyses were conducted
using JMP Pro-14. To test whether phenotypic differences between populations
in cardenolide defenses were greater than neutral genetic differentiation, we
used a modified PST > FST approach detailed in SI Appendix.

Sequestration and Feeding Experiment. We quantified cardenolides in an
A. syriaca seed pool (collected in Tompkins Co.) used to rear Oncopeltus, as well
as whole Oncopeltus adults reared on these seeds, to address which compounds
were sequestered (n = 5, 50-mg samples of each), using HPLC and HRMS as
described above. Oncopeltus were collected in Ithaca, NY and reared in the labo-
ratory on A. syriaca seed for fewer than five generations.

To address the specific sequestration of purified compounds, we conducted a
feeding assay starting with freshly molted third instar Oncopeltus nymphs (from a
laboratory colony obtained in 2015 from the University of Hamburg, Germany,
and previously raised on sunflower seeds) on four artificial diets: Control (sun-
flower seed agar-based diet [SSABD]), SSABD spiked with ouabain octahydrate
(0.59 mg/g dry diet), SSABD spiked with glycosylated aspecioside (0.58 mg/g dry
diet), and SSABD spiked with labriformin (0.5 mg/g dry diet). The three doses
were equimolar. Details on the diet ingredients and its preparation are given in
Pokharel et al. (46). Purified compounds were isolated from A. syriaca seeds using
a preparative HPLC fractionation method as in Agrawal et al. (15) and determined
to be at least 95% pure based on NMR spectrometry. We dispersed the purified
toxins with water and added them to the diet. Nymphs were placed in groups of
three in a 90-mm Petri dish with vents (n = 10 Petri dishes per treatment) lined
with filter paper and supplied with the corresponding artificial diet in a pellet and
a separate source of water. Environmental conditions were set at 27 °C, 60% rela-
tive humidity at a light:dark cycle of 16 h:8 h (Binder KBWF 240), and all Petri
dishes were spatially randomized. Diets were replaced once after 2 wk.

We measured the following parameters to assess effects of ingesting cardeno-
lides: Mass (average in milligrams of the three individuals in each Petri dish
after 3 wk), time until adulthood (day when all insects from the Petri dish
reached adulthood), adult length (length in millimeters from the ventral tip of
the head to the penultimate external abdominal segment), total eggs produced
per adult female (virgin females mated to males from the same treatment/treat-
ment, n = 8 except control n = 7), and total hatchlings per female (n = 8 except
control n = 7, as above). A total of 29 adult bugs were also assessed for cardeno-
lide sequestration (using HPLC for quantification and mass spectrometry for com-
pound identification), equally spread across the four treatments. Analyses were
carried out using the statistical software R (version 4.0.3). We conducted one-way
ANOVAs followed by Tukey’s honestly significant difference post hoc analyses. For
time until adulthood we used a Kruskal–Wallis test followed by a post hoc analy-
sis Dunn test with the Benjamini–Hochberg P value adjustment method.

Functional Na+/K+-ATPase Assays. We quantified the inhibitory potential of
isolated cardenolides using Na+/K+-ATPase from the porcine cerebral cortex
(Sigma-Aldrich), monarch butterflies, and Oncopeltus following methods of Pet-
schenka et al. (14). Compounds were purified from A. syriaca seeds or Oncopeltus
adults. Each compound was dissolved fully in methanol assayed by HPLC to deter-
mine concentration, and then dried and resuspended in 20% dimethyl sulfoxide
(DMSO)/H2O to 5 mM. Due to solubility issues, labriformin was instead dissolved in
acetonitrile for HPLC analysis, and then dried and resuspended in 20% DMSO/H2O
to 1 mM. We then prepared 1/10 serial dilutions to produce a six-point inhibition
curve for each compound, incubated with each of the three enzyme preparations.

Because the porcine enzyme is less tolerant than those of the milkweed her-
bivores, the set of dilutions used for its six-point curve was shifted by a factor of
1/10. Compound solutions were diluted 1:5 with a buffered reaction mix con-
taining Tris-buffered ATP, NaCl, KCl, MgCl2, and porcine Na+/K+-ATPase, and
incubated on a BioShake iQ microplate shaker (Quantifoil Instruments) at 200
rpm and 37 °C for 20 min. Milkweed cardenolides were run alongside equiva-
lent molar solutions of ouabain. Reactions were terminated with 10% sodium
dodecyl sulfate, then inorganic phosphate was stained with Taussky–Shorr
reagent and absorbance measured spectrophotometrically at 700 nm. Absor-
bance values of reactions were corrected by their respective backgrounds (con-
taining 10 mM ouabain, ATP, NaCl, KCl, MgCl2, and appropriate enzyme but
lacking KCL), and dose–response curves were fitted using a nonlinear mixed
effects model with a four-parameter logistic function in the statistical software R
(function nlme with SSfpl in package nlme v3.1-137) based on ref 49. We focus
analyses on cardenolide concentration at which the enzyme is inhibited by 50%
(IC50) compared to a control without toxins added. IC50 values were compared
with one-way ANOVAs.

Data Availability. All study data are included in the article and/or SI Appendix.
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