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1 INTRODUCTION 

1.1 Chemical diversity: Plant —prey —predator systems 

Secondary or specialized metabolites (SM) such as phenolics, terpenes, and nitrogen-

containing compounds have evolved in many animals, plants and micro-organisms in 

response to natural enemies (e.g., pathogens, parasites, herbivores and predators) 

(Mauricio and Rausher, 1997). An important characteristic of these chemical defences is 

within population diversity both in the quantity and the profile of specific SM (Speed et al., 

2012). Defensive diversity can be thought of in three ways: (1) the absence of toxicity in 

a proportion of individuals in an otherwise toxic prey population (auto-mimicry); (2) broad 

variation in quantities of toxin within individuals in the same population; (3) variation in the 

chemical constituents of chemical defence (Speed et al., 2012). Explaining the factors that 

contribute to and maintain this variability is a primary goal of chemical and evolutionary 

ecology and the focus of this thesis. 

In plant–herbivore interactions, plants produce SM (PSM) in response to herbivore 

pressure (Mithöfer and Boland, 2012; Dyer et al., 2018). Adapted herbivores avoid PSMs 

by evolving feeding behaviours to consume only plant parts which contain minimal 

amounts of the chemicals (Hesbacher et al., 1995); evolving physiological adaptations like 

impermeable gut membranes that  permit fast excretion of the toxins (Scudder and 

Meredith, 1982b); detoxification enzymes (Yu, 2006); the acquisition of endosymbiotic 

microorganisms (Shen and Dowd, 1991); and resistance mechanisms that allow them to 

tolerate, accumulate or modify the PSM for their own benefit, i.e., sequestration (Opitz 

and Müller, 2009). The resulting biochemical co-evolutionary arms race (Ehrlich and 

Raven, 1964) is thought to drive the diversity of PSMs and insect herbivores (Futuyma 

and Agrawal, 2009; Erb and Kliebenstein, 2020)  

Herbivores that accumulate PSMs as chemical defences via sequestration are often 

unprofitable to predators (Paradise and Stamp, 1991), and demonstrate their protection 

by conspicuous warning signals, often combined with gregarious behaviour, i.e., 

aposematism (Opitz and Müller, 2009). PSM sequestered by herbivores can also have 

damaging effects on the herbivore's parasitoids (Pasteels et al., 1983). In prey that 

sequester PSMs, variability in the quantity and biochemical profile of chemical defences 
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is common, both within and between species (e.g., in poison frogs, Dendrobates 

tinctorius, (Lawrence et al., 2019); Heliconius butterflies (Arias et al., 2016; Sculfort et al., 

2020); ladybirds, (Arenas et al., 2015); and nudibranchs (Winters et al., 2019)).  

There are a number of explanations for the variability and complexity of defensive 

chemicals, including the variable nature of the environments within which prey organisms 

exist and develop, selective PSM sequestration, life history, and variation in the selection 

pressures exerted by predators/other natural enemies (Speed et al., 2012). In tri-trophic 

interactions between plants, herbivores, and predators, SMs are central to top-down and 

bottom-up control of herbivores, and can contribute to enemy-free space, and 

diversification (Ode, 2006; Jeckel et al., 2022). 

1.1.1 Phytochemical diversity 

Phytochemical diversity, in broad terms, describes the diversity of SM from single plant 

tissues to entire plant communities (see Thon et al 2023; Wetzel & Whitehead, 2020). 

There are an estimated 200,000 secondary metabolites that have been identified across 

the plant kingdom (Recorded by the Dictionary of Natural Products, 2015) (Harvey et al., 

2015). This ‘chemodiversity’ can be quantified by focusing on particular compounds or all 

types of metabolites, both composition and variation across spatial and temporal scales 

(Wetzel and Whitehead, 2020; Thon et al., 2023). 

A specific PSM is often confined to a particular systematic unit, but isolated occurrences 

can occur in widely unrelated taxonomic group (Wink, 2008; Mithöfer and Boland, 2012; 

Dyer et al., 2018; Zhang et al., 2021). In general, plants tend to have a major SM, and 

several minor components, which are often biosynthetically related to the main 

constituents (Wink, 2008). For example, Tanacetum vulgare L. (common tansy; 

Asteraceae) has more than 30 ‘chemotypes’ that vary in their dominant terpenoids 

(Keskitalo et al., 2001; Wolf et al., 2011; Clancy et al., 2016) 

While no single metric can summarise phytochemical diversity alone, several concepts 

and metrics can be applied to this data including: richness, evenness, structural 

complexity, compositional and functional diversity, and alpha, gamma and beta diversity 

(Wetzel and Whitehead, 2020). Richness is the count of unique PSM present in a plant 

sample or group of samples (Winters et al., 2019; Wetzel and Whitehead, 2020). Richness 
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can be defined at many scales (e.g., organ, individual, genotype, species, or community). 

Evenness describes the distribution of total PSM production among all the compounds 

within a sample (Glassmire et al., 2020; Wetzel and Whitehead, 2020). A sample where 

all compounds have equal concentration is perfectly even, whereas a sample composed 

of one abundant compound and multiple low-concentration compounds has low evenness 

(Wetzel and Whitehead, 2020). 

Understanding what maintains this phytochemical diversity is important, because natural 

selection is expected to lead to the loss or fixation of some variants (Speed et al. 

2012). Among genetic processes (Hamberger and Bak, 2013), the abiotic environment 

(Monson et al., 2022), metabolic pathways (Shoji, 2019), and phenotypic plasticity 

(Defossez et al., 2021), interactions with animals play a role in most hypotheses and 

models for the evolution of phytochemical diversity (Whitehead et al., 2021). For example, 

Calf et al. (2018) found that the composition and total amounts of glycoalkaloids in 

bittersweet nightshade Solanum dulcamara varied depending on slug (Deroceras 

reticulatum) density (Calf et al., 2018).  

1.1.2 Herbivores as drivers of phytochemical diversity 

The trophic interactions described in 1.1 can lead to biochemical co-evolution, which is 

hypothesised to lead to rapid adaptation by both plants and insect herbivores, and the 

production of novel SM in an evolutionary arms race (Ehrlich and Raven, 1964). But given 

that most PSMs have unknown functions or may not have a biological effect, a number of 

alternative hypotheses have been proposed including apparency, synergy, moving target, 

interaction diversity, and the “screening hypothesis” (Firn and Jones, 2003). 

1.1.2.1 Apparency 

Feeney’s plant apparency hypothesis was developed to understand how plants in a 

community produce diverse secondary metabolites and this depends on how easy it is for 

herbivores to discover them in comparison to other plants. In practice, this hypothesis has 

been difficult to test and there is very little empirical support for it (Smilanich et al., 2016).  

1.1.2.2 Synergy 
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The synergy hypothesis describes how individual PSMs can function additively or even 

super-additively. That is mixtures of PSMs can have an effect that is greater than the sum 

of the effects of the individual secondary metabolites. Those mixtures affect generalist 

herbivores more than specialists (reviewed by Richards et al., 2016) and interclass 

synergy between compounds can occur (Berenbaum and Neal, 1985; Steppuhn and 

Baldwin, 2007). In the pharmaceutical industry, synergies are more likely to occur among 

structurally dissimilar compounds (Liu and Zhao, 2016). Most studies, however, have only 

tested this hypothesis with only a small number of compounds. 

1.1.2.3 Moving target 

The moving target hypothesis was proposed by Adler & Karban (Adler and Karban, 1994) 

in regard to inducible defences, and describes the phenomenon of when a plant in a 

population changes its defence in response to an attack by a herbivore. This variability 

could benefit plants if it requires herbivores to adjust detoxification and metabolic 

pathways when they move between plants, which is expected to be costly to the insect in 

terms of energy and opportunity (Pearse et al., 2018). 

1.1.2.4 Interaction diversity 

The interaction diversity hypothesis posits that plants produce numerous PSM because 

they interact simultaneously with numerous organisms, also known as the ‘common sense 

scenario’ (Berenbaum and Zangerl, 1996). If different compounds are active in 

interactions with different antagonists or mutualists, and there is independent selection on 

each compound, this could lead to chemical diversity. Whitehead et al (2021) tested the 

richness and structural diversity of phenolic metabolites on four species of insect 

herbivores, and found that more diverse mixtures were effective against a larger range of 

consumers (Whitehead et al., 2021).  

1.1.2.5 Screening 

The screening hypothesis suggests that for plants to develop an effective defence, they 

must sample a wide range of metabolites. As a result, while some PSMs may not offer 

immediate adaptive advantages, they are retained to enhance the likelihood that the plant 

will eventually produce a PSM effective against specific threats (Dyer et al., 2018; Kessler 
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and Kalske, 2018; Whitehead et al., 2021).  A major assumption of the screening 

hypothesis is that most compounds are not bioactive (Firn and Jones, 2003). 

1.1.2.6 Co-evolutionary arms race 

Coevolution describes reciprocal evolutionary change in interacting species driven by 

natural selection(Thompson, 2005). The co-evolutionary arms race hypothesis proposes 

that plants have accumulated phytochemical diversity in a stepwise process (Wetzel and 

Whitehead, 2020). Plants evolve novel defences and herbivores, in turn, evolve counter-

adaptations. For example, the evolution of novel genes for glucosinolate detoxification in 

Pieridae family of butterflies has been accompanied by duplication and 

neofunctionalization of defensive glucosinolate genes in Brassicaceae host plant species 

(Wheat et al., 2007; Sønderby et al., 2010; Edger et al., 2015; Blažević et al., 

2020). Another aspect of the co-evolutionary arms race hypothesis is  phenotype 

matching across space and time – the geographical mosaic of coevolution (Thompson, 

2005). This describes populations of plants that have different concentrations of 

secondary metabolites that is related to herbivore abundance (Zangerl and Berenbaum, 

2003).   

These six hypotheses are not mutually exclusive. They can be used to address different 

phytochemical patterns at different scales (Mithöfer and Boland, 2012; Dyer et al., 2018; 

Wetzel and Whitehead, 2020). Herbivores face not only a range of PSMs that are 

heterogeneously distributed through time and space, but also selective pressures from 

predators, parasitoids and competitors. As a result, the degree and nature of PSM 

resistance by the plants´ enemies varies depending on the geographical distribution of 

plant phenotypes, the specificity of the plant–insect association and the local community 

composition (Després et al., 2007). 

1.1.3 Chemically defended prey 

All animals are at risk from predation. Which defences against predation are used 

depends upon their relative costs and benefits, the evolutionary history of a prey, and the 

stage of the predation sequence that the defence is deployed (Kikuchi et al., 2023). It is 

to the advantage of the prey to interrupt the predation sequence as early as possible, 

which can be divided into six stages: encounter, detection, identification, approach, 



I N T R O D U C T I O N | 6 

 

subjugation (Endler, 1991). Different defences have evolved for these different stages. 

Prey reduce the chance of encounter by avoiding habitats where predators are more 

common, detection through reduced movement and cryptic appearance (Merilaita et al., 

2017; Stevens and Ruxton, 2019), identification through mimicry or masquerade 

(Skelhorn et al., 2009), and the chance of being subjugated and consumed with physical 

and chemical defences (Blum, 1981; Ruxton et al., 2013). 

Chemical defences are widespread across in the animal kingdom (e.g., poison frogs 

(Saporito et al., 2006; Lawrence et al., 2023), nudibranchs (Rogers and Paul, 1991; 

Winters et al., 2019, 2022), newts (Brodie et al., 2002)). In arthropods chemical defences 

are prevalent, but unevenly distributed across taxa (Zvereva and Kozlov, 2016). For 

example, the metathoracic glands of the Heteroptera, that contain secretions rich on 

chemical defences, are considered characteristic of the taxon (Aldrich et al., 1997; 

Krajicek et al., 2016; Raška et al., 2020). On the other hand, chemical defence seems to 

be absent or rare in the Ephemeroptera or Diptera (Dettner, 2014). Within the Coleoptera, 

some families are chemically defended, (e.g. Carabidae (Sugiura, 2021) or 

Tenebrionidae), whereas in some other families, SMs have not been reported so far. 

Therefore, phylogeny alone does not determine insect chemical defence (Pasteels et al., 

1983; Dettner, 2014). Ecological conditions are thought to be a substantial factor, with 

SMs positively correlated with the probability of discovery by predators (Maan and 

Cummings, 2012; Arenas et al., 2015; Blount et al., 2023), and negatively correlated with 

the existence of alternative defence mechanisms (Feeny, 1976; Pasteels et al., 1983) .  

One trait some chemically defended prey have is the ability to release sequestered PSMs. 

This is done by secretions from glands (e.g. leaf beetles), cuticular cavities (e.g. burnet 

moths), or from special body spaces (dorsolateral space-DLS) via segmental orifices (e.g. 

Lygaeinae). Ejecting sequestered PSM upon predator threat could protect the individual 

insect from being eaten, and toxin-ejecting structures also allow for compartmentalization 

which could be an important mode of resistance to reduce internal exposure to PSM. In 

contrast, mere incorporation of PSM in the body (i.e., monarch caterpillars) may not save 

the individual from being killed (Petschenka and Agrawal, 2016). Compartmentalization 

can imply variation in the storage of PSM across tissues, creating intra-individual diversity 
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in the PSM profile inside one individual (Scudder et al., 1986; Winters et al., 2019; Agrawal 

et al., 2021). 

Defensive secretions can be roughly classified in three categories according to their mode 

of action. First, sticky, slimy, or entangling secretions, acting mechanically. These 

defences are mainly efficient against arthropod predators, and sometimes against 

parasitoids. Second, nonspecific irritants acting as repellents, those appear to be aimed 

mainly at arthropods, and possibly at mammalian predators, and seem to be less of a 

deterrent to birds. The third category is toxic secretions (this includes PSM-sequestering 

prey) acting at specific sites or interfering with specific physiological processes. Toxic 

secretions seem to be more efficient against birds and probably other vertebrate 

predators. The three categories are not necessarily mutually exclusive (Pasteels et al., 

1983).  

Colourful warning signals are often correlated with chemical defence which is termed 

aposematism (Eisner et al. 2005; Speed et al. 2012). Aposematic animals acquire their 

chemical defences by sequestering PSMs (Beran and Petschenka, 2022), and/or by de 

novo synthesis (Burdfield-Steel et al., 2018; Pinheiro de Castro et al., 2019). Chemical 

defence in prey populations can differ in the abundance, compound type and richness. 

High individual variation between specimens can also occur in the same population 

(Winters et al., 2019).  

The concentration of sequestered-PSM in insects can vary between sexes. In some 

lepidopteran species, males sequester more than females, and later, the sequestered 

metabolites can serve as nuptial gifts (Pokharel et al., 2020). In contrast, levels of 

sequestered-PSM are higher in females of some Lygaeid bugs and monarchs than in 

males feeding on Apocynaceae (Brower et al., 1972, 2009; Isman et al., 1977; Lynch and 

Martin, 1987). In many cases, sequestered PSM can be used by females to protect their 

offspring with these compounds (Pokharel et al., 2020). 

1.1.3.1 Sequestration 

Sequestration is defined as ‘the selective uptake, transport, modification, storage and 

deployment of PSM for the insect’s own defence’ (Petschenka and Agrawal, 2016). In 

total, more than 250 herbivorous insect species of at least six orders sequester PSM from 
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plant species in at least 40 plant families (Opitz and Müller, 2009). Insects can accumulate 

the ingested PSM compounds in their haemolymph, in specialised defence glands, or in 

their integument (Frick and Wink, 1995; Opitz and Müller, 2009; Kowalski et al., 2020). 

The accumulation is achieved by different mechanisms that can be selective in different 

points of the PSM metabolism, including absorption across the gut, transport within the 

body, endogenous transformations, and excretion via the Malpighian tubules (Lindstedt et 

al., 2010; Chahine and O’Donnell, 2011; Pokharel, 2023). 

The first step in the sequestration processes is the absorption of PSMs from the gut lumen, 

across the peritrophic matrix and gut epithelium, and into the hemocoel. This can be 

achieved either by passive diffusion or carrier-mediated transport (Beran and Petschenka, 

2022). There are several insect gut transporters that have been characterised (Zagrobelny 

et al., 2014; Holtof et al., 2019). After absorption, the next step is for the PSMs to be either 

stored in the hemolymph or moved into specific tissues. In the horseradish flea 

beetle, Phyllotreta armoraciae, multiple glucosinolate-specific transporters control the 

sequestered glucosinolate levels and the composition of glucosinolates in the body, by 

reabsorption in the Malpighian tubules (Yang et al., 2021). The sequestered PSMs can 

be stored in the integument, e.g., in cuticular cavities (Pentzold et al., 2016), in 

subcuticular compartments (Scudder and Meredith, 1982a; Bramer et al., 2017), or in 

exocrine defence glands (Giglio et al., 2011). 

Many insects appear to regulate the concentration and/or the composition of defence SMs 

(Beran et al., 2014; Yang et al., 2020, 2021). For example, the seed bug Oncopeltus 

fasciatus often sequesters intermediate and more polar PSM, even if reared on different 

host plants that have distinct chemical profiles (Moore and Scudder, 1985). The bug's 

chemical profiles often differ from the profile of the host plants (Duffey and Scudder, 1974; 

Isman et al., 1977; Scudder et al., 1986), which can be explained by the metabolism of 

some PSM into distinct products (Agrawal et al., 2022). One other mechanism for the 

compound selectivity are transporters of the ATP-binding cassette (ABC) subfamily C 

(Beran and Petschenka, 2022). In poplar leaf beetles, Chrysomela populi, this transporter 

is highly expressed in the defence glands and is required for salicin sequestration (Strauss 

et al., 2013). ABC transporters in the subfamily B have also been implicated in the 
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accumulation of PSMs in the defence glands of dogbane beetles (Chrysochus auratus;  

Kowalski et al., 2020). 

1.1.3.2 Insect resistance to sequestered PSM 

PSM sequestration is also often associated with specific tolerance strategies that allow 

the herbivores to maintain the functionality of the PSM and tolerate their presence in the 

body (Dobler et al., 2012; Ujvari et al., 2015; Mohammadi et al., 2018). For example, 

insects from at least seven orders (Heteroptera, Sternorrhyncha, Caelifera, Hymenoptera, 

Coleoptera, Diptera, Lepidoptera) have evolved resistant Na+/K+–ATPases, the biological 

target of the PSMs called cardiac glycosides (CG). They acquire the resistance through 

key amino acid substitutions that decrease binding of the CG to the enzyme (i.e., target 

site insensitivity) Emery et al., (1998). Some examples of this phenomena include the 

Lygaeinae, the milkweed butterflies, pyrgomorphid grasshoppers and chrysomelid leaf 

beetles. Remarkably, the Na+/K+–ATPase mutations often involve the same amino acids 

at homologous positions of the protein, providing a striking example of molecular 

convergence (Beran and Petschenka, 2022).  

Though sequestration needs specific tolerance strategies, not all tolerance strategies that 

are compatible with sequestration are necessarily associated with this phenomena (Erb 

and Robert, 2016; Beran and Petschenka, 2022). For example, many, but not all, species 

of milkweed butterflies are associated with CG-containing host plants. When analysed 16 

species, representing all phylogenetic lineages for the occurrence of target site 

insensitivity, not all butterflies consuming CGs showed the genetic evidence for toxin 

tolerance, rather the target site insensitivity was strongly associated with sequestration of 

the CG (Petschenka et al., 2013).  

Glucosinolates, iridoid glycosides, cyanogenic glycosides, benzoxazinoids, and 

salicinoids in contrast to CG, are two-component defences that occur in plants as 

glycosylated inactive storage forms which require activation by β-glucosidases coming 

from the plant, the insect, or both (Pentzold et al., 2014b). These two component defences 

are circumvented by phloem-feeding insects that ingest intact glucosinolates and 

sequester them (Aliabadi et al., 2002; Pentzold et al., 2014b; Sporer et al., 2021). In many  

Lepidoptera and other Mecopterida, having an alkaline midgut, is another method of 
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coping with two-component plant defences (Pentzold et al., 2014a). For insects that 

tolerate hydrocyanic acid (HCN) when sequestering cyanogenic glycosides, the enzymes 

rhodanese and β-cyano-L-alanine synthase have been implicated (Herfurth et al., 2017; 

Steiner et al., 2018).  

Resistance to pyrrolizidine alkaloids (PAs) is achieved by several mechanisms (Hartmann 

et al., 1999). The best studied are the flavin-dependent monooxygenases (FMO) 

Naumann et al., (2002). PAs occur in plants in nontoxic N-oxide form, which are reduced 

to a pro-toxic free base in the insect gut and become toxic by metabolic activation via 

cytochrome P450 monooxygenases forming pyrrolic metabolites (Sehlmeyer et al., 2010). 

Within Lepidoptera, and a pyrgomorphid grasshopper (Zonocerus variegatus)  a gene 

family of FMOs have undergone duplications (Sehlmeyer et al., 2010; Wang et al., 2012) 

1.1.4 Trophic interactions: insects and natural enemies 

PSMs-sequestrating herbivores turn plant defences against their own enemies (Zhang et 

al., 2019). However, plants can modify the interactions between herbivorous insects and 

their natural enemies in various ways. For example, volatile chemicals produced by the 

plant in response to herbivory can attract natural enemies, thereby strengthening the 

interaction (Figure 1, see War et al., 2011; Zhou and Jander, 2022). These effects can 

affect the population dynamics, the co-existence of species and even the trophic network 

structure of ecological communities (Van Veen, 2015). 

Specialist natural enemies are more likely to evolve tolerances or defences against the 

sequestered PSM. From the plants’ perspective, sequestration of PSM by specialist 

herbivores represents a backfiring of the defence, potentially increasing the insects’ 

fitness if the sequestered toxins prevent their predation. Consequently, sequestering 

insects can exert selection on plants to reduce the defences available for sequestration, 

as predicted by the defence de-escalation hypothesis (Beran and Petschenka, 2022).  

The Passiflora- heliconiine system is an example of PSM diversity associated with 

selective pressure by a specialist herbivore and interactions with predators. The colourful 

heliconiine butterflies are distasteful to predators due to their content of defence 

compounds called cyanogenic glucosides (CNglcs), which they acquire mostly as larvae 

through their Passiflora diet where ~30 kinds of CNglcs have been reported. 
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Figure 1. Two ways in which plants can modify the strength of trophic interactions between 

herbivores and their enemies: the interaction may be weakened when the plant’s chemical anti-

herbivore defences harm the natural enemy when they feed on the herbivore; the interaction may 

be strengthened when volatile chemicals emitted by the plant attract the natural enemy, allowing 

it to discover prey at a higher rate (Figure from Van Veen, 2015). 

In a study that included 19 butterfly species and CNglc profile of 42 Passiflora species, 

Passiflora plants diversified their cyanogenic profile to escape heliconiine herbivory. And 

species that have become acyanogenic did so, presumably, as a way to avoid the 

sequestering specialists (Pinheiro de Castro et al., 2019). 

1.1.4.1 Predators of chemically defended herbivores 

Predators are an important evolutionary force selecting for host plant (and defence 

chemical) specialisation in herbivores. Specialists are often better protected from 

predators than generalists (Dyer, 1995). Predators are therefore predicted to explain why 

specialist herbivores sequester higher concentrations of PSMs than generalists. For 

example, four aphid species that feed on common milkweed (Asclepias syriaca) differ in 

the concentration of cardenolides from the lowest in the generalist Myzus persicae, to the 

highest in the monophagous Myzocallis asclepiadis (Züst and Agrawal, 2016).  Likewise, 
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specialised Heliconius butterflies sequester sevenfold higher amounts of monoglycoside 

cyclopentenyl cyanogens compared to generalists (Engler-Chaouat and Gilbert, 

2007).  Sequestration, however, does not protect herbivorous insects equally well against 

all kinds of natural enemies, and no universal anti-predator defence have been found 

(Sugiura, 2020).   

In the study of chemically defended herbivores, the invertebrate model predators utilized 

include Hymenoptera, Coleoptera, Hemiptera and Diptera, and spiders (Skow and Jakob, 

2006; Petschenka et al., 2011; Burdfield-Steel et al., 2020; Raška et al., 2020; Sugiura, 

2020). Praying mantises (Mantodea) are also significant predators of herbivores (Moran 

et al., 1996). These sit-and-wait predators have been used to test the effectiveness of 

chemical and morphological defences in beetles, bugs, bees and butterflies (Paradise and 

Stamp, 1991; Rafter et al., 2017b; Sugiura, 2021). Vertebrate model predators such as 

fish, amphibians, reptiles, birds, and mammals are also used to examine the effectiveness 

of insect antipredator defences (Sugiura, 2020). Insectivorous birds hunt visually, and thus 

they are commonly accepted to have strong pressure on the evolution of visual and 

chemical defences such as aposematism, crypsis, masquerade and mimicry (Sugiura, 

2020).  

The existence of predator-specific defences in prey suggests that predators are not 

functionally identical entities that can be lumped together into a single mortality factor for 

prey (Hoverman and Relyea, 2007). Different degrees of resistance to PSMs sequestered 

by prey have been observed in predators and parasitoids (Zhang et al., 2019; Mohammadi 

et al., 2022). A 2019 study analysed nematodes as the natural enemy of the western corn 

rootworm, a chemically defended prey that sequesters maize´s PSM. Researchers found 

resistance by the nematodes to the sequestered maize´s PSM. The nematodes PSM 

resistance allowed the nematodes to infect and kill the rootworm more efficiently (Zhang 

et al., 2019). The impact of multiple predators on chemically defended prey and the loose 

target specificity of the defences could explain apparent redundancies in anti-predator 

strategies of some insects. For example, Oncopeltus fasciatus and possibly other lygaeid 

bugs secrete both volatile defensive aldehydes and release sequestered CG (Pasteels et 

al., 1983) 
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1.2 Focal PSM: Cardiotonic steroids—cardenolides 

Cardiac glycosides (CG) or cardiotonic steroids (CTS) are a PSM that exhibit considerable 

structural diversity (Seiber et al., 1983; El-Seedi et al., 2019). However, all compounds 

share a common structural scaffold that differentiates them from other steroidal 

metabolites. They consist of two parts: an aglycone fragment (steroidal genin) and a sugar 

fragment. The genin contains an unsaturated lactone moiety and at the C-17 position 

which divides cardiac glycosides into two sub-groups, cardenolides (five-membered 

lactone), and bufadienolides (doubly unsaturated six-membered lactone; El-Mallakh et al., 

2019). A wide range of cardenolides has been isolated from many different plant species 

(El-Seedi et al., 2019). Most of the plants that provide the best-known sources of 

medicinally important cardenolides are in the genera Digitalis, Acokanthera, and 

Strophanthus. In contrast, cardenolide-rich species of the Asclepiadaceae family hold the 

main interest in cardenolide-mediated interactions between plants and herbivores 

(Malcolm, 1991). 

Cardenolides have a steroidal moiety with a unique ring system. Most cardenolides found 

in nature have cis–trans–cis configuration of their A/B, B/C, and C/D rings, however, 

cardenolides from Asclepias genus (aka. milkweed) have trans–trans–cis ring 

configuration (See Figure 2) Ren et al., (2022). Most cardenolides have between one and 

four sugars attached to the 3β-OH group of the genin. Sugars range from typical hexoses 

and pentoses, including D-glucose, L-rhamnose, L-arabinose and D-xylose, to deoxy 

sugars, which are unique to CG (Petschenka et al., 2018; El-Seedi et al., 2019).  

  

Figure 2 Spatial configuration of CG. Ring A/B and ring C/D of compound 1 are cis-junction, while 

ring B/C is trans-junction; Ring A/B of compound 2 is transfused which is less common, mostly 

occurring in cardenolides from the Asclepias genus (Ren et al., 2022). 
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Plants of the Asclepiadoideae subfamily produce some cardenolides that are resistant to 

acid hydrolysis (Seiber et al., 1983). This property is explained by the double attachment 

of the carbohydrate group through acetal and hemiacetal bonds at positions 3β and 2α, 

respectively, to the cardenolide aglycone (Figure 3). This dioxane ring substructure is 

present in calactin, calotropin, proceroside, syriobioside, desglucosyrioside and 

eriocarpine. The same carbohydrate, but in an altered form, is also found in uscharidin, 

calotoxin, uscharin, voruscharin, syrioside, asclepin and other cardenolides. Such specific 

PSM (markers) are actively produced by plants from the genera Asclepias, Calotropis, 

Gomphocarpus and Pergularia (Tomilova et al., 2022). In general, structures of 

representative cardenolide genins in Asclepiadaceae are shown in Figure 4 (Seiber et al., 

1983). 

 

Figure 3. Chemical structure of double-linked cardenolides 

1.2.1 Biological activity 

CGs have a long history of medicinal applications, even though some are highly toxic to 

humans and animals (El-Seedi et al., 2019). Extracts of plants containing CGs, can be 

prepared from various parts, including roots, stems, leaves, barks, seeds, fruits and 

flowers. During heart failure, the heart becomes more sensitive to the effects of CGs. 

Plant extracts rich in CGs were first used in antiquity by the Egyptians as cardio-

protective drugs by ca. 1500 BCE (El-Seedi et al., 2019). The activity of CG against 

cancer has been known for more than 50 years, but it was not initially developed due to 

concerns associated with their high toxicity. 
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Figure 4. Representative cardenolide genins in Asclepiadaceae 

Currently, the use of CGs in oncology is actively developing (Tomilova et al., 2022) and 

they are expected to be novel therapeutic drugs in the treatment of diseases in the 

respiratory system, in the nervous system and immune inflammation-related illnesses 

(Ren et al., 2022). 

The mode of action of CG resides on its specific inhibitory properties of the target site, the 

Na+/K+–ATPase pump. CGs bind to the extracellular surface of the enzyme (Köksoy, 

2002). This pump main function is to maintain the electric potential in animal cells and 

other essential physiological functions (Mithöfer and Boland, 2012). During each cycle of 

the Na+/K+–ATPase pump, one molecule of ATP is hydrolysed and the energy is used to 
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translocate three Na+ ions to the extracellular side in exchange for two K+-ions that are 

shuffled into the cytosol (Dobler et al., 2011). Binding with CG causes a change in the 

Na+/K+–ATPases conformational state, and results in an inactive complex until 

dissociation occurs, at which point the pump resumes its activity. The CG or the genin 

alone can react with the pump although the interaction with the genin is often less stable 

and therefore less effective (Emery et al., 1998; Mithöfer and Boland, 2012). In insects, 

although the enzyme is abundant in the nerve tissue, their expression in other tissues 

varies phylogenetically and physiologically (Petschenka et al., 2012; Bramer et al., 2015; 

Lohr et al., 2017). For tissues with multiple isoforms that differ in their CG sensitivity there 

is a characteristic biphasic shoulder in the log-linear part of the dose–response curve for 

selected CGs (Emery et al., 1998). 

1.2.2 Ecological relevance of cardenolides 

CGs are strong target site inhibitors and potentially bitter-tasting defences (Brower, 1969; 

Agrawal et al., 2012). Cardenolides have a deterrent effect in non-adapted herbivorous 

insects, suggesting that the compounds induce negative chemo-perception (Huang and 

Renwick, 1994). In mammals, cardenolides trigger a chemoreceptor responsible for 

emesis at concentrations below toxic doses (Dobler et al., 2011). That explains why in 

birds, the first reaction after oral ingestion of cardenolides is to vomit (Brower and Fink, 

1985). Cardenolides are more or less bitter to humans (Malcolm, 1991). They can also 

cause headaches, altered vision, psychosis and hormonal effects (Janssen et al., 2016). 

The exact mechanisms leading to these symptoms are hard to trace, but the immediate 

toxic effect of ingested cardenolides is simple and well understood (Dobler et al., 2011). 

Although the sensitivity of the Na+/K+–ATPase to cardenolides is such a prevalent 

characteristic in the majority of animals, some insects have colonized cardenolide-

containing plants and use them as food apparently without suffering ill effects (Malcolm, 

1991; Dobler et al., 2011).  

1.3 Milkweed-herbivore system 

Asclepius was the physician son of Apollo in Greek mythology who infuriated Zeus. 

Asclepius had the temerity to resurrect a dead man condemned by Zeus. His mythical 

skills in surgery and the use of drugs are revered as the inspiration for modern medicine. 
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The milkweed family Asclepiadaceae and its dominant genus, Asclepias were named after 

the Asclepius, the god of medicine in ancient Greek and Roman mythology (Malcolm, 

1991). Cardenolides from milkweed species have been the focus of several studies in 

chemical ecology. Milkweed plants have provided clear examples of plasticity in PSM, 

particularly with respect to changes in chemistry following herbivory (Dyer et al., 2018). 

Milkweeds have been instrumental to understand specialised herbivore adaptations such 

as physiological target site insensitivity and sequestration (Bramer et al., 2015). The co-

evolution between milkweed species and their community of herbivores is often described 

as diffuse (Birnbaum and Abbot, 2018).  

1.3.1 Milkweed 

The milkweed family (Asclepiadaceae) comprises some 200 genera and 2500 species of 

perennial shrubs, herbs, and vines distributed throughout the tropics and extending to 

temperate areas of the world. They include some highly prized ornamentals and 

economically significant weeds. They are generally characterized by the milky latex they 

exude when a leaf or other organ is ruptured. The milkweed family in North America, 

including Mexico, is represented by several genera. Only the genus Asclepias contains 

above a hundred of described species (Roeske et al., 1976).  

While co-evolutionary theory predicts escalation of plant defences, research in the last 

decade demonstrated a phylogenetic decline of cardenolide concentrations and diversity 

in milkweeds. However, a decline in concentration could be compensated by increasing 

potency of individual PSM. This strategy may be more efficient and less costly to cope 

with increasingly resistant herbivores (see section 1.1.3.2 and Züst et al., 2019).  

Previous studies analysed 49 Asclepias species for latitudinal clines in the production of 

cardenolides. They found that milkweeds from tropical regions are better defended by 

cardenolides than more temperate species. The inducibility of cardenolides (i.e. the 

amount increased in response to insect herbivory) was significantly correlated with 

latitude, with higher inducibility evolving in the tropics. Milkweed species from lower 

latitudes appear better defended with higher inducibility, greater phytochemical diversity, 

and lower polarity of cardenolides (Agrawal et al., 2012).  
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1.3.2 Milkweed herbivores 

Milkweed herbivores, including the famous monarch butterfly (Danaus spp.), are model 

organisms in plant–insect coevolution for more than 60 years (Birnbaum and Abbot, 

2018). In 1932, Jones found that various brightly coloured insect herbivores of milkweed 

were rejected by a variety of bird predators (Jones, 1932). Later, Brower and Brower 

showed that scrub jays and blue-jays refused to eat monarch butterflies (Brower and 

Brower, 1964). Then in 1965, Parsons discovered that the unacceptability of monarch 

butterflies by bird predators was attributable to cardenolides. However, it was 1966 when 

Rothschild and co-workers first reported that the monarch butterfly and a large aposematic 

grasshopper, Poekilocerus buionius, obtained cardenolides from their host plants 

(Malcolm, 1991). Cardenolide sequestration by milkweed herbivores was corroborated 

after that by laboratories across Europe and in the United States (Malcolm, 1991). They 

reported variation in cardenolide content within various tissues of a given milkweed 

species. Thus, a single plant species can provide a spectrum of PSMs in its tissue upon 

which insects can feed (Duffey and Scudder, 1972). Most of the available information on 

cardenolide sequestration by herbivores concerns the monarch butterfly, the oleander 

aphid, and the large milkweed bug (Malcolm, 1991). 

A recent study described the defence-offence interactions between the tropical milkweed 

(Asclepias curassavica) and multiple herbivores (López-Goldar et al., 2022). They found 

that the roots, leaves, flower buds and seeds of the A. curassavica show increasing 

concentrations of cardenolide toxins acropetally, with latex showing the highest 

concentration. In vitro assays of the Na+/K+–ATPase pump, of three specialized milkweed 

herbivores (root- feeding cerambycid beetle, leaf- feeding monarch butterfly, and as seed- 

feeding the large milkweed bug) show that they are proportionally tolerant to the 

cardenolide concentrations in the tissues of their diet. Molecular substitutions in the 

insects’ sodium pumps explain their tolerance to cardenolides from their target tissues. 

However, when comparing the response of the insects´ enzymes to cardenolide content 

of target versus non-target plant tissues, there are varying degrees of adaptation to tissue-

specific cardenolides in these specialists (López-Goldar et al., 2022).   
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1.4 The large milkweed bug - Oncopeltus fasciatus 

Oncopeltus fasciatus is a member of the Lygaeinae family, who are typically small-to-

medium-sized insects, ranging in size from 1 to 12 mm. The majority of Lygaeinae species 

are cryptically coloured, however the subfamily Lygaeidae, which Oncopeltus fasciatus 

belongs, is widespread aposematic (Burdfield-Steel and Shuker, 2014).  

In the United States, O. fasciatus’ habitat ranges from Massachusetts, westward to the 

Rocky Mountains, and south and southwest to Florida, Texas and California (Malcolm et 

al., 1989). It is also present in Mexico, and Brazil (Feir, 1974). The usual host plants are 

different members of the milkweed family, mainly Asclepias (Feir, 1974). Reproduction 

takes place on only those host plants that are producing seed pods (Miller and Dingle, 

1982). The bugs have been successfully reared in the laboratory, and strains have been 

adapted to sunflowers, cashews, and almonds (Feir, 1974). Information on the predators 

of the large milkweed bug is scarce, though lacewing larvae have been reported (Sauer 

and Feir, 1972). Some other reports of predation include the ambush bug, nabids, 

reduviids, spiders, and a katydid (Feir, 1974).  

1.4.1 Anti-predator defence of Oncopeltus fasciatus 

The large milkweed bug utilises endogenous volatiles and sequestered cardenolides for 

its defence (Duffey and Scudder, 1972; Everton and Staddon, 1979; Lohr et al., 2017). In 

nymphalid stages, the scent glands are situated in abdominal segments four and five. 

When a nymph is seized it may respond by ejecting the liquid contents of both glands 

simultaneously. Along with the ejection from the scent glands, the nymph ejects a copious 

liquid from the rectum. The rectal fluid usually flows onto the back where it mixes with the 

secretion (Games and Staddon, 1973; Everton and Staddon, 1979; Aldrich et al., 1997). 

The dorsal scent glands of O. fasciatus nymphs cease to function in the adults. From 

instar IV there is development of the adult metathoracic scent gland (Staddon, 1995).  

The integument of the large milkweed bug is made up of a vacuolated and a pigmented 

epidermal cell layer, the dorsolateral space (DLS). The DLS is present from late embryo 

to adult in both sexes and independent of their diet. When reared on milkweed, O. 

fasciatus concentrates cardenolides in it throughout its life cycle. In the adult, droplets of 

cardenolide-rich fluid appear at precise points along the DLS margins when external 
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pressure is applied to the thorax and abdomen. The DLS fluid spreads onto the animal's 

surface and remains as discrete droplets due to the cuticular morphology. There are no 

specialized muscles involved with fluid release (Scudder and Meredith, 1982a). The DLS 

margins are repaired after the fluid discharge by an elastic snap-back mechanism which 

possibly, in combination with coagulating haemolymph, seals the release site again. The 

adaptations for the storage and release of cardiac glycosides have evolved in a stepwise 

manner. The DLS originated simultaneously along with the ability to sequester 

cardenolides (Bramer et al., 2017). 

1.4.2 Cardenolides in Oncopeltus fasciatus 

Experiments carried out in 1986, found that injecting 200 nmol of the cardenolide ouabain 

into O. fasciatus resulted in no mortality. This dose is higher than the cardenolide lethal 

doses recorded for any vertebrates and invertebrates (Moore and Scudder, 1986). Since 

then, many studies have come forward unveiling the reasons behind the high resistance 

of O. fasciatus. The alpha subunit of the sodium pump, Na+/K+–ATPase (ATPα1) 

modulates cardenolide sensitivity. O. fasciatus along with many insects that feed from 

Apocynaceae evolved adaptations by repeated duplication of ATPα1, and share parallel 

changes in gene expression, and parallel amino acid substitutions (Zhen et al., 2012; 

Bramer et al., 2015). O. fasciatus has three known copies of the Na+/K+–ATPase α: α1A, 

α1B and α1C. Of the three, an ancestral copy of the pump remains comparatively 

sensitive, but acts as a more efficient ion carrier. The α1A and α1B are required for 

cardenolide handling (Lohr et al., 2017). 

In early studies with O. fasciatus reared on Asclepias syriaca seeds, milkweed bug adults 

concentrate 60 to 95% of the cardenolide content in the DLS fluid. Very little cardenolide 

was detectable in the haemolymph of adults and nymphs, but cardenolides do appear in 

the adult metathoracic gland secretion and in the nymph abdominal gland fluid. The 

cardenolide content acquired throughout the development is not related simply to increase 

in body weight (Duffey and Scudder, 1974).  

Milkweed bugs sequester polar but not non-polar cardenolides into the DLS fluid (Duffey 

and Scudder, 1974). However, a decade later, researchers found that cardenolides are 

not sequestered in the insect simply based on polarity and that metabolism and differential 
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excretion of cardenolides are key in the sequestration process (Moore and Scudder, 

1985). The similarities in the cardenolide profiles of O. fasciatus reared on different 

milkweeds in laboratory conditions, and analysis of different tissues of O. fasciatus reared 

on a single food source indicated a regulation of the cardenolide composition of the bug 

(Moore and Scudder, 1985). The accumulation of the cardenolides in both the nymph and 

adult appears to be, at least in part, associated with the ability of the insect to metabolize 

the cardenolides (Duffey and Scudder, 1974). Field studies found that a source of high 

variability in the chemical defence of O. fasciatus, include temporal and geographical 

intraspecific differences in the cardenolide content of milkweed seed. However, it showed 

that the cardenolide content of the host species cannot alone account for the variability in 

the cardenolide content of the bugs, even between populations feeding on the same plant 

organ (Isman et al., 1977). 

Cardenolides have been reported to be present in the eggs of O. fasciatus (Duffey and 

Scudder, 1974). Regardless of male diet, eggs were afforded better protection when 

females had been raised on milkweed. Maternal contribution of cardenolides is 

significantly greater than paternal contribution of cardenolides to the eggs (Newcombe et 

al., 2013). 

A recent study focused at molecular level on the milkweed-herbivore coevolution. 

Oncopeltus fasciatus reared on common milkweed seeds (Asclepias syriaca) metabolised 

two major seed cardenolides into distinct compounds that were sequestered. Through in 

vitro analysis of Na+/K+–ATPase enzymes, they found little variation among cardenolides 

in their inhibition of an unadapted Na+/K+–ATPase. They found high variation in inhibition 

on the adapted monarch butterflies and O. fasciatus. Labriformin was the most inhibitive 

cardenolide tested for both milkweed herbivores. Three metabolized (and stored) 

cardenolides by O. fasciatus were less toxic than their parent compounds found in seeds. 

These results suggest that a potent cardenolide in milkweed (i.e. labriformin and similar) 

has evolved by natural selection and targets specialist herbivores, but is potentially 

counteracted by insect tolerance, detoxification, and sequestration (Agrawal et al., 2022). 
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1.5 Predators and cardenolide-sequestering prey 

There are few analyses on the effectiveness of cardenolides as insect chemical defence 

against predators. Generalist predators of cardenolide-containing insects (including 

spiders and mice) are deterred by the compounds despite high degrees of structural and 

concentration variability. A wide range of animals show pre-ingestive (gustatory) 

sensitivity to cardenolides (Agrawal et al., 2012). Petschenka, et al, found that milkweed 

bugs fed on Apocynaceae did not improve growth or speed of development, but 

sequestration did mediate protection against two natural predators: lacewing larvae and 

passerine birds (Petschenka et al., 2022). In another study with the same model system, 

the milkweed bug's survival to lacewing attacks strongly depends on the source of the 

sequestered cardenolides, even when the two analysed diets (Adonis vernalis and 

Digitalis purpurea) were rich in cardenolides. Sequestration analysis showed that it is very 

likely that specific structural features of one or more of the Digitalis cardenolides, rather 

than quantitative differences between plant species, were the reason behind high survival 

rates of milkweed bug fed on Digitalis. The prey rejection (survival) was based on taste, 

as researchers observed aversive behaviour by the predator (Pokharel et al., 2020). 

Records show how some birds have succeeded in breaking through the cardenolide 

defence of the monarch butterfly. Flocks of birds including the black-headed grosbeak 

(Pheucticus melanocephulus) and the black-headed oriole (Oriolus larvatus), feed from 

thousands of butterflies in the large overwintering aggregations in Mexico (Mohammadi et 

al., 2022). Emetic studies by Fink and Brower in 1981, concluded that grosbeak birds can 

be resistant to cardenolide poisoning up to a certain extent (Fink and Brower, 1981). 

These birds have amino acid substitutions in their Na+/K+–ATPases pumps, which may 

confer target-site insensitivity, the same ones that convergently evolved in the herbivores 

of milkweed (Groen and Whiteman, 2021). Co-evolution between cardenolide-

sequestering prey and their predators is receiving more attention in the last years. The 

recurring emergence of predators that can feed on and exploit cardenolide-defended prey 

involves remarkable convergence in the behaviours, physiology and molecular 

mechanisms by which they achieve this adaptation (Mohammadi et al., 2022). 
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1.6 Research objectives and thesis outline 

Chemical defence is one of the most taxonomically and ecologically widespread defences 

in animals, plants and micro-organisms (Rojas et al., 2017). One of the most universal 

findings in chemical ecology is that chemical profiles are often variable within populations, 

both in terms of the total quantity and the structures of the chemical constituents (Speed 

et al., 2012). A variety of biological processes have been hypothesised to explain this 

‘chemodiversity’ including, genetic processes, abiotic environmental conditions, metabolic 

pathways, phenotypic plasticity, and interactions with animals (Speed et al., 2012); section 

1.1.2).  

Among plants in the genus Asclepias there is a high diversity of cardenolides along a 

polarity gradient. There are multiple specialised herbivores of Asclepias, each having 

genetically based tolerance to toxic cardenolides via substitutions in the herbivore’s 

Na+/K+—ATPase. Specialist lygaeid bugs such as Oncopeltus fasciatus feed on seeds of 

milkweed plants, and sequester the cardenolides as a defence against predators. These 

insects are hypothesised to impose natural selection for chemical defences in the plant 

tissues on which they eat. This led me to propose three aims: 

1. To conduct a phytochemical profiling of the cardenolides in the seeds of Asclepias 

curassavica. 

2. To test the phenotypic match between cardenolide composition in the seeds and 

those sequestered by O. fasciatus, with an assessment of the inhibitory capacity of 

cardenolides to the bugs’ target site. 

3. To test the effectiveness of the cardenolides sequestered by O. fasciatus on the 

target sites of different predators. 

To achieve these three aims, I conducted a phytochemical profiling of the cardenolides in 

the seeds of Asclepias curassavica, by means of isolation of cardenolides and 

examination by means of HRMS and NMR spectroscopy. The concentration of all 

cardenolide in the seeds were quantified by using each compound as a standard for their 

corresponding calibration curve. I tested the in vitro inhibitory capacity of each cardenolide 

on the porcine protein Na+/K+—ATPase. To test whether the cardenolide defences could 

represent the plant's response to natural selection by O. fasciatus I measured the 
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phenotypic match of the cardenolide composition of seeds of Asclepias curassavica to 

those sequestered by nymphs and adults of O. fasciatus. I combined this assessment with 

tests of the inhibitory capacity of a subset of the seed cardenolides against the Na+/K+—

ATPase of O. fasciatus and a non-adapted insect (Drosophila melanogaster). To test 

whether the sequestered cardenolides by O. fasciatus effective against predators, I tested 

the inhibitory properties cardenolides of the insect’s defence against the target sites of a 

potential invertebrate predator, the giant Asian mantid (Hierodula membranacea), and 

representatives of resistant and sensitive bird predators: the black-headed grosbeak 

(Pheucticus melanocephalus) and Australian zebra finche (Taeniopygia castanotis).  

Chapter 2.1 describes the composition and structural diversity of the cardenolides in the 

seeds of Asclepias curassavica. The structures of three new compounds, as well as seven 

previously reported cardenolides are reported. The range of inhibitory potency of eight 

milkweed cardenolides in the biological target is tested in vitro on the sensitive porcine 

Na+/K+–ATPase.  

In chapter 2.2 the cardenolide composition of  O. fasciatus was analysed across two life 

stages and compared to the cardenolide composition of the seeds of A. curassavica. The 

inhibitory capacity of a subset of seed cardenolides were tested against the Na+/K+–

ATPase of O. fasciatus and a non-adapted insect (Drosophila melanogaster).  

In Chapter 2.3 the composition and diversity of cardenolides in the defensive fluid that O. 

fasciatus was measured along with what remains in the body tissues after the defensive 

fluid is deployed. This was paired with tests of the cardenolides in the insects’ defence on 

the Na+/K+–ATPase pump of potential vertebrate and invertebrate predators, one of whom 

has empirical and genetic evidence of cardenolide resistance. 

 

 

 

 

 

 



P u b l i c a t i o n s | 25 

 

2 Publications  

 

2.1 New structures, spectrometric quantification, and inhibitory properties of 

cardenolides from Asclepias curassavica seeds 

 

Rubiano-Buitrago, P.; Pradhan, S.; Paetz, C.; Rowland, H.M. Molecules 2023, 28, 105. 

https://doi.org/ 10.3390/molecules28010105 

 

Erratum: We described in the manuscript 3-O-β-allopyranosyl coroglaucigenin (1) 

incorrectly as novel. The structure was previously published by Hamida Ghorab et al, Nat. 

Prod. Comm. 2017, 12, 3-5; where they reported 3-O-β-allopyranosyl coroglaucigenin as 

salsotetragonin. A corrigendum was submitted. 
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access article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY) license (https:// creativecommons.org/licenses/by/ 4.0/). 
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2.2 Differential accumulation of cardenolides from Asclepias curassavica by 

large milkweed bugs does not correspond to availability in seeds or 

biological activity on the bug Na+/K+—ATPase 
 

Rubiano-Buitrago P, Pradhan S, Grabe V, Aceves-Aparicio A, Paetz C and Rowland 

HM. (2023) Front. Ecol. Evol. 11:1175205. doi: 10.3389/fevo.2023.1175205 
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2.3 Cardenolides in the dorsolateral defensive fluid of adult large milkweed 

bugs have differential potency on vertebrate and invertebrate predator 

Na+/K+—ATPase 
 

Rubiano-Buitrago, P., Pradhan, S., Aceves, A. A., Mohammadi, S., Paetz, C., Rowland, 

H.M. Submitted to Ecology letters: Manuscript number ELE-00990-2023. 

 

 

 

 



P u b l i c a t i o n s | 98 

 



P u b l i c a t i o n s | 99 

 



P u b l i c a t i o n s | 100 

 



P u b l i c a t i o n s | 101 

 



P u b l i c a t i o n s | 102 

 



P u b l i c a t i o n s | 103 

 



P u b l i c a t i o n s | 104 

 



P u b l i c a t i o n s | 105 

 



P u b l i c a t i o n s | 106 

 



P u b l i c a t i o n s | 107 

 



P u b l i c a t i o n s | 108 

 



P u b l i c a t i o n s | 109 

 



P u b l i c a t i o n s | 110 

 



P u b l i c a t i o n s | 111 

 



P u b l i c a t i o n s | 112 

 



P u b l i c a t i o n s | 113 

 



P u b l i c a t i o n s | 114 

 



P u b l i c a t i o n s | 115 

 



P u b l i c a t i o n s | 116 

 



P u b l i c a t i o n s | 117 

 



P u b l i c a t i o n s | 118 

 



P u b l i c a t i o n s | 119 

 



P u b l i c a t i o n s | 120 

 



P u b l i c a t i o n s | 121 

 



P u b l i c a t i o n s | 122 

 

 



P u b l i c a t i o n s | 123 

 



P u b l i c a t i o n s | 124 

 



P u b l i c a t i o n s | 125 

 



P u b l i c a t i o n s | 126 

 



P u b l i c a t i o n s | 127 

 



P u b l i c a t i o n s | 128 

 



P u b l i c a t i o n s | 129 

 



P u b l i c a t i o n s | 130 

 



P u b l i c a t i o n s | 131 

 



P u b l i c a t i o n s | 132 

 



P u b l i c a t i o n s | 133 

 



P u b l i c a t i o n s | 134 

 

 

 



D i s c u s s i o n | 135 

 

3 Discussion 

Cardiac glycosides represent a diverse group of secondary metabolites commonly found 

in plants (Seiber et al., 1983; Agrawal et al., 2012). Within the genus Asclepias, milkweed 

plants are known for their cardenolides, which play a well-established role in plant-

herbivore and predator-prey interactions (Duffey and Scudder, 1972; Berenbaum and 

Miliczky, 1984; Agrawal et al., 2021; Beran and Petschenka, 2022). This role stems from 

their ability to inhibit the membrane-bound Na+/K+—ATPase enzyme (Dobler et al., 2011; 

Agrawal et al., 2012; Krishna, 2015; El-Seedi et al., 2019). 

Milkweed seeds serve as a primary food source for specialist lygaeid bugs, which happen 

to be among the most cardenolide-tolerant insects in existence (Bramer et al., 2015; Lohr 

et al., 2017; Agrawal et al., 2022). It is highly likely that these insects exert natural 

selection pressures that drive the repeated modification of cardenolides (Ehrlich and 

Raven, 1964; Salazar et al., 2018; Massad et al., 2022). To explore this hypothesis, the 

first essential step was to conduct a comprehensive phytochemical analysis focused on 

the cardenolides present in the seeds of a milkweed species (Asclepias curassavica). This 

analysis showed that the cardenolide defence within the seeds exhibited several facets of 

variation, including differences in their overall concentration, the polarity of individual 

PSMs, and structural substitutions that could potentially influence the molecule's reactivity 

(see section 3.1).  

The cardenolide diversity in the seeds may well represent the plant's adaptive response 

to natural selection, driven by herbivores' resistance, which is a hallmark of phenotype-

matching—a result of the ongoing coevolution between defensive and offensive traits 

(Berenbaum and Zangerl, 1998; Brodie et al., 2002; Zangerl and Berenbaum, 2003). To 

test this, the second step was to evaluate the degree of phenotypic alignment between 

the cardenolide composition in A. curassavica seeds and the cardenolides sequestered 

by both nymphs and adults of the specialised seed herbivore, Oncopeltus fasciatus 

(Lygaeidae). Additionally, the inhibitory capabilities of a selected subset of seed 

cardenolides were tested on the Na+/K+—enzyme of O. fasciatus, as well as on a non-

adapted insect, Drosophila melanogaster. To provide a broader context, this was also 

compared to the inhibitory effects on the highly sensitive porcine Na+/K+—ATPase. This 
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analysis showed that there was no clear trend where concentration, polarity, or chemical 

structure could explain the cardenolide composition in the seeds and the specialist insect.  

An alternative hypothesis for the observed sequestration patterns may be attributed to the 

varying impacts different cardenolides have on the specific target sites of natural enemies, 

as suggested by Speed et al. (2012). The third step in this thesis was to test whether, just 

as individual cardenolides exhibit selectivity towards distinct herbivores (referred to as 

compound selectivity, as shown in studies by Ayres et al., 1997; Züst et al., 2012), the 

chemical profiles of milkweed bugs (and in turn the compounds produced by the plant) 

could be explained by the efficacy of chemical defences against various predators that 

exhibit differing levels of resistance to cardenolides, as discussed by Sih et al., (1998); 

Hoverman and Relyea (2007); Speed et al., (2012) and Mohammadi et al., (2022). 

Thus, this step involved an analysis of the chemical composition of the defensive secretion 

in milkweed bug adults (DLS fluid), along with an assessment of the inhibitory capacity of 

the main cardenolides within the fluid against three biologically relevant predators: a bird 

species presumed to be cardenolide-resistant (black-headed grosbeak, Pheucticus 

melanocephalus), a generalist bird (zebra finch, Taeniopygia castanotis), and a generalist 

invertebrate (giant Asian mantis, Hierodula membranacea). The results indicate that the 

cardenolide content in both the bug's DLS fluid and its tissues is primarily composed of 

non-polar cardenolides. Additionally, these compounds exhibit distinct effects on the 

target sites of birds and invertebrate predators. These observations give support to the 

compound selectivity hypothesis, suggesting that specialist herbivores sequester PSMs 

that possess toxicity against a broad spectrum of potential enemies. Altogether, the three 

parts of this thesis offer some explanations for the diverse array of cardenolides found 

within tropical milkweed seeds and large milkweed bugs, shedding light on the 

mechanisms governing their defensive strategies. 

3.1 Phytochemical diversity in tropical milkweed seeds 

This thesis investigated chemical diversity in the seeds of the tropical milkweed (Asclepias 

curassavica) (Chapter 2.1-2.2).  A. curassavica is a relevant species in the analysis of 

milkweed-herbivore systems, due its presence in areas occupied by southern populations 

of large milkweed bugs (United States Department of Agriculture; Miller and Dingle, 1982). 



D i s c u s s i o n | 137 

 

The tropical milkweed serves as a model species due to its abundant and diverse 

composition of cardenolides (Züst et al., 2019; Agrawal et al., 2021; Blount et al., 2023). 

Using HPLC-DAD-MS data of the crude extract of this A. curassavica seeds, cardenolide-

like peaks were traced by m/z fragmentation patterns analysis (Figure 5) and their 

characteristic UV spectra-i.e. maximum absorbance between 216-222 nm(Petschenka et 

al., 2023). 21 compounds could be assigned as cardenolides (see Supplementary 

Information chapter 2.2).  In a targeted chemical study of the tropical milkweed seeds, 10 

of the 21 tentative cardenolides were purified, elucidated by HRESIMS and 1D and 2D 

NMR data, and quantified by mass spectrometry. The characterised cardenolides 

included three new compounds: 3-[4’-O-β-glucopyranosyl-β-allopyranosyl] 

coroglaucigenin (2), 3’-O-β-glucopyranosyl-15- β-hydroxycalotropin (3), and 3-O-β-

glucopyranosyl-12-β-hydroxyl coroglaucigenin (4), as well as six previously reported 

cardenolides (4’-O-β-glucopyranosyl frugoside (5), 4’-O-β-glucopyranosyl gofruside (6), 

3’-O-β-glucopyranosyl calotropin (7), frugoside (8), gofruside (9), and 16α-

hydroxycalotropin (10). 3-O-β-allopyranosyl coroglaucigenin (1) although described as 

new in chapter 2.1, this had been previously reported by Ghoraba et al., (2017). 

The results reported in chapter 2.1 are in line with previous research which found up to 

21 cardenolides across all plant material of A. curassavica (Abe et al., 1992; Li et al., 

2008, 2009; Warashina and Noro, 2008; Warashina et al., 2008; Zhang et al., 2014; Ji et 

al., 2022). The isolated cardenolides have either of these three steroidal cores: 

coroglaucigenin, corotoxigenin and calotropagenin (Seiber et al., 1983). Cardenolides in 

Asclepias seeds varied widely in quantity. Quantifiable cardenolides range from 0.004 

(compound 4) to 4.5 (compound 5) mg/g of seeds, and several in trace amounts (Wetzel 

and Whitehead, 2020; Rubiano-Buitrago et al., 2023). 
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Ion Fragment m/z observed Formula  m/z theoretical Error (ppm) 

A  699.3598 C35H55O14
+ 699.3586 1.8 

B A-[C6H10O3] 537.3062 C29H45O9
+ 537.3058 0.7 

C B-[C6H10O4] 391.2487 C23H35O5
+  391.2479 2.0 

D C-[H2O] 373.2374 C23H33O4
+ 373.2373 0.3 

E D-[H2O] 355.2268 C23H31O3
+  355.2266 0.6 

 

Figure 5. Scheme of one of the fragmentation pattern analysis in the mass spectra of Asclepias 
compounds. In this case, the major chromatogram peak, later identified as glucopyranosyl 
frugoside (5). We determined the list of m/z of interest through the study of mass spectra of 
commercial cardenolides, theoretical fragmentation of reported Asclepias cardenolides and 
previous studies of PSM of other Apocynaceae. (Ravi et al., 2020) (m/z 271.09, 273.09, 351.2, 
353.2, 355.2, 357.2, 359.2, 369.2, 371.2, 373.2, 375.2, 377.2 389.2).  
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Chapter 2.1 focused on the cardenolides of just one milkweed tissue, the seeds. Although 

the tropical milkweed seeds have been the subject of chemical study by Abe et al., (1992), 

the results reported in this thesis include new compounds that were not previously 

described, and expanded on that research by testing the functional capacity of 

cardenolides 1–2 and 5–10 on inhibitory potency against the sensitive porcine Na+/K+—

ATPase. There was a significant variation in inhibition of this unadapted enzyme, with IC50 

values ranging from 3.67 x 10−6 to 9.65 x 10−8 M. The most abundant compound in the 

seeds, 4’-O-β-glucopyranosyl frugoside (5), was the least inhibitory compound, along with 

the minor compound 16α-hydroxycalotropin (10). Gofruside (9) was the most inhibitory 

seed cardenolide for the porcine enzyme.  

Compounds 1 and 8 are both derivatives of coroglaucigenin, featuring allosyl and 

allomethylosyl substitutions, respectively. Interestingly, despite their structural 

differences, they exhibited similar inhibition properties. Conversely, compounds 8 and 9 

share identical glycosylation patterns, with the only distinction being the oxidation state of 

C-19 (alcohol vs. aldehyde). The fact that compound 9 exhibited higher inhibition 

compared to 8 strongly suggests that the aldehyde group plays a pivotal role in this 

difference. This discrepancy could be attributed to the heightened reactivity of compound 

9 towards biomolecules. However, it's worth noting that 16α-hydroxycalotropin 10 also 

contains an aldehyde, yet it displayed the lowest inhibitory capacity. This cardenolide also 

has a highly substituted sterol and multiple chiral centers. Interestingly, prior research 

reported that calotropin, the 16-deoxy counterpart of 10, exhibited an IC50 of 2.7 × 10−7 M 

(log10: −6.56) against porcine Na+/K+—ATPase (Meneses-Sagrero et al., 2022). This 

disparity in inhibition may be linked to the 16α-hydroxylation, potentially interfering with 

binding to the biological target.  

The results in chapter 2.1 also revealed reduced inhibitory potential when glycosylation of 

cardenolides occurred. Specifically, compounds 8 and 5, both of the coroglaucigenin type, 

and 9 and 6, of the corotoxigenin type, only differed in terms of glycosylation, with the 

aglycones exhibiting higher inhibition potential. Conversely, compounds 1 and 2, which 

differ in the presence of glucose as a second sugar unit, exhibited no significant difference 

in their inhibitory potential when compared to each other. One plausible explanation for 

this phenomenon could be the increased bulkiness of the molecules due to the higher 
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degree of glycosylation in both cases, potentially hindering access to the active site of the 

Na+/K+—ATPase. These results regarding Na+/K+—ATPase inhibition by milkweed 

cardenolides align with previous findings by Petschenka et al., (2018), who conducted a 

comparative study of cardenolide structural characteristics versus Na+/K+—ATPase 

inhibition. They observed varying responses in the inhibition of vertebrate Na+/K+—

ATPase by cardenolides with similar aglycones but different glycosylation patterns. 

Given the different concentrations that I found in the seeds and the range of inhibitory 

potency of these compounds in the sensitive pump, I moved forward analysing the 

functional capacity of a subset of major seed cardenolides against the potential selection 

imposed by herbivory from the large milkweed bug-Oncopeltus fasciatus. 

3.2 Oncopeltus fasciatus as driver of phytochemical diversity in Asclepias 

curassavica  

To understand the ecological pressures that might explain the cardenolide content of A. 

curassavica seeds, I conducted a comprehensive analysis of the cardenolides 

sequestered by the specialised milkweed herbivore, Oncopeltus fasciatus, at two distinct 

stages of its life cycle while feeding on A. curassavica seeds. I compared the 

sequestration to the cardenolides available in the seeds and combined this with 

evaluations of their inhibitory potential on the Na+/K+—ATPase enzyme of the milkweed 

bug. To see the inhibitory capacity of the subset of milkweed cardenolides against a 

sensitive invertebrate, we used Drosophila melanogaster as reference. 

The large milkweed bug (as described in chapter 1.4) is an cardenolide-sequestering 

herbivore that feeds almost exclusively on seeds of Apocynaceae family (Burdfield-Steel 

and Shuker, 2014). Asclepias curassavica is native and abundant across the migration 

range of the bug´s populations (United States Department of Agriculture; Miller and 

Dingle, 1982).  

Among the five most prevalent cardenolides found in milkweed seeds, glucopyranosyl 

frugoside (5), glucopyranosyl gofruside (6), glucopyranosyl calotropin (7), frugoside (8) 

and gofruside (9), frugoside and gofruside exhibited higher concentrations within the bugs 

than in the seeds themselves. Notably, these two compounds displayed contrasting levels 

of potency towards the O. fasciatus enzyme. Frugoside, and its glucosylated counterpart, 
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emerged as the most potent inhibitors, while gofruside exhibited weaker inhibitory 

potential.  

 

Figure 6. Subset of milkweed cardenolides used in the in vitro analysis against multiple Na+/K+—

ATPase enzymes in chapter 2.2 and 2.3. 

In line with previous research, the compounds exhibited consistent low inhibitory effects 

on the O. fasciatus enzyme compared to the non-adapted insect enzyme- Drosophila 

melanogaster (Bramer et al., 2015; Dalla and Dobler, 2016; Agrawal et al., 2022; López-

Goldar et al., 2022). O. fasciatus was highly resistant to the array of cardenolides tested, 

particularly to glucopyranosyl calotropin (7) and gofruside (9). In contrast, these two 

cardenolides where highly toxic to the sensitive invertebrate D. melanogaster. The most 

abundant cardenolide, glucopyranosyl frugoside (5), had the lowest IC50 value for O. 

fasciatus pump (3.53x10-4 M), along with its aglycone (8). The result differs with the 

inhibitory analysis of Agrawal et al., with A. syriaca seeds cardenolides, where the minor 

compound, labriformin, inhibited O. fasciatus pump with the lowest IC50 value reported for 

this bug (9.09x10-5 M) see Agrawal et al., (2022).  
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In the literature of chemodiversity of A. curassavica, glucopyranosyl frugoside (5) has only 

been described in the seeds (Abe et al., 1992; Rubiano-Buitrago et al., 2023), with no 

report to be found in the several isolations carried out with the whole plant material or 

individual parts (Roy et al., 2005; Warashina et al., 2008; Li et al., 2009; Zhang et al., 

2014; Al-Snafi, 2015; Nakano et al., 2020). The wide variation of individual cardenolide 

concentration in A. curassavica seeds, most notably the high accumulation of 

glucopyranosyl frugoside (5) in this plant organ, could be the result of the pressure exerted 

by specialist seed bugs, in the framework of a co-evolutionary arms race. This result gives 

a path in which the profile of milkweed seeds can have phenotypic matching with their 

specialist herbivores, however, the greater sequestration of gofruside and frugoside by 

the bugs than what is available in the seeds, and the opposite inhibitory properties of 

those two compounds leaves this hypothesis hard to accept.  

More experiments are needed to decipher the role of glucopyranosyl frugoside (5) in the 

defence of A. curassavica seeds. Tests of this compound on other milkweed herbivores 

would be worthwhile for comparing the inhibitory effects linked to the degree of herbivory. 

Furthermore, other tests of the effects of this compound on other physiological parameters 

of O. fasciatus, i.e., using an artificial diet enriched with this compound and tracking 

potential costs and negative effects in the insect, would be worthwhile for determining 

whether the sequestration of cardenolides by O. fasciatus is selective, and whether it also 

involves metabolism, or rapid elimination of metabolised products. This is where 

experiments with diet manipulation, and artificial diets are an excellent tool to control 

insect nutrition qualitatively and quantitatively (Jeckel et al., 2022). To ensure that the 

metabolites in the insects are the ones sequestered from the host plants, feeding 

experiments could also label compounds, which generally give clear evidence and 

facilitate further quantifications and traceable signals throughout the ADME (absorption, 

distribution, metabolism, and excretion) process (Meredith et al., 1984; Jeckel et al., 

2022). 

The results reported here could be evidence that glucopyranosyl frugoside (5) is part of 

the co-evolution between milkweed and seed bugs. But the differential inhibition of both 

high and low accumulated cardenolides in the bug does not give a clear answer. What the 
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cardenolide content of the bug revealed however is that the bug can modify its 

sequestered compounds.  

3.3 Evidence for cardenolide metabolism/modification in O. fasciatus 

Extracts of O. fasciatus nymphs (L5) contained 19 cardenolide-like signals, five are unique 

to the insect in larval stage. Seven of the 19 compounds can be traced back to the seed 

extract and six are part of the ten seed cardenolides described (4, 5, 7—10). Adult´s 

extracts had 18 cardenolide-like peaks, two of the compounds are exclusive to the adult 

stage. Nine compounds can be correlated to the seed extract trace and of those nine, 4—

6, 8—10 are part of the isolated cardenolides (see chapter 2.2). Almost a quarter of the 

nymph´s cardenolide profile do not correspond directly to seed cardenolides. One of the 

potential explanations behind the dissimilarities in cardenolide content of the two life 

stages can be different predation pressures over the life cycle of the bug (Raška et al., 

2023).  

The cardenolides present in the bugs that could not been traced to the diet suggest they 

could be products of modifications during ADME process in the bugs, changing their 

original structures for example by enzymatic modification or degradation. A possibility is 

that bugs can enrich cardenolides that are actually present in trace amounts in the seeds, 

making it feasible to be detected in the chromatographic analysis of the insect´s extracts. 

To test this, experiments require modified diets and labelled compounds to track potential 

degradation/modification products (discussion chapter 2.2 and 2.3). 

It is clear from my experiments that the cardenolide content in the seeds do not match the 

cardenolide composition of the bug, and the bug’s composition cannot be explained by 

the seed cardenolide’s toxicity to the insect. To explore other explanations for the 

individual cardenolides that compose the chemical defence of the insect and host plant, I 

next tested how predators might exert selection in the milkweed-herbivore system.  

3.4 Role of predators on the sequestration behaviour of O. fasciatus 

Predator-prey interactions serve as crucial mediators in the intricate world of insect 

defences (Brower and Brower, 1964; Brower and Fink, 1985; Rojas et al., 2017; Sporer 

et al., 2021; Ottocento et al., 2022). In the ecological framework of the milkweed-herbivore 

system which is the focus of my research, one of the potential interaction that predators 
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can have with the milkweed cardenolides is through the secretion rich in sequestered 

compounds that Oncopeltus fasciatus evolved to release during an attack (Duffey et al., 

1978; Scudder and Meredith, 1982a; Moore and Scudder, 1985; Bramer et al., 2017). This 

defensive fluid is accumulated in reservoirs called dorsolateral spaces (DLS). Having 

analysed the overall accumulation of seed cardenolides by the whole bug in chapter 2.2, 

in chapter 2.3 the focus was shifted to the chemical content that the bugs gather in the 

DLS fluid and the effect the cardenolides within can have in potential predators. Chapter 

2.3 tested two hypotheses: i) the cardenolide content would vary between individual bugs, 

but overall the DLS fluid would be dominated by non-polar compounds that would be 

inhibitory to potential predators, and ii) the accumulated cardenolides in the DLS fluid have 

different potency on different predators´ biological target. 

3.4.1 Chemical diversity in the DLS fluid of O. fasciatus 

In order to understand the cardenolide content that a potential predator encounters while 

feeding on O. fasciatus.  I manually stressed the bugs and collected their DLS fluid, 

following with quantifications of milkweed cardenolides in the fluid sampling and in the 

dried tissues after depletion. The chemical diversity found in the DLS fluid and tissues 

post-depletion encompasses a total of 19 compounds, including all eight seed 

cardenolides as detailed in chapters 2.1 and 2.2. The cardenolide concentrations within 

the defensive secretions and body tissues of milkweed bugs varied by an order of 

magnitude. Seven out of the eight milkweed cardenolides exhibited higher concentrations 

in the dried tissues compared to the DLS fluid. Such variability in the quantity of toxins 

within a population is a characteristic trait often associated with aposematic animals, as 

previously highlighted in Speed et al. (2012). However, this phenomenon becomes 

perplexing when we consider that prey survival is believed to rely on the strength of their 

defence mechanisms (Ottocento et al., 2022). Some compounds, for example,16α-

hydroxycalotropin (10) showed similar concentrations in both tissue and DLS fluid, which 

could indicate that the bugs are selectively allocating this compound to its defensive fluid. 

This could be tested by feeding the bugs this compound in an artificial diet and tracking 

it’s uptake (Burdfield-Steel et al., 2018; Heyworth et al., 2023). The major cardenolides of 

O. fasciatus adults (5-6,8-9) are in a narrow range of concentration in the dried tissues 

while being highly variable in the DLS fluid. Meaning that, glucopyranosyl frugoside (5), 
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glucopyranosyl gofruside (6), and their aglycones (8 and 9) sustain a balanced 

concentration in the bug's tissues after fluid depletion. 

There were also biochemical profile differences among individuals. Among the eight 

quantified compounds, which collectively make up 88% of the cardenolides found in the 

fluid, one specific compound, glucopyranosyl calotropin, was detectable only in a subset 

of individuals. To account for such variability in defensive profiles, various hypotheses 

have been proposed, including factors related to competition, life history, and potential 

additional functions of these defensive substances, as previously explored by Speed et 

al. (2012). A starting point into understanding the lack of glucopyranosyl calotropin (7) 

present in the bug, could include experiments with artificial diets enriched with only this 

compound. This could provide information regarding modified compounds, and effects of 

this cardenolide in the insect performance. 

3.4.2 Do multiple predators select for multiple cardenolides? 

Tests of the multiple enemy hypothesis (Rojas et al., 2017; Ottocento et al., 2022; 

Lawrence et al., 2023) have revealed the ecological relevance of the chemical 

composition of sequestered PSMs in other herbivores and chemically defended animals.  

Through MS quantification I found that the three major compounds in the DLS fluid of O. 

fasciatus are frugoside (8), gofruside (9) and glucopyranosyl frugoside (5). I tested these 

compounds against the Na+/K+—ATPase of three predators. The three species were: the 

invertebrate generalist Hierodula membranacea, which is a model predator in toxic prey 

studies (Gelperin, 1968; Berenbaum and Miliczky, 1984; Mebs et al., 2017; Rafter et al., 

2017a), and the avian predators, Taeniopygia castanotis and Pheucticus 

melanocephalus. The latter has reports of eating cardenolide-sequestering prey without 

significant ill effects (Fink and Brower, 1981). The use of a group of predators diverse both 

in complexity and in differential response to cardenolides, gives us an idea of the 

functional diversity of the chemical defence secreted by the insect. The data of Sus 

domesticus Na+/K+–ATPase inhibition by ouabain was used as the reference.  

Frugoside (8) was particularly toxic to both the resistant and sensitive bird. It has the same 

inhibitory potency against the invertebrate arthropod as for the reference porcine enzyme. 

Gofruside (9) inhibited the mantid’s pump at one of the lowest IC50 values seen in the 
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literature (Petschenka et al., 2018; Agrawal et al., 2022; López-Goldar et al., 2022). In 

general, gofruside did not impact the avian predators. Gofruside (9) had the lowest 

potency among the compounds tested against the black-headed grosbeak.  

These results suggest that the accumulation of frugoside (8) and gofruside (9) is 

influenced by both invertebrate and vertebrate predators. Notably, the consistent toxic 

potential of frugoside (8) leads me to likening this compound to a "silver bullet", because 

it possesses the capacity to effectively deter a range of predators [11,100,101], but test 

on more predators are required. The presence of gofruside (9) in the fluid probably adds 

to their protection against predators, particularly against invertebrate generalists. To gain 

deeper insights, the next steps should involve in vitro analyses or feeding assays with 

predators, employing varying proportions of frugoside and gofruside mixtures. This would 

test whether these compounds exhibit additive, synergistic, or antagonistic relationships 

when serving as the primary components of the DLS fluid in O. fasciatus populations fed 

on A. curassavica. 

More research is needed to understand in detail the contrast between the inhibitory 

properties of gofruside (9) against the resistant bird predator compared to frugoside (8), 

its coroglaucigenin counterpart. This could expand the knowledge of which structure 

features in cardenolides are relevant for the intermolecular interaction between 

sensitive/resistant enzymes and the PSM (Zhang et al., 2014; Laursen et al., 2015; 

Fedosova et al., 2022; Meneses-Sagrero et al., 2022). Future research can focus on the 

crystallization of different Na+/K+–ATPases and the two compounds, or in silico modelling 

using frugoside (8) and gofruside (9), and predator enzymes with different mutations in 

the target site. 

Tests involving glucopyranosyl calotropin (7), which is a non-accumulated compound in 

the insect but is notably abundant in the seeds showed a similar activity pattern to that of 

ouabain when exposed to vertebrate predators and the porcine enzyme. Interestingly, 

when compared chapter 2.3 results to chapter 2.2 glucopyranosyl calotropin does not 

pose significant harm to O. fasciatus, and it ranks as the third most abundant element in 

their diet (0.733 mg/g of seeds, as presented in chapter 2.1). It appears that the relatively 

low levels of glucopyranosyl calotropin in the chemically defended prey may be 
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attributable to the redundancy of its effects, which are essentially parallel to those already 

accomplished by compounds 5, 8, and 9 present in the DLS fluid. 

As discussed in the chapter 2.3, one plausible scenario explaining the absence of 

glucopyranosyl calotropin (7) is that it undergoes deglycosylation as a crucial metabolic 

process within the insect. It's conceivable that modified derivatives of this compound could 

be present among the cardenolides in the insect that we have not yet characterised. The 

uniform impact of glucopyranosyl calotropin (7) across trophic levels, and the potential for 

this being a substrate from which other cardenolides might derive akin to a screening 

hypothesis, may be factors behind its low concentrations within the insect.  

Glucopyranosyl gofruside (6) while being the second most abundant compound in the 

seeds (2.065 mg/g of seeds), is present in low content within the insect. This might be due 

to the bug cleaving the glucose moiety, as discussed in chapter 2.3. Nevertheless, the 

isolated quantities and lack of purity of glucopyranosyl gofruside (6) prevented further 

testing, as elaborated in chapter 2.1. 

The results presented here, based on effects of individual cardenolides, are the 

groundwork future research on the effect of mixtures of these compounds on different 

enzymes. 

3.5 Conclusion  

In the realm of insect defences, many species have evolved chemical defences to protect 

themselves against both predatory vertebrates and invertebrates. However, our 

understanding of the evolution and diversity of these insect defences remains somewhat 

limited, primarily because previous research has predominantly concentrated on the 

visual signalling of defences aimed at deterring birds (Arenas et al., 2015). Only recently 

have tests of chemical defences started to emerge (Rojas et al., 2017; Winters et al., 

2018; Lawrence et al., 2023). This thesis harnessed the system of cardenolides, which 

are toxic due to their inhibitory potency on the Na+/K+–ATPase function in animal cells 

and, which can be functionally tested in vitro on ecologically relevant herbivores and 

predators. I found differential effect of cardenolides on the different herbivore and predator 

enzymes, which gives support for the idea that natural enemies can act as selection 

pressure that leads to SMs diversification in the insect prey and their host plants.  
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4 Summary 
 

Cardiotonic steroids are a diverse group of compounds that derive from triterpenoids and 

are found primarily in plants but also in animals. There are two classes of cardiotonic 

steroid: cardenolides and bufadienolides. Cardenolides contain a single five-membered 

lactone ring in the β position at C17, and bufadienolides contain a six-membered lactone 

ring at this position and, in most cases, both have sugar moieties. Both compounds are 

produced de novo in plants and animals, and some animals also sequester cardiotonic 

steroids from their host plants or prey. Cardiotonic steroids have a specific physiological 

target; they bind to and inhibit the transmembrane protein Na+/K+—ATPase. The Na+/K+—

ATPase is involved in essential physiological processes, so when it is inhibited by 

cardiotonic steroids many physiological systems become dysregulated. Cardenolides 

have convergently evolved in at least 12 botanical families and are found most abundantly 

in plants belonging to Apocynaceae.  

Among plants in the genus Asclepias there is a high diversity of cardenolides along a 

polarity gradient. From an evolutionary perspective the existence of such ‘chemodiversity’ 

is puzzling because cardenolides are synthesised via a complex metabolic pathway that 

involves multiple enzymes modifying a sterol precursor over several steps. Natural 

selection is expected to drive evolution towards a small number of the most beneficial 

cardenolides. Despite this, a high diversity of cardenolides have been found within and 

between plant populations. 

A variety of biological processes have been hypothesised to explain chemodiversity 

including, genetic processes, abiotic environmental conditions, metabolic pathways, and 

phenotypic plasticity. Interactions with animals form many hypotheses for the evolution of 

chemodiversity, with broad empirical support.  

There are multiple specialised herbivores of Asclepias, each having genetically based 

tolerance to toxic cardenolides via substitutions in the herbivore’s Na+/K+—ATPase. 

Specialist lygaeid bugs such as Oncopeltus fasciatus feed on seeds of milkweed plants, 

and the caterpillar of the monarch butterfly (Danaus plexippus) feeds on the leaves of 

milkweed. These insects sequester the cardenolides as a defence against predators. 
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These insects are hypothesised to impose natural selection for chemical defences in the 

plant tissues that they eat.  

One major objective of this thesis was to test whether cardenolides in the seeds of 

Asclepias curassavica defend against the specialist bug, Oncopeltus fasciatus. The first 

step in investigating this hypothesis was to conduct a phytochemical profiling of the 

cardenolides in the seeds. Cardenolides were isolated based on the putative structural 

assignment based on HRMS. The isolated compounds were examined by means of NMR 

spectroscopy. Six known cardenolides were identified: 4′-O-β-glucopyranosyl frugoside 

(5), 4′-O-β-glucopyranosyl gofruside (6), 3′-O-β-glucopyranosyl calotropin (7), frugoside 

(8), gofruside (9), and 16α-hydroxycalotropin (10). In addition, three new cardenolides 

were isolated: 3-(4′-O-β-glucopyranosyl- β-allopyranosyl) coroglaucigenin (2), 3′-O-β-

glucopyranosyl-15-β-hydroxycalotropin (3), and 3-O-β-glucopyranosyl-12-β-hydroxy-

coroglaucigenin (4).  3-O-β-allopyranosyl coroglaucigenin (1) although described as new 

in chapter 2.1, a publication a report in 2017 by Ghorab, et al. was found characterising 

this molecule as salsotetragonin, isolated from aerial parts of Salsola tetragona. The 

concentration of all cardenolide in the seeds was quantified by using each compound as 

a standard for their corresponding calibration curve, and the in vitro inhibitory capacity 

tested on the porcine protein Na+/K+—ATPase. This study showed that the seeds had a 

higher concentration of non-polar compounds, and compound 5, 4′-O-β-glucopyranosyl 

frugoside, is the most abundant cardenolide, approximately two times more abundant than 

4′-O-β-glucopyranosyl gofruside (6). The other eight cardenolides are present in amounts 

below 1 mg/g of seeds. There was a significant variation in the compounds’ inhibition of 

the unadapted Na+/K+—ATPase. 

Phytochemical diversity, like that described in this thesis, is linked to herbivore community 

in several systems. To test whether the diversity and variability in cardenolide defences 

could represent the plant's response to natural selection by O. fasciatus the phenotypic 

match of the cardenolide composition of seeds of Asclepias curassavica and those 

sequestered by nymphs and adults of O. fasciatus was combined with tests of the 

inhibitory capacity of a subset of the seed cardenolides against the Na+/K+—ATPase of 

O. fasciatus and a non-adapted insect (Drosophila melanogaster). Among the five most 
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abundant cardenolides present in milkweed seeds, glucopyranosyl frugoside, 

glucopyranosyl gofruside, and glucopyranosyl calotropin were significantly more 

abundant in the seeds than in the adults and nymphs. Frugoside and gofruside were more 

concentrated in the bugs than is available in the seeds on which they feed. O. fasciatus 

was significantly more tolerant to all compounds compared to D. melanogaster and the 

highly sensitive porcine enzyme. Frugoside and gofruside had contrasting potency toward 

the O. fasciatus target site Na+/K+—ATPase – frugoside was the most inhibitory, whereas 

gofruside was among the weakest inhibitors. The greater sequestration of these 

compounds could not be explained by their availability in seeds or the biological activity 

on the bug’s target site.  Glucopyranosyl frugoside is only reported in the seeds of A. 

curassavica, which could suggest it is under selection by the seed bugs.  

To test the alternative hypothesis that the plant chemodiversity and sequestration patterns 

of O. fasciatus are explained by natural selection by the third trophic level. The inhibitory 

properties cardenolides of the insect’s defence was tested against several predator target 

sites. Coroglaucigenin cardenolides (glucopyranosyl frugoside and frugoside) were toxic 

for both resistant and sensitive predators, whereas corotoxigenin and calotropagenin 

cardenolides had varying degrees of enzyme inhibition. The different effect of 

cardenolides on the predator enzymes suggests that predators can contribute to defence 

diversification in both milkweed plants and milkweed herbivores. 
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5 Zusammenfassung 
 

Herzglykoside sind eine vielfältige Gruppe von Verbindungen, die von Triterpenen 

abstammen und hauptsächlich in Pflanzen, aber auch in Tieren vorkommen. Es gibt zwei 

Klassen von Herzglykosiden: Cardenolide und Bufadienolide. Cardenolide enthalten 

einen einfach ungesättigten, fünfgliedrigen Lactonring in der 17β-Position, während 

Bufadienolide an dieser Position einen doppelt ungesättigten, sechsgliedrigen Lactonring 

besitzen. Beide Verbindungen werden de novo in Pflanzen und Tieren produziert, und 

einige Tiere sind in der Lage, solche Steroide speichern, wenn sie diese zuvor über ihre 

Wirtspflanzen oder Beutetiere aufgenommen haben. Herzglykoside haben ein 

spezifisches physiologisches Ziel; sie binden an das Transmembranprotein Na+/K+–

ATPase und hemmen dieses in seiner Funktion. Die Na+/K+–ATPase ist an essenziellen 

physiologischen Prozessen beteiligt, und viele physiologische Systeme werden 

fehlreguliert, wenn sie durch Herzglykoside beeinflusst werden. Cardenolide sind in 

mindestens 12 botanischen Familien vorhanden und kommen am häufigsten in Pflanzen 

der Familie der Hundsgiftgewächse (Apocynaceae) vor. 

In der Gattung der Seidenpflanzen (Asclepias) ist eine Vielzahl an Cardenoliden 

unterschiedlicher Polarität vertreten. Aus evolutionärer Sicht ist die Existenz einer solchen 

Chemodiversität rätselhaft, da Cardenolide über einen komplexen Stoffwechselweg 

synthetisiert werden, bei dem mehrere Enzyme einen Sterolvorläufer über mehrere 

Schritte modifizieren. Die natürliche Anpassung sollte die Evolution hin zu einer 

geringeren Anzahl der vorteilhaftesten Cardenolide lenken. Trotzdem wurde eine hohe 

Vielfalt an Cardenoliden gefunden. Es wurden verschiedene biologische Prozesse zur 

Erklärung dieser Chemodiversität vorgeschlagen, darunter genetische Prozesse, 

abiotische Umweltbedingungen, verschieden geartete Stoffwechselwege und 

phänotypische Plastizität. Auch die Wechselwirkung mit Tieren ist eine Hypothese zur 

Evolution der Chemodiversität, die breite empirische Unterstützung findet. 

Es gibt mehrere auf Asclepias spezialisierte Herbivoren, in denen eine genetisch bedingte 

Toleranz gegenüber giftigen Cardenoliden durch Veränderungen in der Na+/K+–ATPase 

vorhanden ist. Spezialisierte Bodenwanzen (Lygaeidae) wie Oncopeltus fasciatus fressen 

die Samen von Milchpflanzen, und die Raupe des Monarchfalters (Danaus plexippus) 
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frisst die Blätter von Seidenpflanzen. Diese Insekten sequestrieren dann die 

aufgenommenen Cardenolide als Verteidigung gegen ihre Fressfeinde. Es wird vermutet, 

dass dabei die Insekten die chemischen Abwehrstoffe in den Pflanzengeweben gezielt 

selektieren. 

Die Beantwortung der Frage, ob Cardenolide aus Samen von Asclepias curassavica für 

Oncopeltus fasciatus toxisch sind, war ein Hauptziel dieser Arbeit. Der erste Schritt dazu 

war die Durchführung einer phytochemischen Analyse der Cardenolide in den Samen. 

Dazu wurden die Cardenolide, basierend auf ihrer Fragmentierung in der hochaufgelösten 

Massenspektroskopie (HRMS), chromatographisch selektiert und isoliert. Die gereinigten 

Verbindungen wurden dann mittels NMR-Spektroskopie untersucht. Sechs bekannte 

Cardenolide wurden so identifiziert: 4'-O-β-Glucopyranosylfrugosid (5), 4'-O-β-

Glucopyranosylgofrusid (6), 3'-O-β-Glucopyranosylcalotropin (7), Frugosid (8), Gofrusid 

(9) und 16α-Hydroxycalotropin (10). Darüber hinaus wurden drei neue Cardenolide 

isoliert: 3-(4'-O-β-Glucopyranosyl-β-allopyranosyl) -coroglaucigenin (2), 3'-O-β-

Glucopyranosyl-15-β-hydroxycalotropin (3) und 3-O-β-Glucopyranosyl-12-β-

hydroxycoroglaucigenin (4). 3-O-β-Allopyranosyl-coroglaucigenin (1) wurde 

fälschlicherweise als neuer Naturstoff beschrieben. Die Verbindung wurde jedoch zuvor 

in einer Arbeit von Ghorab et al. aus dem Jahr 2017 als Salsotetragonin veröffentlicht. Die 

Konzentration der in den Samen vorhandenen Cardenolide wurde quantitativ bestimmt, 

und deren hemmende Wirkung auf eine nicht an die Seidenpflanzencardenolide 

angepasste Na+/K+–ATPase aus Schweinen (Sus scrofa domesticus) wurde ermittelt. Die 

Ergebnisse dieser Studie zeigten, dass die analysierten Samen eine höhere 

Konzentration an apolaren Verbindungen aufweisen, wobei 4'-O-β-

Glucopyranosylfrugosid (5) das Cardenolid mit der höchsten Konzentration ist. Letzteres 

ist etwa doppelt so hoch konzentriert in den Samen vorhanden wie 4'-O-β-

Glucopyranosylgofrusid (6). Die anderen acht Cardenolide sind nur in Mengen von unter 

einem Milligramm pro Gramm Trockenmasse der Samen vorhanden. Bei den Biotests war 

eine signifikante Variation der Hemmung der untersuchten Na+/K+–ATPase zu 

verzeichnen. 
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Phytochemische Vielfalt, wie sie in dieser Arbeit beschrieben wird, ist im Zusammenhang 

mit der entsprechenden Herbivorengemeinschaft zu interpretieren. Um zu testen, ob die 

strukturelle Vielfalt und mengenmäßige Variabilität der Cardenolidabwehr in den Samen 

eine Reaktion der Pflanze auf die natürliche Selektion durch O. fasciatus darstellen 

könnte, wurden die Cardenolide der Samen von Asclepias curassavica mit den durch 

Nymphen und Adulten von O. fasciatus sequestrierten Cardenoliden verglichen. Weiterhin 

wurden in vitro Tests mit den Na+/K+-ATPasen von O. fasciatus und Drosophila 

melanogaster durchgeführt.  

In Asclepias-Samen waren Glucopyranosylfrugosid, Glucopyranosylgofrusid und 

Glucopyranosylcalotropin signifikant höher konzentriert als in Adulten und Nymphen von 

O. fasciatus. Frugosid und Gofrusid waren hingegen stärker in den Wanzen konzentriert 

als in den Samen. Die Na+/K+-ATPase von O. fasciatus war gegenüber allen 

Verbindungen signifikant toleranter als die von D. melanogaster; am empfindlichsten war 

das Schweineenzym. Frugosid war das am stärksten hemmende Cardenolid, während 

Gofrusid zu den schwächsten Inhibitoren der Na+/K+-ATPase gehörte. Die stärkere 

Sequestrierung dieser Verbindungen konnte nicht durch deren Verfügbarkeit in den 

Samen oder die biologische Aktivität gegenüber der Na+/K+-ATPase in den Wanzen 

erklärt werden. Glucopyranosylfrugosid wurde nur als Inhaltsstoff der Samen von A. 

curassavica beschrieben, was darauf hindeuten könnte, dass diese Verbindung von den 

Wanzen selektiv sequestriert wird. 

Um die alternative Hypothese zu testen, wonach die chemische Vielfalt der Cardenolide 

in der Pflanze und das Sequestrierungsmuster in O. fasciatus durch natürliche Selektion 

auf der dritten trophischen Ebene erklärt werden kann, wurde die hemmende Wirkung der 

Cardenolide auf die Na+/K+-ATPase verschiedener Fressfeinde ermittelt. 

Coroglaucigenin-Cardenolide (Glucopyranosylfrugosid und Frugosid) waren für sowohl 

resistente als auch für empfindliche Raubtiere giftig, während Corotoxigenin- und 

Calotropagenin-Cardenolide unterschiedliche Grade der Enzymhemmung zeigten. Die 

unterschiedliche Wirkung der Cardenolide auf die Raubtierenzyme legt nahe, dass 

Raubtiere sowohl bei Seidenpflanzen als auch bei Bodenwanzen zur 

Verteidigungsdiversifizierung beitragen können. 
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