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Chemical defenses are fundamental in organismal biology and widely used in medicine
and agriculture. Plant defense chemistry evolves in response to various selective pressures,
particularly herbivory, and theory has emphasized predicting toxin abundance and diver-
sity. Here we test hypotheses about the evolution of structural innovation in chemical
defense by combining molecular complexity metrics, metabolomics, molecular docking,
and phylogenetic analyses, using milkweed cardenolides, steroidal glycosides that inhibit
animal Na'/K*-ATPases. We identify the addition of a nitrogen—sulfur (N,S) heterocycle
in highly substituted cardenolides as a major structural innovation that restores toxicity
against coevolved natural enemies, such as the monarch butterfly. This toxicity is likely
achieved by rigidifying the cardenolide scaffold and creating additional nonelectrostatic
interactions within the Na'/K'-ATPase binding pocket, thereby enhancing binding
affinity despite target-site resistance. Two biosynthetically distinct N,S-cardenolides,
uscharin and labriformin, rank among the most complex structures in this chemical
class and show divergent macroevolutionary histories: uscharin represents an ancestral
character state with repeated losses, whereas labriformin has independently evolved
multiple times in later-diverging lineages. This pattern across Asclepiadoideae indicates
that the structural innovation evolved repeatedly, apparently limited by lineage-specific
biosynthetic constraints among precursor pathways. N,S-cardenolides occur in over
75% of the 59 Asclepias species examined here, and species producing N,S-cardenolides
exhibit greater cardenolide abundance, richness, metabolomic space, and toxicity against
adapted organisms. More generally, structural innovation defines a distinct evolutionary
axis in plant chemistry, enabling defense diversification and adaptive recovery of toxicity.
Such innovations are predicted to build on existing molecular scaffolds in response to
ecological challenges, here driven by coevolving specialist herbivores.

coevolution | plant defense theory | cardenolide toxins | chemical ecology |
secondary compounds

The evolution of plant defensive chemistry is driven by a dynamic interplay between
natural selection, ecological function, and biosynthetic innovation. Traditional metrics,
such as phytochemical richness, abundance, or the number of chemical classes produced
(1-3), capture only part of defensive chemical diversity. Structural analysis should be
considered alongside these descriptive efforts, especially those that capture biosynthetic
modifications resulting in innovations that have potential to create novel bioactivity (4-6).
In evolutionary biology, such transformative shifts are recognized as key innovations, novel
traits that open new adaptive niches and drive diversification across lineages (7). We argue
that structural innovations in plant metabolism play an analogous role, representing an
axis of chemical evolution (8, 9) that not only complements richness and abundance of
plant defenses, but also represents a general mechanism of metabolite evolution, generating
novel ecological function (1, 2, 10, 11).

Structural innovation refers to biosynthetic modifications, whether a single step or sequen-
tial, before or after scaffold elaboration, that introduces new functional groups creating a
new chemical class. For example, during the radiation of the Brassicales, the evolution of
glucosinolates emerged from multiple stepwise biosynthetic modifications (6), whereas ste-
roidal alkaloids in the Solanaceae originated from the transamination of terpenoids, which
generated novel and potent bioactivity (12). Such innovations are thought to be driven by
strong coevolutionary interactions. Once these innovations appear, their widespread presence
may be further modified or constrained by biosynthetic costs, especially in later diverging
species (13), and existing models of defense evolution emphasize such trade-offs (14-18).

Chemical ecology theory further suggests that phytochemical diversity and structural
novelty may arise from selective pressures outside pairwise coevolution or escalating arms
races, including pathway constraints and enhanced defense against a breadth of enemies
(e.g., interaction diversity) (2, 4, 11). Our framework builds on these perspectives by treating
structural innovation as a distinct axis of chemical defense evolution. This study integrates
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diverse approaches and incorporates structural metrics capturing
both incremental biosynthetic changes (e.g., successive oxidations
on the same core structure) and structural innovations that intro-
duce entirely novel moieties within the chemical class, thereby
increasing ecological potential. This multidimensional insight into
the evolution of chemical defense allows us to test classic hypotheses
while also generating new predictions.

Milkweeds in the genus Asclepias provide an ideal system for
testing plant defense theory because they produce cardenolides,
steroidal toxins that inhibit the universal animal transmembrane
protein Na'/K" ATPase, with a well-documented mechanistic,
ecological and evolutionary basis (19-24). While the molecular
complexity of cardenolides vary, a subset of structures possesses a
rare nitrogen- and sulfur-containing (N,S) heterocyclic moiety
likely derived from cysteine (25-29). N,S-cardenolides were pre-
viously found in <8% of the 140 Asclepias spp. and have not been
reported outside the Asclepiadoideae. Remarkably, cardenolides
with a heterocycle, compared to those without, show no greater
toxicity to sensitive animals, but they are the most potent carde-
nolides inhibitors of the Na'/K"-ATPase of highly adapted spe-
cialists like the monarch butterfly (Danaus plexippus) and large
milkweed bug (Oncopeltus fasciatus) (25, 26). By combining
molecular complexity metrics, metabolomics, molecular docking,
and phylogenetic reconstructions across 52 milkweed species, we
test 1) how the structural innovation of the N,S moiety restores
potency against adapted herbivores, 2) whether this innovation
has independent origins within the clade, and 3) and whether
lineage-specific constraints and putative trade-offs shape the evo-
lution of N,S-cardenolides. This work challenges simple models
of defense escalation (19, 30) and offers a pathway forward for
deciphering chemical evolution in species interactions.

Results

Molecular Complexity of Cardenolides and Target Site Inhibition.
To assess incremental biosynthetic changes among cardenolides,
we calculated DOX-g, a novel modification of the DOX index
of molecular complexity that integrates the degree of oxidation
state (31) adjusted by length of the glycosylated chain (32, 33).
This index may be particularly useful for glycosylated natural
products beyond cardenolides, as it reduces the effect of additional
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sugars on the index of complexity (See Materials and Methods for
further explanation). Among the 184 cardenolides described
from the genus Asclepias, N,S-compounds rank among the most
structurally complex (Fig. 1). The most frequently reported N,S-
compounds, voruscharin and uscharin, have DOX-g values > 21,
while labriformin is at 25, ranking in the top 4% owing to its
highly substituted steroidal core (S Appendix, Supplementary Text)
(34-36). We propose biosynthetic pathways for uscharin and
voruscharin, derived from coroglaucigenin, and labriformin and
reduced labriformin, derived from syriogenin (Fig. 1). These two
distinct routes both involve rare dioxane formation followed by the
condensation of cysteine to form the thiazolidine heterocycle and its
desaturation to install a 3-thiazoline ring; this last step is a hallmark
of structural innovation in this metabolite class (cardenolides).

Cardenolide toxicity is commonly assessed using in vitro
Na'/K*-ATPase inhibition assays, quantified as half of the maximal
inhibitory concentration (ICs), defined as the concentration
required to reduce enzyme activity by 50%. Thus in a general
sense, structural complexity could help explain the specific inter-
action with an enzymatic target (37). Indeed, DOX-g captures
unique aspects of molecular complexity compared to existing
indexes (38, 39) (SI Appendix, Figs. S1-S3 and Table S2) and
reflects the scaffold elaboration that appears to be required before
the addition of the N,S-ring. Across a limited set of purified com-
pounds, we found little consistent relationship between DOX-g
and ICs, although we report an interaction between DOX-g and
enzyme-type, suggesting that structural complexity may dispro-
portionately impact toxicity to the adapted vs. sensitive enzyme
(t6 =2.14, P = 0.07, SI Appendix, Fig. S5). In particular, carde-
nolides with increasing DOX-g scores from 17 to 25 showed
increasing toxicity to the monarch enzyme by 14-fold, whereas
toxicity to the sensitive enzyme remained unchanged, or slightly
decreased, across the same complexity scores (SIAppendix,
Fig. S5). Here, the key evolutionary step of adding a N,S-heterocycle
restores potency against adapted Na'/K'-ATPases and thus
explains why N,S-cardenolides are among the most potent inhib-
itors for highly resistant specialist herbivores (25, 26, 33).

Molecular Docking. Using AlphaFold 3 structural predictions
of the monarch butterfly Na'/K'-ATPase, we modeled free
energies and binding poses for N,S-cardenolides and their
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Fig. 1. Putative biosynthetic pathways for the four most common N,S-cardenolides. (A) From coroglaucigenin to uscharin and (B) from syriogenin to labriformin,
highlighting sequential modifications (colored in purple), including thiazolidine ring formation (N,S-ring is colored in red), with enzyme inhibition values (ICs,)
shown for a sensitive (porcine) and adapted (monarch) Na*/K*-ATPases. Toxicity values of syriobioside correspond to C12-a epimer. The histogram depicts the

distribution of molecular complexity across 184 cardenolides.
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non-N,S-precursors: calotropin and syriobioside. Separated by
distinct aglycones (i.e., pathways starting with coroglaucigenin and
syriogenin, respectively), the three ligands within each pathway
showed differences in free energy (all pairwise P values < 0.001).
Introduction of a five-membered thiazolidine or 3-thiazoline ring
into the cardenolide scaffold markedly enhanced binding affinity
to the monarch Na*/K*-ATPase relative to precursors. Among these
compounds, voruscharin and reduced labriformin had the strongest
predicted binding affinity (Fig. 2). This result suggests that the
additional conversion of thiazolidine to 3-thiazoline, despite
yielding uscharin and labriformin with weaker bonding affinity,
may stabilize the molecule, facilitating storage and transport within
the plant, or may expand ecological function by targeting a broader
range of herbivores while maintaining sufficient potency to restore
toxicity against the adapted monarch butterfly Na'/K*-ATPase.
Examination of the binding pocket revealed no obvious steric
hindrance or residue-specific interactions that could explain the
increased bioactivity of the N,S-cardenolides, and overall ligand
conformation remained intact. Instead, an atom-by-atom exami-
nation of the energy contributions (87 Appendix, Fig. S6) suggests
that the N,S-heterocycle ring improves binding primarily by adding
favorable nonelectrostatic interactions (van der Waals, hydrogen
bonds, and desolvation effects) around that portion of the molecule.
Outside the N,S-heterocycle ring, neither nonelectrostatic nor elec-
trostatic (charge-based) interactions changed substantially between
N,S-cardenolides and their non-N,S-precursors. Across all mole-
cules, nonelectrostatic forces were stronger on the lactone moiety
and weaker on the glycosidic side, whereas electrostatic contribu-
tions displayed the opposite lactone—glycosidic side imbalance.
Without the five-membered ring at the C3’ substituent, calotropin
showed greater conformational variability within the pocket,
whereas the lactone moiety remained consistent (Fig. 2A4).

Macroevolution of N,S-Cardenolide Toxins. To assess the
distribution and maintenance of this structural innovation, we
quantified the phylogenetic signal of four focal N,S-cardenolides (40)
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and used a SIMMAP model to simulate changes in trait states
across a modern molecular phylogeny of Asclepias (41) (Fig. 3).
Labriformin, reduced labriformin, uscharin, and voruscharin each
showed phylogenetic signal (SI Appendix, Table S4), albeit with
different levels of significance. Ancestral state reconstructions
indicate that both voruscharin and uscharin represent an ancestral
trait with several gains and losses (Fig. 3B and SI Appendix,
Fig. S7), consistent with its occurrence in early diverging Asclepias
(e.g., Asclepias subulara) and related outgroup genera such as
Calotropis and Gomphocarpus (42). Conversely, labriformin evolved
independently many times in Asclepias with minimal losses (89%
of the 1,000 simulations with <2 losses) and this compound is
especially prevalent in the North American temperate clade, in
which >90% of species produce labriformin (Fig. 3C). The opposing
patterns for uscharin and labriformin suggest a phylogenetic turn-
over during the radiation of Asclepias.

Given the distinct biosynthetic pathways for the formation of
uscharin and labriformin (Fig. 1), we examined if there are nega-
tive correlations for the presence and abundance of those
N,S-cardenolides. Based on analyses of the cardenolide content
of latex from 36 species that produce at least one of the
N,S-cardenolides, a Spearman’s rank correlation on the abun-
dances of these compounds revealed a strong negative relationship
between the expression of labriformin and uscharin (the two
end-products, see Fig. 3B, rho = -0.75, P < 0.001). A nonpara-
metric correlation using Phylogenetic Independent Contrasts
(PICs) corrected for zero inflated data showed the same negative
relationship (S = 34563, rho -0.39, P-value = 0.003*) (Fig. 3E).
This pattern is consistent with a macroevolutionary constraint in
which lineages tend to specialize in one of two alternative
N,S-cardenolide biosynthetic routes. Perhaps this, along with costs
of production and phylogenetic conservatism, makes high abun-
dances of the two major types of N,S-cardenolides unlikely in the
same species. As these compounds exhibit broadly overlapping
inhibitory effects on the highly adapted monarch Na/K-ATPase
(Fig. 2), we next assessed whether they are potent enough to

Labriformin

Reduced labriformin

Fig. 2. Structural innovation of nitrogen-sulfur ring restores cardenolide toxicity in monarch butterfly. (A) Predicted binding free energies (black dot = mean +
SE across 10 replicate docking runs), and docking poses for N,S-cardenolides and their non-N,S precursors, coroglaucigenin and (B) syriogenin based ligands,
using AlphaFold-based structural models of D. plexippus Na*/K*-ATPase sequence. Poses docking within the binding pocket are shown in cyan; nonbinding

poses in semitransparent white.
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Fig. 3. Evolution and correlations of N,S-cardenolides in Asclepias. (A) Stochastic character mapping (SIMMAP) reconstruction of the evolutionary history of all
N,S-cardenolides, (B) uscharin, and (C) labriformin in the latex of Asclepias species. Observed tip states are shown, with pie charts at internal nodes representing
posterior probabilities of presence (red) or absence (black), inferred under an ER model using Bayesian MCMC sampling. Voruscharin and reduced labriformin
are shown separately (S/ Appendix, Fig. S7). (D) Correlation between raw ion abundances of labriformin and uscharin across the 36 Asclepias species that produce
N,S-cardenolides; 16 species lacking both compounds collapse to a single point at the origin. (£) PICs reveal a negative association between labriformin and

uscharin abundance after accounting for shared ancestry and zero inflation.

replace high concentrations of cardenolides or their high diversity
in well-defended Asclepias species.

Remarkably, milkweed species that produce N,S-cardenolides
exhibited >fourfold higher foliar cardenolide concentrations com-
pared to non-N,S-cardenolide producers (F, 5, = 7.42, phylogenet-
ically corrected P = 0.003, Fig. 44) and also have double the
cardenolide richness in latex compared to species lacking these
compounds (F, 5, = 6.24, phylogenetically corrected P < 0.014,
Fig. 4B; see SI Appendix, Fig. S8 for parallel results on foliar carde-
nolides). The latex metabolome of milkweeds producing N,S-
cardenolides also showed expanded multivariate chemical space
compared to non-N,S-cardenolide species, (phylogenetically cor-
rected P = 0.001, Fig. 4C and SI Appendix, Fig. S9). Thus, species
that produce N,S-cardenolides occupy more than twice the volume
of metabolomic space covering secondary metabolite diversity (i.e.,
greater dispersion, mean distance to centroid = 20.17) compared
to nonproducers (mean distance = 9.01) (F = 9.3, P = 0.001); this
effect was not driven by the presence of N,S-cardenolides themselves
(Materials and Methods).

The above results suggest that N,S-cardenolide producers are
the most defended species. Accordingly, we tested leaf tissue
extracts of 52 milkweed species in vitro on the monarch butterfly’s
Na'/K'-ATPase and found that species with N,S-cardenolides
were 33% more inhibitive than species without N,S- compounds
(F, 5, = 6.33, phylogenetically corrected P = 0.009, Fig. 4D). To
confirm that the observed patterns were related to the presence of
complex metabolites (N,S-cardenolides) as part of plant defense,
rather than being driven by a specific N,S-cardenolide, we also

produced a group-level breakdown in ST Appendix, Fig. S10.

Discussion

Whereas cardenolides in milkweeds vary in terms of oxidation
and glycosylation of the core structure, N,S-cardenolides represent
an elaborate subset adding structural innovations through the
incorporation of heterocycle rings. This structural novelty is not
associated with increased toxicity to generalist herbivores; instead,
these compounds restore potency against specialist Na'/K'-
ATPases (25, 26). By rigidifying the cardenolide scaffold and

enhancing nonelectrostatic interaction complementarity, these

https://doi.org/10.1073/pnas.2535853123

heterocycle rings reestablish strong binding affinity compared to
precursors, thereby overcoming the target site insensitivity of
highly specialized herbivores such as the monarch butterfly.

We show that two distinct N,S-cardenolide biosynthetic origins
have evolved asymmetrically across the Asclepias phylogeny with
contrasting macroevolutionary patterns, and are more widespread
than previous phytochemical records suggested. N,S-cardenolides
were produced in 69% of the species studied here, compared to
<8% of the Asclepias spp. reported in previous studies. Uscharin,
which was likely a trait in the ancestors of Asclepias, was frequently
lost in early diversification of the genus, while labriformin evolved
independently across multiple later-diverging Asclepias species. This
pattern exemplifies nonparallel convergence, in which an adaptive
advance against resistant herbivores is achieved not through mod-
ification of a single conserved trait, but via repeated innovations
of distinct yet functionally similar metabolites (43). Our current
results challenge the long-standing pattern of a unidirectional
decline in cardenolide investment across Asclepias (21, 44), as the
composition of the potent cardenolides has evolved nonlinearly.

Instead of following a phylogenetic escalation model (10, 45-47),
where later-diverging species accumulate more potent or complex
defenses, our results reveal a mosaic of gains and losses of innovative
N,S-cardenolides built on increasingly complex scaffolds. Similar
mosaic patterns occur in Piper, where correlated gains and losses
among structurally related compound classes (e.g., flavonoids with
chalcones; p-alkenyl phenols with kavalactones) reflect dependencies
at the pathway level and early divergence in biosynthesis, resulting
in lineage-specific chemical specialization rather than directional
escalation. These pathway-specific structural modifications (e.g.,
successive prenylation, glycosylation, oxidation) generate novel bio-
activity without increasing overall chemical abundance or diversity.
Results from Asclepias and Piper together highlight biosynthetic
innovation, rather than coevolutionary arms races, as a major driver
of chemical defense evolution (48, 49) supporting the consensus
view that chemical evolution involves iterative innovation and
reconfiguration rather than monotonic increases in potency or
complexity.

Our results suggest that the enhanced potency of N,S-cardenolides
emerged from the stabilization of the ligand—enzyme complex,
rather creating new residue-specific contacts. The increased

pnas.org
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PC1 (-0.4%)

conformational variability observed for N,S-cardenolides precur-
sors, compared to N,S-cardenolides, suggests that the absence of
the five-membered heterocycle allows for greater flexibility on the
glycosidic side of the molecule. By adding additional surface con-
tacts, the N,S-heterocycle ring likely helps lock the sugar side into
place, reducing flexibility and making the complex more stable.
This rigidification provides a plausible molecular mechanism by
which N,S-cardenolides regain high binding affinity to the mon-
arch Na'/K'-ATPase despite target-site resistance, an effect that has
been born out in our physiological assays (Fig. 1).

The evolution of these specialized toxins reflects diversification
constrained by lineage-specific biosynthetic precursors: species
tend to produce either labriformin or uscharin, but rarely both
compounds in high amounts, most likely influenced by metabolic
costs. Demonstrating a true trade-off would require direct evidence
of shared precursor limitation, enzymatic competition, or fitness
consequences of simultaneous pathway expression, which remain
to be tested. Importantly, the pattern of divergent evolutionary
histories is not accompanied by reductions in overall phytochem-
ical investment; species producing N,S-cardenolides exhibit higher
total cardenolide abundance, greater richness, and occupy broader
chemical space. Thus, the evolution of N,S-cardenolides reflects
lineage-specific diversification, rather than a progressive escalation
or decline. We hypothesize that the colonization of North America
by Asclepias’ ancestors from Africa led to selection for the losses of
uscharin, as speciation proceeded from tropical central America
to temperate climates with few specialist herbivores; nevertheless,
as specialists accumulated on later diverging American Asclepias,
natural selection favored the evolution of labriformin. Future
research should examine the genetic basis of thiazolidine formation
to explore whether labriformin biosynthesis originates from gene
duplication, neofunctionalization, or from gene regulation of thi-
azolidine synthase (50).
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N,S-cardenolides

incorporate phylogenetic correction to account for the
shared evolutionary history among species.

Previous metrics of plant chemistry have emphasized diversity,
composition, and functional breadth (1, 2), and recent work has
suggested using chemical dissimilarity and complexity across plant
metabolic profiles to understand plant defense (4, 51). In medic-
inal chemistry, increasingly sophisticated metrics have been devel-
oped to quantify molecular complexity, though their predictive
value for bioactivity remains debated (37, 52). By contrast, struc-
tural innovation provides a distinct evolutionary axis, one that
directly ties biosynthetic novelty to shifts in ecological function.
Along with work in Piper and Inga, as well as other metabolically
diverse clades, our results highlight structural innovation, com-
positional diversity, and pathway-level constraints as complemen-
tary and interacting axes in the evolution of plant defense.

In the case of N,S-cardenolides, structural innovation is an end
product following the sequential biosynthesis of increasingly com-
plex cardenolides. The nature of this study lies not in identifying
the structural innovation per se, but in formalizing it within a
pathway-resolved evolutionary framework that links biosynthetic
sequence, chemical space, and ecological function in a model sys-
tem, thereby reframing structural novelty as a dynamic process
rather than an endpoint of escalation (53). Ultimately, evolutionary
gains in structural innovation, to modify existing compounds or
create new chemical classes, reveal how key biosynthetic steps gen-
erate new ecological opportunities in chemical evolution, and may
represent an underappreciated mode of defensive adaptation.

Materials and Methods

Structural Complexity of Reported Milkweed Cardenolides. To assess the
structural complexity of cardenolides in Asclepias, we generated a milkweed
cardenolide database using CAS SciFinder’, retrieving entries reported through
the fall of 2023. We identified compounds based on the cardenolide core
structure [tetracyclic C (23)-steroid with methyl groups at C-10 and C-13 and a
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five-membered lactone at C-17] and filtered for entries that explicitly reported
isolated substances (excluding derivatives or referenced compounds) associated
with the keyword "Asclepias.” From this dataset, we calculated eight molecular
descriptors to assess structural complexng using chemical formulas and SMILES
representations: exact mass, fraction of sp* carbons (Fsp3), hydrogen bond accep-
tors (HBA), hydrogen bond donors (HBD), topological polar surface area (TPSA),
and degree of oxidation (DOX).

Rationale for DOX-g as a Novel Structural Complexity Metric. The degree
of oxidation (DOX) metric quantifies molecular oxidation states by considering
the number of oxygen atoms in relation to the degree of unsaturation (DU)
(54). While DOX is effective in assessing oxidation-driven complexity, it fails
to account for structural modifications involving heteroatoms. Extensions to
include heteroatoms in oxidation state calculations have been explored in
organic chemistry (31), but their application to natural product complexity has
not been developed. Other indexes of structural complexity could have been
applied (34) (SI Appendix, Table S1). However, since we are comparing struc-
tures within a specific chemical family with restricted scaffolds differentiated
by hydroxylation and heteroatom patterns, the adjusted degree of oxidation
is a relevant metric for this study. Additionally based on Petschenka et al. (32)
and Rubiano-Buitrago et al. (33), increasing the number of glycosyl units in
cardenolides beyond the first glycosyl unit, does not imply a change in their
inhibitory potential against Na*/K*-ATPase pump of animals. In general, mono-
and diglycosylated genins are more toxic than nonglycosylated genins, whereas
the presence of one vs. two sugars does not show a clear tendency to predict
the toxicity of cardenolide glycosides. To take into account this glycosyl-related
structure-activity relationship, we adjust glycosylation pattern by correcting for
the additional oxygen contributions from extra sugar moieties. Consequently,
we developed DOX-g, a modified degree of oxidation (DOX) formula that
accounts for the structural effects of glycosylation and heteroatom incorpora-
tion to refine structural complexity assessments:

DOX—g = DU+(a/(1 + b)) + ¢

DU: degree of unsaturation (31)

a: number of oxygen

b: number of sugars beyond 1st glycosyl unit

¢: number of heteroatoms (i.e., N, S, P)

Using the calculated DOX-g values, we ranked all known milkweed cardeno-
lides by complexity and analyzed their distribution across the dataset. Principal
component analysis (PCA) was performed to determine how DOX-g compares
to other structural descriptors in explaining variance among cardenolides
(SI Appendix, Table S2). We also performed pairwise Pearson correlations
between DOX-g and existing measures of structural complexity to validate
its ability to capture molecular elaboration in cardenolide biosynthesis
(SIAppendix, Figs. S1-S3).

Molecular Docking and Energy Decomposition Analysis. The three-
dimensional structure of D. plexippus Na*/K*-ATPase (GenBank ID: JQ771507.1)
was predicted using AlphaFold 3 (55). Ligand conformers were either downloaded
from PubChem (3D conformer) or manually constructed using Avogadro (version
1.2.0), followed by geometry optimization with Universal Force Field (UFF) using
the same software. Hydrogen atoms were added to the protein using PyMOL
(version 3.1.0), and both protein and ligand structures were converted to docking-
compatible *.pdbqt format using AutoDockTools in MGLTools (version 1.5.7)(56).
This step also included the addition of Gasteiger charges and the assignment
of rotatable bonds. Grid parameter files were generated using AutoDockTools,
resulting in a grid box of 32 x 32 x 32 A® with a spacing of 0.2 A between grid
points.The center of the grid box was defined by aligning the AlphaFold-predicted
Na*/K*-ATPase structure to the cocrystal structure of Sus scrofa Na*/K*-ATPase
in complex with ouabain (PDB ID: 4HYT), and extracting the geometric center
of ouabain as the reference point. Docking simulations were carried out using
AutoDock 4 (version 4.2.6) (56) with the Lamarckian genetic algorithm. For each
ligand, docking was performed with 10 different random seeds using default
settings. The resulting poses were visually inspected in PyMOL, and the estimated
free energy of binding, per-atom contributions of nonelectrostatic and electro-
static interactions, and partial atomic charges for each pose were extracted and
analyzed from the docking log files using a custom Python script.

https://doi.org/10.1073/pnas.2535853123

Preparation of Asclepias Leaves and Latex Samples. We grew 52 Asclepias
species from seed, based on our long-term collection of plant material from the
field, native plant nurseries, and colleagues, all of which are also sampled in the
newest molecular phylogeny of the genus (40). Seeds were surface sterilized in
June 2019 by soaking in 10% bleach for 10 min, and rinsing well with deionized
water. Seeds were nicked gently and placed between layers of moist paper tow-
els, within petri dishes sealed with parafilm. They were stratified at 4 °C for 5 d,
before being moved into a 30 °C chamber for germination. After 3 d, seedlings
were planted in 500 mL pots filled with premoistened LM-111 All-purpose soil
mix (Lamberts, Riviere-Ouelle, Quebec). Seedlings were grown in a growth cham-
ber at 27 °C d/24 °C night with a 14 h day length, and watered as needed. After
approximately 6 wk, two to six seedlings per species (176 total seedlings) were
up-potted into 3.8L pots and moved outdoors, into a large mesh cage at a local
field site inTompkins Co., NY.Three weeks later, the plants were harvested for leaf
and latex samples. First, the tip of the youngest undamaged fully expanded leaf
was snipped to remove approximately 2 mm of the leaf, and all exuded latex was
collected onto a 1 cm? circle of filter paper, and placed into a preweighed 2 mL
microcentrifuge tube. Tubes containing latex samples were kept in a cooler, then
reweighed fresh, to yield the mass of latex exuded. Four days later, we collected
a sample of 10 representative leaves from each plant, starting at the apex and
collecting approximately 1 leaf per node, to achieve even sampling down to the
bottom of the plant. Immediately following leaf collection, we collected as much
latex as possible, as droplets from the cut petioles, directly into one glass vial per
plant. Leaves were weighed fresh and both leaves and latex were stored on dry ice
inthe field, until being moved into the freezer (—80 °Cfor leaves; —20 °Cfor latex).

Frozen leaf and latex samples were freeze-dried (Labconco, Kansas City, MO),
and cardenolides were extracted as described in Petschenka etal.(32). Briefly, leaf
tissue was ground to a fine powderin 2 mLtubes, using 3 mm stainless steel beads
and a Retsch mixer mill (Haan, Germany).Typically, 50 mg of ground leaf tissue was
moved into a 2 mLscrew cap tube (Sarstedt, Nimbrecht, Germany) containing 20
zirconia-silica beads for extraction. We added 1.2 mLmethanol, spiked with 15 pg
hydrocortisone, to each sample. For plant samples with less than 50 mg leaf tissue
available, we used either 20 mg (plus 0.48 mL spiked methanol) or 40 mg (plus
0.96 mg spiked methanol). Samples were extracted in a FastPrep (MP Biomedicals,
Santa Ana, CA) twice at 6.5 m/s for 45's, and centrifuged at 20,817 g for 12 min.
An aliquot equivalent to 10 mg dry leaf tissue was removed from each sample for
a separate analysis (see in vitro inhibition assays, below), and remaining super-
natants were taken to dryness in a rotary evaporator (Labconco, Kansas City, MO).

Freeze-dried latex samples were weighed, in their respective glass vials, and
empty vials were reweighed after extraction to give the dry mass of each latex sam-
ple. Dry latex samples ranged from near zero to over 40 mg in mass. One milliliter
of methanol, spiked with 20 pg digitoxin, was added to each vial, and samples
were vortexed and sonicated to bring as much latex as possible into solution.
Samples were mixed on a rotary shaker at 200 rpm overnight, and transferred into
a2 mLscrew cap tube (as above). Glass vials were washed once more with 0.5 mL
methanol, and all remaining sample transferred to the 2 mL tube, with zirconia-
silica beads. Samples were extracted, and supernatants taken to dryness, as above.
Leaf and latex extract residues were brought up in 200 puL methanol, filtered using
0.2 mm syringe filters (Restek, Bellefonte, PA) and pipetted into glass LC vials with
polyspring inserts (Chemglass Life Sciences, Vineland, NJ), for subsequent analysis.

Determination of Plant Extract Bioactivity. For each leaf extract, an aliquot
representing 10 mg of starting dry leaf tissue (see above) was removed to a separate
tube and taken to dryness for use in in vitro inhibition assays of Na"/K*-ATPase.
Extracts were diluted in 25 pLDMSO and then brought up to 250 pLwith millipore
waterfora final reconstitution in 10% DMSQ. Three serial 10 dilutions were made
of each stock, using 10% DMSO, to yield 4 concentrations of each extract, repre-
senting 0.8, 0.08, 0.008, and 0.0008 mg dry tissue per sample well. All extracts
were randomized across assay plates, with 22 extracts (x4 concentrations) typically
run per plate, alongside a set of ouabain controls and background wells. These
preparations were tested against Na*/K*-ATPase from a nonadapted animal (por-
cine, MilliporeSigma, Burlington, MA) as well as the cardenolide-adapted monarch
butterfly; inhibition of only the monarch enzyme is reported here. Monarch nervous
tissues were dissected, homogenized, and freeze-dried, as the source of the Na*/
K*-ATPase in the assays. Assay procedure followed that described in Petschenka
etal.(26), exceptthatall plant extracts and ouabain standards were prepared in 10%
DMSO0, as above. After comparison of the results of using individual backgrounds
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(each extract dilution run in duplicate, with and without KCI) to those using a uni-
versal background (one reaction per plate lacking KCI and a fully inhibitive con-
centration of an ouabain standard), we found that the latter method gave similar
results for this large dataset. Thus, all reaction absorbance values were corrected by
subtracting the plate-specific background absorbance. These background-corrected
absorbance values were used directly in subsequent model fitting.

Sigmoidal dose-response curves for each of our 176 plant extracts on each
enzyme were fitted using a mixed model framework using the nime() function
in R (as described in Petschenka et al. 2022) (26). Model fitting was performed
separately for each enzyme. Due to the small number of datapoints in each
sigmoidal curve (4 points), we used an iteration procedure to estimate and fix
the value for scal in the 4-parameter logistic model, while estimating the upper
asymptote, lowerasymptote, and xmid for each dilution series. This last parameter
was exported as an estimate of the amount of dry plant tissue required to inhibit
each enzyme type by 50% (ICsq). While each extract was tested at least once with
each enzyme type, there were several cases where multiple replicates were run-
in those cases, we calculated the mean 1Cs, for each plant extract and enzyme.

Chemical Analysis of Cardenolide Content. HPLC-MS: Samples were injected
in a Thermo Fisher Scientific Vanquish UHPLC system coupled with a Thermo
Q-Exactive HF hybrid quadrupole-orbitrap high-resolution mass spectrometer
equipped with a HESI ion source. Metabolites were separated using acetonitrile
containing 0.1% formicacid (organic phase) and 0.1% formicacid in water (aqueous
phase)as solvents on aThermo Fisher Scientific. Methanolic extracts were separated
on an Agilent Zorbax Eclipse XDB-C18 column (150 mm x 2.1 mm; particle size:
1.8 pm), maintained at 40 °C with a flow rate of 0.5 mL/min. Solvent A contained
0.1%formicacid in water; solvent B contained 0.1% formicacid in acetonitrile. A/B
gradient 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
held at 5% B for an additional 2.9 min to re-equilibrate the column.

The mass spectrometer parameters were spray voltage of 3.5 kV, capillary temper-
ature of 380 °C, probe heatertemperature of 400 °C; 60 sheath flow rate, 20 auxiliary
flowrateand 1 spare gas; and S-lens RF level of 50, resolution of 240,000 at m/z 200,
automatic gain control AGC target of 3e6. The instrument was calibrated weekly with
positive ion calibration solutions (Thermo Fisher). Each sample was analyzed in positive
jonization modes using a m/zrange of 100to 1,100. Parameters for data-dependent
tandem mass spectrometry (MS/MS) (dd-MS2) were MS1 resolution 60,000; AGC
target Te6. MS2 resolution was 30,000, AGC target 25, maximum injection time
50 ms, isolation window 1.0 m/z, stepped normalized collision energy (NCE) 10, 30;
dynamic exclusion 1.5's, top five masses selected for MS/MS per scan.

Cardenolide richness was quantified as the number of distinct retention times
associated with m/z values that correspond to Asclepias spp. genins. These m/z
genins appear in the feature tables at MS1 level due to ionization in the source
and putative structures were confirmed by MS2 profile. The genin vector consists on
125 values of mzencompassing 25 [M+H]" adducts of 52 milkweed genins with
amargin =0.002 or 6 ppm. While the current genin vector in the R markdown is
limited to samples of Asclepias origin (i.e., plant or insect-derived), the vector file
can be readily modified to target any specific motif in MS1 data based on other
cardenolides or other compounds of interest (S Appendix, Fig. S4).

HPLC-DAD: Leaf extracts were injected into an Agilent 1100 system, and sep-
arated ona C18 reversed phase column, exactly as described in Petschenka etal.
(26). Cardenolide abundance was estimated as the sum of the areas of chroma-
tography peaks with an absorbance of A 218 nm (214 to 222 nm) corrected by
the internal standard, digitoxin (26).

Mining N,S-Cardenolides in Milkweed Chemistry. Voruscharin and uscharin,
along with reduced labriformin and labriformin represent the two principal ster-
oid cores of the N,S-cardenolides reported in Asclepiadoideae subfamily. Their
functional role as inhibitors of the Na*/K*-ATPase pump in specialist herbivores
within the milkweed system has been well documented. To assess their distri-
bution, we screened for the presence of these four N,S-cardenolides in latex
samples from 51 Asclepias species using UPLC-HRMS/MS data. Additional N,S-
cardenolides such as thiazolidinone calotropin, S-oxythiazolidinone calotropin,
and 16a-hydroxyuscharin have been reported, but were either below our con-
centration threshold or could not be annotated with confidence due to same
molecular weight/formula with other cardenolides. The 52 species were analyzed
by 165 LC-MS injections of latex samples, with 39 species having >3 replicates,
nine species having two replicates, three species with one replicate.
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We mined for N,S-cardenolides across samples using a merged feature table
of the latex LC-MS data. Briefly, in R studio, we applied a predefined a m/z vector
including common adducts of voruscharin, uscharin, reduced labriformin and
labriformin to the feature table (.csv) obtained in for Wizard tool in MZmine 4.0.
Parental mass for the four cardenolides was detected predominantly as [M+H]"
adduct. The resulting matrix was filtered by ion counts (area) above 1e5 (before
dried weight correction), and using a refined combination of retention time plus
m/z for the four N,S-cardenolide analyzed.

We marked the presence of each N,S-cardenolides and the different possible
combinations found in the latex samples of milkweeds. We consider the presence
of the N,S-cardenolide where retention times and m/z were consistent for >2 rep-
licates in the feature table. For the samples where only one replicate was evidence
for one or several of the N,S-cardenolides inspection of the raw data was carried
outthoroughly.Those putative matches were validated by overviewing if MS/MS
spectra remained consistent to GNPS reference library for the reported cardeno-
lides (voruscharin: CCMSLIB00006718039, uscharin: CCMSLIB000067 18040,
labriformin: CCMSLIB00006581614). And direct overlaying with species that hold
a phytochemical record (i.e., Asclepias syriaca for labriformin, Asclepias linaria and
Asclepias curassavica for uscharin). Thus, while ensuring that the mz with higher
intensity at the proper retention time range corresponds to the expected parental
mass. Overall, we validated the presence of N,S-cardenolides in 36 species for
the 52 studied here (S/ Appendix, Table S3).

N,S-Cardenolides Distribution in Milkweed Phylogeny. To assess whether
the known cardenolides, voruscharin, uscharin reduced labriformin and labri-
formin, have a phylogeneticsignal we treated their presence/absence as categor-
ical trait and calculated Pagel's & using the Delta function by Borges et al. (40).
The phylogeny used is pruned from a nearly comprehensive and well-supported
plastome tree of the genus (41); our sample covers nearly 40% of the species in
the genus and all major clades. Values of & near zero indicate little to no phyloge-
netic structure, whereas values greater than 1 suggest strong similarity among
close relatives than expected under the Brownian motion evolutionary model.

Stochastic character mapping for presence/absence was estimated using an
equal-rates (ER) model using Bayesian MCMC sampling using the SIMMAP func-
tion from "phytools” package.

Correlation Analysis. Phylogenetically Independent Contrasts (PIC), corrected for
zero inflation to compare abundance of labriformin vs. uscharin was made using
"ape" and "pscl” package. Phylogenetic corrections for correlated trait evolution
between milkweed species with and without N,S-cardenolides in cardenolide con-
centration in leaves, cardenolide richness in latex and fresh mass of latex exudation
was carried out with function aov.phylo of “geiger” package. Phylogenetic PCAwas
performed using phylogenetic principal component analysis (Phy.PCA) function
from “phytools” package, and PERMANOVA with PC1 and PC2 loadings was made
with "adonis2" function from package "vegan.” For nonphylogenetic corrected PCA,
loadings thatare in the PC1 and PC2 used for PERMANOVA analysis were ranked for
the top 20 features that influence the variance of those two principal components.
Later, compared with the dataset of the latex LC-MS data, and filtered to search for
the features corresponding to N,S cardenolides. On the top 40 features only uscharin
appears. Top five or 10 features yield no hits for N,S cardenolides.

Data, Materials, and Software Availability. All MS data have been depos-
ited in MassIVE https://massive.ucsd.edu: MSV000099124 (57) for leaves and
MSV000099127 (58) for latex. Code for data analysis and figure generation can
be found at Cornell e-commons: https://doi.org/10.7298/75gs-jb78) (59).
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HPLC-MS data processing for cardenolide pipeline and list of mz values of genins

For the assessment of cardenolide content using a genin vector pipeline, LC-MS data requires the
following preprocessing steps. Raw LC-MS files were first converted from .raw to .mzML using
ProteoWizard MSconvert v3.0 and then processed in MZmine 4.2.0 (mzio GmbH) using the "mzwizard"
tool with the predeterminate parameters for UPLC chromatography and Orbitrap spectrometry. Two
feature tables were generated, one with leaves data and another for latex samples, both later exported for
molecular network analysis. The resulting quantification file ("_quantif.csv") was refined by removing non-
essential columns (D-M), renaming headers of column A (row ID), B (row mz), C (row retention time) with
id, mz, and rt respectively. The number of decimals was reduced in mz (column B) to optimize filtering in
R Markdown. The final processed dataset was saved as a .csv file in the "/data" folder within the
appropriate R project environment. In R Studio, we filtered the feature table (.csv) obtained from the LC-
MS analysis using a predefined mz vector containing the mz associated with cardenolide genins. The use
of the genins vector in the R markdown is limited to samples from Asclepias related origin. To analyze
abundance as a continuous variable, ion counts were normalized to dry weight to account for variation in
sample concentration.

List of mz values of genins and theoretical genins based on reported cardenolides from milkweed
used in genin vector (numbers in parenthesis reference structures in Fig. S4: 375.253(1); 391.248 (2-5-6-
18); 357.242 (3), 389.232 (4-7-30), 373.238 (8-9-10-22), 407.243 (11-13-17-19-26), 405.228 (12-14-15-
16-25-32) 421.223 (20-33-34) 403.212 (21-29) 393.228 (23) 437.218 (24-28) 435.202 (27) 423.238(31)
409.223 (35) 387.217 (36-31.1) 357.207 (23.1) 401.196 (24.1-28.1) 383.186 (24.2-28.2) 369.207 (25.1-
31.2), 399.181 (27.1) 381.170 (27.2) 367.191 (29.1-33.2) 385.202 (33.1-34.1) 373.202 (35.1),
355.191(35.2)

Chemical complexity of milkweed cardenolides

Cardenolides exhibit low to high structural diversity, with oxidation and glycosylation as key drivers
of chemical complexity. Most milkweed cardenolides have moderate polarity (TPSA 90-200 A?), 3-6
hydrogen bond donors and 6-12 acceptors, reflecting common hydroxylation and lactone functionalities.
The fraction of sp® carbons (Fsp?) indicates a balance between steroidal rigidity and glycosylation-induced
flexibility. Molecular weights cluster around 400-700 Da, with some exceeding 1,000 Da, highlighting
extensive phenolic functionalization. The DOX distribution (20-30 range) highlights the role of oxidation in
modulating bioactivity. The DOX metric is closest to a normal distribution, whereas HBD, HBA, and exact
mass are right-skewed, and TPSA and Fsp? suggest possible bimodal distributions. High DOX-g
cardenolides included the N,S cardenolides at the center of this study as well as structurally related
compounds such as 16-hydroxyuscharin, and 2"-oxovoruscharin. Non- N,S-cardenolides with DOX-g =21
include diacetylated compounds (e.g., 16a- acetoxyasclepin and derivatives of calactinic acid. The most
complex cardenolides (DOX-g 225) are those that incorporate phenolic-derived moieties and have been
isolated from A. linaria and A. subverticillata, yet their biological activity remains unknown(34-36).
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Fig. S6 Per-atom distributions of interaction terms and partial atomic charges. Based on AutoDock4 outputs, the distributions of non-electrostatic
and electrostatic interaction terms, together with partial atomic charges, are plotted for each ligand. The conformations with the lowest predicted

binding free energy among the ten docking simulations are shown above the plots as the representatives, together with the corresponding color-
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Table S1. Measures of structure complexity.

MEASURE OF FORMULA/DEFINITION DATA INTERPRETATION
STRUCTURE NEEDED*
COMPLEXITY
MW  Molecular weight Molecular weight Mass data 1 number tcomplex
Fsp3 Fraction of sp3  #sp3 carbons/#total Carbons. 2d structure  |Lower number
carbons Sp2 carbons indicate greater chemical tcomplex
reactivity.

HBD Hydrogen bond
donor

HBA Hydrogen bond
acceptor

TPSA Topological polar
surface area

DU  Degree of
unsaturation
p Number of

heteroatoms

DOX Degree of
oxidation

Molecule or functional group that provides 2d structure
the hydrogen atom involved in the
hydrogen bond e.j. —-OH, NH

Molecule or functional group that accepts 2d structure
the hydrogen atom involved in the
hydrogen bond e.j. —O, N

Summation of tabulated surface 2d structure
contributions of polar fragments (i.e. Atoms
regarding also their bonding pattern)

1 .
DU = 2(2+2(#0,) — (#Hy) + (#Ny) fCorr‘r?]rgl';a'
- (#X)
# of heteroatoms (O,N,X,S) Chemical
formula
DU+p Chemical
formula

tnumber 1 complex

1 number 1 complex

1 number 1 complex

1 number 1 complex

1 number 1 complex

1 number 1 complex

*All the metrics can be obtained with SMILES—which can be generated for structures where planar
structure is available (https://swissadme.ch/)
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Table S2 PCA loadings for the different metrics associated with chemical complexity on the three main
principal components (96% cumulative variation explained) with the values from 184 reported milkweed
cardenolides.

PC1 PC2 PC3
exact_mass 0.452 0.078 -0.006
fsp3 0.092 -0.627 -0.765
hbd 0.324 -0.468 0.392
hba 0.464 -0.017 0.012
tpsa 0.455 -0.127 0.151
dox 0.443 0.231 -0.017
dox_adjusted (DOX-g) 0.247 0.558 -0.488
Standard deviation 2.133 1.305 0.704
Proportion of Variance 0.650 0.243 0.071
Cumulative Proportion 0.650 0.894 0.964
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Table S3 Presence of N,S cardenolides and their combinations by latex sample injected in LC-MS. Only Asclepias species with at least one N,S-
cardenolide.

viridis 89 154,72, 89 154,72, 89 89 89 154, 72,89
vestita 50, 6,99 50, 6,99 50, 6,99
variegata 116 116 116
syriaca - 131, 160, 74 121, 160, 74 131, 160, 74
subulata 114, 155 114, 155, 85 114, 155
stenophyila 4 59 59 69
speciosa 159, 18, 42 159, 18, 42 169,18 159, 18 159, 18 159, 18, 42
pulchra 144 144 104 144
prostrata - 101 101 10
perennis 148, 53, 93 148, 53, 93 148, 53, 93
ovalifolia 126, 167, 79 126, 167, 79 126, 167, 79
oenotheroides - 9 44 9 9
nyctaginofolia 19 19 19
macrosperma 68 68 B8
longifolia - 83 83 83
linaria 4 157, 62 157, 62 157, 62
lemmonii - 127,143 127,143, 78 127,143,78 127,143 127,143 127,143, 78
latifolia 111,124, 73 111,124, 73 124,73 124,73 124,73 111, 124,73
labriformis 4 122,22 122, 22 22 122,22 22 122,22 122, 22 22 22 122,22
involucrata 115, 2 2 115, 2 115, 2 2 2
incamata 137
hirtella 4 7l 5 77
hallii 12, 158, 55, 97 12, 158, 55, 97 12, 158, 55, 97
glaucescens 4 21,54 21,54 21 21 21 21,54
exaltata 170, 25 170, 25 125, 170, 25 125, 170, 25 170, 25 170, 25 170, 25 170, 25 125, 170, 25 170, 25
erosa 117, 169, 88 117, 169, 88 169, 88 169, 88 169, 88 117, 169, 88
eriocarpa 140, 46 140, 46 140, 46
curassavica 119, 28, 63 119, 28, 63 119, 28,63
cordifolia 171, 3
candida 23 23,96 23,96 23 23 23,96
brachystephana 4 109, 37, 57 109, 37, 57 109, 37, 57
auriculzta {102, 161, 32, 33, 84 102, 161, 32, 33, 84 102, 161, 32, 33, 84 102, 161, 32, 33, 84 102, 161, 32, 33, 84 102, 161, 32, 33, 84 102, 161, 32, 33, 84 102, 161, 32, 33, 84 102, 161, 32, 33, 84 102, 161, 32, 33, 84
asperula 152, 40, 98 152, 40, 98 152, 40, 98
arenaria 1, 100, 60 1, 100, 60 1, 100, 60
angustifolia 10, 166, 90 10, 166, 90 10, 166, 90
amplexicaulis 1 11,136
Labriformin Red Labriformin Uscharin Voruscharin Labriformin Red Labriformin Labriformin Red Labriformin Voruscharin Red Labriformin
uUscharin Voruscharin Voruscharin Uscharin uscharin Labriformin
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Table S3 continued. After manual analysis for species where N,S cardenolides were detected in one replicate:

viridis 1

vestita 4
variegata 4
syriaca -
subulata
stenophylla 1
speciosa 1
pulchra A
prostrata -
perennis
ovalifolia 1
oenotheroides -
nyctaginofolia 4
macrosperma -
longifolia 1
linaria 4
lemmonii
latifolia -
labriformis 4
involucrata
incarnata -
hirtella -

hallii 4
glaucescens 1
exaltata
erosa-
eriocarpa 1
curassavica
cordifolia 1
candida 1
brachystephana 4
auriculata A
asperula 4
arenaria
angustifolia 4
amplexicaulis

species

compound



Table S4. Phylogenetic signal of individual N,S-cardenolides (6 value for discrete traits).
Changes, gains, and losses were calculated based on ancestral state reconstructions from 1000
stochastic mapping iterations (mean and + standard error) (See Fig. 2).

Phylogenetic signal

o)
N,S-cardenolides (all) 0.39
Labriformin 0.88
Reduced labriformin 0.58
Uscharin 0.60
Voruscharin 0.72

p-value
0.95
0.1
0.69
0.02
0.12

Ancestral state reconstruction
(equal rates model, 1000 simulations)

Changes

15.01£0.09
12.05+0.23
14.06+0.24
13.01+0.07
14.01+0.09

Gains
0.07+0.01
11.68+0.02
13.49+0.02
8.63+0.04
9.14+0.01

Losses
14.93+0.01
0.37+0.02
0.56+0.02
4.37+0.04
4.86+0.01

17



S| References

1.

2.

L. Rodriguez-Hahn, G. Fonseca, The cardenolide content of Asclepias linaria.
Phytochemistry 30, 3941-3942 (1991).

G. H. Robinson, G. E. Burrows, E. M. Holt, R. J. Tyrl, A. D. Jones, Investigation of the
neurotoxic compounds in Asclepias subverticillata, western-whorled milkweed in
Proceedings of the International Symposium on Poisonous Plants, (1998), pp. 435—439.
M. C. Roy, F. R. Chang, H. C. Huang, M. Y. N. Chiang, Y. C. Wu, Cytotoxic principles
from the Formosan milkweed, Asclepias curassavica. J. Nat. Prod. 68, 1494—1499 (2005).

18



	Structural innovation in the evolution of plant chemical defense
	Significance
	Results
	Molecular Complexity of Cardenolides and Target Site Inhibition.
	Molecular Docking.
	Macroevolution of N,S-Cardenolide Toxins.

	Discussion
	Materials and Methods
	Structural Complexity of Reported Milkweed Cardenolides.
	Rationale for DOX-g as a Novel Structural Complexity Metric.
	Molecular Docking and Energy Decomposition Analysis.
	Preparation of Asclepias Leaves and Latex Samples.
	Determination of Plant Extract Bioactivity.
	Chemical Analysis of Cardenolide Content.
	Mining N,S-Cardenolides in Milkweed Chemistry.
	N,S-Cardenolides Distribution in Milkweed Phylogeny.
	Correlation Analysis.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 28



