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Foreword

The caterpillar is a poster child for insect holometaboly—a developmental style
that involves a change from a sedentary feeding stage to a resting pupa in which
massive internal changes occur, finally leading to the emergence of an adult. An
important part of the story is that females must make the momentous decisions
on where to place their eggs.

In a caterpillar, growth rate is maximized at the cost of food processing effi-
ciency, and growth is largely independent from the tissue differentiation required to
generate organs for dispersal and reproduction. Its function is to eat, its gut is the
principal organ, and its stretchable cuticular protein is efficiently reused at each
molt. Although the caterpillar life stage emphasizes feeding at the expense of finesse
at fleeing from peril or ability to find scarce food, these predicaments are clearly
offset in the evolution of the holometabolous insect life history. Holometabolous
development is relatively more abundant than the ancestral hemimetabolous pattern.

But risks exist, and the study of caterpillars inevitably involves research on
the multitude of inimitable traits that enhance survival. Caterpillars face threats
from above from numerous species of natural enemies. The dangers are almost
infinite, and their selection pressure has influenced every aspect of caterpillar
biology. Lepidopteran larvae masquerade as any possible non-caterpillar object
in the environment, and in many cases, their defenses against enemies depend
on adaptations to specific host plants. Diverse behavioral traits provide endless
ways to deceive parasites and predators, such as dropping down from the host
plant on silk, flinging frass away from give-away feeding sites, or hiding in
homemade houses. They must feed fast to avoid being noticed and conse-
quently demonstrate mandibular adaptations uniquely suited to the particular
food. Dietary specialists may become masters of chemical protection by
sequestering chemicals that are deterrent or toxic to predators and parasites.
Other specialist species excel at host-specific visual or chemical crypsis, mak-
ing them harder to detect by their enemies. Generalists have found diverse
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viii Foreword

mixtures of traits to contend with enemies—opportunistic sequestration of
plant poisons, nimble behaviors, mimicking predators, and even making their
own noxious chemicals. Different species have particular habits of food choice
that enhance protection from particular groups of natural enemies that domi-
nate in their microhabitats.

But caterpillars are “in the middle” in a changing tritrophic world. There are also
hazards from below—the physical and chemical plant defenses. First are the jeop-
ardies associated with physical structures that plants produce to make it difficult to
maintain a purchase, or prevent easy walking, or make biting and chewing too chal-
lenging. There are secretions that are sticky or gluey, such as latex or resin, which
can glue up their mouthparts. A remarkable evolutionary feat of the Lepidoptera has
been the adoption of countermeasures to deal with each of the defenses plants have
come up with.

The all-important plant chemistry has been studied in great depth, with the dis-
covery of innumerable compounds that interfere with caterpillar growth and sur-
vival. These must be avoided or overcome physiologically one way or another. In
addition, the details of sequestration of noxious plant chemicals have been eluci-
dated in numerous species, different chemical structures being of particular value
against different groups of natural enemies.

Plants present a food source that is typically low in protein and variable in nutri-
ent quality. Plants also provide diverse physical challenges and an immense variety
of potentially toxic metabolites that often increase with damage. Environmental
changes involving climate and chemicals from human activity challenge not only
the plants and their availability, but also the caterpillars that feed on them, and the
mothers who must locate their foods.

Unlike many herbivores, caterpillars have the task of ingesting such vast amounts
that the gut content may be up to twice the weight of its own tissues. An alimentary
throughput time of just hours means there is virtually no role for symbiotic micro-
organisms to aid digestion. And the frenzy of feeding involves big doses of potential
toxins. The first parts of this book address some of these problems and the remark-
able ways that caterpillars have dealt with them.

Finally, there are gambles associated with availability of hosts; variation in qual-
ity of the host, genetically or as a result of the herbivore damage; the sensing of
nearby herbivore damage; or the acquisition of a plant disease.

Presented here are updates about impact of the natural enemies and diseases on
the ecology and evolution of caterpillars and the multiple interactive effects among
the three trophic levels—plants, herbivores, and herbivore enemies. The exceptional
diversity of anatomical, physiological, and behavioral traits to deal with the number
and variety of problems provides a classic arena for the study of evolution.

Research on caterpillar behavior and ecology continues to be important in natu-
ral ecosystems for understanding the impact of climate change and loss of habitat
on all three trophic levels, and the complexity of all those tangled webs. How will
herbivorous Lepidoptera be affected by changing distribution of hostplants in rela-
tion to changes in climate? Can citizen scientists provide the quantity of information
to monitor changes in each of the three trophic levels around the world?
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Continued study of caterpillars is also needed to understand best practices for
wild lands and forest management, and to handle the devastating impacts of both
invasive species and native outbreaking species. The combined research from all
these interlocking research elements, most of them addressed in this book, also aim
to elucidate the essential balance that is ultimately important for vertebrates includ-
ing humans.

Regents Professor Emerita Elizabeth Bernays
University of Arizona,
Tucson, AZ, USA
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Introduction — Caterpillars as Focal Study
Organisms

Suzanne Koptur and Robert J. Marquis

My cousin has great changes coming

Someday he’ll wake with wings...

(Cousin Caterpillar (Mike Heron),

The Incredible String Band: The Big Huge, 1968)

Caterpillars are truly in the middle, ecologically speaking. They are both major
consumers of plants and critical food for predators. Plants take the sun’s energy and
atmospheric carbon dioxide and use it to make sugars and oxygen, so they serve as
the primary producers in most ecosystems (Jensen and Salisbury 1972). Herbivores
(Crawley 1983), including caterpillars, eat plants, obtaining energy and building
blocks for their bodies from the organic compounds composed of carbon, nitrogen,
and other important molecules and essential elements from plant bodies; herbivores
are therefore termed primary consumers. As the famously hungry (Carle 1969) lar-
val stage of butterflies and moths, caterpillars make plant energy and nutrients avail-
able to predators by concentrating the essentials in their tissues as they feed and
grow. But it is the consumed caterpillars that mediate the transfer of untold amounts
of energy and nutrients from plants to carnivores. Many species of predators and
parasitoids, termed secondary consumers, attack and eat caterpillars. The popula-
tions of these natural enemies depend on an abundance of caterpillars. Caterpillars
are therefore at the center of food webs in terrestrial ecosystems, powering their
life-supporting properties around the world.

S. Koptur (P<)

Department of Biological Sciences, International Center for Tropical Botany,
Florida International University, Miami, FL, USA

e-mail: kopturs @fiu.edu

R.J. Marquis
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Evolution rewards the caterpillars that survive to become adult moths and but-
terflies and ultimately reproduce. Accordingly, caterpillars have evolved many fas-
cinating behavioral and physiological traits to feed on plants despite the fluctuating
availability of host plant material and the many defenses (chemical, physical, nutri-
tional, phenological, and biotic) that plants have evolved in response to their herbi-
vores. This coevolution between caterpillars and plants has been going on for
millions of years. The diverse traits of plants are the bottom-up forces affecting
caterpillar populations. At the same time, caterpillars have evolved myriad defenses
in response to predation pressure from their many natural enemies, top-down forces
that control caterpillar populations. Sandwiched as they are between the bottom-up
and top-down forces that affect their survival, caterpillars have collectively evolved
a staggering diversity of traits. Their lifestyle is a compromise wrought by the selec-
tive forces represented by the first and third trophic levels. The wide diversity in
caterpillar form and behavior, which contributes in great part to their attraction for
study, is the result of these evolutionary forces. This diversity is showcased in the
150,000 species of Lepidoptera known to science, with more still to be described.
We are only beginning to catalogue this diversity, let alone understand the evolu-
tionary forces driving the diversification of caterpillars. Within the pages of this
volume, the reader will find our collective current understanding of caterpillars as
components of food webs.

In this introduction we consider the discovery of connections between caterpil-
lars and adult forms, the documentation of their natural history, the study of their
development and physiology, and the significance of holometaboly. We will briefly
recount and pay homage to the large body of work that laid the foundation for our
understanding of the ecology and evolution of plant/insect/natural enemy interac-
tions that have given rise to the contributions in this collection, Caterpillars in the
Middle. In inviting the group of researchers represented in the pages of this book,
we have sought to include insights from various levels of study, with the intention
of providing a well-rounded look at advances in caterpillar biology, ecology, and
evolution. Biologists may study organisms at any position of the food chain/web
and often deal with the effects of one level on another; some even put all levels
together and consider the effects of abiotic factors on their organisms of interest. In
the chapters of this volume, you will find all these approaches, and we intend that
this work will serve to inspire more research on caterpillars in all directions.

Who first recognized that caterpillars are immature stages of butterflies and
moths? It is likely that early humans first noticed the beauty of flying adults, watch-
ing their movements with awe as the Lepidoptera visited flowers and landed on
vegetation, some with their colors as beautiful and bright as flowers, others flying
only at night and drawn to fire and lights as were the people who made those things.
And while some ate caterpillars as an important source of protein (e.g., mopane
worm, the larva of the emperor moth Imbrasia belina) (Baiyegunhi et al. 2016;
Stack et al. 2003), did they connect the two life stages as parts of a single organism?

This realization may have taken place before written history, but the earliest
recorded considerations of the phenomenon appear in the (384-322 BCE) writings
of Aristotle (1942 translation; Ryan 2011). He described the caterpillar as a



Introduction — Caterpillars as Focal Study Organisms 5

continuation of embryonic life, “a soft egg” that preceded the ultimate goal of adult
butterfly. Aristotle was mistaken, however, that metamorphosis transpired despite
lack of fertilization, seeing it as a process involved in the spontaneous generation of
life (Reynolds 2019). He proposed that the eggs of holometabolous insects hatched
“before their time,” thus necessitating the extra stages of development outside the
egg that preceded the perfect adult organism. Aristotle saw sperm as the agent that
transformed the egg to another state, just as heat can cook an egg or curdle milk.
These changes were necessary for the organism to achieve its “perfect” form, mean-
ing the stage that could be used to determine its species or identity, the adult form.
In the seventeenth century, scientists pursued their endeavors in the light of
Aristotle’s influence, and though his ideas have fallen out of favor in current under-
standing of the phenomena of fertilization and development, it is useful to consider
the precedent to today’s knowledge (Reynolds 2019).

We can find insight into the natural history of Lepidoptera in some of the artwork
of early observers of nature. Maria Sibylla Merian’s detailed illustrations of
European insects and plants (Fig. 1) provided some of the earliest documentation of
the life cycles of numerous Lepidoptera. In the seventeenth century, when women
were not formally trained or educated and unusual interests led to suspicion and
even accusations of witchcraft, this young German girl loved to draw insects
(Sidman 2018). Merian, a craftsperson and the daughter of a tradesman (Todd
2007), lived from 1647 to 1717 and described and depicted what she observed
around her, the first important step of scientific endeavor. She has been called one of

Fig. 1 Realistic depiction of moth life history including hostplant juxtaposed with high quality
digital photographs of the twenty-first century. Left image — Maria Sibylla Merian’s hawkmoth on
morning glory — note all life history stages, even the shape of the frass produced by the large cat-
erpillar. Upper right — Agrius convolvuli (L.) female dorsal view, photo by Didier Descouens (CC
BY-SA 4.0); Lower right — Agrius convolvuli korseby caterpillar, photo by Kristian Peters (GNU
Free Document License)
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the first ecologists (Etheridge 2011), as unlike other artists of that time, she sought
to show in her work the plants with which the insects were associated, putting the
subjects in the context of their natural world. Using direct observation both in the
wild and rearing insects in her home, focusing on the interactions between plants
and animals, her work was foundational for modern-day ecology, the field of many
authors in this book. In her quest to describe in her art the metamorphosis of but-
terflies and moths (as well as other animals), she raised many species from eggs and
larvae, carefully recording all the stages of their life cycles. While people had long
recognized that silk moths produced eggs that hatched into caterpillars that eventu-
ally made silken cocoons from which silk thread were obtained, not many had won-
dered about the origins of other beautiful moths and butterflies of all colors, sizes,
and shapes. In her lifetime she illuminated the life cycles of European Lepidoptera
and other insects in two major works of several volumes each (Neues Blumenbuch,
New Book of Flowers, Merian 1675-1680; and Der Raupen wunderbare
Verwandelung, und sonderbare Blumen-nahrung, The Wondrous Transformation of
Caterpillars and Their Particular Nourishment from Flowers, Merian 1679, 1683,
and 1718). Before Darwin, Humboldt, and Audubon, Merian traveled at the turn of
the eighteenth century (1699) with her daughter on a voyage of discovery to Surinam
to see and learn about neotropical Lepidoptera, after which she wrote Metamorphosis
insectorum Surinamensium, The metamorphosis of the insects of Surinam, 1705,
Amsterdam: G. Valck. Her work inspired many subsequent naturalists and artists,
including Mark Catesby who pioneered depicting birds in their natural settings
(Etheridge and Pieters 2015), the “Colonial Audubon” (Frick and Stearns 1961).

Scientific investigation continued with observation and illustration to investiga-
tions of physiology and development. In the mid-twentieth century, Wigglesworth
(1934) discovered that hormones control transformation from larva to pupa to adult.
Through his continued work (Wigglesworth 1954) and that of many others, we now
know that transformation in all insects is regulated by the interplay of two hor-
mones: ecdysone and juvenile hormone (Rolff et al. 2019). Some insects are hemi-
metabolous, developing through larval stages very similar in morphology to adults
(e.g., Orthoptera) only lacking wings; others are holometabolous, with larvae of
entirely different morphology than the adults (e.g., Diptera, Hymenoptera, and
Lepidoptera). Why do these extreme changes in form exist within the life history of
a single organism? Darwin postulated, in The Origin of the Species by Means of
Natural Selection (1866), that the significance of holometaboly was that the differ-
ent stages of development had different lifestyles and occupied different ecological
niches; this idea was reiterated by Williams (1952) and reviewed by Wilbur (1980).
Perhaps the most satisfying explanation is that complete metamorphosis is an adap-
tation permitting the decoupling of growth and differentiation (Rolff et al. 2019).
This can be advantageous when food is sporadically available. Rapid growth is
advantageous as the larva is a vulnerable stage, reducing the period of time it may
be killed by predators, pathogens, and parasitoids. Plants can thwart herbivorous
larvae through a variety of defenses: biotic, chemical, mechanical, and phenologi-
cal. It is this position of caterpillars in the middle of the top-down and bottom-up
forces that provides the content of this volume.
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Many young ecologists of a generation ago were inspired by the influential vol-
ume Coevolution of Animals and Plants (Gilbert and Raven 1975) and by other
volumes in which experts on different topics contributed chapters (Chapman and
Bernays 1978; Futuyma and Slatkin 1983; Price et al. 1991). There have been many
important books published in the last few decades about multitrophic interactions,
many with a focus on arthropod/plant interactions. Insects on Plants (Strong et al.
1984) brought these interactions into more prominence in community ecology, and
Herbivory (Crawley 1983) examined animal effects on plants at many levels.
Trophic Cascades (Terborgh and Estes 2010) emphasized tri-trophic interactions
involving vertebrate herbivores and vertebrate predators. An edited volume (Barbosa
and Letourneau 1988) focused on mediation of complex interactions by plant allelo-
chemicals, including their effects on higher trophic levels, while Rosenthal and
Berenbaum (1991) focused on the effects of plant chemicals on herbivores. The
multi-volume series published by CRC press, Insect-Plant Interactions (1979—1984),
was made up of five volumes of contributed chapters, edited by Elizabeth Bernays.
Two other edited volumes brought together the work of scientists examining plant-
insect-enemy interactions, including Multitrophic Interactions in Terrestrial
Systems (Gange and Brown 1997) and Herbivores: Between Plants and Predators
(OIff et al. 1999). A volume entitled Multitrophic Level Interactions (Tscharntke
and Hawkins 2002) included bottom-up and top-down effects in both above-ground
and below-ground food webs. Some scholarly works have focused more on the first
trophic level, plants (Fritz and Simms 1992); some on the second trophic level,
herbivores (Tilmon 2008); and others on the third trophic level, predators and para-
sitoids (Hajek 2004; Hawkins 1994; Rico-Gray and Oliveira 2007; Wackers et al.
2005). Still more were overviews of numerous kinds of interactions and how they
have coevolved (Abrahamson 1989; Thompson 1982, 1994, 1997, 2005; Jolivet
1998; Schoonhoven et al. 2005; Herrera and Pellmyr 2002), some with a particular
focus on global change (Kareiva et al. 1993; Post 2013; Tylianakis et al. 2008).

While caterpillars as herbivores were included in most of the abovementioned
works and other books have focused on either identification (e.g., Wagner 2005) or
the biology of particular groups (Tuskes et al. 1996; Tuttle 2007; Conner 2009), it
was nearly 30 years ago when the first and only book on the ecology and evolution
of caterpillars was published. That volume, edited by Nancy Stamp and Tim Casey
(1993), became a treasured classic, bringing together the perspectives of a diverse
and international group of researchers. Although the title suggested the focus was
only caterpillar foraging ecology, its coverage included effects of abiotic and biotic
forces on caterpillars, examination of interesting lifestyles, and how caterpillar
feeding and associations varied in space and time. It is time for a new look at the
ecological and evolutionary forces that affect larval Lepidoptera and to consider the
effects of a changing planet on their continued existence. We are fortunate to have
some contributors to the earlier caterpillar book (Stamp and Casey 1993) authoring
chapters in this book. We have invited contributions from scientists whose interests
and expertise range widely, from simple natural history to experiments and analyses
that provide some insights that were not possible at an earlier time.
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The idea for this book came from organizing a symposium for the Entomological
Society of America meetings held in St. Louis in the Fall of 2019, and most of the
participants in that symposium have contributed to this book. We were glad that
other renowned scientists also agreed to contribute to this new compendium of
research on caterpillars, their hostplants, and natural enemies, reflecting a variety of
approaches and expertise. As this work is written in the early part of the twenty-first
century, a time when we are well aware that human activity on the earth has changed
the climate of our home planet, we attempted to include consideration of these
forces in every contribution. We now present this book entitled Caterpillars in the
Middle: Tritrophic Interactions in a Changing World, hoping it has something for
everyone and may serve to inspire future research on and appreciation of
caterpillars.

Acknowledgements We thank many of the contributors to this volume for their constructive
comments on this introduction.
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Introduction

Whether measured in terms of species richness, abundance, or biomass, Lepidoptera
are among the most successful lineages on this planet. More than 157,000 species
of Lepidoptera have been described (van Nieukerken 2011; Mitter et al. 2017). The
great majority of Lepidoptera are found in tropical forests, especially those of South
America (Wardhaugh 2014). One 65-km elevational transect on the eastern slope of
the Peruvian Andes has already yielded over 2500 butterfly species (Lamas Miiller
2017; Lamas et al. 2021), which equates to 14% of the described global butterfly
fauna. In well-studied faunas of the Northern Hemisphere, butterflies often com-
prise about 6% of the total lepidopteran species diversity. Assuming that ratio holds
for Peru, the same transect should yield some 39,000 species of moths—approxi-
mately twice the number found in North America north of Mexico (Hodges et al.
1983; Pohl et al. 2016). Given the extraordinary richness of tropical insect faunas, it
is our guess that global species richness for butterflies and moths will approach or
exceed 350,000 species. Gaston (1991) and Kristensen et al. (2007) offered esti-
mates as high as 500,000 species.

Caterpillars account for much of the above-ground insect biomass in many eco-
systems: grasslands, deserts, chaparral associations, scrublands, savannas, and
especially forest communities. In addition to their critical roles in natural systems,
the order includes many of the most important defoliators of forests, cereals, and
field crops. In some ecosystems caterpillars may transfer more energy from plants
to other animals than all other herbivores combined (Janzen 1988). They are integral
elements in terrestrial food webs; many lineages of birds are reliant on caterpillars,
timing their nesting activities to the weeks of larval abundance, with both clutch size
and fledging success tied to caterpillar availability (e.g., Lack 1950; Wesotowski
and Rowinski 2014; Gladalski et al. 2015; Laney et al. 2015; Smith and Smith 2019,
Fig. 1a). Many lizards and snakes are caterpillar hunters (Fig. 1b). Caterpillar- and

Fig.1 Ecosystem function: caterpillars are a staple food of many terrestrial vertebrates: (a) white-
eyed vireo (Vireo griseus), feeding a notodontid caterpillar to nestling and (b) broad-banded cop-
perhead (Agkistrodon laticinctus) feeding on larva of white-lined sphinx (Hyles lineata)
(Sphingidae), the most commonly identified prey from the gut of this diminutive viper endemic to
west Texas. (Images (a) courtesy of Doug Tallamy; (b) courtesy of Gerry Salmon)
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pupa-feeding mammals include mice, shrews, raccoons, skunks, foxes, and many
human cultures. The early stages of Lepidoptera serve as the resource base for a
multitude of insect parasitoids (Krombein et al. 1979) (see also Stireman and Shaw,
Chapter “Natural History, Ecology, and Human Impacts on Caterpillar Parasitoids”,
this volume) and invertebrate predators (see below).

Caterpillars also play important roles in decomposition and nutrient cycling.
They do so most obviously by consuming living plant tissues, defecating, and pro-
ducing greenfall (Risley and Crossley 1988). Seasonal tropical forests can rain frass
at the beginning of the wet season. Even unconsumed plant tissue can be shaped by
caterpillars; in response to nearby feeding (Smith 1983; Kant et al. 2015; Chen and
Mao 2020) or presence of frass (Ray et al. 2016), plants alter their leaf chemistry to
deter further damage, with subsequent effects on leaf decomposition rates (Frost
and Hunter 2007). Also important are those species that specialize on fallen leaves,
wood, and other organic matter (Scoble 1992; Wagner 2013). Herminiine noctuids,
for example, which commonly feed on senescent forest floor plant tissues, are espe-
cially diverse and numerically abundant in temperate oak woodlands (Hohn and
Wagner 2000). Other caterpillars, especially erebids, tineids, and even members of
one tribe of hairstreak butterflies, consume the decomposers themselves, feeding on
mycelia and fruiting bodies of fungi (Powell 1980; Rawlins 1984; Nishida and
Robbins 2020, and text below).

This chapter is a primer on caterpillars, intended to introduce those interested in
caterpillar ecology to their life cycle, basic morphology, and natural history. Along
the way, an effort is made to suggest aspects of caterpillar biology that are especially
interesting, identify data gaps, introduce new phenomena, touch on emergent
research frontiers, and share our passion for these creatures. Given the audience of
this volume, our treatment is focused on the lineages that are easily studied by
ecologists: macrolepidopterans, larger externally feeding microlepidoptera,
leafminers, and gall makers; we deemphasize lineages and guilds comprised of
shelter-forming and internal feeders, subterranean taxa, and microlepidopterans
(but see Marquis et al., Chapter “The Impact of Construct Building by Caterpillars
on Arthropod Colonists in a World of Climate Change”, this volume), either because
they are rarely encountered or present significant sampling and/or identification
challenges. A shortcoming of this effort is its anchoring to temperate North American
experiences and taxa, but we endeavored to be mindful of this bias. New life history
observations, shared at various points in the chapter, are listed in Table 1 at the end
of this chapter.

Basic Anatomy

Caterpillars are soft-bodied organisms, analogous to water balloons with internal
sclerotized rods (apodemes) and plates (phragmata), external sclerotized plates
(sclerites), and appendages that lend strength and promote specialized functions.
They are distensible feeding machines whose muscles and hydrostatic skeleton (Lin
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and Trimmer 2010) allow them to minimally invest in their integument, grow rap-
idly, and still enjoy considerable mobility. Below we review morphological fea-
tures, emphasizing those of ecological importance, especially those affecting their
relationships with other species.

External Anatomy Caterpillars have a sclerotized head, ancestrally with six lat-
eral image-forming eyes (stemmata) of limited acuity, short antennae, 3 pairs of
feeding appendages (mandibles, maxilla, and labium), and a trunk composed of 13
serially homologous segments: 3 thoracic segments and 10 discernable abdominal
segments (Figs. 2a and 3). The three pairs of thoracic legs, each bearing an apical
claw, are homologous to those of the adult (Fig. 4b). Abdominal segments 3—6 and
10 often have fleshy, crochet-bearing prolegs (Fig. 4a), although many variations on
this proleg complement are scattered across the order: e.g., geometrids are often
missing the first three pairs of prolegs, and basal noctuid subfamilies (semi-loopers)
the first two pairs (Wagner 2005). Below we refer to thoracic segments as T1-T3
and abdominal segments A1-A10 such that A2 would stand for the second abdomi-
nal segment.

prothoracic
shield

. | anal pIat

anal proleg a

labial
palpus,

. /
spmneret 3 ;
( | b c

zea virescens virescens

hypopharyngeal complex

Fig. 2 External caterpillar anatomy: (a) habitus; (b) hypopharyngeal complex (spination patterns
over upper surface often will separate closely related species); (¢) right mandible of Helicoverpa
zea (corn earworm) and Chloridea virescens (=Heliothis virescens) (cotton bollworm) (both
Noctuidae). These two major crop pests are surprisingly difficult to differentiate from photographs,
yet their mandibles immediately separate the two. Abdominal (A) and thoracic (T) segments; T2 =
second thoracic segment. (Line art by Virginia R. Wagner (from Wagner et al. 2011); reproduced
with permission from Princeton University Press)
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Fig. 3 Scanning electron micrographs of caterpillar external anatomy: (a) lateral view of head of
Spodoptera androgea (Noctuidae); (b) frontal view of Brenthia sp. (Choreutidae); (¢) frontal view
of mouthparts of Spodoptera androgea; and (d) dorsal view of hypopharyngeal complex of
Spodoptera androgea. Adenosma (AD), antenna (AN), clypeus (CL), hypopharynx (HP), labial
palp (LP), labrum (LA), mandible (MD), maxillary palp (MP), maxilla (MX), spinneret (SPN),
and stemmata (STE). The length, structure, and arrangement of setae on the upper side of the
hypopharynx are often diagnostic for a given caterpillar species. (Image (b) courtesy of
Jadranka Rota)

Color and patterning characters will allow the identification of many of exter-
nally feeding caterpillars in areas with modest species richness (Wagner 2005;
Wagner et al. 2011). More detailed study of microscopic features and/or dissection
may be necessary for others, especially for large genera, those that feed internally,
or lineages in which coloration can be highly variable within a species. Chaetotaxy
(the size and placement of the primary setae) can be used to distinguish closely
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Fig. 4 Scanning electron micrographs of caterpillar external anatomy: (a) crochet series of
Hypercompe scribonia (Erebidae: Arctiinae); (b) prothoracic legs of Hyblaea (Hyblaeidae), (c)
spiracle of Spodoptera androgea (Noctuidae); and (d) posterior view of Paralobesia viteana
(Tortricidae) abdomen. Anal comb (AC), anal proleg (AP), crochets (CR), peritreme (P), and spir-
acle (SPR). (Images (b) and (d) courtesy of Marc Epstein)

related species; in some, the length of setae relative to the closest spiracle can be
used to differentiate congeners. The number and relative proportions of the teeth
(incisors) and other mandibular details are sometimes used to distinguish caterpil-
lars, e.g., those of Helicoverpa zea from the confusingly similar Chloridea
(=Heliothis) virescens (both Noctuidae) (Fig. 2¢), many plusiine loopers (Noctuidae),
and others. The spination of the dorsal surface of the hypopharynx (Figs. 2b and
3b-d) will vary across sets of closely related species.
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Sensilla (specialized setae) provide essential sensory information for caterpil-
lars. Pre-oral and oral chemoreception, relevant to food consumption, are facilitated
by chemosensilla located on the antenna, mandible, maxilla, labium, labrum, and
epipharyngeal complex (Song et al. 2014; Men and Wu 2016). A taste sensillum
typically has three to four individual taste cells, each of which responds most
strongly to a single compound (Glendinning et al. 2000, 2001). These sensory setae
allow caterpillars to differentiate among a sweep of plant compounds (Glendinning
et al. 2002) that modulate feeding responses. For instance, myo-inositol (a sugar
alcohol common in plants) incites feeding in Manduca sexta. Pyrrolizidine alka-
loids act as feeding stimulants for both Estigmene acrea and Grammia incorrupta
(both Erebidae: Arctiinae) (Bernays et al. 2002). In addition to food recognition, the
sensilla of caterpillars function in mechanoreception, thermoreception, and hygro-
reception (Scoble 1992; Men and Wu 2016).

Caterpillars respond to both air- and substrate-borne vibrations (sounds).
Specialized socketed thoracic setae play integral roles in sound detection, with
many species responding to high frequencies, such as those produced by the wings
of flying insects. Presumably a primary role is the detection of predatory wasps,
as well as both dipteran and hymenopteran parasitoids (Tautz and Markel 1978;
Taylor and Yak 2019). Such frequencies can trigger immediate stasis or a defense
response, and even both reactions in the same individual, depending on the con-
text and duration. Swallowtail caterpillars will sometimes evert the osmeterium,
when spoken (or sung) to or at the sound of a clap (DLW and Sam Jaffe, unpubl.
observations).

Internal Anatomy Insects have many of the same organ systems present in verte-
brate animals, but given that the caterpillar is principally a feeding and growth
stage, we emphasize the digestive system here and only briefly touch on silk glands
and a few other systems. A caterpillar is essentially a walking digestive system,
with a gut that volumetrically greatly exceeds that of all other systems combined.
The remainder of a caterpillar’s body (by decreasing volume) is given to fat bodies,
Malpighian tubules, silk glands, and other organ systems common to animals
(Fitzgerald 1995).

Insect digestive tracts are divided into three parts: the foregut, midgut, and hind-
gut (Figs. 5 and 6). The first and last of these are ectodermal in origin and consist of
a lined cuticle that is shed at each molt. Caterpillars possess an enormous but sur-
prisingly simple digestive tract: a comparatively short, unconvoluted tube, with an
extended midgut adapted for rapid digestion of plant tissues (Dow 1986). The mouth
is delimited anteriorly by a medially grooved labrum, laterally by the mandibles and
maxillae, and posteriorly by the labium (Fig. 3b); the hypopharyngeal complex
(Figs. 2b and 3b—d), principally derived from the labium, projects into the buccal
cavity and acts as a tongue, moving food into the foregut and aiding in chemorecep-
tion (Traxler 1977).
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Fig. 5 Internal anatomy of Pieris brassicae (late last instar). (Original art by Paul Pfurtscheller
circa 1908; this augmented reproduction used with permission from The Caterpillar Lab)

The esophagus is short and abruptly enlarges to a crop that serves for both food
storage and defense (when emptied to discourage a would-be enemy) (Wang et al.
2018; Peterson et al. 1987). Exceptionally the foregut may have diverticula for the
storage of defensive compounds, e.g., see Common and Bellas (1977). During a
feeding bout, the crop can become greatly enlarged, pushing the midgut rearward,
such that it occupies much of the anterior lumen (Fitzgerald 1995). Caterpillars that
we have examined lack a muscularized and armored proventriculus as is found in
grasshoppers, although in at least some caterpillars, there are small spines, plates, or
denticles about the valve (not visible in figures) that separates the fore- and midgut,
which contribute to mechanical digestion. Internally, the proventricular valve serves
as the end of the foregut and controls entry of ingested material into the midgut,
where most digestion and nutrient assimilation takes place (Fig. 6). As food is
ingested and passed into the midgut, the foregut contracts, regaining its pre-meal
dimensions in tent caterpillars (Lasiocampidae) (Fitzgerald 1995). External indica-
tions of the junction between the foregut and midgut of lepidopterans can be mod-
est, in contrast to the guts of other insects.

The alkaline caterpillar midgut is lined with a chitinous sheath called the peri-
trophic membrane that acts as a protective, semi-permeable envelope around food
boli (Peters 1992). The midgut serves as the primary site of chemical digestion, via
an array of amylases, glycosidases, lipases, and proteases that pass through the
membrane, although some enzymes remain embedded in the peritrophic membrane
(Ferreira et al. 1994). The midgut has a characteristically high pH, typically falling
between 9 and 11 (Ferreira et al. 1994; McMillan and Adamo 2020) with high titers
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Fig. 6 Internal anatomy of caterpillars. (a) Monarch (Danaus plexippus) (Nymphalidae) lateral
view from Scudder (1889). Note the volume occupied by the gut—a caterpillar is little more than
a feeding machine. Unlike many insects, the foregut and midgut juncture is not externally differ-
entiated in many Lepidoptera, and why we add the * to indicate that our demarcation is only an
approximation. (b) Beet armyworm (Spodoptera exigua) dorsal view. The crop here is the yellow
portion, filled with bubbles, which curiously appear to contain additional smaller bubbles. A (sto-
madeal) valve separates the foregut (crop) from the green midgut—the green being recently
ingested leaf tissue

of phospholipases, which enhance digestion while discouraging the survival of bac-
teria and other microorganisms. Goblet cells, rich in mitochondria, line the midgut,
serve in the uptake of salts and amino acids, and maintain the high alkalinity of the
midgut (Levy et al. 2004). The large vacuoles of the goblet cells may also serve as
storage areas for compounds that will be excreted.

The short hindgut consists of the pylorus, ileum, colon, and rectum and is the
primary area for absorption of water and salt (Levy et al. 2004). Six Malpighian
tubules originate near the junction of the midgut and hindgut; these extend anteri-
orly around the midgut, then switchback, and run to the posterior end of the caterpil-
lar, where they form a structure known as the cryptonephridium around the rectal
tissues. The Malpighian tubules are essentially the caterpillar’s kidneys, regulating
salt and water balance (Levy et al. 2004; Kolosov and O’Donnell 2019).
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Powerful rectal muscles shape feculae or frass prior to release (Levy et al. 2009;
Ramsay 1976). Both the size and shape of the feculae are diagnostic and conse-
quently can be used to identify the caterpillars that produced a given pellet, at least
to family but sometimes even to species (Haylett 2000). As such, feculae have the
potential to be used in caterpillar monitoring and other ecological investigations
(e.g., see Bernays and Janzen 1988). Because they contain volatiles, frass pellets
are used by many predators and parasitoids to locate feeding caterpillars (Weiss
2003, 2006; Moraes et al. 2012, and discussion below). Even plants may respond
to the presence of caterpillar frass e.g. by elevating inducible defenses (Ray
et al. 2015).

The fat body appears as an amorphous, white, unconsolidated, mesodermal
organ that functions in intermediary metabolism, fat storage and energy regulation,
endocrine control, protein and pigment synthesis, detoxification, and still other
roles (Hoshizaki 2012). Its cells (adipocytes) are loosely organized into trachea-rich
sheets and nodules, linked by connective tissue, that are most conspicuous in the
abdomen especially in proximity to portions of the gut (Figs. 5 and 6b).

Vegliante and Hasenfuss (2012) identify 21 lepidopteran exocrine glands and
associated structures. We only introduce readers to about a third of these, with our
treatment emphasizing those that are taxonomically widespread, large in size, or
known to play significant roles in the ecology of caterpillars. Most caterpillars have
both a mandibular and labial salivary gland. The thin mandibular gland, which may
extend back into the thorax or more rarely into the abdomen, produces salivary
fluids that are secreted from the base of the mandible. The secretion may contain
proteins, lipids, sterols, and triglycerides (Felton 2008); the specific constituents,
proportions, and functions of the gland appear to vary across taxa and are in need
of more study. That of Vanessa gonerilla (Nymphalidae) contains digestive
enzymes such as amylase lysozyme, a-amylase, as well as sericotropin, which is
thought to play roles in defense and immunity (Celorio-Mancera et al. 2012). The
13-carbon alcohol mandibular gland secretions of Cossus cossus (Cossidae) appear
to serve in defense (Eaton 1988). The labial salivary gland in most Lepidoptera is
modified to produce silk. Much of our understanding of silk structure and function
is anchored to the Oriental silk moth (Bombyx mori) (Bombycidae). In addition to
silk, the labial gland may secrete enzymes—e.g., lysozyme, ascorbate peroxidase,
and glucose oxidase—that serve in digestion, immunity, and the inhibition of
induced defenses of their host plants (Celorio-Mancera et al. 2012). Glucose oxi-
dase, in particular, appears to function principally in shutting down inducible host
plant defenses (Musser et al. 2002). A cervical gland (adenosma) that opens
through a medial pore on the venter of the prothorax and serves principally in
defense, is present in many Hesperiidae, Noctuoidea, Notodontidae, Nymphalidae,
Papilionoidea, Riodinidae, and Yponomeutidae (Vegliante and Hasenfuss 2012,
and below).

Trail pheromones typically released from either the labial gland or the terminal
abdominal segments are often co-mingled with silk deposition (Crump et al. 1987,
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Vegliante and Hasenfuss 2012). They occur in Pieridae, processionary caterpillars
(Notodontidae: Thaumetopoeinae), tent caterpillars (Lasiocampidae), and some
Saturniidae (Vegliante and Hasenfuss 2012). We suspect that analogous trail sig-
nals are used by some solitary caterpillars that leave their feeding sites by day to
shelter on bark, at the base of the host, or in soil or litter. These might be especially
important for those species that rest well removed from the host (e.g., Catocala
illecta), presumably to lower their predation risk. Such behaviors and the role of
silk and other chemical markers in retaining site fidelity have received little
attention.

Lycaenid and riodinid butterflies have highly specialized exocrine glands and
organs that release sugary and amino acid secretions that encourage ant attendance
(Malicky 1969, 1970; Fiedler 1991; Vegliante and Hasenfuss 2012), which in turn
protects caterpillars from parasitoids and invertebrate predators as well as the
attending ants (see Pierce and Dankowicz, Chapter “The Natural History of
Caterpillar-Ant Associations”, this volume). Most widespread are pore cupola
cells—scattered across the body—that may secrete a substance that can be attractive
or otherwise mediate caterpillar-ant interactions. A middorsal gland on A7
(Newcomber’s gland), widespread among ant-attended lycaenids, secretes a sugary
solution rich in amino acids that is eagerly fed upon by their retinue. Many lycae-
nids also have paired, eversible, mushroom-shaped, tentacular organs on A8. When
everted, they release an air-borne signal that attracts nearby ants. Aphnaeine lycae-
nids have a series of middorsal dew patches (or dish organs) on A2—AS5 that release
a sugary reward (Vegliante and Hasenfuss 2012). Riodinids have comparable struc-
tures: paired tentacle nectary organs (TNOs) on A8 or a middorsal organ on T3
(metathorax) (ATO), both of which include a nutritive function. To learn more about
the biology of the caterpillars of these butterflies, their exocrine structures, and gal-
axy of myrmecophilous interactions, consult the many works of Philip DeVries and
Naomi Pierce.

Cellular Immune System Pathogens and other foreign entities detected within an
insect’s body are attacked by hemocytes, but arthropods lack the acquired immune
response of vertebrates, i.e., they do not produce target-specific antibodies for dif-
ferent pathogens. Among the most important hemocytes, at least in lepidopterans,
are the phagocytic granulocytes that envelop and destroy microbial parasites as well
as foreign non-biological particles. Larger foreign entities are encapsulated by plas-
mocytes that adhere to the surface of the foreign threat in great number. This
agglomeration triggers a chain reaction of melanin deposition, creating a physical
barrier that prevents gas and nutrient exchange that can suffocate parasitoid eggs
and larvae and other foreign bodies (Smilanich and Muchoney, Chapter “Host Plant
Effects on the Caterpillar Immune Response”, this volume).

Gut and Microbiome Many insects, e.g., aphids, bees, cicadas, termites, and oth-
ers, have a microbiome associated with their digestive systems. Others, including
many lepidopterans, may lack a functional gut microbiome (Hammer et al. 2017,
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2019; Phalnikar et al. 2019). This may be due to their simplified, short digestive
tract (lacking diverticula), the rapidity of food movement through the gut, and the
high alkalinity of the caterpillar digestive tract, which collectively yield an unfavor-
able environment for symbionts (Appel 1994; Hammer et al. 2017). While the
absence of beneficial gut microbes might appear evolutionarily disadvantageous,
the sheer ecological abundance and diversity of caterpillars would seem to argue
otherwise. Regardless, even in the absence of a microbiome, many lepidopterans are
able to quickly process ingested tissues, detoxify myriad secondary plant com-
pounds, and grow rapidly (Hammer et al. 2017; Phalnikar et al. 2019).

Caterpillars do have bacteria in their guts (Buchon et al. 2014); in many leaf
feeders, these derive from the bacteriofauna of their host plants and, as far as is
known, only infrequently contribute appreciably to digestion. Manduca sexta
(Sphingidae) caterpillars treated with antibiotics have growth rates and develop-
ment times comparable to those of untreated controls (Hammer et al. 2017). Many
negative effects of ingested bacterial pathogens have been well documented
(McMillan and Adamo 2020).

A novel exception to the above occurs in two pyralids that feed in honey bee
nests: Galleria mellonella and Achroia grisella. With the help of gut symbionts, the
caterpillars can digest and grow on polypropylene plastics (and, almost as surpris-
ingly, excrete ethylene glycol antifreeze as an end product of plastic digestion)
(Cressone et al. 2020). Acevedo et al. (2017) found that bacteria in the oral secre-
tions of fall armyworm caterpillars (Spodoptera frugiperda) can trigger upregula-
tion of some induced plant defenses and the down-regulation of others. We are
unaware of instances where gut microbes play a positive role in detoxification of
secondary plant compounds by Lepidoptera (but see Hammer and Bowers 2015).
The degree to which microorganisms might alter a caterpillar’s immune response is
an area of active inquiry.

Ontogeny, Life Cycles, and Diapause

Lepidoptera have four life stages: egg, larva, pupa, and adult, with the larval stage
emphasized in this volume. The number of larval instars varies from three to seem-
ingly indeterminate in some wood feeders (Wagner 1985). While five instars are the
median, both four and seven are common; some have greater numbers. Across most
taxa, there is a fixed number of instars. Females may have an extra instar in some
large-bodied species, e.g., many lymantriines (Erebidae) (Esperk and Tammaru
2006). Some arctiine erebids go through six to teninstars (Dyar 1890). Supernumerary
instars are sometimes added when caterpillars are under nutritional stress (Grunert
et al. 2015).

A caterpillar is a feeding machine whose charge is to eat and not get eaten. Some
will increase their mass 1,000-fold or even 10,000-fold from first to final instar
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(Reavey 1993; Lin et al. 2011). Most absolute growth (and plant consumption and,
by extension, economic impact) occurs during the final instar—approximately 90%
of the increase in mass in Manduca sexta (Sphingidae) occurs in the last (fifth)
instar (Grunert et al. 2015). In contrast to these shifts in overall growth rate, an
apparent constraint across lepidopterans is that strongly sclerotized structures (e.g.
head capsule, mandibles, and prothoracic and anal plates) increase by a rather con-
stant factor of 1.3 to 1.4 at each molt, resulting in geometric growth over the larval
stage (Dyar 1890). While many exceptions are known (e.g. Cole 1980; Albert 1982),
this relatively constant rate of increase has broad applications, e.g. can be used to
infer the instar of shed capsule or a cadaver vanquished by a parasitoid.

Considerable changes in form, ecology, behavior, and associated selective pres-
sures invariably transpire during the larval stage (see reviews by Reavey 1993;
Boege et al. 2019). Morphologically, first instars are typically much differentiated
from those seen across second to final instars. Additional changes, some striking,
may occur across larval molts, a few of which are discussed below (see also Figs. 7
and 8). Rather modest attention has been focused on the ecology of early instars
(Reavey 1993; Zarlucki et al. 2002)—a matter that likely will long remain a frontier
for insect-plant ecologists. By way of example, trichomes on the underside of a host
plant leaf might be readily consumed by a middle or late instar, yet represent an
insurmountable threat to both egg and first instar (Zarlucki et al. 2002; Kaur et al.,
Chapter “Surface Warfare: Plant Structural Defenses Challenge Caterpillar
Feeding”, this volume).

Likewise, sweeping changes occur in a caterpillar’s natural enemy complex over
the course of its development (Reavey 1993; Hawkins et al. 1997; Frankfater et al.
2009; Boege et al. 2019). Many ecologists focus their attentions on late instars as
they are more visible and confidently identifiable. Yet, given a typical invertebrate
survivorship curve (Price 1997, Fig. 13), one might expect a cohort’s numbers to
have been halved 2-3 times before attaining a size likely to be tallied in many eco-
logical studies (Zarlucki et al. 2002).

Important phenotypic and ecological changes can accrue in modest increments
or in saltational steps across instars (Fig. 7), highlighting the mastery of gene regu-
lation and metamorphosis in Lepidoptera. The phenotype, diet, and resting behav-
iors of Stiria (Noctuidae) caterpillars track the phenological changes of their
Asteraceae hosts (Fig. 8). Some Acronicta, Egira, and Lithophane caterpillars (all
Noctuidae) change from a green leaf-resting penultimate to a dark last instar that
rests on bark—so different in phenotype and microhabitat that the two forms may
be unrecognizable as a single species. In many swallowtails the early instars are
bird-dropping mimics that rest on upper leaf surfaces by day, but after a single molt
change into a strikingly different morph with new behavioral repertoires: Papilio
troilus becomes a green shelter-former with false eyes, while P. cresphontes molts
to a twig-resting viper imposter (Wagner 2005).

Dramatic morphological transitions occur in hypermetamorphic taxa, i.e., those
with two or more distinct larval forms. The developmental changes in leafmining
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Fig. 7 Ontogenetic, phenotypic, and behavioral changes across instars of Arsenura batesii
(Saturniidae): (a) first instar, (b) third instar, and (c) last instar. Last instars rest on tree trunks.
Images courtesy of Annette Aiello

Fig. 8 Ontogenetic, phenotypic, and behavioral changes across instars of Stiria intermixta
(Noctuidae): (a) early instar, (b) penultimate instar, and (c) last instar. Early instar Stiria often have
dark transverse bars that mimic the dark pollen-producing florets surrounding the disk flowers; in
the right pane, the caterpillar has a more warted form, more complex pattern, and rests tightly
curled in the cavity created while feeding on the disk flowers

Gracillariidae are especially noteworthy in this regard. The first two to three instars
are prognathous (forward-directed jaws), silkless, legless, liquid feeders with
reduced eyes (Needham et al. 1928; Wagner et al. 2000). The larvae at this stage
tunnel through epidermal and parenchymatous plant tissues. By contrast, the later
instars are often quite ordinary, being hypognathous (downward-directed jaws), and
are silk-producing, with relatively unmodified thoracic and abdominal prolegs and



On Being a Caterpillar: Structure, Function, Ecology, and Behavior 25

normal eyes; these are feeding on whole cells (Needham et al. 1928). A functioning
spinneret makes the differences possible: silk deposition within the mine allows the
caterpillar to draw the mine into a bubble—a three-dimensional environment—with
the two leaf surfaces well separated. Other Lepidoptera with hypermetamorphic
development include a few gall formers (e.g., Bucculatricidae) (Needham 1948),
some opostegids (Davis and Stonis 2007), and ectoparasitoids (e.g., Cyclotornidae
and Epipyropidae) (Epstein et al. 1998). Non-feeding instars are rare, generally
occurring in the first or last instars. The former occurs in “nettle group” limacodids
(Zaspel et al. 2016); the latter is found in some gracillariids: e.g., Cameraria and
Marmara have two non-feeding prepupal instars (Needham et al. 1928; Wagner
et al. 2000).

Transitions in phenotype and behavior can occur within an instar, most com-
monly through the course of the final instar. Adelpha serpa (Nymphalidae), which
normally is cryptically patterned, turns golden yellow the day before hanging for
pupation (Aiello 1984). Acronictine noctuids that tunnel into bark or soft wood to
pupate sometimes have a prepupal phenotype that is more cryptic on bark and thus
helps the caterpillar to remain less apparent over the hours it takes to excavate its
pupal crypt (Wagner et al. 2011). A dramatic example is Polygrammate hebraeicum
(Noctuidae) and kin: larvae change from a green leaf-feeding form to a waxy-blue
and black-dotted bark-tunneling form and then again into a red prepupa, all within
the confines of a single instar (Wagner et al. 2006, Fig. 9). Virtually all caterpillars
change as prepupae: the body contracts and thickens, patterning often dulls or is
lost, and the integument frequently becomes shiny. Many lineages take on a rose
flush or, in the extreme, become red (as in Polygrammate) (Fig. 9c). A famous
example would be that of Comadia redtenbacheri (Cossidae), the gusano rojo,
swirling at the bottom of many mescal bottles. We are unsure as to why the worms
in bottles tend toward tan or brown—either their bright red coloration is lost in
alcohol or they are collected and added before becoming prepupal—yet another
case we are looking to crack. We have not seen literature explaining the basis of this
transition. Our guess is that the phenomenon is quite taxonomically widespread but
that it routinely happens inside the pupal crypt or cocoon, where it goes unnoticed
(and exempt from appreciable selective pressure). To what degree this color change
is linked to the bright red transition that happens in Galleria mellonella (Pyralidae)
larvae (Fenton et al. 2011), when infected by the nematode Heterorhabditis bacte-
riophora, also remains unstudied.

The transitions described above are pre-programmed, i.e., the changes are part of
every individual’s development; but caterpillars also provide heralded instances of
phenotypic plasticity, taking on different shapes and coloration in response to envi-
ronmental stimuli. Common stimuli documented to trigger dramatic phenotypic
changes in caterpillar morphology (and behavior) include light environment, crowd-
ing, diet, and temperature (Akino et al. 2004; Noor et al. 2008). That many caterpil-
lars are given to phenotypic plasticity is well known. Poulton (1892) published
papers on the phenomenon in the late nineteenth century, after observing that geo-
metrid caterpillar phenotypes varied when reared in boxes lined with paper of dif-
ferent colors. Some ennomine geometrids are green when reared in green
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Fig. 9 Phenotypic and behavioral changes sometimes occur within a single instar. Polygrammate
hebraeicum (Noctuidae): (a) feeding last instar; (b) wood-boring prepupa excavating a chamber in
which the winter will be passed; and (¢) bright pink prepupal morph that normally occurs inside
the pupal chamber, but this caterpillar was photographed while it was still on its search for pulpy
wood of appropriate hardness for tunneling, long past the time it would normally have
entombed itself

environments and brown when reared in environments dominated by earth tones
(Noor et al. 2008). In larvae of the pepper moth (Biston betularia) (Geometridae),
detection of the visual environment and subsequent color change are mediated by
dermal receptors along the larval body—even with its eyes covered, the caterpillar’s
body can detect its light environment; across molts Biston caterpillars can change
their color to better background match (Eacock et al. 2019). Perhaps most famously,
the oak-feeding caterpillars Nemoria arizonaria (Geometridae) develop into catkin
(flower) mimics when fed diets low in tannins (e.g., catkins) and twig mimics when
fed older tissues with elevated titers of tannins (e.g., mature leaves) (McFarland
1988; Greene 1989) (Fig. 10).

A dramatic and not yet fully understood color change that happens across mul-
tiple lineages of Lepidoptera is the green-to-black and cryptic-to-“warningly” col-
ored polyphenisms associated with high population densities, analogous to the
transitions that transpire in the migratory locust (Wang and Kang 2014, Fig. 11).
The caterpillars of many defoliators are green or otherwise cryptic at low densities
but become increasingly blackened or “warningly” colored as densities rise and
foliage becomes scarce or deteriorates. The phenomenon has evolved in dozens of
lineages of Lepidoptera—Erebidae, Geometridae (both Ennominae and Larentiinae),
Noctuidae (e.g., Bagisarinae, Noctuinae, and Plusiinae), Nymphalidae, Pieridae,
Saturniidae, and Sphingidae (unpubl. data)—which is argument enough that the
transition is adaptive, yet the raison d’étre for its evolution remains poorly under-
stood. Some suggest the polyphenism is merely an epiphenomenon of an upregu-
lated immune response, due to the elevation of phenolic titers, to combat microbial
and viral diseases (e.g., Lee and Wilson 2006). Surely going from a cryptic to a
prominently non-cryptic phenotype has enormous ecological consequences, which
are as yet unstudied. Moreover, the green-to-black change is sometimes reversible,
again across instars; Wagner et al. (2011) were able to induce the appearance of
black forms in Orthosia alurina (Noctuidae) by rearing larvae in sleeves at high
density but reverse larvae back to green forms in later instars by re-sleeving the
same cohort at lower densities.

Larval development can be as rapid as 2 weeks or drawn out over many years; the
latter is common in polar and alpine regions and among large-bodied wood feeders.
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Fig. 10 Nemoria arizonaria (Geometridae): (a) spring-brood larvae feed on and mimic catkins;
(b) summer- and fall-brood larvae feed on leaves and mimic twigs (McFarland 1988; Greene
1989). Both morphs can be generated from a single cohort if larvae are fed diets with low or high
titers of tannin phenolics (Greene 1989)

Fig. 11 Green-to-black and cryptic-to-“warningly” colored polyphenism. Ennomos subsignarius
(Geometridae) (top row) and Hypocala andremona (Erebidae) (bottom row). (Images (d) and (e)
courtesy of Berry Nall)

The arctic woolly bear, Gynaephora groenlandica (Erebidae: Lymantriinae), takes
7 or more years to mature (Morewood and Ring 1998). In contrast, taxa in deserts
and drylands can have exceeding rapid life cycles, e.g., some Schinia flower moths
(Noctuidae: Heliothinae), which feed on highly nutritious, ripening seeds, will com-
plete their larval development in as little as 13 days (Hardwick 1996). Development
from egg to adult can be as short as 15-16 days in the snout butterfly (Libytheana
carinenta) (Nymphalidae) (Nall 2020); two larger butterflies, Danaus plexippus and
Vanessa cardui (both Nymphalidae), can complete their life cycle in 28 days.

In temperate and seasonal ecosystems, many species are univoltine, with the
availability of suitable food and temperatures constraining the number of genera-
tions. Far more typical, however, and where resources and temperatures permit,
additional generations are produced, with an overlay of facultative broods, i.e.,
where a fraction of a given population emerges and attempts to complete its
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development before conditions become unfavorable (Wagner et al., unpubl. observ.).
Cohort failure is a common outcome for facultative broods. South of areas subjected
to hard freezes, many Lepidoptera remain active year-round, with population pulses
tied to availability of appropriate larval resources. In areas of challenging abiotic
conditions, nearly all are bet hedgers, with facultative broods the norm with some
individuals remaining in diapause.

Diapause occurs in all four life stages and all larval instars, most commonly in
the egg and pupal stage in temperate Lepidoptera; exceptionally more than one
stage may be programmed for diapause, especially in those taxa that take more than
1 year to develop. Many caterpillars diapause as first to third instars or as a pre-pupa
in a protected cell or cocoon. The diapausing instar is nearly always taxon-specific:
e.g., firsts in Malacosoma americanum (Lasiocampidae) and Speyeria
(Nymphalidae); thirds or fourths in Chlosyne and Euphydryas (both Nymphalidae)
and Synchlora (Geometridae); Haploa (Erebidae: Arctiinae) as fifth or sixth instars;
and last instars in Arachnis and Pyrrharctia (Erebidae: Arctiinae) and as a prepupa,
in a protected cell or cocoon, in many Notodontidae, Prodoxidae, many Zygaenoidea,
and others. Diapause induction in Lepidoptera is most commonly triggered by pho-
toperiod (day lengths) and less commonly temperature and host plant quality
(Hunter and McNeil 1997). Across boreal and temperate areas, diapause is typically
terminated by warmer temperatures that signal the return of favorable (growth) con-
ditions. But in deserts, grasslands, and seasonal forests—where precipitation sig-
nals impend availability of new growth—rains also drive activity. Lepidoptera
inhabiting drylands and deserts often have the capacity to remain in diapause for
more than 1 year. Pupae of Anthocharis (orange tip) butterflies (Pieridae) can dia-
pause up to 11 years (Todd 2018). Prepupae of the false yucca moth (Prodoxus)
(Prodoxidae) yielded moths 19 years after their collection (Powell 1989).

Larval Diets

Perhaps 98% of Lepidoptera are plant feeders, with nearly all of these associated
with vascular plants (Strong et al. 1984; Mitter et al. 1988; Pierce 1995; Powell
et al. 1998). Lepidopteran species diversity is largely a reflection of the ecological
and evolutionary successes of gymnosperms and angiosperms, but especially the
latter (Ehrlich and Raven 1964; Wahlberg et al. 2013). To a large measure, the spe-
cies richness on any given plant species is closely tied to the host plant’s geographic
range, architectural complexity, and abundance; other determinants include appar-
ency, the degree of taxonomic isolation, and the plant’s physical and chemical prop-
erties (Lawton 1976, 1978, 1983; Lawton and Schroder 1977; Strong and Levin
1979; Strong et al. 1984). Stated differently, large, ecologically dominant, wide-
spread plants, with many congeners of similar ecological stature, have the richest
lepidopteran faunas. In north temperate areas oaks (Quercus) are unrivaled: more
than 900 species of Lepidoptera feed on oaks in America north of Mexico (Shropshire
and Tallamy, unpubl. data). Quercus, Prunus, Populus, Salix, Pinus, and just ten
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other tree genera are thought to host about 80% of the lepidopteran species diversity
of eastern deciduous forests (Tallamy and Shropshire 2009; Narango et al. 2020).

More than 85% of Lepidoptera are believed to specialize on one or just a set of
closely related species (Jaenike 1990; Forister et al. 2015), i.e., plants in the same
genus or taxonomically proximate genera. The remainder of the phytophagous spe-
cies are either oligophagous or polyphagous, with some of the latter being diet mix-
ers (Singer et al. 2002), feeding on more than one host over the course of the larval
stage or even a single feeding bout. Few specialists are locked to a single host spe-
cies, except in those cases where specialization is forced by the absence of conge-
neric and otherwise related species. Among the most dietarily specialized are those
that feed internally within their host: e.g., leafminers, gallers, and fruit or seed bor-
ers. In arid regions of western North America, caterpillars that feed on ephemeral
tissues, such as new leaves, flowers, fruits, and seeds, that demand phenological
synchrony between larva and host plant, show great degrees of specialization
(Posledovich et al. 2015, DLW pers. obs.).

Essentially all terrestrial plants and plant tissues, be these alive or dead, are con-
sumed by some lepidopteran. While the lion’s share are leaf feeding, reproductive
tissues are frequently targeted, with leaf feeders often switching to flowers and
fruits when available. Excluding defoliators that kill their hosts, the majority of lepi-
dopteran lineages act ecologically as plant parasites. However, those that consume
whole plants, pollen grains, ovules, seeds, or spores are functionally predators that
remove individuals from a population. Early instars of some Schinia, Spragueia,
and Stiria (each representing different Noctuidae subfamilies) will specialize on
pollen if available (Wagner et al. 2011, unpubl. observ.). Fruits or seeds are con-
sumed by many Lepidoptera. Greatly diversified seed-feeding lineages occur in
Lycaenidae; Acontiinae, Chamaecleini, Heliothine, and Stiriine (all Noctuidae);
Grapholitini (Tortricidae); and many other microlepidopteran lineages.

Stems and other woody tissues, as well as roots, are targeted by some lineages.
Wood-feeding caterpillars include Cossidae, Hepialidae, and Sesiidae, but this
niche largely belongs to the larvae of Coleoptera. However, stem boring of non-
woody species is a niche occupied by several lineages of Lepidoptera whose num-
bers sometimes exceed those of beetles. Among leaf-feeders, caterpillars further
specialize. Some leafminers target just spongy or palisade parenchyma; Phyllocnistis
and some Marmara (both Gracillariidae) may feed only on epidermal cells.

Ferns, and even mosses, appear to have lepidopteran faunas commensurate with
their modest statures (Lawton 1976). Lichens and algae support numerous species
in both the tropics and to a lesser extent in deserts and arid lands (Wagner et al.
2008). Lithosiine arctiines represent a particularly diverse radiation of lichen feed-
ers. Fungi as well are consumed (Rawlins 1984) but, with the exception of the tin-
eids, few groups have diversified. As would be predicted, persistent fungi, such as
bracket fungi, have richer caterpillar faunas, but this is another resource dominated
by coleopteran larvae and adults.

Coprophagy, detritivory, and saprophagy are not uncommon among caterpillars.
Herminiine erebids feed on living and dead plant tissues, with the majority believed
to feed on fallen leaves and other detritus, at least in north temperate regions. They
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can be abundant macro-decomposers in both temperate and tropical forests (Hohn
and Wagner 2000). New World calycopidine hairstreak butterflies represent a sec-
ond radiation of detritivores, with more than 160 species believed to feed princi-
pally on fallen leaves, flowers, and fruits, although larvae also feed on living plant
tissues (Duarte and Robbins 2010). Tineidae, diverse in species and nearly global in
distribution, are notable for their metabolic repertoire, which allows their larvae to
digest fur (including wool), feathers, horns, shells, owl pellets, fungi, guano, and
other substrates rarely exploited by animals (Davis 1987).

While many lepidopteran lineages have predaceous behaviors, very few are obli-
gate or strict carnivores. Lepidopteran parasitoids are rarer still, and are confined to
the Cyclotornidae and Epipyropidae and two closely related zygaenoids whose lar-
vae are external parasitoids of Homoptera (Epstein et al. 1998). Most of the prey of
obligatory predators are essentially sessile, such as scale insects and ant and bee
brood (Pierce 1995). The largest guild of obligatory predators may be lycaenid ant
nest inquilines. More than a dozen lineages of blues and hairstreaks have moved
beyond being mutualists to predators that consume larvae and pupae in the brood
chamber (Pierce et al. 2002; see Pierce and Dankowicz, Chapter “The Natural
History of Caterpillar-Ant Associations”, this volume). A few novel cases warrant
mention. The snail-eating cosmopterigid Hyposmocoma molluscivora first spins a
silken net over its intended victim and then enters the shell to consume its prey alive
(Rubinoff and Haines 2005). The bagworm, Perisceptis carnivora (Psychidae),
feeds on ants, spiders, and other small arthropods and then silks the husks of its
victims to its case (Davis et al. 2008). Hawaiian Eupithecia provide another fantas-
tic case: the caterpillars are sit-and-wait predators that can grab flies and other
volant prey that land near their perch (Montgomery 1983, Steve Montgomery pers.
comm., Fig. 12a, b). Whitman et al. (1994) and Pierce (1995) treat many additional
predatory lineages. Facultative carnivory is far more common and occurs in many
lineages. For example, some caterpillars will consume smaller and otherwise vul-
nerable prey such as another caterpillar in the process of a molt or a teneral pupa.
Among Noctuidae, some Heliothinae (including Helicoverpa and Schinia) and
some Lithophane are known to be quite carnivorous (Whitman et al. 1994; Hardwick
1996; Wagner et al. 2011). Necrophagy of the cadavers of other con- and heterospe-
cific kin is common among arctiine erebids. This behavior is thought to be driven by
a need to ingest pyrrolizidine alkaloids which serve in defense and as components
of the male courtship pheromones (Dethier 1937; Bogner and Eisner 1992;
Eisner 2003).

The most pervasive form of carnivory among lepidopterans may be cannibalism,
in which larvae seemingly have no regard to whether the victim is a sibling or unre-
lated individual. In most cases, the behavior is associated with a shared food
resource that could be overexploited to the detriment of both individuals (see review
of drivers and correlates by Whitman et al. 1994). Pieridae that feed on small cruci-
fers, for example, have a high rate of cannibalism (Courtney and Chew 1987; Zago-
Braga and Zucoloto 2004). Likewise, caterpillars that only feed on the newest leaves
of a vine (e.g., heliconiine butterflies), as well as flowers, seeds, and internally in
fruits (many grapholitine Tortricidae, Heliothinae, and Lycaenidae), show a high
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Fig. 12 Predaceous Hawaiian Eupithecia consuming a termite. Eupithecia may be the largest
genus of Macrolepidoptera with more 1300 described of species worldwide. They are especially
rich in Andean South America. A radiation of eighteen Hawaiian species are thought to be princi-
pally predaceous (Montgomery 1983, unpubl. data); facultative predation (including cannibalism)
occurs in Eupithecia species elsewhere (Wagner 2005)

incidence of cannibalistic behavior (Koptur and Lawton 1988; Hardwick 1996;
Richardson et al. 2010; de Nardin and de Aradjo 2011). Stem borers are frequently
cannibalistic, in part because the chance of finding and safely establishing in a new
stem is often low and because when tunnels anastomose one individual is likely to
be rendered vulnerable by the constraints of their tunnels: i.e., the larva whose flank
or rear is exposed to the mandibles of the second caterpillar is likely to fall victim
as happens with some hepialids (Wagner 1985). Thus, in many of the known exam-
ples, the phenomenon of cannibalism appears to be linked to the risk of not eating
one’s competitor (Richardson et al. 2010; DLW unpubl. observ.). Interestingly,
lycaenid caterpillars, which appear morphologically among the least likely candi-
dates to be predators, include a great many species that eat their siblings (Pierce
1995; Whitman et al. 1994)—typically when their kin is molting, pupal, or in an
otherwise vulnerable (immobile) state (DLW unpubl. observ.).

To the above, we can add feeding at sugar solutions. Hypercompe scribonia cat-
erpillars occasionally feed at baits of fermenting mixtures of beer, sugar, and rotten
fruit (used by collectors and photographers to attract noctuids and other moths).
Baer (2018) reports consumption of sugary exudates from extrafloral nectaries in
lycaenids, riodinids, and a tropical gelechiid.

Population Dynamics in Brief

Lepidoptera, like other insects, weather heavy bottom-up and top-down pressures
and consequently tend to have great fecundities, which routinely range between 30
and a few hundred eggs, with some lineages producing many times this number. A
single female of the giant Australian hepialid Trictena atripalpis may produce more
than 30,000 eggs, which are broadcast during flight (Tindale 1932). Given that as
few as a single surviving gravid female is needed to replace a previous generation,
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Population Dynamics of Two Caterpillar Species with Different Life Histories
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Fig. 13 Caterpillar survivorship curves: type Il in Malacosoma americanum (Lasiocampidae) and
type Il in Acrolepiopsis assectella (Acrolepididae)

expected mortalities can exceed 99% in fecund lepidopterans—a stunningly high
percent sure to surprise many vertebrate biologists. Even small fluctuations around
this percentage have the potential to result in population outbreaks or local extirpa-
tions; it is our guess that this happens considerably more often than generally appre-
ciated and also speaks to why metapopulation dynamics may be so critical to many
insect conservation efforts (Hanski and Thomas 1994; Schultz et al. 2019).
Principal mortality factors include abiotic factors (primarily temperature
extremes, but especially freezing temperatures and droughts, i.e., conditions that are
too wet or too dry), starvation and plant defenses, pathogens, parasites, parasitoids,
and hordes of invertebrate and vertebrate predators. Insects and other fecund inver-
tebrates generally have type III survivorship curves, with greatest mortality coming
in the egg and first couple of instars, but type II curves also occur (Price 1997;
Schowalter 2017; Fig. 13). In either instance, the caterpillar stage typically experi-
ences the greatest fraction of mortality, as larvae are more numerically abundant
than pupae or adults, are relatively sessile, are often the life stage of longest dura-
tion, and have the greatest biomass (caloric payoff for natural enemies).
Lepidoptera populations teeter between periods of abundance and scarcity across
years and even the generations of a single year. Dramatic swings in populations
occur in outbreak species and migrants. Numerous forest pests can reach such high
numbers that both their primary and secondary hosts are defoliated. Populations
then crash as a result of starvation, responses of natural enemies, or a consequence
of unfavorable abiotic conditions, such as extreme winter temperatures and cold,
wet springs. Forest outbreak caterpillars tend to be univoltine, polyphagous, spring-
feeders that lay their eggs in clusters (Nothnagle and Schultz 1987). Outbreak taxa
with summer-feeding caterpillars share similar traits but in addition tend to be
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gregarious and protected with either physical or chemical defenses (Hunter 1995).
A high percentage of the winter- and spring-active geometrids have flightless
females, which allows for greater energetic investment in egg production (Wagner
and Liebherr 1992) and eliminates the mortality risks associated with flight (Snill
et al. 2007). There is much spatial and temporal variation in such outbreaks, possi-
bly signaling the importance of regional and local microclimate playing important
roles in population changes. A single species can have different population dynam-
ics across its range. For example, the forest tent caterpillar (Malacosoma disstria) is
a boom-and-bust outbreak species northward, but a chronic spring defoliator in the
black gum swamps of the southeastern USA (Fitzgerald 1995).

Many lepidopteran crop pests (e.g., Mythimna unipuncta, Peridroma saucia, and
Spodoptera exigua, all Noctuidae) are migratory moths that move en masse, pro-
pelled on the leading edge of storm fronts. Upon arrival, these push through a brood
or two and then move on, presumably to avoid natural enemy build-up and dimin-
ished food plant availability or quality. This strategy is also shared with many non-
pest species: the monarch (Danaus plexippus), painted lady (Vanessa cardui), and
snout butterfly (Libytheana carinenta) (all Nymphalidae) have similar population
dynamics, moving out of Mexico in the spring, with successive generations pushing
farther northward. Smith (1983) hypothesized that inducible plant defenses were the
ultimate driver of the famous migration behaviors of sunset moths (Urania,
Epiplemidae)—that long-distance dispersal during the wet season allowed the cat-
erpillars to find unprotected Omphalea (Euphorbiaceae) foliage, which soon became
increasingly unpalatable as the plants responded to increasing numbers of feeding
caterpillars.

Caterpillar Enemies: Predators and Parasitoids

Principal invertebrate predators of caterpillars include ants, spiders, assassin bugs,
predaceous stink bugs, lacewing larvae, ladybugs, beetles, earwigs, sand wasps,
vespid, and related wasps. Social wasps and ants can be chronic threats to above-
ground feeding caterpillars, with the latter representing a special threat given their
ability to recruit to sites of high caterpillar densities. Caterpillars that feed or take
refuge on the ground are exposed to additional enemies, including centipedes and
ground-dwelling species of ants, spiders, beetles, and still others. The importance of
mites that attack eggs and early instars is undoubtedly considerable, but not well
quantified.

Caterpillars are a staple of songbirds and comprise the main food for both nest-
lings and adults of many species (Lack 1950; Laney et al. 2015; Holmes 1980;
Singer et al., Chapter “Predators and Caterpillar Diet Breadth: Appraising the
Enemy-Free Space Hypothesis”, this volume; Di Cecco and Hurlbert Chapter
“Caterpillar Patterns in Space and Time: Insights From and Contrasts Between Two
Citizen Science Datasets”, this volume). As such, birds have been a major selective
force in shaping caterpillar phenotypes and behavior, including what, when, and
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how they eat (Heinrich 1979, 1993, and text below). Rodents, especially mice, are
caterpillar and pupa hunters that replace birds in importance as predators of ground-
and near-ground-dwelling lepidopterans (Wagner et al. 2011).

The early stages of Lepidoptera are attacked by thousands of different
hymenopteran (wasp) and dipteran (fly) parasitoids (see Stireman and Shaw,
Chapter “Natural History, Ecology, and Human Impacts on Caterpillar Parasitoids”,
this volume). Eggs are parasitized by eupelmid, mymarid, platygasterid, and tricho-
grammatid wasps. Minute microhymenopteran wasps—eulophids, encyrtids,
among others—attack first or second instars (as well as later instars). The impor-
tance of such early mortality factors is underappreciated and only well character-
ized for a number of crop and forest pests (Hawkins et al. 1997).

The role of diet in mediating the interactions with natural enemies is currently an
area of great ecological importance and almost boundless in scope. A caterpillar’s
diet can determine how likely it is to be discovered, eaten, or parasitized (Lill et al.
2002), its vulnerability to infection, whether an attack will proceed or be termi-
nated, the nature of the immune response, and more—see Singer et al., Chapter
“Predators and Caterpillar Diet Breadth: Appraising the Enemy-Free Space
Hypothesis”; Koptur et al., Chapter “Caterpillar Responses to Ant Protectors of
Plants”; Lill and Weiss, Chapter “Host Plants as Mediators of Caterpillar-Natural
Enemy Interactions”; Smilanch and Muchoney, Chapter “Host Plant Effects on the
Caterpillar Immune Response”; Salcido et al., Chapter “Plant-Caterpillar-Parasitoid
Natural History Studies Over Decades and Across Large Geographic Gradients
Provide Insight into Specialization, Interaction Diversity, and Global Change”; all
in this volume.

Morphological, Physiological, and Behavioral Adaptations
for Circumventing Bottom-Up and Top-Down Pressures

The daily caterpillar agenda is a simple one: eat and don’t get eaten. We first treat
adaptations for feeding on plants and then do the same for traits that promote sur-
vival in a world replete with enemies. Our treatment is meant to be illustrative, and
introduce ecologists to pervasive phenomena, key adaptations, demonstrably adap-
tive traits, and consider selective pressures that occur across lepidopterans. The ana-
tomical and behavioral adaptions across the order for dealing with predators alone
are legion, worthy of their own review or book. Considered collectively, we suggest
that they constitute a key set of stratagems that have allowed caterpillars to become
the most ecologically successful order of externally feeding herbivores in many ter-
restrial ecosystems.

Bottom-Up pressures The external structural modifications of caterpillars for
feeding on plants (or other substrates) (see also Kaur et al., Chapter “Surface
Warfare: Plant Structural Defenses Challenge Caterpillar Feeding”, this volume) are
rather modest relative to the universe of morphological and behavioral traits that
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have evolved to deal with the top-down pressures facing caterpillars. Likewise, their
modest structural modifications stand in contrast to their impressive physiological
abilities to rapidly digest and detoxify a huge range of secondary plant compounds
(as well as insecticides and other toxins) (see Groen and Whiteman, Chapter
“Ecology and Evolution of Secondary Compound Detoxification Systems in
Caterpillars”, this volume).

The most dramatic morphological adaptations are exhibited by hypermetamor-
phic leafmining lineages, most pronounced in Gracillariidae, discussed above.
Caterpillars that bore into wood and stems often have prognathous mouthparts,
shortened legs, prothoracic shields, and anal plates for the attachment of muscles
that facilitate tunneling. Their mandibles are highly sclerotized, melanized, and
thickened, with enlarged muscle-packed heads to power them. Proportionately large
heads also occur in seed, grass, and many conifer feeders. Bernays et al. (1991)
were among the first to note that graminoid-feeders, which must deal with elevated
levels of silica, have enlarged mandibles with reduced incisors that are used to clip
pieces of host tissue. Convergently, analogous clipping mandibles have evolved in
taxa that feed on tough, thickened leaves (Bernays 1998). Conifer-feeding caterpil-
lars also have large heads, especially in neonates and early instars, when thick,
toughened needles represent a biomechanical challenge (DLW pers. observ.)

A common theme shared by many larger external feeders, which presumably
relates to increasing mobility, is the loss or reduction of anterior prolegs, which
allows a caterpillar to loop, rather than crawl. Proleg reductions are especially com-
mon in barkresters and species that specialize and move between very young foli-
age, e.g., Catocala, Zale, kindred erebids, as well as oncocnemidine noctuids. This
strategy is most obvious in the Geometridae, which typically have lost the first three
pairs of abdominal prolegs. Enhanced ambulatory abilities have been further
extended in many lineages by a lengthening of the abdominal segments—in some
geometrids, the length of any one of the anterior abdominal segments can exceed
the collective length of the last three abdominal segments (A8-10).

One special aspect of the caterpillar integument that has yet to be studied is their
ability to walk over and even consume (Weinhold and Baldwin 2011) the tacky
glues used by plants to either exclude or ensnare insects. The latter behavior yields
an additional source of nutrients. Tarweeds (Asteraceae), many four o’clocks
(Nyctaginaceae), and sundews (Droseraceae)—plant lineages that have sticky
secretions that entrap insects—have dietary specialists, with the first two of these
supporting small radiations of moths in the American Southwest (DLW unpubl. data).

Behavioral adaptations for circumventing plant defenses are legion. The most
widespread of these is simply avoiding plant defenses in space or time (Lawton
1978). Early instars and microlepidopterans can avoid well-defended tissues of their
host by feeding on unprotected organs, tissues, or, in the case of miners, cell types.
A great many lineages in both tropical and temperate zones, and essentially all xeric
communities, synchronize larval development to periods when the larvae will have
access to preferred tissues such as buds, young leaves, flowers, and fruits (Coley and
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Barone 1996; Endara et al., Chapter “Impacts of Plant Defenses on Host Choice by
Lepidoptera in Neotropical Rainforests”, this volume).

Dussourd (1993, 2017) reviewed behavioral stratagems that caterpillars use to
deactivate plant defenses, emphasizing the disruption of plant vascular and secre-
tory systems and the application of exocrine secretions, and related behaviors, that
serve to either elude constitutive defenses or prevent inducible plant responses.
Dussourd (2017) reviews an array of fascinating cases of pinching, trenching, vein-
cutting, and other behaviors that sabotage the secretory systems of lactiferous
plants. Likewise, girdling, clipping, and other behaviors presumably evolved to pre-
vent delivery of inducible defenses. Numerous exocrine secretions, e.g., from the
salivary, mandibular, and cervical glands, are employed to inhibit plant defense
responses (Felton 2008; Vegliante and Hasenfuss 2012). Theroa caterpillars
(Notodontidae) have co-opted their acid-producing cervical gland (used widely by
heterocampine notodontids in defense) to also incapacitate the laticifers of their
euphorb hosts (Dussourd et al. 2019). The caterpillars chew into host laticifers
while simultaneously releasing acids from the gland into the plant and in so doing
prevent latex delivery to leaf tissues distal to the wound.

A storied case where behavior allows for the exploitation of otherwise protected
plants occurs in caterpillars that feed on plants protected by furanocoumarins, which
are widespread in Apiaceae and Rutaceae and to a lesser extent in Asteraceae,
Fabaceae, Moraceae, and others. Furanocoumarins are reactive cyclic ring com-
pounds that in the presence of ultraviolet light, crosslink DNA and debilitate an
individual’s ability to function. Generalist caterpillars that lack the ability to deacti-
vate furanocoumarins that are exposed to UV light post-ingestion will likely meet a
bad end. Several lepidopteran lineages have evolved workarounds: e.g., they fashion
and feed within light-blocking shelters, while others bore into stems and in so doing
escape phototoxic repercussions (Berenbaum 1983; Fukui 2001; Lill and
Marquis 2007).

Adaptations for Dealing with Top-Down Pressures Much of a caterpillar’s phe-
notype, at least for those that feed externally, has been shaped by the collective
selective pressures brought by a species’ constellation of predators and parasit-
oids—its coloration, shape, posture, and texture are quintessentially important to
how it is perceived (or, commonly, not perceived) by its enemies (Heinrich 1993;
see especially reviews by Salazar and Whitman (2001) and Greeney et al. (2012)).
Most are cryptic to avoid detection by visual, tactile, and even olfactory predators
(Rothschild 1973; Lederhouse 1990; Heinrich 1993; Stamp and Wilkens 1993).
Those that are unpalatable are commonly rendered in bold, aposematic yellows,
oranges, reds, black, and white (Rothschild 1973, 1985, 1993; Marquis and Passoa
1989; Bowers 1993). Even this most basic of dichotomies has exceptions: caterpil-
lars can be cryptic at a distance and aposematic at close range—a stratagem shared
by many taxa with disruptive coloration (Stamp and Wilkens 1993). Palatable
caterpillars can mimic unpalatable ones (Berenbaum 1995; Wagner et al. 2011;
Fig. 14). Natural selection may favor warning coloration not only when toxins or a
nearby mimicry model is available but also if the plant environment forces caterpil-
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Fig. 14 Mimicry in Acronicta (Noctuidae) caterpillars: mimics to left and models to right. North
American members of the genus Acronicta appear to mimic many other protected (and divergently
related) caterpillars, including arctiine Erebidae, Lasiocampidae, Limacodidae, Lymantriine
Erebidae, and Megalopygidae. Three putative examples are shared: (a) Acronicta americana and a
common model (b) Halysidota tessellaris (Erebidae: Arctiinae); (¢) Acronicta impleta and a com-
mon model (d) Orgyia manto (Erebidae: Arctiinae); (e) Acronicta radcliffei and a common model
(f) Datana drexelli (Notodontidae) middle instar. (Image (f) courtesy of Michael C. Thomas)

lar apparency: for example, plants with sparse or narrow leaves may make crypsis
impossible (Prudic et al. 2007).

The most widespread adaptation for palatable taxa, obvious to any caterpillar
hunter, is background matching—something they do exceedingly well, drawing on
ontogenetic, plastic, morphological, and behavioral means to blend into their back-
grounds. Their preferred resting site seems to be the principal driver for their color-
ation and shape. At a superficial level, caterpillars that are green rest on leaves or
other green tissues (Fig. 15b, c, g); those that are brown or gray rest on bark
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Fig. 15 Background matching caterpillars: (a) Bryolymnia viridata (Noctuidae) a lichen mimic;
(b) Sicya morriscaria (Geometridae) on Phoradendron juniperinum; (c¢) Lithophane lepida
(Noctuidae) on Pinus rigida; (d) Plagodis alcoolaria (Geometridae) on Betula populifolia; (e)
Catocala ilia (Noctuidae) on Quercus rubra; (f) Nemoria bifilata planuscula (Geometridae) on
Quercus sp.; (g) lanassa lignicolor (Notodontidae) on Quercus rubra

(Figs. 15a, d, f, and 21a—d); flower feeders have stratagems for matching floral col-
ors (Figs. 8 and 16b, d) (Carter and Hargraves 1986; Wagner 2005). The degree to
which caterpillars match their background ranges from proximate resemblance in
many dietarily generalized taxa to the highly perfected phenotypes of many host
plant specialists—involving details of shape, integumental texture, color, reflec-
tance, and choice of resting sites (Figs. 15, 16, and 21a, b)—that attest to the powers
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Fig. 16 Caterpillar defensive stratagems. (a), (b) Faux tachinid fly eggs?: Carboniclava alpicoi-
des (Notodontidae) (left) and Prolimacodes badia (Limacodidae) (right). Some externally feeding
caterpillars have a white to creamy spot hypothesized to discourage oviposition—an idea in need
of testing, especially given that the Prolimacodes caterpillar shown here bears a tachinid egg
(toward center) and a similar-sized creamy spot we suggest might serve as a faux egg, in same
plane to right. (c), (d) Co-option of flower pigments by flower feeders: Dichordophora phoenix
(Geometridae) on Krameria ramosissima and Strymon melinus (Lycaenidae) on Guaiacum angus-
tifolium. (Image (b) courtesy of Michael C. Thomas; (¢) and (d) courtesy of Berry Nall)

of Darwinian natural selection and the undeniable importance of visual predators,
and especially insectivorous birds, in shaping caterpillar phenotypes and behaviors
(Schultz 1983; Heinrich 1993). We would go so far as to say that it is the selective
pressures of birds and others that have so tuned caterpillars’ phenotypes that most
externally feeding caterpillars are identifiable to species. Stated differently, a photo-
graphic guide to internal or otherwise concealed feeders of a given region, based on
larval phenotype alone, would be of more modest utility than a guide to the region’s
externally feeding, i.e., visually apparent, caterpillar fauna (contrast the images of
external and internal feeders in Porter 1997).

Many caterpillars masquerade as inedible or unpalatable objects. Bird-dropping
mimicry is common among early instar Papilionidae, a ploy that has independently
evolved in Erebidae, Geometridae, Noctuidae, and others (Carter and Hargraves
1986; Suzuki and Sakurai 2015; Wagner 2005). Dead, curling leaves are another
common target of caterpillar mimicry. Among the most intriguing, and least studied,
are those that masquerade as previously parasitized victims. Caterpillars with white
spots that bear a resemblance to tachinid eggs occur in Prolimacodes (Limacodidae),
Notodontidae, and others (Fig. 16a, b). Whether these in fact discourage oviposition
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by tachinid females has yet to be experimentally tested. In an analogous fashion, the
cocoons of some moths are spun in such a way as to appear to have parasitoid emer-
gence holes or otherwise appear old and inviable (e.g., Epstein 1995).

Several different groups of flower-feeding caterpillars have the ability to match
the coloration of the floral tissues that they are consuming. How they do this—pre-
sumably by moving pigments from the midgut into the hemocoel and outer tissues
of the thorax and abdomen—is neither fully understood nor appreciated. The phe-
nomenon occurs commonly among species of Eupithecia, Nemoria, and
Dichordophora (all Geometridae), Sympistis (Noctuidae), many Lycaenidae, and
others (DLW pers. observ., Fig. 16c, d). Dietary carotenoids facilitate background
matching in Trichoplusia ni (Noctuidae) larvae—even in this example, the underly-
ing mechanisms behind the different larval phenotypes are not yet understood
(Welch et al. 2017).

An abundance of secondary setae has evolved independently across a diverse
array of externally feeding caterpillars (and, tellingly, not in internal feeders). Most
immediately an abundance of hairlike setae can serve as a physical barrier that pro-
tects a caterpillar from many parasitoids and natural enemies of equal size. Most
birds avoid hairy caterpillars, but cuckoos are a well-known exception (Barber et al.
2008 and references therein). When the setac are barbed (Erebidae: Arctiinae),
especially if deciduous or brittle as in tiger moths, they represent an added danger,
especially if they embed in eye tissues, mucosal membranes, and skin (Hossler 2010).

Likewise, integumental spines, chalazae, and scoli physically separate a caterpil-
lar from its normal cast of predators. These integumental outgrowths often bear
reverse barbs that catch and impede the entry of an enemy’s mandible, leg, or ovi-
positor. Even the relatively open arrangements of spines in nymphalids and saturni-
ids can distance a caterpillar from many spiders, generalist tachinids, beetles, ants,
and others (Bowers 1993).

Sack or case bearers (e.g., Mimallonidae) and internal borers that back out of
their case or tunnel to defecate often have an armored anal region that thwarts attack
when they are in the business of releasing their feculae. The abdominal terminus of
many mimallonids and Thurberiphaga (Noctuidae) is extraordinary modified—
multiple terminal abdominal segments fuse to yield an armored, flattened plate that
blocks entry into the caterpillar’s feeding site (Fig. 17). An anal fork or comb that
assists in the launching of frass away from the caterpillar’s feeding or resting sites
occurs in many species (see below, Fig. 4d).

Physiological Responses We focus here on chemical defenses, nearly all of which
can be externally deployed substances that discourage the efforts of would-be pred-
ators. Internal (immune) responses to microbes and parasitoids are discussed above
and in Smilanch and Muchoney (Chapter “Host Plant Effects on the Caterpillar
Immune Response”, this volume). Many caterpillars regurgitate the contents of the
crop as part of their defense repertoire—with some doing so even before they are
touched. The expelled fluid tends to be cohesive with appreciable surface tension so
that the whole of it also serves as a warning—often it is compositionally distinct
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Fig. 17 Armored posterior plates: Cicinnus melsheimeri (Mimallonidae) (left) and Thurberiphaga
diffusa (Noctuidae) (right). In Cicinnus, a sack-bearer, segments A8—A 10 are fused into a plate that
is used to block the posterior end of the caterpillar’s case or leaf shelter; in Thurberiphaga, a borer
in the fruits of wild cotton, segments A9—A10 form a hardened plate used to plug the entrance to
its chamber, where it feeds on developing seeds. (Image (b) courtesy of Robert Behrstock)

from newly masticated, undigested leaf tissue (Peterson et al. 1987; Smedley et al.
1993; Wagner pers. observ., Fig. 17). The Australian oecophorid, Myrascia, has a
foregut diverticulum that stores oils from its eucalyptus hosts that are expelled when
alarmed (Common and Bellas 1977).

When an enemy touches the caterpillar, the regurgitant is typically wiped across
the point of contact. Many caterpillars recover (imbibe) the fluid after the threat of
danger has passed. The crop contents of Malacosoma americanum (Lasiocampidae)
repel ants; noxious compounds in the regurgitant of other caterpillars can repulse
parasitoids (Peterson et al. 1987; Desurmont et al. 2017; see especially Bowers
1993). Caterpillars that use regurgitant in defense may have a larger portion of their
digestive system dedicated to their crop (Grant 2006). In some lineages, threatened
caterpillars simultaneously exude the contents of the crop and rectum (Brower
1984, Fig. 18). From the latter, the equivalent of a single frass pellet is expelled
from the anus; pre-consolidated feculae can be sticky and problematic for some
would-be attackers.

The cervical gland or adenosoma (see Fig. 18) of many Noctuoidea and butter-
flies functions in the manufacture, storage, and release of defensive compounds:
acids, alcohols, aldehydes, esters, and terpenes (Osborn and Jaffe 1998; Hallberg
and Poppy 2003; Vegliante and Hasenfuss 2012). The gland is especially well devel-
oped in the Notodontidae (e.g., Heterocampinae and Nystaleinae) in which much of
the anterior portion of the thorax and abdomen is given to the manufacture and stor-
age of formic acid and other minor constituents that are forcibly ejected at would-be
attackers (Eisner et al. 1972; Kearby 1975; Attygalle et al. 1993; Eisner 2003). The
best-studied caterpillar exocrine structure may be the dorsal osmeterium of
Papilionidae, a fleshy horn-like protrusion everted from just behind the head cap-
sule; it also serves a defensive role, delivering a potpourri of propionic and butyric
acids (Frankfater et al. 2009). Vegliante and Hasenfuss (2012) discuss additional
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Fig. 18 Datana eileena-perspicua complex (Notodontidae) on Arctostaphylos pungens. Alarmed
caterpillars regurgitate and exude fluid from the anus; if left undisturbed the caterpillar may reab-
sorb both

exocrine glands in Thyrididae, morpho butterflies, and zygaenoids thought to func-
tion in defense.

But on the whole, defensive secretions are inexplicably uncommon in caterpil-
lars. The vast majority of caterpillars are unprotected and as a consequence are
among the most sought-after prey by birds, other vertebrates, ants, wasps, and oth-
ers. There are no exocrine secretions widespread across the order. Secretory (pri-
mary) setae occur in a few disparate lineages: e.g., Pieridae (Smedley et al. 2002,
unpubl data), Cobubatha and Emarginea (both Noctuidae) (Keegan et al. 2021,
Fig. 19), and the hollow-tuft genera of heterocampine Notodontidae (Miller et al.
2021). Eupackardia calleta (Saturniidae) secretes a clear fluid, imbued with amines
and phenolics, from its chalazae when threatened (Deml and Dettner 1993, frontis-
piece). Cousins in the Oxyteninae (Oxytenis, Homoeopteryx, and Asthenidia)
secrete a sticky substance from the chalazae that discourages ant predation (Aiello
and Balcazar 1997, Annette Aiello in litt.). When accosted, Prolimacodes
(Limacodidae) larvae exude clear droplets from pores below the subdorsal ridge.
Reflex bleeding is perplexingly rare; we are aware of only a few examples in the
Arctiinae, Geometridae (Fig. 20), and Noctuidae. Caterpillars of the wasp moth
Gymnelia salvini (Erebidae: Arctiinae) bleed yellow drops when disturbed (Annettte
Aiello unpubl. data).

While chalazae, scoli, and an abundance of secondary setae represent physical
barriers to would-be enemies, their threat is elevated when impregnated with irri-
tants, toxins, and allergens. Urticating setae—either deciduous or given to breakage
such that sections become embedded in unprotected tissues—are found in some
lasiocampids (e.g., Gloveria); lymantriine erebids (e.g., gypsy and brown-tailed
moths, Lymantria dispar and Euproctis chrysorrhoea, respectively); acronictine
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Fig. 19 Secretory setae: (a) Emarginea percara (Noctuidae) and (b) Cobubatha dividua
(Noctuidae). Secretory setae tend to be more common among early instars and small lepidopter-
ans, e.g., in Notodontidae, although many Pieridae and Saturniidae retain secretory setae through
the last instar. Why this is so—the chemical nature of the exudate, and what natural enemies are
turned away—are all questions that warrant more study

Fig. 20 Reflex bleeding (each caterpillar was lightly touched with forceps): (a) Somatolophia
ectrapelaria and (b) Meris alticola (both Geometridae). Both animals are aposematically colored,
as might be predicted for reflex bleeders. In each, the hemolymph is brightly colored (and not clear
as in caterpillars with secretory setae in Fig. 19)

noctuids (e.g., Acronicta americana); many arctiines (e.g., great tiger moth and
hickory tussock caterpillar, Arctia caja and Lophocampa caryae, respectively); and
perhaps most famously processionary caterpillars (e.g., Thaumetopoea pityocampa)
(Notodontidae) (Kawamoto and Kumata 1984; Bowers 1993; Wagner 2005; Hossler
2010). Urticating setae can cause mild to (rarely) severe dermatological reactions
when embedded in the skin, eyes, and mucosal membranes. In the eastern USA, a
great number of medical cases result from exposure to the hickory tussock moth
Lophocampa caryae (Erebidae: Arctiinae) (Kuspis et al. 2001; Wagner 2009).
Among the best-protected (and feared) caterpillars are those with stinging setae.
Hollow, toxin-filled setae occur in the hemileucine Saturniidae, Limacodidae, and
Megalopygidae (Kawamoto and Kumata 1984; Everson et al. 1990; Hossler 2010).
The stings of larger caterpillars can be quite uncomfortable and, in rare cases, fatal
to humans. Severe stings from Lonomia, a gregarious Neotropical hemileucine, can
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cause deadly internal hemorrhaging if the victim is envenomated by multiple cater-
pillars (Hossler 2010).

Behavioral Ploys Behaviors to elude top-down pressures are nearly endless in
nature; we share some of the most widespread primary (prior to discovery) and
secondary (after discovery) defenses common among lepidopterans. We encourage
all to consult the review by Greeney et al. (2012), which is anchored to Neotropical
caterpillars. One of the most widespread behaviors to avoid predation is to become
nocturnal, which, while serving to evade daytime hunters, exposes the lineage to a
sweep of nocturnal hunters: mice, snakes, bats, geckos, ants, spiders, and others
(Carter and Hargraves 1986; Bernays 1998; Kalka and Kalko 2006; Wagner et al.
2011). The very fact that so many lineages are nocturnal feeders can be taken as a
testament of the importance of birds and other visual predators as drivers of caterpil-
lar behavior and evolution. Heinrich (1993) has done much to draw attention to how
bird predation has shaped caterpillar phenotypes, how they rest, and even how
caterpillars feed. Since birds are able to assess leaf damage as a cue to caterpillar
presence, many caterpillars are quick to move away from their feeding site: others
feed neatly along a leaf margin or midrib to lower their apparency (Fig. 15g).
Caterpillars from at least 12 families clip leaves damaged while feeding and drop
these to the ground (Dussourd et al. 2016), ostensibly to eliminate telltale signs of
their whereabouts (Heinrich 1993). Additionally, the action might also serve to sab-
otage a plant’s inducible defenses (Dussourd in litt.).

Resting postures, especially among those that are attempting to blend into the
background, can add greatly to a caterpillar’s likelihood of survival. Twig-mimicking
geometrids are decidedly more convincing while resting than when feeding
(Fig. 15d). A subset of bark-resting caterpillars even mimic lichens (Fig. 15a, e).
Many pine feeders rest with their heads buried at the bottom of a leaf fascicle; these,
predictably, have reddish coloration anteriorly that help the caterpillars match the
red-orange needle bundle sheathes of their hosts (Fig. 15¢). Some notodontids use
their own bodies to complete the ragged edge of leaf they simultaneously feed upon
(Fig. 15g). The opposite also works: to so contort the body at rest that the caterpillar
is rendered unrecognizable as anything edible (Fig. 21e—g). This is what caterpillars
do: hide, masquerade, deceive, and blend. The galaxy of examples, and the details
of their phenotypes, provide an incontrovertible testament to the powers of natural
selection (and the importance of visual predators) in their evolution.

Because volatiles in frass are used by both caterpillar predators and parasitoids
to locate prey or hosts (Weiss 2003, 2006; Moraes et al. 2012), how caterpillars
defecate and what they do with the frass pellets have enormous fitness conse-
quences. Some distance themselves from their feculae or frass, while others collect
their pellets and use these to repel, confuse, block, or otherwise thwart would-be
enemies (Weiss 2006). If frass is repellent, it is often gathered into the immediate
vicinity of the larvae—either within the shelter (commonly) or affixed to a caterpil-
lar’s resting or feeding site (Weiss 2006). Prepupal larvae frequently weave their
frass into their shelters or cocoon walls and in so doing better conceal themselves
and construct a more formidable refuge. Those that live well off the ground can



On Being a Caterpillar: Structure, Function, Ecology, and Behavior 45

Fig. 21 Flash coloration in bark-resting caterpillars and contortionists: (a), (¢) Catocala aholibah
(Noctuidae) and (b), (d) Apotolype blanchardi (Lasiocampidae). Top row: cryptic nature of these
caterpillars at rest; middle row images show their respective venters (same individuals); bark-
resters knocked to the ground quickly right themselves. Non-resemblance in resting postures: (e)
“Caripeta” hilumaria (Geometridae), perhaps a litter mimic that often hides in leaf curls; (f)
Grotella tricolor (Noctuidae: Grotellinae) on Boerhavia erecta; (g) Chalcopasta howardi
(Noctuidae: Stiriinae) on Hymenothrix wrightii. In (f) and (g), the contorted posture more closely
resembles a bud, flower, or gall, than a caterpillar

simply release their frass, which falls to the ground and away from their feeding or
resting site. Those that live near the ground or within shelters run a much higher risk
of detection. Some of these have evolved behaviors that serve to compensate for this
challenge: some by moving away from their site of defecation (armyworms and
ground-foraging arctiines) or forcibly launching their frass pellets from their feed-
ing and resting sites (Caveney et al. 1998; Weiss 2003, 2006; Moraes et al. 2012).
Caterpillars with an anal comb or fork (Fig. 4d) tend to be “frass flickers”: included
are many shelter-formers (Gelechiidae, Hesperiidae, Tortricidae) and lichen moths
(Erebidae: Lithosiini) (Caveney et al. 1998; Weiss 2006). Others flick their posterior
abdominal segments at the same moment that the frass is expelled to toss the pellet
away. Zygaenoids have a mechanism for forcibly firing their feculae out the anus.
An unusual twist occurs in some larentiine geometrids (e.g., Heterophleps): late
instars grab each pellet with their mandibles and throw their bodies in a way to hurl
the pellet as many as 20 body lengths away from the feeding site (Wagner et al.
2002). Weiss (2006) describes these and other varied uses of feculae by caterpillars
in her review of insect “fecology.”

Upon discovery by a predator, an additional arsenal of secondary defensive strat-
egies is invoked. Some caterpillars leap or fall to the ground; these may remain



46 D. L. Wagner and A. C. Hoyt

Fig. 22 Caterpillar weaponry? (a) Harrisimemna trisignata retains its head capsules at each molt;
when disturbed, these are wielded at points of contact. (b) The function of the paddlelike setae in
Acronicta funeralis has yet to be determined: perhaps they serve to swat away ants, wasps, and
other small enemies (Wagner et al. 2011). (Image (a) courtesy of Pat Burkett)

motionless or thrash violently, the latter perhaps serving to drive them beneath sur-
face debris (Wagner et al. 2011). Many bark-resters have a boldly colored venter,
visible on their way to the ground, that is wholly concealed immediately upon right-
ing themselves (Wagner et al. 2008, Fig. 21a—d). Others drop on a belay line of silk
to a position of safety or wait suspended for a spell, before ascending to their shelter
or previous feeding site (DeVries 1987; Sugiura and Yamazaki 2006). A great many
retain their purchase and adopt a threat display, regurgitate, and/or discharge defense
secretions. Startle responses can involve the display of eyespots and the adoption of
snake-like postures and, in some Sphingidae, include a whistle or hiss, made by
forcing air out the spiracles (Wagner 2005; Janzen et al. 2010; Greeney et al. 2012;
Dookie et al. 2017; see Yack, Chapter “Acoustic Defence Strategies in Caterpillars”,
this volume). Some will flare their mandibles. Many snap at their attackers. Although
none inflicts a significant bite that would affect a vertebrate, the brashness and
rapidity startle even large vertebrates (humans included).

These same actions can knock away invertebrates of roughly equal size and
smaller, and can be especially advantageous for those caterpillars that feed on trees
and shrubs, when they are able to propel their enemies to the ground. Caterpillars
often throw their head (with or without biting) or flick their rear in an attempt to
curb attacks of flies, spiders, and especially ants—with great gain if that ant is a soli-
tary scout. Acronicta (Noctuidae) will go so far as to grab ants and hurl them to the
ground (Zacharczenko 2017). The head capsule mace of Harrisimemna (Noctuidae)
(Fig. 22a) appears to be an armament for warding off invertebrate predators and
parasitoids. We guess that the paddlelike setae of some caterpillars also serve this
function (Fig. 22b).
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Silk

Lepidoptera are renowned for their capacity to produce silk, sometimes in copious
amounts. Global silk markets, anchored principally to the Oriental silk moth, were
valued at more than $19 billion in 2020 and are expected to rise to near $29 billion
over the next 5 years (Market Data Forecast Services 2021). The silk gland of cater-
pillars is a large, paired structure that manufactures and stores silk precursors in a
semi-liquid state. While the twisting and convoluted gland may only reach to the
sixth abdominal segment (Eaton 1988, Figs. 5 and 6), if the gland were stretched
linearly, its full extent might exceed the caterpillar’s body length in some taxa.
Insect silks are semicrystalline fibers comprised principally of two proteins, sericin
and fibroin, that are manufactured and stored as aqueous solutions within the silk
glands (Sutherland et al. 2010). In Lepidoptera, these are combined as they are
extruded from the labial spinneret (Figs. 2b and 3b, d), which immediately upon
secretion, form a strong, light, water-insoluble polymer used for myriad purposes
by caterpillars (Craig 1997). We argue here that the ability of Lepidoptera to utilize
silk to solve myriad ecological challenges has greatly contributed to the evolution-
ary success of the order.

In essence, silk is an amino acid polymer and as such requires a large investment
of nitrogen (>16% by weight) (Ngo6 and Bechtold 2018), a limiting element in plant
tissues relative to what is required for the metabolism and growth in animals. It is
somewhat of an enigma that an element of scarcity, essential for function and
growth, would be discharged in such prodigious amounts by caterpillars and that we
would find ourselves arguing that the manifold uses of silk by caterpillars represent
one of the order’s hallmark adaptations.

The importance of cocoons, nests, and shelters constructed with silk (Fig. 23) is
worthy of a separate review: silken refuges exclude natural enemies and allow cat-
erpillars to construct and regulate their own microenvironments to prevent desicca-
tion (e.g., in canopy foliage and in myriad xeric communities), exclude water during
floods, trap heat and serve as hot houses, and much more (Bernays and Graham
1988; Lill and Marquis 2007; Baer and Marquis 2020; Marquis et al., Chapter “The
Impact of Construct Building by Caterpillars on Arthropod Colonists in a World of
Climate Change”, this volume; see also below). The use of silk to fashion a cocoon
in which pupation, and often diapause, will take place is among the most universal
uses of silk across the order and, indeed, holometabolous insects (Craig 1997).

In many ways, the silken cases, shelters, and nests of caterpillars are analogous
to cocoons but serve the needs of feeding larvae. The majority of microlepidoptera
use silk to form a shelter or to line a chamber within the larval feeding substrate; but
even among macrolepidopterans, there are sheltering-forming lineages (e.g., some
hesperiids, pierids, riodinids, and swallowtails; tent caterpillars; arctiine erebids;
many noctuines and notodontids; and geometrids) (Wagner 2005; Wagner et al.
2011). Aquatic crambids use silk to fashion retreats along the surface of submerged
plants, rocks, and other objects.
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Fig. 23 Some of the manifold uses of silk by caterpillars. (a) Nest of Malacosoma americanum
(Lasiocampidae). (b) Case-making microlepidopteran, Coleophora xyridella (Coleophoridae). (¢)
Guy line used by many twig-mimicking ennomine geometrids to support the anterior end of the
body while at rest; note this line would be nearly invisible to the casual eye, but here has been
accentuated by the flash used to take this image. (d) Synchlorine geometrids use silk to attach
pieces of their host plants (individually chewed free by caterpillar) to dorsal abdominal warts; one
can make extraordinary examples by offering captive, flowering-feeding Synchlora caterpillars
small pieces of colored tissues or flowers with different petal colors. (e) Frass chain-refuge of
Adelpha iphiclus (Nymphalidae); frass chains are fashioned by several genera of biblidine, charax-
ine, and limenitidine nymphalids; some will additionally weave in necrotic leaf fragments to the
leaf vein to fortify their resting site. (f) Sensory net of Brenthia caterpillar (Choreutidae); silk is
deposited wherever the caterpillar walks; immediately adjacent to its head in this image, the cater-
pillar has chewed an escape hole through which it will dive if any movement is detected on its side
of the leaf. (Image (b) courtesy of Nelson DeBarros; (e) courtesy of Keith Willmott)
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Some caterpillars spin communal nests (Fig. 23a). While tent caterpillars are
widely known to form nests, communal tent makers also occur among early instar
nymphalids (e.g., checkerspots and crescents), pygaerine notodontids, tropical pier-
ids, arctiine erebids (e.g., fall webworm), a few tortricids (e.g., Archips cerasivor-
ana), crambids (e.g., Saucrobotys futilalis), and others (see Costa and Pierce 1997).
Not only do these offer protection from natural enemies but also serve in thermo-
regulation by acting as greenhouses for digestion and other physiological functions
that heat up well above ambient temperatures on cool days (Fitzgerald 1995).

Case-making, where the caterpillar constructs a portable silken case (Fig. 23b),
has evolved in no fewer than a dozen moth groups; three particularly speciose lin-
eages include Psychidae, Coleophoridae, and Hyposmocoma (Cosmopterigidae).
Prepupal Heliozelidae make a mobile case that they affix to their final pupation site.
Cases may be made of pure silk or include materials that are woven into the walls:
feculae, plant tissues, sand and minute pebbles, twigs, or, in the predaceous psychid
Perisceptis carnivora, the cadavers of its hapless victims (Davis et al. 2008).

Silk is used for both local and long-distance dispersal. Some caterpillars drop on
belay lines to move between leaves, a phenomenon that is especially common dur-
ing outbreaks when foliage is deteriorating. Among microlepidopterans, it is com-
mon to see prepupal larvae dropping from trees on silk lines on their way into leaf
litter or soil where pupation will occur. Taxa with flightless females (e.g., some
Psychidae, Geometridae, and Lymantriinae) disperse by “ballooning,” whereby
early instars drop from silken lines and wait for winds to carry them about (Zarlucki
et al. 2002; Moore and Hanks 2004).

Silken pads are often spun at a caterpillar’s resting site that enable them to secure
purchase on smooth leaves and other substrates. These pads or buttons of silk, spun
prior to a molt, allow larvae to engage their anal prolegs, anchoring the body (integ-
ument) to the silk pad. This helps the next instar free itself of its previous skin over
the course of a molt. Likewise, silk buttons, spun by prepupal caterpillars, are used
as attachment sites to facilitate pupation and, later, eclosion.

Silk is used in still many other ways. There are caterpillars that lay down silk
whenever they walk, which, among other things, allows them to quickly retrace
their path, for example, in times of danger. Upon disturbance, scores of microlepi-
dopterans and smaller-bodied macrolepidopteran caterpillars drop (or throw them-
selves) from the resting or feeding site on a belay line, which can be ascended once
danger has passed. Many ennomine geometrids do this preemptively at night, drop-
ping from their perch on a short line of silk, and then returning to their perch at
daybreak, thereby thwarting the marauding of nocturnal caterpillar hunters such as
spiders, carpenter ants, opilionids, and arboreal carabids and mice (McFarland
1988; Wagner et al. 2002; Wagner 2005). Twig-mimicking geometrids use a fine
strand of silk, running from spinneret to twig, as a guy-line to secure their purchase
(Fig. 23c). The externally feeding instars of bucculatricids spin molting cocoons
that afford protection when transitioning between instars (Braun 1963). Synchlorine
Geometridae use silk to attach bits of the flowers that they are eating to their dorsum
to camouflage themselves (Wagner et al. 2002; Canfield et al. 2009, Fig. 23d). Tent
caterpillars (Lasiocampidae) lay down a silk trail, impregnated with pheromone,
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that siblings follow to and from the nest (Fitzgerald 1976, 1995; Ruf et al. 2001). In
many lineages, frass is collected and silked together to form a larval refugia or frass-
encrusted cocoon—see review by Weiss (2006). A curious example of such is that
exhibited by early instar Limenitidinae that form a resting “plank” or chain of fecu-
lae, most often by reinforcing and/or extending the midrib (or larger secondary
vein) of the leaf upon which they are feeding (Freitas and Oliveira 1992; Willmott
2003; Torres et al. 2019, Fig. 23e). Non-feeding caterpillars move onto the frass
chain and settle between feeding bouts or to complete a molt. Evidently few preda-
tors venture out along these frass chains, turning back before encountering the cat-
erpillar (Freitas and Oliveira 1996). Some microlepidopterans use silk as movement
detection networks to learn of approaching natural enemies, in the same way that
spiders use their webs to detect movement (Rota and Wagner 2008, Fig. 23f).

Collectively, across instars and lineages, silk has allowed larvae of Lepidoptera
to weather challenging abiotic constraints exclude and escape subsets of their natu-
ral enemies, disperse, and more. In so doing they exploit and thrive across a broad
spectrum of terrestrial (and aquatic) environments to a greater degree than many
other insect taxa.

Concluding Remarks

Caterpillars are among the most ecologically important, abundant, and diverse meta-
zoans in terrestrial biomes and account for much of the above-ground insect biomass
in forest and shrubland ecosystems, where they are thought to transfer much of the
energy from plants to other animals (Janzen 1988; Wagner 2013). Not surprisingly,
caterpillars are increasingly the focus of ecological studies, in part because of their
diversity and abundance, but also because they are relatively sessile, often present for
several weeks during any given generation, and many are identifiable. While extraor-
dinarily diverse in their degree of ecological specialization, external morphology and
physiology, internally caterpillars appear structurally generalized: their gut is short,
without diverticula or obvious innovation, and most apparently lack dependency on
a microbiome. The ability of caterpillars to detoxify, and in some cases sequester, a
seemingly endless array of secondary plant compounds and their derivatives has
surely contributed greatly to their eco-evolutionary successes. With the exception of
the sequestration or modification of plant secondary compounds and myrmecophily-
related organs, their defensive chemistry and exocrine systems are not especially
impressive. At least in temperate biotas, most species appear rather defenseless and
make good fodder for birds and their nestlings, as well as other insectivores. Their
most widely employed defensive stratagem is to simply avoid detection. The order’s
heralded portfolio of primary defense strategies—crypsis, ability to masquerade as
unpalatable objects, phenotypic plasticity, shelter construction and countless other
behavioral ploys—provides a testament to the remarkable powers of natural selec-
tion to shape phenotypes as well as the extraordinary influence of visual predators on
the evolution of these and other insects. We submit that the collective abilities of
caterpillars to background match, which can involve ontogenetic, plastic,
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morphological, and behavioral solutions, represents a key adaptation that has allowed
the immature stages of Lepidoptera to flourish as exposed, sizeable, external feeders
to a greater extent than other insects. We also argue that the ability of caterpillars to
produce silk, sometimes in prodigious amounts, has greatly contributed to their evo-
lutionary success, by playing key roles in predator and parasitoid avoidance, ecologi-
cal engineering, molting processes, dispersal, and more.
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Table 1 Summary of new life history data for Nearctic Macrolepidoptera that appear in this work

Species (Family) ‘ Host Comments

Geometridae

“Caripeta” hilumaria | Widely My host records mostly from woody plants, e.g.,

(Geometridae) polyphagous Ceanothus, Holodiscus, Ribes, Robinia
neomexicana), but also forbs (e.g., Urtica)

Dichordophora Krameria Three wild collections and one ex ova collection

phoenix raised to maturity, all from Krameria. Noel

(Geometridae) McFarland raised an ex ova cohort on a Rhus (pers.
comm.). Rhus unconfirmed from the wild

Somatolophia Ericameria First report of host, larval image, and mention of

ectrapelaria nauseosa reflex bleeding by larva

(Geometridae)

Synchlora faseolaria | Ericameria Previously reported from Artemisia californica.

(Geometridae) ericoides First larval photograph. See also Ferguson (1985)

Noctuidae

Chalcopasta howardi | Hymenothrix First host association reports and larval image:

(Noctuidae)

wrightii, Palafoxia
texana

Hymenothrix wrightii in Arizona; Palafoxia texana
in Rio Grande Valley (Berry Nall); accepting
Florestina tripteris in captivity (Berry Nall)

Emarginea percara
(Noctuidae:
Amphipyrinae)

Phoradendron

First larval images and mention of secretory setae

Grotella tricolor
(Noctuidae)

Boerhavia erecta

First discovered and photographed by Robert
Behrstock and Karen Lemay in Hereford, AZ

Thurberiphaga
diffusa (Noctuidae:
Stiriinae)

Gossypium
thurberi

Larval description and partial life history published
by Crumb (1956). Larvae tunnel in ripening cotton
bolls (fruits). The first larval images, shared here,
were taken by Robert Behrstock
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Impacts of the First Trophic Level on
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Surface Warfare: Plant Structural M)
Defenses Challenge Caterpillar Feeding ST

Ishveen Kaur, Sakshi Watts, Cristina Raya, Juan Raya, and Rupesh Kariyat

First instar Manduca sexta caterpillar on leaf surface of silverleaf nightshade Solanum elaeagnifo-
lium. Photo by Rupesh Kariyat

Introduction

Plant defenses against herbivores are generally classified into physical and chemical
defenses (Howe and Jander 2008). Physical (structural) defenses act as the first line
of defense, playing a crucial role in plant-herbivore interactions. Herbivores have to
circumvent them to commence feeding before they come in contact with their host
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plant (Levin 1973; Kariyat et al. 2018). The physical structures on leaves and stems
not only make it difficult to grasp, hold, and feed on the plant but also protect the
plants against harsh environmental vagaries such as drought stress, evapo-
transpiration, and solar radiations (Kaur and Kariyat 2020b; Karabourniotis et al.
2020). These defenses against chewing herbivores have been studied at length and
have been found to be particularly effective against caterpillars (Krenn 2010). To
successfully navigate and feed on their host plants, caterpillars possess chewing and
biting mouthparts with strong mandibles that allow them to bite off pieces of leaves,
stems, flowers, roots, and/or fruits. Clearly, this ever-increasing pressure is the pri-
mary reason for the host plants to evolve specialized and tightly regulated defense
mechanisms to reduce the herbivore’s impact on their growth, development, and
fitness (Kariyat and Portman 2016).

Physical defenses are broadly divided into six main categories including plant
waxes, pubescence (trichomes), spinescence (thorns, spines, and prickles), sclero-
phylly (hardened leaves), raphides (needle-shaped crystals of calcium oxalate or
calcium carbonate found in leaves), and latex (Hanley et al. 2007). However, most
studies of physical defenses have been focused on their effects against the major
group of chewing herbivores, caterpillars, who are the focus of this chapter. Due to
space constraints, we also limit the scope of this chapter to two of these major
defenses, viz., plant waxes and pubescence.

Plant Waxes

The plant cuticle, which forms the outermost layer of the plant cell wall, is com-
posed of lipids and hydrocarbons. This thin, hydrophobic layer surrounding all
aerial plant organs acts as a crucial interface for plant-insect interactions (Jetter
et al. 2008). This layer is comprised of two components, cutin (one of the two waxy
polymers which provides structural framework) and wax (acts as a hydrophobic
layer; also called epicuticular waxes), and both these compounds integrate together
to give the leaf surface a three-dimensional structure. Epicuticular waxes are an
important component of plant cuticle, protecting plants from various stresses
(Chaudhary et al. 2018). These waxes are most commonly composed of straight
chains of either saturated or unsaturated aliphatic hydrocarbons consisting of
n-alkanes (C,—Css), alkyl esters, fatty acids, primary and secondary alcohols, diols,
ketones, and aldehydes (Konno et al. 2006; Jetter et al. 2008). These cuticular waxes
play several ecological and physiological functions in mediating plant-insect inter-
actions and can vary both quantitatively and qualitatively among different plant
families and among members within a family (Kurtz 1958). For example, in the
Solanaceae, these differences are clearly visible through SEM imagery (Fig. 1) with
waxes intact and experimentally removed.

Waxes strongly discourage the movement of caterpillars by rendering the surface
of leaves slippery (Federle et al. 1997; Whitney and Federle 2013; Figs. 1 and 2).
The irregular and prolonged crawling and searching behavior of diamondback moth
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Fig. 1 Scanning electron microscopy images of the leaf surface of (a) forest bitterberry (Solanum
anguivi: Solanaceae) with epicuticular waxes, (b) same leaf with waxes removed; (¢) Solanum
glaucescens (Solanaceae) at 500X possessing trichomes and waxes, and (d) same leaf at more
details of wax particles. (Picture credits: Ishveen Kaur and Sakshi Watts)

Fig. 2 Scanning electron microscopy image of the leaf surface of sorghum (Sorghum bicolor:
Poaceae) covered with dense wax crystals at 150X. (Picture credit: Ishveen Kaur)
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caterpillars (Plutella xylostella: Plutellidae) is observed when caterpillars are placed
on cuticular extracts of resistant and susceptible genotypes of canola (Brassica
napus: Brassicaceae); larvae spend more time crawling and searching food (forag-
ing) than feeding on resistant foliage (Justus et al. 2000; Table 1). A similar increase
in walking time and lower rates of feeding were also observed in these caterpillars
when put on glossy leaf varieties of collard greens (Brassica oleracea var. viridis:
Brassicaceae), making it difficult for caterpillars to penetrate and grasp the leaf
(Stoner 1997; Table 1).

The epicuticular layer also plays a significant role in affecting the intensity and
firmness of insect’s grip and attachment (Stoner 1990, 1997; Gorb and Gorb 2017),
protecting the plants in a few different ways. The hydrophobicity makes the outer
surface smooth, which reduces the surface area for insect appendages to embed
inside the irregularities or crevices required for gripping and mechanical adherence
(Peressadko and Gorb 2004; Gorb et al. 2005; Fig. 2). As a result, larvae have a
difficult time penetrating and breaking the leaf epidermis and thus tend to fall from
the surface of leaves, delaying access to leaves, making neonate larvae more prone
to desiccation. The inability to gain a strong foothold on the leaf surface is also
impacted by the wax content as well as by three-dimensional crystalline wax struc-
ture formed by integration of waxes on the cutin bed (Stork 1980; Eigenbrode et al.
1996; Barthlott et al. 1998; Eigenbrode and Pillai 1998; Eigenbrode and Jetter 2002;
Duetting et al. 2003). The length of wax crystals is another factor that can signifi-
cantly affect plant-insect interactions (Lewandowska et al. 2020). The thick waxy
mat sticks together the mouth parts of larvae, causing them to spend more time on
cleaning and preening their mouth parts before they commence feeding (Shelomi
et al. 2010), thereby increasing their exposure time to predators (Table 1). Clearly,
leaf surface waxes play a significant role as a mechanical barrier in restricting cat-
erpillar feeding across multiple plant families.

Chemical Characteristics of Waxes

Apart from providing a slippery surface to the movement of insects, these waxes
also contain a combination of various hydrophobic materials, which can act not
only by providing an additional layer of protection to plants as a chemical defense
but can also serve as cues for host location (Spencer 1996). They are generally com-
posed of aliphatic chains of alkanes, primary and secondary alcohols, fatty acids,
ketones, alkyl esters, and acids (Yang et al. 1993; Jetter et al. 2008; Lewandowska
et al. 2020; Table 1). It is particularly significant in caterpillar feeding because plant
waxes embedded in this layer are used by caterpillars for their host recognition. This
dense waxy layer, often blended with alkanes and alcohols along with the chloro-
phyll, can provide visual and/or chemical cues to herbivores (Miiller 2008). In addi-
tion, post host recognition, these compounds can have other functional roles: for
instance, free amino acids and soluble carbohydrates in plant waxes of wild leek
(Allium ampeloprasum; Alliaceae) and maize (Zea mays; Poaceae) act as an
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of positive and negative host plant-caterpillar interactions with epicuticular

Characteristics/
chemical Caterpillar species
Plant/family composition (family) Effects of wax References
Brassica oleracea | N-alkane-1-ols, Diamondback Increased walking | Eigenbrode
(Brassicaceae) C24 and C25 moth (Plutella time and more and Pillai
alcohols xylostella: foraging (1998)
Plutellidae)
Triterpenols o and | Diamondback Inhibit growth of Sarfaraz
B-amyrin moth (Plutella caterpillars et al. (2005)
xylostella:
Plutellidae)
Glossy wax Cabbage butterfly | Increased walking | Stoner
larvae (Pieris time and failure to | (1997)
rapae: Pieridae) commence feeding
Diamondback Resistance by early | Ulmer et al.
moth (Plutella neonates due to (2002)
xylostella: behavioral basis,
Plutellidae) low pupal weight
3-indolyl- Cabbage moth Host recognition van Loon
methylglucosino- | caterpillar (Pieris | and stimulation of | et al. (1992)
late brassicae: oviposition
Pieridae)
Maize (Zea mays: | N-alkanes Fall army worm | Difficulty in Eigenbrode
Poaceae) (Spodoptera establishing on leaf; | and Espelie
frugiperda, marked by rapid (1995)
Noctuidae) movement
Lipid extracts Fall army worm | Reduced growth Yang et al.
(Spodoptera (1991)
frugiperda:
Noctuidae)
Myasin (flavone Corn earworm Antifeedant Yang et al.
glycoside) (Helicoverpa zea: (1992)
Noctuidae)
Free amino acids, | European corn Oviposition Derridj et al.
soluble borer (Ostrinia preference (1996)
carbohydrates nubilalis:
Pyralidae)
Pentane extract European corn Oviposition Udayagiri
(five n- alkanes) borer (Ostrinia stimulant and Mason
nubilalis: (1997)
Pyralidae)
Potato (Solanum | Surface lipid Potato tuber moth | Obstruction in Varela and
tuberosum: extracts (Phthorimaea movement, spent Bernays
Solanaceae) operculella: more time in biting | (1988)
Gelechiidae) and reduced larval

development

(continued)



70 1. Kaur et al.
Table 1 (continued)
Characteristics/
chemical Caterpillar species
Plant/family composition (family) Effects of wax References
Canola (Brassica | Heavy waxy layer | Diamondback Less oviposition Justus et al.
napus: moth (Plutella activity than glossy | (2000)
Brassicaceae); xylostella: sister strains
Plutellidae)
Rapeseed Heavy waxy Cotton bollworm | Longer first meals | Shelomi
(Brassica napus: | coating (Helicoverpa due to pre- et al. (2010)
Brassicaceae) armigera: processing time to
Noctuidae) remove wax,
gumming of
mouthparts, more
time spent feeding
due to thick layer
White spruce Monoterpenes Banded leaf roller | Feeding deterrent | Daoust et al.
(Picea glauca: (Choristoneura (2010)
Pinaceae) spp.: Torticidae)
Sugarcane Alcohols and African sugarcane | Resistance against | Rutherford
(Saccharum carbonyls borer (Eldana insect herbivore and Staden
alopecuroides: saccharina (1996)
Poaceae) ‘Walker:
Pyrallidae)
Soyabean Volatiles, hexane, | Saltmarsh More time spent on | Castrejon
(Glycine max: and methanol caterpillar walking et al. (2006)
Fabaceae) extract (Estigmene acrea:
Erebidae)
Carrot (Daucus Flavonoids American Oviposition Brooks et al.
carota: Apiaceae) | glycosides, swallowtail stimulants (1996)
chlorogenic acid (Papilio
polyxenes:
Papilionidae)
Leeks (Allium Free amino acids, | European corn Oviposition Derridj et al.
ampeloprasum: soluble borer (Ostrinia stimulant (1996)
Alliaceae) carbohydrates nubilalis:
(sugars) Pyralidae)
Mung bean Alkanes and free | Bihar hairy Short-range Mobarak
(Vigna radiata: acids caterpillar attractant and et al. (2020)
Fabaceae) (Spilosoma oviposition
obliqgua Walker: stimulant
Arctiidae)
Balsam fir (Abies |Leaf waxes Eastern spruce Host detection, Rivet and
balsamea: budworm oviposition Albert
Pinaceae) (Choristoneura stimulant (1990)
Sfumiferana:
Tortricidae)
Mulberry (Morus | Fatty alcohols Silk moth Feeding stimulant | Mori (1982)
alba: Moraceae) | hexacosanol and (Bombyx mori:
octacosanol Bombycidae)

(continued)
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Table 1 (continued)

Characteristics/

chemical Caterpillar species
Plant/family composition (family) Effects of wax References
Yellow Glucosinolates Diamondback Host recognition Hopkins
rocketcress moth (Plutella and stimulation of | et al. (2009)
(Barbarea xylostella: oviposition
vulgaris: Plutellidae)
Brassicaceae)

oviposition stimulant for European corn borer (Ostrinia nubilalis: Pyralidae)
(Derridj et al. 1996; Table 1); and the alkane blend present in the wax of leaves of
B. napus attracts P. xylostella moths for oviposition (Barbero 2016; Table 1).

Epicuticular waxes also have semiochemicals that function as sex pheromones
and kairomones attracting parasitoids and predators of herbivores post-herbivory,
thereby mediating multi-trophic interactions (Rutledge 1996; Dutton et al. 2000).
Parasitoids are attracted to the sloughed off lipophilic compounds from their herbi-
vore host on the plant surface, greatly enhancing their foraging success. Similarly,
presence of high docosonal (aliphatic alcohol) on leaf surface prevents feeding of
tobacco budworm (Heliothis virescens: Noctuidae) on tobacco varieties, and sugar
and sugar alcohols present on the surface of apples function as kairomones and trig-
ger oviposition in female moths of (Cydia pomonella: Tortricidae) (Lombarkia and
Derridj 2002).

These waxes also protect plants in many other different ways. Some of the chem-
icals in wax may also serve as feeding deterrents. Epicuticular waxes also contain
low levels of terpenoids, sterols, flavonoids, phenolics, glucosinolates, furanocou-
marins, and alkaloids, which have been found to inhibit feeding and oviposition
activity of insects and, in many cases, even proven toxic to caterpillars (Eigenbrode
and Espelie 1995; Schoonhoven et al. 2005; Stiddler and Reifenrath 2009; Halinski
et al. 2012; Kariyat et al. 2019a).

While considered to be more effective against generalist herbivores which lack
co-evolved sequestration or detoxification mechanisms, some of these secondary
metabolites (e.g., alkaloids and flavonoids) are highly inducible, such that the con-
centration of these compounds increases in the wax layer post-herbivory (Miiller
2008). For instance, egg deposition by cabbage moth (Pieris brassicae: Pieridae) on
thale cress (Arabidopsis thaliana: Brassicaceae) and brussels sprouts (Brassica
oleracea: Brassicaceae) alters the wax composition and specific ratio of tetra triac-
ontanoic acid (C34) and tetracosanoic acid (C24), with consequences for enhanced
attraction of the egg parasitoid Trichogramma brassicae (Hymenoptera:
Trichogrammatidae) in the vicinity of host eggs (Blenn et al. 2012). These changes
also lead to increased walking and biting time of neonates, as observed in P. xylo-
stella, which struggle on the glossy surfaces of cabbage (B. oleracea) due to pres-
ence of n-alkanes, secondary alcohols, n-alkanoic acids (fatty acids), n-alkane-1-ols,
and triterpenoids (Cole and Riggal 1992). And finally, surface waxes also act as a
pathway for diffusion of volatiles such as terpenes and glucosinolate derivatives that
are diffused through the epicuticular layer when stomata are closed, thus acting as
an interface for plant-insect interactions (Miiller and Riederer 2005).
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Caterpillar Adaptations

In order to evade the hydrophobic and glossy wax layer that restricts movement and
reduces grip, caterpillars have evolved a series of physiological and behavioral
adaptations. These modifications help them to circumvent waxes and associated
defenses and to successfully establish on the plant to commence feeding. For exam-
ple, P. brassicae caterpillars produce water-soluble phenolic compounds that
moisten the leaf surface; this later helps the adults to firmly attach eggs to leaves of
members of the Brassicaceae (Voigt and Gorb 2009; Fatouros et al. 2012). Pieris
brassicae has also evolved to ingest and detoxify the glucosinolates present in the
heavy wax layer on plants in the Brassicaceae family, thereby enabling caterpillars
to grow and develop. In a much more specialized and dramatic adaptation, the giant
geometrid (Biston robustum: Geometridae) has the ability to alter the chemistry of
its outer integument based on the chemicals present in the cuticular wax layer, to
resemble the morphology of the plants with respect to surface chemistry, also known
as phytomimesis (Akino 2005). This chemical camouflage (mimicking the chemis-
try of the host plant) allows larvae to hide from their predators. Clearly, while waxes
play a significant role as an anti-herbivore defense by both physical and chemical
means, caterpillars, especially with a co-evolution history with their host plants,
have evolved both behavioral and morphological adaptations to overcome these
defenses, an area that still needs to be examined.

Trichomes

Walking on a leaf surface is not an easy task for caterpillars. If waxes do not deter
them, their movement is severely obstructed by the dense mat of minute hairs, or
trichomes, surrounding them, acting as another physical barrier (Levin 1973;
Kariyat et al. 2017, 2018). Although miniature in stature, they play well-established
roles in protecting the plants against biotic and abiotic stresses, such as extreme
environmental conditions, temperature stresses, detoxification of heavy metals, and
high soil salinity (Karabourniotis et al. 2020; Kaur and Kariyat 2020b), and, more
importantly, as an anti-herbivore defense (Wagner et al. 2004). Trichomes are
broadly divided into two types: non-glandular and glandular trichomes. Non-
glandular trichomes are secretion-less sharp and pointed appendages that serve as a
physical barrier to the movement of caterpillars (Kariyat et al. 2013a, 2017, 2018,
2019b; Figs. 3, 6, 8, 9a, d, and 10). Glandular trichomes, in addition to acting as
physical hindrance, can also have sticky exudates, toxins, and bioactive compounds
in their glandular head that deter herbivores via chemical defenses; additionally, the
compounds may activate downstream complex defense signaling cascades such as
the jasmonic acid pathway (Peiffer et al. 2009; Kaur and Kariyat 2020a, b) (Figs. 3,
4,5, 8, and 9b, ¢).
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Fig. 3 Artistic representation of the potential defensive roles of trichomes against caterpillars.
Trichomes (non-glandular and glandular) can potentially entrap caterpillars, with capacity of glan-
dular trichomes (with glandular bulbs on top) to act as toxins and signaling molecules to activate
defense gene expression post-rupturing and stellate trichomes can physically injure the caterpil-
lars. (Illustration by Annette Diaz)

Fig. 4 (a) Cabbage looper larva (Trichoplusia ni: Noctuidae) struggling to walk on the leaf sur-
face of bottle gourd (Lagenaria siceraria: Cucurbitaceae) and (b) scanning electron microscopy
image of the same leaf possessing both glandular and non-glandular trichomes at 400X. (Picture
credit: Rupesh Kariyat and Ishveen Kaur)
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Fig. 5 (a) Fall army worm (Spodoptera frugiperda: Noctuidae) trying to feed on tomato (Solanum
lycopersicon: Solanaceae) leaf surface covered with a dense mat of glandular and non-glandular
trichomes, (b) first instar tobacco hornworm (Manduca sexta: Sphingidae) caterpillar walking
unimpeded on the smooth trichome free surface of pepper (Capsicum annum: Solanaceae), (c)
neonate M. sexta making an effort to feed on tobacco (Nicotiana tabacum: Solanaceae) leaves
covered with glandular trichomes, and (d) neonate M. sexta struggling to walk on potato (Solanum
tuberosum: Solanaceae) leaf with glandular trichomes. (Photo credit: Rupesh Kariyat)

Non-glandular trichomes are epidermal outgrowths that provide physical protec-
tion from different biotic and abiotic stresses and are devoid of any exudates (Fig. 9a,
d). These trichomes start playing their part by disrupting the caterpillar integument
with their sharp-pointed ends as soon as young neonates come in contact with a
plant (Riddick and Wu 2011) (Figs. 3 and 10) or by preventing their access to the
leaf epidermis, resulting in more prolonged foraging than actual feeding (Wilkens
et al. 1996; Kariyat et al. 2017, 2018, 2019b; Andama et al. 2020, Kaur and Kariyat
2020b) (Figs. 4, 5, and 10; Table 2). An obvious consequence of this delay in feed-
ing is the prolonged apparency for predators, thus mounting another line of defense
even before the whole suite of chemical defenses are activated or induced.
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Table 2 Examples demonstrating the role of glandular trichomes in plant defense against

caterpillars
Trichome Caterpillar
Plant species type species Interaction References
Garden tomato Foliar Corn earworm | Phenolic compounds present | Duffey and
(Lycopersicon tetracellular | (Helicoverpa in the foliar tetracellular Isman (1981)
esculentum: glandular zea: glandular trichomes including
Solanaceae) trichomes | Noctuidae) flavonol glycoside rutin and
some other phenolics as well
have antibiotic effects on
herbivores, measured by
reduction of larval growth
Type VI Tomato Glandular exudates provided | Lin et al.
glandular pinworm physical barrier to caterpillars | (1987)
trichomes | (Keiferia
lycopersicella:
Gelechiidae)
Foliar Tobacco Rupturing of foliar glandular | Peiffer et al.
glandular hornworm trichomes by herbivore (2009)
trichomes (Manduca contact resulted into the
sexta: induction of proteinase
Sphingidae) inhibitor 2 which is involved
in defense mechanisms in
plants
Glandular | Tobacco Trichomes hindered Wilkens
trichomes | hornworm caterpillars from searching for | et al. (1996)
(Manduca food as caterpillars spent most
sexta: of the time mowing trichomes
Sphingidae)
Glandular | Corn earworm | Growth of H. zea was Tian et al.
trichomes | (Helicoverpa | impaired by higher glandular | (2012)
zea: trichome density.
Noctuidae)
Glandular | Tobacco A novel recessive mutation Kang et al.
trichomes | hornworm called odorless-2 (od-2) (2010)
(Manduca which altered morphology,
sexta: density, and chemical
Sphingidae) composition of glandular
trichomes, increased the
susceptibility of plants to
attack by herbivore, indicating
its importance in providing
resistance to plants against
herbivores
Non- Tobacco Negative effects on larval Kariyat et al.
branched hornworm growth and development of (2019b)
glandular (Manduca caterpillars were observed due
trichomes | sexta: to feeding on trichomes
Sphingidae)

(continued)
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Table 2 (continued)
Trichome Caterpillar
Plant species type species Interaction References
L. hirsutum f. Type VI Tomato 2-tridecanone and Lin et al.
glabratum Mill glandular pinworm 2-undecanone present in (1987)
trichomes | (Keiferia glandular heads of type VI
lycopersicella: | trichomes are major
Gelechiidae), | compounds having
beet armyworm | insecticidal properties
(Spodoptera
exigua:
Noctuidae)
Lycopersicon Type VI Tomato Acute toxicity from two Lin et al.
hirsutum Humb. | glandular | pinworm unknown sesquiterpenes (1987)
& Bonpl. (LA trichomes | (Keiferia present in glandular heads of
361) (Solanaceae) lycopersicella: | type VI trichomes was found
Gelechiidae), | against herbivores
beet armyworm
(Spodoptera
exigua:
Noctuidae)
Lluttu papa Glandular | Potato tuber Deterred oviposition, reduced | Malakar and
(Solanum leaf moth feeding, longer larval Tingey
berthaultii: trichomes (Phthorimaea | development period, and (2003)
Solanaceae) operculella: decreased pupal weight were
Gelechiidae) observed for herbivores
feeding on glandular leaf
trichomes
Glandular | Potato tuber Decreased foliar oviposition | Malakar and
leaf moth and feeding by herbivore, Tingey
trichomes | (Phthorimaea | lower pupal weight, and (1999)
operculella: increased mortality were
Gelechiidae) observed
Type A and | Potato tuber Reduced oviposition of Horgan et al.
B glandular | moth herbivore was observed (2007)
trichomes (Phthorimaea
operculella:
Gelechiidae)
European Glandular | General Plants were found to have Jaime et al.
crowfoot floral herbivores more trichomes in regions (2013)
(Aquilegia trichomes with more herbivores. Also,
vulgaris: better access by the small
Ranunculaceae), insects to the flowers and
Pyrenean fruits was observed on the
columbine removal of floral trichomes
(Aquilegia
pyrenaica:
Ranunculaceae)

(continued)
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Table 2 (continued)
Trichome Caterpillar
Plant species type species Interaction References
Garden petunia | Glandular | African cotton | P. hybrida pleiotropic drug | Sasse et al.
(Petunia hybrida: | trichomes leafworm resistance (PhPDR?2) type (2016)
Solanaceae) (Spodoptera ABC transporters found in
littoralis: trichomes provided
Noctuidae) resistance to herbivores,
since its downregulation
decreased levels of
petuniasterone and
petuniolide (potent toxins
against insect herbivores)
and increased susceptibility
of plants toward herbivore
Solanum tarijense | Type A Potato tuber A negative relation between | Horgan et al.
(Solanaceae) glandular moth trichome density and (2007, 2009)
trichomes | (Phthorimaea | oviposition by herbivore has
operculella: been observed
Gelechiidae)
Sacred thorn- Glandular | General Overall, the damage to sticky | Elle et al.
apple (Datura and herbivores (having more than 95% of (1999)
wrightii: non- glandular trichomes) plants
Solanaceae) glandular was more than velvety
trichomes (having less than 5%
glandular trichomes) plants,
and the sticky plants produced
45% fewer seeds than the
velvety plants in the course of
providing resistance against
herbivores
Pelargoniumx Glandular | Soybean looper | Lesser hatching of herbivore | Hurley and
hortorum trichomes | (Chrysodeixis | eggs treated with exudates of | Dussourd
includens: glandular trichomes along (2014)
Noctuidae) with higher herbivore

mortality was documented.
Also, cutting leaf veins before
feeding beyond the cuts by
last instar caterpillars was
observed




Fig. 6 Fifth instar caterpillar of tobacco hornworm (Manduca sexta: Sphingidae) (a) on trichome-
rich surface of outbred horsenettle leaves (Solanum carolinense: Solanaceae) plant, (b) on low
trichome inbred S. carolinense, and (¢) on trichome free pepper (Capsicum annuum: Solanaceae)
leaves. (Picture credit: Rupesh Kariyat)

Fig. 7 Artistic rendering of Manduca sexta caterpillar with peritrophic membrane or gut lining
(red color) punctured by undigested trichomes potentially leading to mixing of hemolymph (dark
green) and food bolus (light green inside peritrophic membrane; Kariyat et al. 2017). (Illustration
by Annette Diaz)

Fig. 8 Scanning electron microscopy images of different types of trichomes present on the leaf
surface of (a) sunflower (Helianthus annuus: Asteraceae) at 70X, (b) squash (Cucurbita pepo:
Cucurbitaceae) at 70X, (¢) cucumber (Cucumis sativus: Cucurbitaceae) at 70X, (d) bottle gourd
(Lagenaria siceraria: Cucurbitaceae), (e) potato tree (Solanum grandiflorum: Solanaceae) at
100X, and (f) Ethiopian eggplant (Solanum aethiopicum: Solanaceae) at 60X magnification.
(Picture credit: Jesus Chavana, Ishveen Kaur, and Sakshi Watts)



[

Fig. 9 Scanning electron microscopic images of (a) non-glandular trichomes on leaf surface of
bottle gourd (Lagenaria siceraria: Cucurbitaceae; 100X), (b and ¢) glandular trichome on the leaf
surface of L. siceraria and tomato (Solanum lycopersicum: Solanaceae; 400X and 300X, respec-
tively) with bulbous head housing different defensive compounds to ward off herbivory, and (d)
combination of glandular and non-glandular trichomes on leaf surface of the potato tree (Solanum
grandifolium: Solanaceae; 100X). (Picture credits: Ishveen Kaur and Sakshi Watts)

Fig. 10 Scanning electron microscopic image displaying comparative size of stellate trichomes of
eggplant (Solanum melongena: Solanaceae) and first instar tobacco hornworm (Manduca sexta:
Sphingidae) caterpillar at 50X. (Picture credit: Sakshi Watts)



80 I. Kaur et al.

Being tender, small, and lacking fully functional defense mechanisms (Zalucki
et al. 2002), neonate larvae are even more vulnerable to desiccation and death by
starvation or reduced feeding efficiency (Kariyat et al. 2018; Despland 2018)
(Figs. 3, 4, and 5; Table 2). For example, neonate tobacco hornworm (Manduca
sexta; Sphingidae) caterpillars find it difficult to initiate feeding on Solanaceae spe-
cies possessing trichomes, thus leading to their starvation, desiccation, and ulti-
mately death (Kariyat et al. 2013a, 2017, 2018) (Fig. 5; Table 3). These trichomes
act as a strong weapon against herbivores by their mechanical entrapment capabili-
ties, hence impeding the locomotion of these neonates and making them less active
and weak by wounding them (Dalin et al. 2008; Peiffer et al. 2009) (Fig. 3).
Moreover, they can act as extreme feeding deterrents and physically damaging
structures by entangling and impaling soft-bodied insects, in the case of hook-
shaped trichomes, as found in French bean (Phaseolus vulgaris: Fabaceae) and pas-
sionflower (Passiflora spp.: Passifloraceae) that can be fatal for herbivores such as
sciarid fly (Bradysia pauper; Diptera: Sciaridae) and brush-footed butterfly larvae
(Heliconiinae: Nymphalidae) (Gilbert 1971; Gepp 1977). Furthermore, the impor-
tance of these trichomes as physical structures impeding growth and development
of larvae has been clearly demonstrated in Lycopersicon spp. (Solanaceae) where
neonate Helicoverpa armigera suffered high mortality due to their entrapment in
non-glandular trichomes (Simmons et al. 2004) (Table 2).

The role of non-glandular trichomes in plant defense has not been fully explored
since it is usually assumed that they merely restrict herbivore movement (Figs. 3, 4,
5, 6, and 10). However, recent studies have shown that they can have both pre- and
post-ingestive effects, and these effects are also instar specific (Kariyat et al. 2017,
2018) (Fig. 7). In addition to severely restricting feeding of early instars, they can
damage later instars, following their ingestion. The undigested stellate trichomes
can pierce holes in the peritrophic membrane (gut lining) of caterpillars (Kariyat
et al. 2017; Figs. 3, 7, and §; Table 2), with the dire possibility of food contents in
gut mixing with hemolymph (Fig. 7). The peritrophic membrane is known to protect
the caterpillar gut from physical and chemical damage, which facilitates digestion.
The rupturing of this lining can force hemolymph to ooze inside the gut lining,
which would eventually lead to sepsis, thus up-regulating the immune system of
caterpillars, leading to diversion of resources toward defense from their growth and
development (Pechan et al. 2002; Kariyat et al. 2017) (Fig. 7). Moreover, recent
discoveries have shown that the presence of silica (involved in lignification) pack-
aged in non-glandular trichomes of rice (Oryza sativa: Poaceae) prevents chewing
herbivores from damaging the plant (Andama et al. 2020; Kaur and Kariyat 2020a,
b). In one recent examination of histo-chemical and morphological features of non-
glandular trichomes, the presence of living cells in the non-glandular trichomes of
plants in Lamiaceae and Verbenaceae was confirmed (Tozin et al. 2016). These cells
are capable of bioactive compound synthesis, suggesting that non-glandular tri-
chomes are not simply a physical defense but can also assist or enhance plant chem-
ical defenses. Taken together, non-glandular trichomes severely discourage
herbivory by affecting mass, feeding and foraging behavior, oviposition of adults,
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Table 3 Examples of role of non-glandular trichomes in plant defense against caterpillars
Trichome | Caterpillar/herbivore
Plant species type species Interaction References
Mustard Non- Cabbage whitefly New leaves post Traw and
(Brassica nigra: | glandular | (Pieris rapae: Pieridae) | damage had 76% Dawson
Brassicaceae) trichomes more trichomes per (2002)
unit area than control
plants on damage by
the herbivore
Non- Cabbage looper New leaves post Traw and
glandular | (Trichoplusia ni: damage had 113% Dawson
trichomes | Noctuidae) more trichomes per (2002)
unit area than control
plants upon damage
by the herbivore
indicating their role
against herbivory
Jimsonweed Leaf General herbivores Decrease in the Valverde
(Datura trichomes damage caused by et al. (2001)
stramonium: herbivory was
Solanaceae) recorded with
increase in the
number of leaf
trichomes
Horsenettle Non- Tobacco hornworm Non-glandular Kariyat et al.
(Solanum glandular | (Manduca sexta: trichomes were found | (2018)
carolinense: trichomes | Sphingidae) more effective in
Solanaceae) deterring feeding by
first and second instar
caterpillars than late
instars
Feeding on trichomes, | Kariyat et al.
besides acting as (2017)
feeding deterrent, also
caused damage to
peritrophic membrane
(gut lining) of
caterpillars
Silverleaf Non- Tobacco hornworm Feeding on trichomes | Kariyat et al.
nightshade glandular | (Manduca sexta: resulted into reduced | (2019b)
(Solanum stellate Sphingidae) mass gain and
elaegnifolium: trichomes increased time to
Solanaceae) pupation by
caterpillars
Garden tomato Non- Tobacco hornworm Trichomes hindered | Wilkens
(Lycopersicon glandular | (Manduca sexta: caterpillars from et al. (1996)
esculentum) trichomes | Sphingidae) searching for food as

caterpillars spent
most of the time
mowing trichomes

(continued)
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Table 3 (Continued)
Trichome | Caterpillar/herbivore
Plant species type species Interaction References
Canada nettle Stinging The red admiral No significant Tuberville
(Laportea trichomes | (Vanessa atalanta: deterrence in et al. (1996)
canadensis: Nymphalidae) herbivore feeding was
Urticaceae) observed due to
presence of stinging
trichomes
Passionflower Hooked Brush-footed butterfly | Trichomes were able | Cardoso
(Passiflora trichomes | (Heliconius pachinus: | to deter non-specialist | (2008)
lobata: Nymphalidae) herbivore (H.
Passifloraceae) pachinus)
Lyre-leaves Non- Diamondback moth For herbivore damage | Sletvold
rock-cress glandular | (Plutella xylostella: to the plants, et al. (2010)
(Arabidopsis trichomes | Plutellidae) significant phenotypic
lyrata: and genetic
Brassicaceae) correlation was
found, since the
plants with higher
trichome density had
lower herbivore
damage. Although
oviposition by
herbivore also
decreased with
increased trichome
density, correlation
was not significant
Non- Diamondback moth Glabrous (without Lge et al.
glandular | (Plutella xylostella: trichomes) plants had | (2007)
trichomes | Plutellidae) and other | more damage by
herbivores herbivores than
trichome-producing
plants
Milkweed Leaf Monarch butterfly Herbivore abundance | Agrawal
(Asclepias trichomes | (Danaus plexippus: was negatively (2005)
syriaca: Nymphalidae) correlated to leaf
Apocynaceae) trichome density
Passionflower Hook-like | Heliconine butterflies | Hooked trichomes of | Gilbert
(Passiflora uncinate (Heliconius spp.: this species very (1971)
adenopoda: trichomes | Nymphalidae) effectively deterred
Passifloraceae) herbivores
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development, mortality, and fitness (Traw and Dawson 2002; Kariyat et al. 2017,
2018, 2019b) (Table 3).

In the case of glandular trichomes, the trichome head is filled with sticky exu-
dates or secretions, which contain a diversity of defensive compounds (terpenoids,
phenolics, alkaloids, and acyl sugars, to name a few) in the secretory cells (Table 2;
Fig. 9b, c). In addition, they also have different morphotypes present within the
trichomes with specialized functional diversity (Giuliani et al. 2020; Uzelac et al.
2020) as evident from SEM images from different plant families (Figs. 4, 8, and 9).
The glandular cells of these trichomes either entangle the herbivores with sticky
exudates (Zalucki et al. 2002) or act as toxins (Hare 2005), which can interfere with
their metabolic pathways, as soon as herbivores damage/disturb these glandular tri-
chomes. They can synthesize proteinase inhibitors that bind with the digestive
enzymes of herbivores affecting the digestive ability of the caterpillar (Peiffer et al.
2009) or release volatile terpenes (Wang et al. 2008; Biswas et al. 2009) that attract
predators and parasitoids of the feeding caterpillars. For instance, the chemicals
released by glandular trichomes of Lycopersicon spp. cause severe irritation and
trapping of Phthorimaea operculella neonates due to the presence of methyl ketones
(2-tridecanone, 2-undecanone) and sesquiterpenes in the globular cells of their tri-
chomes (Lin et al. 1987; Gurr and Grath 2002; Table 2). Similarly, the chemical
exudates from glandular trichomes of L. hirsutum and L. pennellii entrapped larvae
of Helicoverpa armigera, thereby causing their mortality (Simmons et al. 2004).
Glandular trichomes can also activate defense priming through jasmonic acid
(Kariyat et al. 2013b), a key phytohormone in plant defense signaling that initiates
a wide range of defense responses in plants. In addition to these modes of defenses,
exudates from trichomes also render the plant tissues indigestible and unpalatable
by housing compounds such as polyphenol oxidase, making it difficult for herbi-
vores to digest the plant tissue. This protective effect is evident by the significant
reduction in caterpillar mass gain and pupal mass along with longer development
period, evident from reduced growth of Spodoptera exigua. The enzyme polyphenol
oxidase catalyzes the production of quinones that can further alkylate nucleophilic
amino acids, which makes the plant unpalatable (Bhonwong et al. 2009; Fig. 5).
Rupturing foliar glandular trichomes of tomato (L. esculentum) by Manduca sexta
induces a proteinase inhibitor, and presence of 2-tridecanone and 2-undecanone in
the glandular heads of type VI trichomes in L. hirsutum f. glabratum has been found
to have insecticidal properties against tomato pinworm (Keiferia lycopersicella:
Gelechiidae) and S. exigua, thus highlighting the role of these defenses in plant
protection (Lin et al. 1987). Clearly, these glandular trichome exudates act as direct
chemical defenses and can significantly reduce caterpillar performance (Malakar
and Tingey 1999; Tian et al. 2012; Pradhan and Maradi 2020; Table 2).

In addition, glandular trichomes can act as indirect defenses mediating multi-
trophic interactions. For example, o-acyl sugars in Nicotiana tabacum (Solanaceae)
glandular trichomes act as a sugary first meal relished by neonate M. sexta caterpil-
lars (Fig. 6); however, post-ingestion of these sugars imparts a distinct scent to lar-
val body and frass that acts as location cues for their natural enemies, such as the
rough harvester ant (Pogonomyrmex rugosus) (Hymenoptera: Formicidae)
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(Weinhold and Baldwin 2011). This ant preys on M. sexta eggs and early instar
caterpillars. Desert lizards (Phrynosoma platyrhinos) (Squamata: Phrynosomatidae)
target later instars using the same cues (Stork et al. 2011). Thus, trichome ingestion,
which is their first meal, makes them more vulnerable and apparent to their enemies,
providing a fascinating example of multitrophic interactions mediated by trichomes.

Caterpillar Adaptations

Specialized strategies to circumvent trichome defenses have evolved in the
Lepidoptera, allowing caterpillars to feed and flourish on trichome-rich plants.
Caterpillars have evolved morphological, physiological, and behavioral adaptations
to minimize trichome defenses, and these caterpillars continue to impose selection
pressure on their host plants. For example, before feeding, M. sexta caterpillars
spend time shaving both glandular and non-glandular trichomes of Lycopersicon
esculentum (Wilkens et al. 1996). This provides them an opening to the epidermis
and then to underlying tissues below the epidermis. Caterpillars have also adapted
yet another phenomenon to escape defenses mediated by trichomes, by weaving a
network of silk fibers as a pathway to facilitate easier movement on a trichome cov-
ered leaf, allowing them to safely reach and remove the protective trichome layer on
foliage before reaching their food source (Young and Moffett, 1979; Fordyce and
Agrawal, 2001; Yadav and Yack, 2018). Some lepidopterans have been found to
produce silk secretions on trichomes to facilitate their easy movement (Rathcke and
Poole 1975; Fordyce and Agrawal 2001). Larvae of the specialist herbivore, the
zebra longwing butterfly (Heliconius charithonia: Nymphalidae) on their host plant
passionflower (Passiflora lobata: Passifloraceae), interweave silken threads on the
hooked trichomes to facilitate their movement. In contrast, generalist herbivores,
such as the brush-footed butterfly caterpillar (Heliconius pachinus: Nymphalidae)
on P. lobata and the tiger clearwing butterfly caterpillar (Mechanitis isthmia:
Nymphalidae) on Solanum spp. (Solanaceae), struggle to access the leaf tissue
(Gilbert 1971; Cardoso 2008). The studies of lepidopteran larvae and their silk-
based defense mechanism collectively suggest that early instar larvae employ
behavioral adaptations to reduce their contact with trichomes. This includes moving
their head in upward, downward, and side-to-side motions distinct from other cater-
pillars that produce silk (Hulley 1988). Another unique and interesting phenomenon
observed is the structural modification in tarsi and longer tibia of these lepidopter-
ans to facilitate movement without coming in contact with dense trichome surface,
but allowing them to insert their legs directly onto the epidermis (Medeiros and
Boligon 2007). Similarly, in H. charithonia (a specialist herbivore on Passiflora
spp.), the lateral proleg is sclerotized, helping to prevent the trapping of larvae on
trichome hooks. Moreover, the presence of interwoven silken mats to facilitate
movement over the trichomes and trichome tips indicates that the caterpillar often
bites off the trichome tips to facilitate walking and feeding on plant tissues. In other
systems, young neonates often aggregate to collectively feed on trichome-rich or
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glabrous leaf surfaces. This social facilitation observed in tiger wing butterfly
(Mechanitis menapis: Nymphalidae) caterpillars while feeding on glandular tri-
chome of Solanum acerifolium (Solanaceae) also assists them to continue feeding
on leaf tissue with the aid of their siblings (Despland 2019).

Clearly, caterpillars have evolved a variety of behavioral and structural traits that
allow them to circumvent this powerful defense. Studies performed on Manduca
sexta and Pardasena diversipennis (Nolidae) on various solanaceous species have
found that the caterpillars tend to “shave” trichomes with their mandibles from the
leaf surface before they begin feeding on the leaves (Hulley 1988). This behavior is
commonly known as mowing. In mowing, the caterpillars first begin feeding at the
edge on the upper surface and then use their mandibles to mow the trichomes on the
leaf surface, before they eat, thus allowing them to easily gain access to plant mate-
rial. Also, they start feeding at the edge of upper leaf after mowing the trichomes at
the leaf margin, by approaching the leaf at angle of 45 degrees, without touching the
trichomes on the abaxial surface of leaf, thus forcing these trichomes to fall under
their own weight, thereby removing them (Hulley 1988). While these counter
defenses are primarily behavioral or morphological, some caterpillars have evolved
detoxification and physiological adaptations so they can ingest trichomes without
being affected by their toxins, more critical in the case of glandular trichomes. For
example, the larvae of the ello sphinx (Erinnyis ello: Sphingidae) feed on spurge
nettle (Cnidoscolus urens: Euphorbiaceae) by grazing the urticating hairs of the
petiole and also by stopping the latex flow into the leaf (Dillon et al. 1983).
Additionally, caterpillars often resort to grooming themselves post-feeding, possi-
bly to remove defensive chemicals secreted by the plant. Such defense mechanisms
by caterpillars provide them with a greater possibility of survival especially for
early instars as their mandibles are small and trichomes could be lethal, causing the
loss of prolegs and impaling them (Levin 1973).

Conclusions

Taken together, waxes and trichomes have been well established as an efficient
multi-faceted defense strategy in plants against herbivores, especially against lepi-
dopteran larvae. Using Solanaceae as a model plant family and Manduca sexta as
the model herbivore, we have demonstrated that trichomes are highly inducible by
Manduca sexta feeding (Kariyat et al. 2013a) and are affected by genetic variation
and breeding status of the host plant (Kariyat et al. 2013a). Trichome synthesis and
expression are mediated through the jasmonic acid pathway (Kariyat et al. 2012),
and caterpillars feeding on trichome-rich species will gain less mass (Kariyat et al.
2018, 2019b) and take more time to begin feeding (Kariyat et al. 2018; Watts and
Kariyat 2021), in a density-dependent manner. In addition, these effects are also
species specific and vary based on trichome type (Kariyat et al. 2018, 2019b).
Trichome-mediated effects are also instar specific where early instars are primarily
affected by delayed feeding (Kariyat et al. 2017, 2019b), while late instars that
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ingest trichomes are affected by their ruptured peritrophic membranes (Kariyat
et al. 2017; Kaur and Kariyat 2020a) with possible implications for immune
response, development, and survival.

We have been successful in dissecting the genetic mechanisms and developmen-
tal regulation underlying trichomes (Chalvin et al. 2020). A wide range of manipu-
lative ecological and physiological studies have successfully determined the role of
trichomes as the first line of defense against the voracious caterpillars that continu-
ously attack them. However, new discoveries in this field include the finding that
there is metal accumulation in trichomes based on topographic analysis and energy
dispersive X-ray (EDX) analysis using scanning electron microscopy (SEM), but
these approaches are still in their infancy and require more attention. For example,
fortification of trichomes (Mustafa et al. 2018; Hopewell et al. 2021) with metals
has been found only in a few families, and the exact functions are unknown.
Recently, Andama et al. (2020) demonstrated that trichomes are involved in defense
against chewing herbivores in rice (Oryza sativa: Poaceae). More research is also
warranted in fully understanding potential tradeoffs on trichome induction post-
herbivory, examining fitness and whether these effects extend to the next generation
(Nihranz et al. 2019). The advent of modern analytical chemistry tools also provides
us a unique opportunity to examine, identify, and quantify the tremendous variety of
compounds present in and on trichomes and their potential role in mediating multi-
trophic interactions.

References

Agrawal A (2005) Natural selection on common milkweed (Asclepias syriaca) by a community of
specialized insect herbivores. Evol Ecol Res 7:651-667

Akino T (2005) Chemical and behavioral study on the phytomimetic giant geometer Biston
robustum Butler (Lepidoptera: Geometridae). Appl Entomol Zool 40:497-505. https://doi.
org/10.1303/aez.2005.497

Andama JB, Mujiono K, Hojo Y et al (2020) Nonglandular silicified trichomes are essential
for rice defense against chewing herbivores. Plant Cell Environ 43:2019-2032. https://doi.
org/10.1111/pce.13775

Barbero F (2016) Cuticular lipids as a cross-talk among ants, plants and butterflies. Int J Mol Sci
17:1966. https://doi.org/10.3390/ijms 17121966

Barthlott W, Christoph N, David C, Ditsch F, Meusel I, Theisen I, Wilhelmi H (1998) Classification
and terminology of plant epicuticular waxes. J Linn Soc Bot 126:237-260. https://doi.
org/10.1111/1.1095-8339.1998.tb02529.x

Bhonwong A, Stout MJ, Attajarusit J, Tantasawat P (2009) Defensive role of tomato polyphenol
oxidases against cotton bollworm (Helicoverpa armigera) and beet armyworm (Spodoptera
exigua). J Chem Ecol 35:28-38. https://doi.org/10.1007/s10886-008-9571-7

Biswas KK, Foster AJ, Aung T, Mahmoud SS (2009) Essential oil production: relationship with
abundance of glandular trichomes in aerial surface of plants. Acta Physiol Plant 31:13-19.
https://doi.org/10.1007/s11738-008-0214-y

Blenn B, Bandoly M, Kiiffner A, Otte T, Geiselhardt S, Fatouros NE, Hilker M (2012) Insect egg
deposition induces indirect defense and epicuticular wax changes in Arabidopsis thaliana. J
Chem Ecol 38:882-892. https://doi.org/10.1007/s10886-012-0132-8


https://doi.org/10.1303/aez.2005.497
https://doi.org/10.1303/aez.2005.497
https://doi.org/10.1111/pce.13775
https://doi.org/10.1111/pce.13775
https://doi.org/10.3390/ijms17121966
https://doi.org/10.1111/j.1095-8339.1998.tb02529.x
https://doi.org/10.1111/j.1095-8339.1998.tb02529.x
https://doi.org/10.1007/s10886-008-9571-7
https://doi.org/10.1007/s11738-008-0214-y
https://doi.org/10.1007/s10886-012-0132-8

Surface Warfare: Plant Structural Defenses Challenge Caterpillar Feeding 87

Brooks JS, Williams EH, Feeny P (1996) Quantification of contact oviposition stimulants for black
swallowtail butterfly, Papilio polyxenes, on the leaf surfaces of wild carrot, Daucus carota. J
Chem Ecol 22:2341-2357. https://doi.org/10.1007/bf02029551

Cardoso MZ (2008) Herbivore handling of a plant’s trichome: the case of Heliconius charitho-
nia (L.) (Lepidoptera: Nymphalidae) and Passiflora lobata (Killip) Hutch. (Passifloraceae).
Neotrop Entomol 37:247-252. https://doi.org/10.1590/s1519-566x2008000300002

Castrejon F, Virgen A, Rojas JC (2006) Influence of chemical cues from host plants on the behavior
of neonate Estigmene acrea larvae (Lepidoptera: Arctiidae). Environ Entomol 35:700-707.
https://doi.org/10.1603/0046-225x-35.3.700

Chalvin C, Drevenske S, Dron M, Bendahmane A, Boualem A (2020) Genetic control of glan-
dular trichome development. Trends Plant Sci 25(5):477-487. https://doi.org/10.1016/].
tplants.2019.12.025

Chaudhary A, Bala K, Thakur S, Kamboj R, Dumra N (2018) Plant defenses against herbivorous
insects. Int J Chem Stud 6(5):681-688

Cole RA, Riggall W (1992) Pleiotropic effects of genes in glossy Brassica oleracea resistant to
Brevicoryne brassicae. In: Proceedings of the 8th international symposium on insect-plant rela-
tionships, pp 313-315. https://doi.org/10.1007/978-94-011-1654-1_101

Dalin P, Agren J, Bjorkman C, Huttunen P, Kérkkdinen K (2008) Leaf trichome formation and
plant resistance to herbivory. In: Schaller A (ed) Induced plant resistance to herbivory. Springer,
Dordrecht, pp 89-105. https://doi.org/10.1007/978-1-4020-8182-8_4

Daoust SP, Mader BJ, Bauce E, Despland E, Dussutour A, Albert PJ (2010) Influence of
epicuticular-wax composition on the feeding pattern of a phytophagous insect: implications for
host resistance. Can Entomol 142:261-270. https://doi.org/10.4039/n09-064

Derridj S, Wu BR, Stammitti L, Garrec JP, Derrien A (1996) Chemicals on the leaf surface, infor-
mation about the plant available to insects. In: Stidler E, Rowell-Rahier M, Bauer R (eds)
Proceedings of the 9th international symposium on insect-plant relationships, Series entomo-
logica 53, pp 197-201. https://doi.org/10.1007/978-94-009-1720-0_45

Despland E (2018) Effects of phenological synchronization on caterpillar early-instar survival
under a changing climate. Can J For Res 48:247-254. https://doi.org/10.1139/cjfr-2016-0537

Despland E (2019) Caterpillars cooperate to overcome plant glandular trichome defenses. Front
Ecol Evol. https://doi.org/10.3389/fevo.2019.00232

Dillon PM, Lowrie S, McKey D (1983) Disarming the “evil woman”: petiole constriction
by a sphingid larva circumvents mechanical defenses of its host plant, Cnidoscolus urens
(Euphorbiaceae). Biotropica 15:112. https://doi.org/10.2307/2387953

Duetting PS, Ding H, Neufeld J, Eigenbrode SD (2003) Plant waxy bloom on peas affects infection
of pea aphids by Pandora neoaphidis. J Invertebr Pathol 84:149—-158. https://doi.org/10.1016/j.
jip.2003.10.001

Duffey SS, Isman MB (1981) Inhibition of insect larval growth by phenolics in glandular tri-
chomes of tomato leaves. Experientia 37:574-576. https://doi.org/10.1007/bf01990057

Dutton A, Mattiacci L, Dorn S (2000) Plant-derived semiochemicals as contact host location
stimuli for a parasitoid of leafminers. J] Chem Ecol 26(10):2259-2273. https://doi.org/10.102
3/A:1005566508926

Eigenbrode SD, Espelie KE (1995) Effects of plant epicuticular lipids on insect herbivores. Annu
Rev Entomol 40:171-194. https://doi.org/10.1146/annurev.en.40.010195.001131

Eigenbrode SD, Jetter R (2002) Attachment to plant surface waxes by an insect predator. ICB
Integr Comp Biol 42:1091-1099. https://doi.org/10.1093/icb/42.6.1091

Eigenbrode SD, Pillai SK (1998) Neonate Plutella xylostella responses to surface wax components
of a resistant cabbage (Brassica oleracea). J] Chem Ecol 24(10):1611-1627. https://doi.org/1
0.1023/A:1020812411015

Eigenbrode SD, Castagnola T, Roux M-B, Steljes L (1996) Mobility of three generalist predators
is greater on cabbage with glossy leaf wax than on cabbage with a wax bloom. Entomol Exp
Appl 81:335-343. https://doi.org/10.1046/j.1570-7458.1996.00104.x


https://doi.org/10.1007/bf02029551
https://doi.org/10.1590/s1519-566x2008000300002
https://doi.org/10.1603/0046-225x-35.3.700
https://doi.org/10.1016/j.tplants.2019.12.025
https://doi.org/10.1016/j.tplants.2019.12.025
https://doi.org/10.1007/978-94-011-1654-1_101
https://doi.org/10.1007/978-1-4020-8182-8_4
https://doi.org/10.4039/n09-064
https://doi.org/10.1007/978-94-009-1720-0_45
https://doi.org/10.1139/cjfr-2016-0537
https://doi.org/10.3389/fevo.2019.00232
https://doi.org/10.2307/2387953
https://doi.org/10.1016/j.jip.2003.10.001
https://doi.org/10.1016/j.jip.2003.10.001
https://doi.org/10.1007/bf01990057
https://doi.org/10.1023/A:1005566508926
https://doi.org/10.1023/A:1005566508926
https://doi.org/10.1146/annurev.en.40.010195.001131
https://doi.org/10.1093/icb/42.6.1091
https://doi.org/10.1023/A:1020812411015
https://doi.org/10.1023/A:1020812411015
https://doi.org/10.1046/j.1570-7458.1996.00104.x

88 I. Kaur et al.

Elle E, van Dam NM, Hare JD (1999) Cost of glandular trichomes, a “resistance” character in
Datura wrightii Regel (Solanaceae). Evolution 53:22. https://doi.org/10.2307/2640917

Fatouros NE, Lucas-Barbosa D, Weldegergis BT, Pashalidou FG, van Loon 1J, Dicke M, Harvey
JA, Rieta G, Huigens ME (2012) Plant volatiles induced by herbivore egg deposition affect
insects of different trophic levels. PLoS One. https://doi.org/10.1371/journal.pone.0043607

Federle W, Maschwitz U, Fiala B, Riederer M, Holldobler B (1997) Slippery ant-plants and skil-
ful climbers: selection and protection of specific ant partners by epicuticular wax blooms in
Macaranga (Euphorbiaceae). Oecologia 112:217-224. https://doi.org/10.1007/s004420050303

Fordyce JA, Agrawal AA (2001) The role of plant trichomes and caterpillar group size on growth
and defence of the pipevine swallowtail Battus philenor. J Anim Ecol 70:997-1005. https://doi.
org/10.1046/j.0021-8790.2001.00568.x

Gepp J (1977) Hindrance of arthropods by trichomes of bean-plants (Phaseolus vulgaris L.). Anz
Schidlingskd Pfl Umwelt 50:8—12. https://doi.org/10.1007/BF01993461

Gilbert LE (1971) Butterfly-plant coevolution: has Passiflora adenopoda won the selec-
tional race with Heliconiine butterflies? Science 172:585-586. https://doi.org/10.1126/
science.172.3983.585

Giuliani C, Bottoni M, Ascrizzi R, Milani F, Papini A, Flamini G, Fico G (2020) Lavandula
dentata from lItaly: analysis of trichomes and volatiles. Chem Biodivers 17(11). https://doi.
org/10.1002/cbdv.202000532

Gorb E, Haas K, Henrich A, Enders S, Barbakadze N, Gorb S (2005) Composite structure of the
crystalline epicuticular wax layer of the slippery zone in the pitchers of the carnivorous plant
Nepenthes alata and its effect on insect attachment. J Exp Biol 208:4651-4662. https://doi.
org/10.1242/jeb.01939

Gorb EV, Gorb SN (2017) Anti-adhesive effects of plant wax coverage on insect attachment. J Exp
Bot 68:5323-5337. https://doi.org/10.1093/jxb/erx271

Gurr GM, McGrath D (2002) Foliar pubescence and resistance to potato moth, Phthorimaea
operculella, in Lycopersicon hirsutum. Entomol Exp Appl 103:35-41. https:/doi.
org/10.1046/j.1570-7458.2002.00960.x

Halinski LP, Paszkiewicz M, Golgbiowski M, Stepnowski P (2012) The chemical composition of
cuticular waxes from leaves of the gboma eggplant (Solanum macrocarpon L.). J Food Compos
Anal 25:74-78. https://doi.org/10.1016/j.jfca.2011.06.004

Hanley ME, Lamont BB, Fairbanks MM, Rafferty CM (2007) Plant structural traits and their role
in anti-herbivore defence. PPEES 8:157-178. https://doi.org/10.1016/j.ppees.2007.01.001

Hare JD (2005) Biological activity of acyl glucose esters from Datura wrightii glandular trichomes
against three native insect herbivores. J Chem Ecol 31:1475-1491. https://doi.org/10.1007/
s10886-005-5792-1

Hopewell T, Selvi F, Ensikat H-J, Weigend M (2021) Trichome biomineralization and soil chem-
istry in Brassicaceae from Mediterranean ultramafic and calcareous soils. Plan Theory 10:377.
https://doi.org/10.3390/plants 10020377

Hopkins RJ, van Dam NM, van Loon JJA (2009) Role of glucosinolates in insect-plant relation-
ships and multitrophic interactions. Annu Rev Entomol 54:57-83. https://doi.org/10.1146/
annurev.ento.54.110807.090623

Horgan FG, Quiring DT, Lagnaoui A, Pelletier Y (2007) Variable responses of tuber
moth to the leaf trichomes of wild potatoes. Entomol Exp Appl 125:1-12. https://doi.
org/10.1111/§.1570-7458.2007.00590.x

Horgan FG, Quiring DT, Lagnaoui A, Pelletier Y (2009) Effects of altitude of origin on trichome-
mediated anti-herbivore resistance in wild Andean potatoes. Flora 204:49-62. https://doi.
org/10.1016/j.flora.2008.01.008

Howe GA, Jander G (2008) Plant immunity to insect herbivores. Annu Rev Plant Biol 59:41-66.
https://doi.org/10.1146/annurev.arplant.59.032607.092825

Hulley PE (1988) Caterpillar attacks plant mechanical defence by mowing trichomes before feed-
ing. Ecol Entomol 13:239-241. https://doi.org/10.1111/j.1365-2311.1988.tb00351.x

Hurley KW, Dussourd DE (2014) Toxic geranium trichomes trigger vein cutting by soybean
loopers, Chrysodeixis includens (Lepidoptera: Noctuidae). Arthropod Plant Interact 9:33-43.
https://doi.org/10.1007/s11829-014-9348-6


https://doi.org/10.2307/2640917
https://doi.org/10.1371/journal.pone.0043607
https://doi.org/10.1007/s004420050303
https://doi.org/10.1046/j.0021-8790.2001.00568.x
https://doi.org/10.1046/j.0021-8790.2001.00568.x
https://doi.org/10.1007/BF01993461
https://doi.org/10.1126/science.172.3983.585
https://doi.org/10.1126/science.172.3983.585
https://doi.org/10.1002/cbdv.202000532
https://doi.org/10.1002/cbdv.202000532
https://doi.org/10.1242/jeb.01939
https://doi.org/10.1242/jeb.01939
https://doi.org/10.1093/jxb/erx271
https://doi.org/10.1046/j.1570-7458.2002.00960.x
https://doi.org/10.1046/j.1570-7458.2002.00960.x
https://doi.org/10.1016/j.jfca.2011.06.004
https://doi.org/10.1016/j.ppees.2007.01.001
https://doi.org/10.1007/s10886-005-5792-1
https://doi.org/10.1007/s10886-005-5792-1
https://doi.org/10.3390/plants10020377
https://doi.org/10.1146/annurev.ento.54.110807.090623
https://doi.org/10.1146/annurev.ento.54.110807.090623
https://doi.org/10.1111/j.1570-7458.2007.00590.x
https://doi.org/10.1111/j.1570-7458.2007.00590.x
https://doi.org/10.1016/j.flora.2008.01.008
https://doi.org/10.1016/j.flora.2008.01.008
https://doi.org/10.1146/annurev.arplant.59.032607.092825
https://doi.org/10.1111/j.1365-2311.1988.tb00351.x
https://doi.org/10.1007/s11829-014-9348-6

Surface Warfare: Plant Structural Defenses Challenge Caterpillar Feeding 89

Jaime R, Rey PJ, Alcantara JM, Bastida JM (2013) Glandular trichomes as an inflorescence defence
mechanism against insect herbivores in Iberian columbines. Oecologia 172:1051-1060. https://
doi.org/10.1007/s00442-012-2553-z

Jetter R, Kunst L, Samuels AL (2008) Composition of plant cuticular waxes. In: Biology of the
plant cuticle, pp 145-181. https://doi.org/10.1002/9780470988718.ch4

Justus KA, Dosdall LM, Mitchell BK (2000) Oviposition by Plutella xylostella (Lepidoptera:
Plutellidae) and effects of phylloplane waxiness. J Econ Entomol 93:1152—1159. https://doi.
org/10.1603/0022-0493-93.4.1152

Kang J-H, Liu G, Shi F, Jones AD, Beaudry RM, Howe GA (2010) The tomato odorless-2 mutant
is defective in trichome-based production of diverse specialized metabolites and broad-
spectrum resistance to insect herbivores. Plant Physiol 154:262-272. https://doi.org/10.1104/
pp.110.160192

Karabourniotis G, Liakopoulos G, Nikolopoulos D, Bresta P (2020) Protective and defensive roles
of non-glandular trichomes against multiple stresses: structure—function coordination. J For
Res 31:1-12. https://doi.org/10.1007/s11676-019-01034-4

Kariyat RR, Portman SL (2016) Plant-herbivore interactions: thinking beyond larval growth and
mortality. Am J Bot 103:789-791. https://doi.org/10.3732/ajb.1600066

Kariyat RR, Mena-Ali J, Forry B, Mescher MC, De Moraes CM, Stephenson AG (2012) Inbreeding,
herbivory, and the transcriptome of Solanum carolinense. Entomol Exp Appl 144:134—144.
https://doi.org/10.1111/j.1570-7458.2012.01269.x

Kariyat RR, Balogh CM, Moraski RP, De Moraes CM, Mescher MC, Stephenson AG (2013a)
Constitutive and herbivore-induced structural defenses are compromised by inbreeding
in Solanum carolinense (Solanaceae). Am J Bot 100:1014-1021. https://doi.org/10.3732/
ajb.1200612

Kariyat RR, Mauck KE, Balogh CM, Stephenson AG, Mescher MC, De Moraes CM (2013b)
Inbreeding in horsenettle (Solanum carolinense) alters night-time volatile emissions that guide
oviposition by Manduca sexta moths. Proc R Soc B 280:20130020. https://doi.org/10.1098/
rspb.2013.0020

Kariyat RR, Smith JD, Stephenson AG, De Moraes CM, Mescher MC (2017) Non-glandular
trichomes of Solanum carolinense deter feeding by Manduca sexta caterpillars and cause
damage to the gut peritrophic matrix. Proc R Soc B 284:20162323. https://doi.org/10.1098/
rspb.2016.2323

Kariyat RR, Hardison SB, Ryan AB, Stephenson AG, De Moraes CM, Mescher MC (2018) Leaf
trichomes affect caterpillar feeding in an instar-specific manner. Commun Integr Biol 11:1-6.
https://doi.org/10.1080/19420889.2018.1486653

Kariyat RR, Gaffoor I, Sattar S et al (2019a) Sorghum 3-Deoxyanthocyanidin flavonoids con-
fer resistance against corn leaf aphid. J Chem Ecol 45:502-514. https://doi.org/10.1007/
s10886-019-01062-8

Kariyat RR, Raya CE, Chavana J, Cantu J, Guzman G, Sasidharan L (2019b) Feeding on glan-
dular and non-glandular leaf trichomes negatively affect growth and development in tobacco
hornworm (Manduca sexta) caterpillars. Arthropod-Plant Interact 13:321-333. https://doi.
org/10.1007/s11829-019-09678-z

Kaur I, Kariyat RR (2020a) Eating barbed wire: direct and indirect defensive roles of non-glandular
trichomes. Plant Cell Environ 43:2015-2018. https://doi.org/10.1111/pce.13828

Kaur J, Kariyat RR (2020b) Role of trichomes in plant stress biology. In: Evolutionary ecology of
plant-herbivore interaction, pp 15-35. https://doi.org/10.1007/978-3-030-46012-9_2

Konno K, Nakamura M, Tateishi K, Wasano N, Tamura Y, Chikara H, Hattori M, Koyama A, Ono
H, Kohno K Tateishi M, Wasano K (2006) Various ingredients in plant latex: their crucial roles
in plant defense against herbivorous insects. Plant Cell Physiol, vol 47. Great Clarendon St,
Oxford OX2 6DP, England, pp S48-S48

Krenn HW (2010) Feeding mechanisms of adult lepidoptera: structure, function, and evo-
lution of the mouthparts. Annu Rev Entomol 55:307-327. https://doi.org/10.1146/
annurev-ento-112408-085338

Kurtz EB (1958) A survey of some plant waxes of southern Arizona. JAOCS 35:465-467. https://
doi.org/10.1007/bf02539916


https://doi.org/10.1007/s00442-012-2553-z
https://doi.org/10.1007/s00442-012-2553-z
https://doi.org/10.1002/9780470988718.ch4
https://doi.org/10.1603/0022-0493-93.4.1152
https://doi.org/10.1603/0022-0493-93.4.1152
https://doi.org/10.1104/pp.110.160192
https://doi.org/10.1104/pp.110.160192
https://doi.org/10.1007/s11676-019-01034-4
https://doi.org/10.3732/ajb.1600066
https://doi.org/10.1111/j.1570-7458.2012.01269.x
https://doi.org/10.3732/ajb.1200612
https://doi.org/10.3732/ajb.1200612
https://doi.org/10.1098/rspb.2013.0020
https://doi.org/10.1098/rspb.2013.0020
https://doi.org/10.1098/rspb.2016.2323
https://doi.org/10.1098/rspb.2016.2323
https://doi.org/10.1080/19420889.2018.1486653
https://doi.org/10.1007/s10886-019-01062-8
https://doi.org/10.1007/s10886-019-01062-8
https://doi.org/10.1007/s11829-019-09678-z
https://doi.org/10.1007/s11829-019-09678-z
https://doi.org/10.1111/pce.13828
https://doi.org/10.1007/978-3-030-46012-9_2
https://doi.org/10.1146/annurev-ento-112408-085338
https://doi.org/10.1146/annurev-ento-112408-085338
https://doi.org/10.1007/bf02539916
https://doi.org/10.1007/bf02539916

90 I. Kaur et al.

Levin DA (1973) The role of trichomes in plant defense. Q Rev Biol 48:3—15. https://doi.
org/10.1086/407484

Lewandowska M, Keyl A, Feussner I (2020) Wax biosynthesis in response to danger: its regulation
upon abiotic and biotic stress. New Phytol 227:698-713. https://doi.org/10.1111/nph.16571

Lin SY, Trumble JT, Kumamoto J (1987) Activity of volatile compounds in glandular trichomes
of Lycopersicon species against two insect herbivores. ] Chem Ecol 13:837-850. https://doi.
org/10.1007/bf01020164

Lge G, Toring P, Gaudeul M, Agren J (2007) Trichome production and spatiotemporal varia-
tion in herbivory in the perennial herb Arabidopsis lyrata. Oikos 116:134—142. https://doi.
org/10.1111/.2006.0030-1299.15022.x

Lombarkia N, Derridj S (2002) Incidence of apple fruit and leaf surface metabo-
lites on Cydia pomonella oviposition. Entomol Exp Appl 104:79-87. https://doi.
org/10.1046/j.1570-7458.2002.00993.x

Malakar R, Tingey WM (1999) Resistance of Solanum berthaultii foliage to potato tuberworm
(Lepidoptera: Gelechiidae). J Econ Entomol 92:497-502. https://doi.org/10.1093/jee/92.2.497

Malakar R, Tingey WM (2003) Glandular trichomes of Solanum berthaultii and its hybrids
with potato deter oviposition and impair growth of potato tuber moth. Entomol Exp Appl
94:249-257. https://doi.org/10.1046/j.1570-7458.2000.00627.x

Medeiros L, Boligon DS (2007) Adaptations of two specialist herbivores to movement on the
hairy leaf surface of their host, Solanum guaraniticum Hassl (Solanaceae). Rev Bras Entomol
51:210-216. https://doi.org/10.1590/s0085-56262007000200011

Mobarak SH, Koner A, Mitra S, Mitra P, Barik A (2020) The importance of leaf surface wax
as short-range attractant and oviposition stimulant in a generalist Lepidoptera. J Appl Ecol
44:616-631. https://doi.org/10.1111/jen.12769

Mori M (1982) n-Hexacosanol and n-octacosanol: feeding stimulants for larvae of the silkworm,
Bombyx mori. J Insect Physiol 28:969-973. https://doi.org/10.1016/0022-1910(82)90114-7

Miiller C (2008) Resistance at the plant cuticle. In: Schaller A (ed) Induced plant resistance to
herbivory. Springer, Dordrecht, pp 107-129. https://doi.org/10.1007/978-1-4020-8182-8_5

Miiller C, Riederer M (2005) Plant surface properties in chemical ecology. J Chem Ecol
31:2621-2651. https://doi.org/10.1007/s10886-005-7617-7

Mustafa A, Ensikat H-J, Weigend M (2018) Mineralized trichomes in Boraginales: complex
microscale heterogeneity and simple phylogenetic patterns. Ann Bot 121:741-751. https://doi.
org/10.1093/aob/mcx191

Nihranz CT, Kolstrom RL, Kariyat RR et al (2019) Herbivory and inbreeding affect growth, repro-
duction, and resistance in the rhizomatous offshoots of Solanum carolinense (Solanaceae).
Evol Ecol 33:499-520. https://doi.org/10.1007/s10682-019-09997-w

Pechan T, Cohen A, Williams WP, Luthe DS (2002) Insect feeding mobilizes a unique plant
defense protease that disrupts the peritrophic matrix of caterpillars. PNAS 99:13319-13323.
https://doi.org/10.1073/pnas.202224899

Peiffer M, Tooker JF, Luthe DS, Felton GW (2009) Plants on early alert: glandu-
lar trichomes as sensors for insect herbivores. New Phytol 184:644-656. https://doi.
org/10.1111/j.1469-8137.2009.03002.x

Peressadko A, Gorb SN (2004) When less is more: experimental evidence for tenac-
ity enhancement by division of contact area. J Adhes 80:247-261. https://doi.
org/10.1080/00218460490430199

Pradhan K, Maradi RM (2020) Plant glandular trichomes: the natural pesticide factories. Biotica
Res Today 2(8):713-716

Rathcke BJ, Poole RW (1975) Coevolutionary race continues: butterfly larval adaptation to plant
trichomes. Science 187:175-176. https://doi.org/10.1126/science.187.4172.175

Riddick EW, Wu Z (2011) Lima bean—lady beetle interactions: hooked trichomes affect survival of
Stethorus punctillum larvae. BioControl 56:55-63. https://doi.org/10.1007/s10526-010-9309-7

Rivet M-P, Albert PJ (1990) Oviposition behavior in spruce budworm Choristoneura fumifer-
ana (Clem.) (Lepidoptera: Tortricidae). J Insect Behav 3:395-400. https://doi.org/10.1007/
bf01052116


https://doi.org/10.1086/407484
https://doi.org/10.1086/407484
https://doi.org/10.1111/nph.16571
https://doi.org/10.1007/bf01020164
https://doi.org/10.1007/bf01020164
https://doi.org/10.1111/j.2006.0030-1299.15022.x
https://doi.org/10.1111/j.2006.0030-1299.15022.x
https://doi.org/10.1046/j.1570-7458.2002.00993.x
https://doi.org/10.1046/j.1570-7458.2002.00993.x
https://doi.org/10.1093/jee/92.2.497
https://doi.org/10.1046/j.1570-7458.2000.00627.x
https://doi.org/10.1590/s0085-56262007000200011
https://doi.org/10.1111/jen.12769
https://doi.org/10.1016/0022-1910(82)90114-7
https://doi.org/10.1007/978-1-4020-8182-8_5
https://doi.org/10.1007/s10886-005-7617-7
https://doi.org/10.1093/aob/mcx191
https://doi.org/10.1093/aob/mcx191
https://doi.org/10.1007/s10682-019-09997-w
https://doi.org/10.1073/pnas.202224899
https://doi.org/10.1111/j.1469-8137.2009.03002.x
https://doi.org/10.1111/j.1469-8137.2009.03002.x
https://doi.org/10.1080/00218460490430199
https://doi.org/10.1080/00218460490430199
https://doi.org/10.1126/science.187.4172.175
https://doi.org/10.1007/s10526-010-9309-7
https://doi.org/10.1007/bf01052116
https://doi.org/10.1007/bf01052116

Surface Warfare: Plant Structural Defenses Challenge Caterpillar Feeding 91

Rutherford RS, van Staden J (1996) Towards a rapid near-infrared technique for prediction of
resistance to sugarcane borer Eldana saccharina walker (Lepidoptera: Pyralidae) using stalk
surface wax. J Chem Ecol 22:681-694. https://doi.org/10.1007/bf02033578

Rutledge CE (1996) A survey of identified kairomones and synomones used by insect parasitoids to
locate and accept their hosts. Chemoecology 7:121-131. https://doi.org/10.1007/bf01245964

Santos Tozin LR, de Melo Silva SC, Rodrigues TM (2016) Non-glandular trichomes in Lamiaceae
and Verbenaceae species: morphological and histochemical features indicate more than physi-
cal protection. N Z J 54:446-457. https://doi.org/10.1080/0028825x.2016.1205107

Sarfraz M, Keddie AB, Dosdall LM (2005) Biological control of the diamondback
moth, Plutella xylostella: a review. Biocontrol Sci Tech 15:763-789. https://doi.
org/10.1080/09583150500136956

Sasse J, Schlegel M, Borghi L et al (2016) Petunia hybrid PDR2 is involved in herbivore defense
by controlling steroidal contents in trichomes. Plant Cell Environ 39:2725-2739. https://doi.
org/10.1111/pce.12828

Schoonhoven LM, Van Loon B, Van Loon JJ, Dicke M (2005) Insect-plant biology. Oxford
University Press on demand University of Arizona, London

Shelomi M, Perkins LE, Cribb BW, Zalucki MP (2010) Effects of leaf surfaces on first-instar
Helicoverpa armigera (Hiibner) (Lepidoptera: Noctuidae) behaviour. Aust J Entomol
49:289-295. https://doi.org/10.1111/j.1440-6055.2010.00766.x

Simmons AT, Gurr GM, McGrath D et al (2004) Entrapment of Helicoverpa armigera (Hubner)
(Lepidoptera: Noctuidae) on glandular trichomes of Lycopersicon species. Aust J Entomol
43:196-200. https://doi.org/10.1111/j.1440-6055.2004.00414.x

Sletvold N, Huttunen P, Handley R, Kirkkéinen K, Agren J (2010) Cost of trichome production
and resistance to a specialist insect herbivore in Arabidopsis lyrata. Evol Ecol 24:1307-1319.
https://doi.org/10.1007/s10682-010-9381-6

Spencer JL (1996) Waxes enhance Plutella xylostella oviposition in response to sinigrin and cab-
bage homogenates. Entomol Exp Appl 81:165-173. https://doi.org/10.1111/j.1570-7458.1996.
tb02028.x

Stddler E, Reifenrath K (2009) Glucosinolates on the leaf surface perceived by insect herbivores:
review of ambiguous results and new investigations. Phytochem Rev 8:207-225. https://doi.
org/10.1007/s11101-008-9108-2

Stoner KA (1990) Glossy leaf wax and plant resistance to insects in Brassica oleracea under natu-
ral infestation. Environ Entomol 19:730-739. https://doi.org/10.1093/ee/19.3.730

Stoner KA (1997) Behavior of neonate imported cabbageworm larvae (Lepidoptera: Pieridae)
under laboratory conditions on collard leaves with glossy or normal waxi. J Entomol Sci
32:290-295. https://doi.org/10.18474/0749-8004-32.3.290

Stork N (1980) Role of waxblooms in preventing attachment to brassicas by the mustard bee-
tle, Phaedon cochleariae. Entomol Exp Appl 28:100-107. https://doi.org/10.1111/j.1570-
7458.1980.tb02992.x

Stork WF, Weinhold A, Baldwin IT (2011) Trichomes as dangerous lollipops: do lizards also use
caterpillar body and frass odor to optimize their foraging? Plant Signal Behav 6:1893-1896.
https://doi.org/10.4161/psb.6.12.18028

Tian D, Tooker J, Peiffer M, Chung SH, Felton GW (2012) Role of trichomes in defense
against herbivores: comparison of herbivore response to woolly and hairless trichome
mutants in tomato (Solanum lycopersicum). Planta 236:1053—1066. https://doi.org/10.1007/
s00425-012-1651-9

Traw BM, Dawson TE (2002) Differential induction of trichomes by three herbivores of black
mustard. Oecologia 131:526-532. https://doi.org/10.1007/s00442-002-0924-6

Tuberville TD, Dudley PG, Pollard AJ (1996) Responses of invertebrate herbivores to sting-
ing trichomes of Urtica dioica and Laportea canadensis. Oikos 75:83. https://doi.
org/10.2307/3546324


https://doi.org/10.1007/bf02033578
https://doi.org/10.1007/bf01245964
https://doi.org/10.1080/0028825x.2016.1205107
https://doi.org/10.1080/09583150500136956
https://doi.org/10.1080/09583150500136956
https://doi.org/10.1111/pce.12828
https://doi.org/10.1111/pce.12828
https://doi.org/10.1111/j.1440-6055.2010.00766.x
https://doi.org/10.1111/j.1440-6055.2004.00414.x
https://doi.org/10.1007/s10682-010-9381-6
https://doi.org/10.1111/j.1570-7458.1996.tb02028.x
https://doi.org/10.1111/j.1570-7458.1996.tb02028.x
https://doi.org/10.1007/s11101-008-9108-2
https://doi.org/10.1007/s11101-008-9108-2
https://doi.org/10.1093/ee/19.3.730
https://doi.org/10.18474/0749-8004-32.3.290
https://doi.org/10.1111/j.1570-7458.1980.tb02992.x
https://doi.org/10.1111/j.1570-7458.1980.tb02992.x
https://doi.org/10.4161/psb.6.12.18028
https://doi.org/10.1007/s00425-012-1651-9
https://doi.org/10.1007/s00425-012-1651-9
https://doi.org/10.1007/s00442-002-0924-6
https://doi.org/10.2307/3546324
https://doi.org/10.2307/3546324

92 I. Kaur et al.

Udayagiri S, Mason CE (1997) Epicuticular wax chemicals in Zea mays influence ovi-
position in Ostrinia nubilalis. J Chem Ecol 23:1675-1687. https://doi.org/10.1023/
b:joec.0000006443.72203.f7

Ulmer B, Gillott C, Woods D, Erlandson M (2002) Diamondback moth, Plutella xylostella (L.),
feeding and oviposition preferences on glossy and waxy Brassica rapa (L.) lines. Crop Prot
21:327-331. https://doi.org/10.1016/s0261-2194(02)00014-5

Uzelac B, Stojici¢ D, Budimir S (2020) Glandular trichomes on the leaves of Nicotiana tabacum:
morphology, developmental ultrastructure, and secondary metabolites. In: Ramawat K, Ekiert
H, Goyal S (eds) Plant cell and tissue differentiation and secondary metabolites, Reference series
in phytochemistry. Springer, Cham, pp 25-61. https://doi.org/10.1007/978-3-030-30185-9_1

Valverde PL, Fornoni J, Nunez-Farfan J (2001) Defensive role of leaf trichomes in resis-
tance to herbivorous insects in Datura stramonium. J Evol Biol 14:424-432. https://doi.
org/10.1046/j.1420-9101.2001.00295.x

van Loon JJ, Blaakmeer A, Griepink FC, van Bleek TA, Schoonhoven LM, de Groot A (1992) Leaf
surface compound from Brassica oleracea (Cruciferae) induces oviposition by Pieris brassi-
cae (Lepidoptera: Pieridae). Chemoecology 3:39-44. https://doi.org/10.1007/bf01261455

Varela LG, Bernays EA (1988) Behavior of newly hatched potato tuber moth larvae, Phthorimaea
operculella Zell. (Lepidoptera: Gelechiidae), in relation to their host plants. J Insect Behav
1:261-275. https://doi.org/10.1007/bf01054525

Voigt D, Gorb S (2009) Egg attachment of the asparagus beetle Crioceris asparagi to the crystal-
line waxy surface of Asparagus officinalis. Proc R Soc B 277:895-903. https://doi.org/10.1098/
rspb.2009.1706

Wagner GJ, Wang E, Shepherd R (2004) New approaches for studying and exploiting an old protu-
berance, the plant trichome. Ann Bot 93:3—11. https://doi.org/10.1093/aob/mch011

Wang G, Tian L, Aziz N, Broun P, Dai X, He J, King A, Zhao PX, Dixon RA (2008) Terpene bio-
synthesis in glandular trichomes of hop. Plant Physiol 148:1254-1266. https://doi.org/10.1104/
pp-108.125187

Watts S, Kariyat R (2021) Picking sides: feeding on the abaxial leaf surface is costly for caterpil-
lars. Planta. https://doi.org/10.1007/s00425-021-03592-6

Weinhold A, Baldwin IT (2011) Trichome-derived O-acyl sugars are a first meal for caterpillars
that tags them for predation. PNAS 108:7855-7859. https://doi.org/10.1073/pnas.1101306108

Whitney HM, Federle W (2013) Biomechanics of plant—insect interactions. Curr Plant Biol
16:105-111. https://doi.org/10.1016/j.pbi.2012.11.008

Wilkens RT, Shea GO, Halbreich S, Stamp NE (1996) Resource availability and the trichome
defenses of tomato plants. Oecologia 106:181-191. https://doi.org/10.1007/bf00328597

Yadav C, Yack JE (2018) Immature stages of the masked birch caterpillar, Drepana arcuata
(Lepidoptera: Drepanidae) with comments on feeding and shelter building. J Insect Sci
18(1):18. https://doi.org/10.1093/jisesa/iey006

Yang G, Isenhour DJ, Espelie KE (1991) Activity of maize leaf cuticular lipids in resistance to
leaf-feeding by the fall armyworm. Fla Entomol 74:229. https://doi.org/10.2307/3495301

Yang G, Wiseman BR, Espelie KE (1992) Cuticular lipids from silks of seven corn genotypes and
their effect on development of corn earworm larvae [Helicoverpa zea (Boddie)]. J Agric Food
Chem 40:1058-1061. https://doi.org/10.1021/jf00018a030

Yang G, Espelie KE, Wiseman BR, Isenhour DJ (1993) Effect of corn foliar cuticular lipids on the
movement of fall armyworm (Lepidoptera: Noctuidae) neonate larvae. Fla Entomol 76:302.
https://doi.org/10.2307/3495730

Young AM, Moffett MW (1979) Studies on the population biology of the tropical butterfly
Mechanitis isthmia in Costa Rica. Am Midl Nat 101:309. https://doi.org/10.2307/2424596

Zalucki MP, Clarke AR, Malcolm SB (2002) Ecology and behavior of first instar larval Lepidoptera.
Annu Rev Entomol 47:361-393. https://doi.org/10.1146/annurev.ento.47.091201.145220


https://doi.org/10.1023/b:joec.0000006443.72203.f7
https://doi.org/10.1023/b:joec.0000006443.72203.f7
https://doi.org/10.1016/s0261-2194(02)00014-5
https://doi.org/10.1007/978-3-030-30185-9_1
https://doi.org/10.1046/j.1420-9101.2001.00295.x
https://doi.org/10.1046/j.1420-9101.2001.00295.x
https://doi.org/10.1007/bf01261455
https://doi.org/10.1007/bf01054525
https://doi.org/10.1098/rspb.2009.1706
https://doi.org/10.1098/rspb.2009.1706
https://doi.org/10.1093/aob/mch011
https://doi.org/10.1104/pp.108.125187
https://doi.org/10.1104/pp.108.125187
https://doi.org/10.1007/s00425-021-03592-6
https://doi.org/10.1073/pnas.1101306108
https://doi.org/10.1016/j.pbi.2012.11.008
https://doi.org/10.1007/bf00328597
https://doi.org/10.1093/jisesa/iey006
https://doi.org/10.2307/3495301
https://doi.org/10.1021/jf00018a030
https://doi.org/10.2307/3495730
https://doi.org/10.2307/2424596
https://doi.org/10.1146/annurev.ento.47.091201.145220

Impacts of Plant Defenses on Host Choice = @)
by Lepidoptera in Neotropical Rainforests | i

Maria-José Endara, Dale Forrister, James Nicholls, Graham N. Stone,
Thomas Kursar, and Phyllis Coley

Letys mycerina (Erebidae) feeding on young leaves of Inga thibaudiana in Los Amigos, Peru.
Credit: Marfa-José Endara

M.-J. Endara
Grupo de Investigacion en Biodiversidad, Medio Ambiente y Salud-BIOMAS,
Universidad de las Américas, Quito, Ecuador

School of Biological Sciences, University of Utah, Salt Lake City, UT, USA
e-mail: majo.endara@utah.edu

D. Forrister - T. Kursar - P. Coley (P<)
School of Biological Sciences, University of Utah, Salt Lake City, UT, USA
e-mail: coley @biology.utah.edu

J. Nicholls
Institute of Evolutionary Biology, University of Edinburgh, Edinburgh, UK

CSIRO, Australian National Insect Collection, Black Mountain Labs, Acton, ACT, Australia

G. N. Stone
Institute of Evolutionary Biology, University of Edinburgh, Edinburgh, UK

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 93
R.J. Marquis, S. Koptur (eds.), Caterpillars in the Middle, Fascinating Life
Sciences, https://doi.org/10.1007/978-3-030-86688-4_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-86688-4_4&domain=pdf
https://doi.org/10.1007/978-3-030-86688-4_4
mailto:majo.endara@utah.edu
mailto:coley@biology.utah.edu

94 M.-J. Endara et al.
Introduction

In forests, insect herbivores and their host plants are major components of the com-
munity. The study of their interactions is essential for understanding the mechanisms
promoting and maintaining species diversity and niche differentiation in both trophic
levels (Becerra 2015). Theory has long predicted that the evolution of plant anti-
herbivore defenses and insect counter-adaptations is the driver of trait diversification
and coevolution (Ehrlich and Raven 1964). This arms race has also been implicated
in mechanisms of coexistence (Becerra 1997; Lewinsohn and Roslin 2008; Kursar
et al. 2009; Marquis et al. 2016; Maron et al. 2019). For example, recent work sug-
gests that herbivores play a key role in maintaining the high local diversity of rain-
forests by preventing most plant species from becoming abundant (Comita et al.
2014). Species with different defenses do not share herbivores and therefore can
coexist, promoting high local diversity (Janzen 1970; Becerra 2007, Fine et al. 2013;
Comita et al. 2014; Coley and Kursar 2014, Salazar et al. 2016a, b; Vleminckx et al.
2018; Forrister et al. 2019). For herbivores, host plant specialization has been
regarded as one of the main mechanisms promoting insect diversity, as specialized
partitioning of plant resources may allow more herbivore species to coexist (Novotny
et al. 2006; Lewinsohn and Roslin 2008). Thus, there is an intricate relationship
between plant traits and host plant choice, yet we still do not fully understand the
impacts of plant defenses on host choice nor the consequences at ecological and
evolutionary time scales for herbivorous insects. In this chapter, we will review the
relative effect of different plant defenses on host plant choice by Lepidoptera cater-
pillars. We will focus on insect herbivores associated with the Neotropical tree genus
Inga (Fabaceae) in the rainforests of Central and South America, a region where the
diversity of plants and invertebrates is among the highest in the terrestrial world and
where the arms race coevolution may be particularly pronounced.

With more than 300 species, Inga is an ecologically important and abundant
genus in Neotropical rainforests. Inga is among those genera with the greatest con-
generic species richness at a given site, with more than 40 species together contrib-
uting 6% of the stems occurring in 25 ha in Ecuador (Valencia et al. 2004). As a
system for study of plant-herbivore interactions, the genus Inga is exceptional in
that within a single genus, we can find a broad range of defensive traits and a diverse
assemblage of herbivores. Throughout the Amazon and Panama, lepidopteran lar-
vae are the dominant group of herbivores attacking /nga, both in terms of numbers
and damage caused (Kursar et al. 2006; Coley et al. 2018). Thus, for this chapter, we
will focus mainly on lepidopteran herbivores due to their importance.

Herbivores in Neotropical Forests Prefer Young
Expanding Leaves

In tropical rainforests, one of the most prevalent patterns in herbivory is the differ-
ence in damage between expanding and mature leaves. The typical leaf lifespan in
the understory is between 2 and 4 years (Coley and Barone 1996). Nevertheless,
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Fig. 1 Comparison of herbivore attack on young expanding leaves vs mature leaves in Inga. (a)
Average percent leaf area lost for ten species of /nga on Barro Colorado Island, Panama; (b) num-
ber of caterpillar herbivores per leaf found feeding on young and mature leaves for 15 species of
Inga in Yasuni National Park, Ecuador. (c¢) Percentage of leaves where at least one herbivore was
found feeding for fifteen species of /nga in Yasuni National Park, Ecuador. Data are for saplings
that were visited monthly from February 2000 to November 2004 on Barro Colorado Island,
Panama, and from September 2018 to February 2020 in Yasuni, Ecuador

across saplings of many genera, more than 75% of the damage that accrues during
the lifetime of a leaf occurs during the ephemeral period of leaf expansion (1 to 3
weeks) (Coley and Barone 1996; Kursar and Coley 2003). For example, for ten spe-
cies of Inga on Barro Colorado Island, Panama, 26% of leaf area was lost during
leaf expansion, versus 0.23% of lost leaf area for mature leaves (Fig. 1a). This pat-
tern is also reflected in herbivore host preferences. During a period of 18 months, in
the Yasuni National Park in the Ecuadorian Amazon, the number of caterpillars
associated with 15 species of Inga was 5.4 times greater on young than on mature
leaves (Fig. 1b). Similarly, occurrence of lepidopteran larvae was 4.3 times greater
on young expanding leaves than on mature leaves (Fig. 1c). Thus, herbivores prefer
young over mature leaves. The greater tenderness and nutritive value of young
leaves (Kursar and Coley 2003) may allow caterpillar herbivores to grow faster and
thereby minimize the amount of time they are vulnerable to predation and parasit-
ism (Benrey and Denno 1997; van Nouhuys and Lei 2004).

The preference of Lepidoptera for expanding leaves and the high rates of damage
they inflict suggest that young leaves are under strong selective pressure to invest in
anti-herbivore defenses. Mature leaves are tough and high in fiber (Coley and Kursar
2003), a very effective physical defense. Because young leaves cannot lignify cell
walls until they stop expanding, they must rely on defenses other than toughness
(see below). It remains unclear, however, how leaf age-associated differences are
translated into herbivore host choice. We hypothesize that given that young and
mature leaves are so different, each leaf age must be associated with a different
assemblage of herbivores.
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Host Plant Selection by Herbivores and Plant Defensive Traits

For the rest of the chapter, we will focus only on the defenses of young expanding
leaves, given that they are the most preferred by herbivores and therefore the most
relevant for host choice. Key young leaf defenses in /nga can be grouped into six
evolutionarily independent axes: (a) secondary metabolites, (b) density and length
of trichomes, (c) diameter of extra-floral nectaries and the number and identity of
ants visiting them, (d) chlorophyll content and rate of leaf expansion, and the (e)
synchrony and (f) timing of young leaf production (Kursar et al. 2009; Endara et al.
2017, 2018a). All defense axes contribute to host choice by herbivores (Table 1,
Endara et al. 2017). In addition to being independent of each other, each defense
category shows substantial variation across Inga species, with closely related spe-
cies being more different than expected by chance (Kursar et al. 2009). Consequently,
plant traits, more than plant phylogeny, determine host choice by herbivores (Endara
et al. 2017).

Table 1 Summary of the relationships between herbivore assemblages and /nga host defensive
traits. The percentages in parentheses indicate the increase (1) or decrease (] ) in the probability of
occurrence for every unit of change in the host defensive trait. Blank cells indicate no
significant effect

Lepidopteran herbivore family

Noctuidae (including

Inga host defensive trait | Riodinidae Gelechioidea Erebidae)
Chemistry (includes Avoid hosts with Avoid hosts with Prefer hosts with
phenolics, saponins, and | tyrosine (| 32%) and | tyrosine gallates (| | tyrosine (1 86%) and
amines) tyramine gallates (| | 24%) tyramine gallates (1
51%) Prefer host with 168%)
saponins (1 179%)
Trichomes (includes Positive Negative
length and density)
Developmental (includes | Prefer hosts with a Prefer hosts with a
chlorophyll content and | high rate of slow rate of
leaf expansion rate) expansion (1 70%) expansion (| 49%)
Biotic (includes Positive

extrafloral nectary size
and ants visiting the

nectaries)

Timing in leaf production Prefer hosts that flush
leaves at certain times
of the year

Synchrony in leaf Prefer synchronous

production hosts (1 170%)
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Chemical Defenses

Although we refer to chemistry as a single defensive class, in reality it includes
thousands of compounds. Each compound can vary independently, leading to an
almost infinite number of potential niche axes for herbivore species to occupy
(Coley and Kursar 2014). We have catalogued over 9,000 compounds from Inga,
including non-protein amino acids, flavonoids, flavan-3-ols, and saponins (Lokvam
et al. 2004; Lokvam and Kursar 2005; Brenes-Arguedas et al. 2006; Lokvam et al.
2007). Inga also overexpresses L-tyrosine, an essential amino acid, which is toxic
to herbivores at the elevated concentrations found in young /nga leaves (Coley et al.
2019; Lokvam et al. 2006). Together, these soluble chemical defenses are 1.9 times
greater in expanding leaves than in mature leaves, constituting 46% of the total dry
weight (DW) of a young leaf (Wiggins et al. 2016). Furthermore, chemical defen-
sive profiles between expanding and mature leaves are qualitatively different, with
mature leaves showing higher intraspecific variation than expanding leaves (Wiggins
et al. 2016). In fact, there is a consistent chemical phenotype among young leaves
within the same species, despite variation in the environment or genotype
(Bixenmann et al. 2011; Sinimbu et al. 2012; Endara et al. 2018b). Higher levels of
intraspecific variation among mature leaves should select for broad diet breadth of
herbivores (i.e., generalists), while defense canalization and greater investment in
young leaves should select for higher specialization of herbivores. Although we
have not compared host range for herbivores on mature versus expanding leaves,
our results suggest that across the Amazon and Panama, most caterpillar species
feed on young leaves of only 1-3 species of Inga at a site, even though 30-50 Inga
species may be available (Fig. 2). Thus, lepidopteran herbivores associated with
young Inga leaves are mainly specialists.

Secondary metabolites in Inga are strongly correlated with host choice and per-
formance of herbivores in laboratory and field experiments (Endara et al. 2015,
2017; Coley et al. 2019; Forrister et al. 2019). Bioassays using artificial diets were
conducted in Utah with Heliothis virescens (Noctuidae), a generalist herbivore of
tropical origin, and in Panama with Phoebis philea (Pieridae), which feeds on
Cassia (Fabaceae) but not on Inga. Bioassays showed that all extracts and fractions
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of secondary metabolites were toxic (Coley et al. 2005; Lokvam and Kursar 2005;
Lokvam et al. 2006; Coley et al. 2018). In addition to secondary metabolites, one
clade of 17 species overexpresses tyrosine in young expanding leaves (Coley et al.
2019). At these concentrations (5% DW to 29% DW), tyrosine is highly toxic to
Heliothis virescens. In laboratory bioassays, we found that concentrations of 3.8%
DW of tyrosine reduced larval growth by 50% compared to controls (p < 0.01),
whereas concentrations of 10% DW (the mean concentration found in the young
leaves) reduced growth to 2% of controls (p < 0.001) and produced high mortality
(Lokvam et al. 2007). In Peru, larvae of a specialist herbivorous sawfly (Argidae)
were presented with fresh young leaves from two chemotypes of 1. capitata in a
Petri dish choice experiment. This experimental approach separated the effects of
field traits such as habitat, phenology, and ant protection from secondary metabo-
lites and nutritional content. Although the chemotypes were quite similar, the saw-
flies significantly preferred the chemotype on which they were most commonly
found in the field (Endara et al. 2015). This suggests that even small differences in
chemistry matter for host choice.

Chemical Defenses Affect Host Choice of Lepidoptera

At the community level, our studies have shown a key role for Inga defensive chem-
istry in structuring herbivore assemblages both within (Endara et al. 2015, 2017,
Forrister et al. 2019) and across sites (Table 1, Endara et al. 2018a; Coley et al.
2019). For 38 species of Inga coexisting at a single site in the Peruvian Amazon,
phylogenetically controlled analyses have shown that chemistry alone explained
30% of the total variation in the assemblage of lepidoptera larvae associated with
young leaves. Host plant species that were more similar in chemistry were also
more similar in their assemblage of herbivores (Endara et al. 2017). For sympatric
host plants with similar chemistry, 20% of herbivore species were shared, whereas
dissimilar host plants had no herbivores in common. Secondary metabolites have
also been found to play a key role in structuring local assemblages of herbivores
associated with other species-rich genera such as Bursera, Ficus, Protium, and
Piper (Becerra 2007; Volf et al. 2017; Salazar et al. 2018; Richards et al. 2015;
Massad et al. 2017).

Across sites, it has proven more difficult to determine the role of chemistry, or
any host plant trait, on the assembly of herbivore communities. Our work with Inga
is one of the few to measure defense traits and test their effect on herbivore assem-
blages across wide geographic ranges. For Inga, across four communities that span
Panama and the Amazon Basin in Ecuador, Peru, and French Guiana, plant defen-
sive chemistry is the main predictor structuring sawfly larvae associations
(Hymenoptera, Argidae; Endara et al. 2018a). We expect that a similar pattern will
emerge for Lepidoptera.

Although we have not examined large spatial effects of the entire suite of Inga
secondary metabolites on lepidopteran herbivores, we found that the overexpression
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of tyrosine and its derivatives constrains host plant selection by herbivores (Table 1).
For larvae of the family Lycaenidae, expression of tyrosine and tyramine gallates in
the young leaves decreased the probability of host association by 32% and 51%,
respectively. Larvae of the superfamily Gelechioidea avoid hosts that express tyro-
sine and its derivatives (Coley et al. 2019). In contrast, for Noctuidae moths in Peru,
these compounds are among the main positive predictors for host plant association
(Endara et al. 2017), illustrating the point that chemical traits that function initially
as defenses can become oviposition cues for specialist herbivores (Lankau 2007,
Reudler Talsma et al. 2008). Thus, the association of different herbivore families
with different classes of secondary metabolites suggests that each family may have
a different set of adaptations for handling saponins, tyrosine, and its galloylated
derivatives, with some groups being specialists at detoxifying these chemicals.

Chemical Diversity Affects Diversity and Abundance
of Lepidoptera

Each Inga species invests in a large diversity of compounds, with a median of 316
unique secondary metabolites observed in a single young Inga leaf. This value
changes from one species to another, with some species investing in as many as
1485 unique secondary metabolites. Variation in compound diversity across species
can potentially affect variation in the species richness and abundance of insect her-
bivores. In fact, theory has predicted that the richness of insect herbivore assem-
blages is linked to the chemical richness of their host plants (Richards et al. 2015;
Volf et al. 2019). In this regard, useful insights can come from studies that include
assembly of host plants that are coexisting in sympatry and are exposed to the same
pool of herbivores.

Preliminary analyses for assemblies of herbivores associated with sympatric
Inga species show relationships between the richness of chemical compound classes
and the abundance and richness of herbivore species. Here, chemical class richness
is defined as the total number of classes present in the following categories: pheno-
lic compounds (33 classes), saponins (1 class), and metabolites containing amines
(3 classes) (Endara et al. 2018b). We also quantified gravimetrically the percent DW
investment in metabolites. For Inga trees coexisting at the Tiputini Biological
Station in the Ecuadorian Amazon, species with higher richness of chemical classes
were attacked by fewer lepidopteran herbivores (R? = —0.42, p = 0.02, Fig. 3a).
Furthermore, the impact of chemical class richness differentially affected insect
herbivores with contrasting diet breadths. A higher richness of chemical classes was
negatively associated with the richness of specialist insect herbivores (lepidopteran
herbivores with 1-3 hosts; R* = —0.40, p = 0.007, Fig. 3b). There was no significant
correlation for more generalist herbivores (>3 hosts). Similar patterns were found
for coexisting Inga species at Los Amigos Biological Station at the Peruvian
Amazon, where hosts with higher chemical richness were also associated with less
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Fig. 3 Relationship between chemical richness and lepidopteran herbivore abundance and rich-
ness in the genus /nga. (a) Number of chemical classes vs the number of individuals of lepi-
dopteran herbivores in Tiputini, Ecuador (R’ = —0.49, p = 0.02), (b) number of chemical classes
vs number of specialist herbivore species in Tiputini, Ecuador (R?> — 0.40, p = 0.007). (¢) Number
of chemical classes vs number of specialist herbivore species in Los Amigos, Peru (R°= —0.30,
p = 0.006). Specialist herbivores are defined as those lepidopteran larvae associated with <3 Inga
host species

species-rich assemblages of specialized herbivores (R? = —0.30, p = 0.006, Fig. 3¢),
although no relationship with herbivore abundance was found. At both sites, there
was no significant correlation between the degree of investment in metabolites and
the abundance or species richness of herbivores.

These results agree with the hypothesis that greater chemical diversity of host
plants should have a stronger effect on specialist than generalist insect herbivores
(Root 1975), given that constraints on diet specialization have led specialized herbi-
vores to be more limited in the types of defensive chemicals that they can overcome
or circumvent (Jaenike 1990). For coexisting Piper species at La Selva in Costa
Rica, higher diversity of high-volatility compounds also showed a greater negative
effect on specialist herbivores than on generalist herbivores (Salazar et al. 2016a, b;
Massad et al. 2017, but see Richards et al. 2015). Consequently, chemically diverse
hosts would benefit from reduced herbivore pressure, since diverse mixtures of
metabolites would allow them to be defended against a wide variety of insect ene-
mies. Together, these findings support the defensive nature of secondary metabolites
and the idea that community-wide chemical diversity influences plant-insect inter-
actions, including aspects of species diversity and composition of herbivore assem-
blies (Coley et al. 2005; Kursar et al. 2009; Coley et al. 2018; Becerra 2015; Salazar
et al. 2018).

Trichomes

Trichomes, hairs on the upper and lower surfaces of the leaf, play a pivotal role in
plant defense against herbivores (Tian et al. 2012). In particular, foliar trichome
density negatively influences herbivore populations by physically hindering insect
movement and behavior and/or through toxic chemicals they produce or release
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(Agrawal 1999; Horgan et al. 2009; Kessler and Baldwin 2002; Lill et al. 2006;
Peiffer et al. 2009; Tian et al. 2012). Some Inga species have trichomes on the sur-
face of their young leaves, with those leaves that have a higher density of trichomes
also having longer trichomes (R*>=0.79, p < 0.001, Endara et al. 2017). The covari-
ance between these two traits may result from a mechanism of maximizing defense.
Interspecific variation in the length and density of trichomes explained a significant
variation of the herbivore assemblage on different /nga hosts at Los Amigos in Peru
(R%adj = 0.06, p = 0.02). In particular, for species of the moth superfamily
Gelechioidea, trichome length significantly reduced the odds of occurrence for their
larvae (proportional odds estimate for trichome length= 0.69, 95% CI (1.05 to
0.45)). Furthermore, correlations between trichomes and herbivore associations
need not be negative; for example, Inga host associations of butterflies in the family
Riodinidae correlate positively with trichome density (Table 1, R*adj=0.12, p =0.06,
Endara et al. 2017). This positive association is a possible example of specialist
herbivores using a defense that they have circumvented as a cue in host choice (e.g.,
Lankau 2007; Reudler Talsma et al. 2008).

Extrafloral Nectaries and Ant Attraction

Inga is characterized by the presence of nectaries on leaves (i.e., extrafloral nectar-
ies) that produce nectar and attract protective ants (Koptur 1984) only during the
short period of leaf expansion (Fig. 4a). Across Central and South America, both
traits are highly correlated in Inga, with larger nectaries receiving higher rates of ant
visitation (R>=0.12, p < 0.001, Coley et al. 2018). Variation in foliar nectar produc-
tion across Inga species also results in variation in ant visitation (Bixenmann et al.
2013), and this variation seems to affect herbivore host selection. In Peru, phyloge-
netically controlled analyses show that herbivore assemblage similarity across Inga
hosts correlates positively with increasing similarity in the number of ants visiting
the extrafloral nectaries (Mantel » = —0.21, p = 0.02). Furthermore, species of Inga
that are defended by similar species of ants are also associated with similar assem-
blages of lepidopteran herbivores (Mantel r = 0.25, p = 0.09).

Although ants commonly prey on caterpillars, the probability of occurrence of
riodinids on host plants substantially increases with the number of ants visiting a
nectary (Table 1). For every unit of increase in the mean number of ants, the odds of
occurrence for Riodinidae species on Inga increased by 22 times (proportional odds
estimate for ants= 22.14, 95% CI (221.3 to 2.73)). This apparently counterintuitive
correlation is explained by the fact that the larvae of many riodinid species are
tended by ants (myrmecophily, Fiedler 1991, Pierce et al. 2002) in exchange for
larval secretions that contain carbohydrates and amino acids (Pierce and Mead
1981; Pierce 1985). A strong positive effect of ants on riodinid host plant choice is
thus expected (Fig. 4b).
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Fig. 4 (a) Extrafloral nectaries on young leaves of Inga auristellae being visited by ants in
Tiputini, Ecuador. Credit: Thomas Kursar. (b) An ant (Ectatomma tuberculatum) tending a
Synargis sp. (Riodinidae) on Inga thibaudiana in Los Amigos, Peru. Credit: Maria Jose Endara. (c)
A Gelechiidae larva webbing young leaves of Inga bourgonii in Tiputini, Ecuador. Credit: Thomas
Kursar. d) Sawfly larvae (Argidae sp.) feeding on young leaves of Inga capitata in Los Amigos,
Peru. Credit: Maria Jose Endara

Chlorophyll Content and Rate of Leaf Expansion

Inga species show large variation in the expansion rate and chlorophyll content of
young leaves consistent with adaptations to reduce the impact of herbivory (Kursar
& Coley 1992a, b, c). Within the genus /nga, these traits are highly negatively cor-
related, probably as a result of evolutionary trade-offs (Kursar & Coley 1992a, b, c;
Coley et al. 2018). The species that escape herbivory by expanding their leaves
rapidly fuel this growth by delaying the development of chloroplasts (delayed
greening, Fig. 4a) until the leaf is fully expanded and defended by toughness (Kursar
& Coley 1992a, b, c¢; Kursar and Coley 2003). Since these correlated traits are
related to the development of the expanding leaf and fall into an independent axis of
defense variation from other traits (Endara et al. 2017), we recognized this defense
strategy as a developmental defense (Kursar et al. 2009).

Developmental defenses influence the time frame for which leaves are both ten-
der and nutritious, and as such, they constitute an important driver for host plant
choice by herbivores. For example, modeling of the probability of occurrence for
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larvae of the moth superfamily Gelechioidea across widely separated communities
in Central and South America suggests that these herbivores prefer host plants with
arelatively low rate of leaf expansion (Table 1). For every unit of increase in the rate
of leaf expansion, the odds of occurrence for Gelechioidea species on Inga decreased
by half (proportional odds estimate for leaf expansion rate = 0.61, 95% CI (0.88 to
0.42)). Gelechioidea have a wide range of feeding habits, with Inga-associated lar-
vae mostly showing leaf-mining, webbing, and scraping habits (Fig. 4c). Variation
in leaf development could be particularly important for these intimate feeding strat-
egies because they need more time for successful development and are confined to
a single leaf during their entire larval stage. The three-dimensional structure of leaf
mines and webs is both dependent on the structure of leaf tissues, and rapidly
expanding tissues may not be compatible with suitable structures, microhabitats, or
nutrient supply (Pincebourde and Casas 2006; Ayabe et al. 2018; Aoyama and
Ohshima 2019).

In contrast, myrmecophilous Riodinidae larvae (Fig. 4b) are more likely to occur
on Inga trees with rapidly expanding leaves (Table 1), with the odds of occurrence
almost doubling for every unit of increase in the rate of leaf expansion (proportional
odds estimate for leaf expansion rate= 1.7, 95% CI (2.6 to 1.08)). It has been sug-
gested that ant-tended riodinids have been selected to feed upon nitrogen-rich plants
in order to meet the energetic requirements for their own development as well as the
secretion of amino acids for the attendant ants (Pierce 1985). Leaf expansion rate is
positively correlated with the nitrogen content of expanding leaves. Thus, riodinids
prefer Inga species with rapidly expanding leaves because they have more nitrogen.

Synchrony and Timing of Young Leaf Production:
Phenological Defenses

Synchronization and timing of leaf production define windows of food availability
for insect herbivores. Adaptive modification of these traits has been shown to be
important in antiherbivore defense by Feeny (1976), Aide (1993), Coley and Kursar
(1996), and more recently Lamarre et al. (2014). High synchrony in new leaf pro-
duction, particularly if it is community wide, can exceed the ability of the herbi-
vores that are present at that time to eat all the leaves. It could also impose tight
phenological tracking on specialist herbivores. Although the phenology of tropical
herbivores has been little studied, previous work has suggested that peaks of abun-
dance for insect herbivores, particularly for those with narrow host ranges, may
reflect the availability of their principal food resource, young leaves (Checa et al.
2009; Kishimoto-Yamada et al. 2010; Kishimoto-Yamada and Itioka 2015). Since
young leaves are an ephemeral resource, it seems clear that food availability is lim-
ited. Field surveys often show a tight correlation between peaks of leaf production
and peaks of herbivory (Murali and Sukumar 1993; Lamarre et al. 2014), suggesting
that insect herbivores track production of their key food resource, especially of
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plants in which production of young leaves is highly synchronized. In that case,
individual plants that flush early are favored by suffering less herbivory, probably
because fewer specialist herbivores are present at the beginning of a peak of flush-
ing (Murali and Sukumar 1993).

Our studies in the Peruvian Amazon have shown that the phenology of Inga leaf
production is an important predictor for host plant selection by lepidopteran herbi-
vores (Endara et al. 2017). In particular, for larvae of the moth family Erebidae,
Inga with flushing peaks in June—July and October—November were preferred over
species that flushed during other times of the year (Table 1, R%adj = 0.13, p = 0.04).
In addition, Erebidae larvae were mainly associated with Inga hosts that are highly
synchronous (Table 1), with their probability of occurrence more than doubling for
every unit of increase in the degree of synchrony in leaf production (proportional
odds estimate for synchrony in leaf production= 2.7, 95% CI (5.58 to 0.97)). Thus,
timing of flushing and synchrony in leaf production are important variables for host
plant selection by herbivores.

Constraints on Host Specialization

The “arms race” paradigm predicts that interactions between plants and insect her-
bivores may drive diversification and trait evolution in both groups, leading to phy-
logenetic signal in plant defenses and in host plant use by insect herbivores (Ehrlich
and Raven 1964). Our findings in Inga are consistent with the hypothesis that Inga-
herbivore interactions drive defense trait evolution, but in contrast to the classic
phylogenetic signal paradigm, we found closely related /nga species to present sub-
stantial differences in defenses (Kursar et al. 2009). This suggests that herbivore
selective pressure has promoted rapid and divergent evolution of anti-herbivore traits.

In addition, although the Ehrlich and Raven paradigm predicts host plant use by
insect herbivores to be phylogenetically conserved (Ehrlich and Raven 1964; Brooks
and McLennan 2002), we found Lepidoptera on Inga to shift between distantly
related hosts, disrupting any signal of codiversification (Endara et al. 2017). Rather
than a phylogenetically structured arms race model of reciprocal coevolution, our
results support recruitment of herbivore assemblages through a process of ecologi-
cal sorting based on Inga host defenses (Endara et al. 2017; Endara et al. 2018a).
This is exemplified by the three most abundant families of Lepidoptera associated
with Inga trees in Peru. Closely related herbivores in each of the Gelechioidea,
Erebidae, and Riodinidae are associated with Inga species that share similar
defenses rather than close phylogenetic relationships. These results imply that her-
bivores are tracking resources for which their behaviors, morphologies, and physi-
ologies are to some extent pre-adapted (Janzen 1985; Agosta and Klemens 2008).
Adult Lepidoptera must synchronize oviposition with the timing of leaf production,
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and larvae must match growth rates with the leaf expansion phase; handle nutri-
tional, chemical, physical, and biotic defenses; as well as minimize predation.
Switches to novel hosts with divergent defenses would require simultaneous changes
in many of these herbivore adaptations (Brooks and McLennan 2002). It appears
that closely related lepidopteran herbivores are similar in this complex set of adap-
tations and consequently constrained to feed on hosts with similar defenses.

A more detailed phylogenetic analysis with another group of insects associated
with Inga suggests that the tracking of defenses in evolutionary time might be a
general pattern for specialized herbivores (Endara et al. 2018a). Inga-associated
sawflies (Hymenoptera: Argidae) are highly specialized insect herbivores, whose
larvae feed on expanding leaves of only one to two host plant species (Fig. 4d).
Sawflies often sequester or modify toxic host compounds for use in anti-predator
defense (Eisner et al. 1974; Petre et al. 2007; Boevé et al. 2013) and are often highly
dependent on the host plant chemistry.

Across Panama and the Amazon basin, more than 90% of diversification events
of Inga-associated sawflies involved shifts between Inga species with similar defen-
sive chemistry, regardless of phylogenetic relatedness. Although most of these
events occurred in allopatry, host switching in sympatry also involved chemically
similar /nga. For example, within French Guiana sawfly MOTU (molecular opera-
tional taxonomic unit) 9 attacked Inga jenmanii, and a sister taxon MOTU 10
attacked I. obidensis. Both host plant species have a defensive chemistry based on
galloylated tyrosine phenolics, but are not closely related phylogenetically (Endara
et al. 2018a). There were few sawfly examples of host shifts to novel hosts that
expressed different classes of chemical defenses, suggesting that ecological specia-
tion is much rarer than defense tracking. Thus, in a manner analogous to Lepidoptera,
sawfly diversification (often allopatric) seems largely constrained to colonization of
chemically similar hosts for which they have appropriate adaptations.

The macroevolutionary patterns we observe with insect herbivores appear to
reflect genetic and developmental constraints, but not in the classic sense.
Traditionally, the use of host plants by phytophagous insects has been considered
conserved at both ecological and evolutionary time scales, with closely related her-
bivores associated with closely related plants across multiple levels of phylogenetic
divergence. However, insects appear to shift hosts much more frequently than
expected (Agosta 2006; Janz 2011), which was initially considered to be evidence
of high lability in the evolution of host association. However, analytical advances,
such as phylogenetic structural models, that allow the combination of phylogenetic
and host plant trait information (e.g., Hadfield 2010) have shown that, in reality,
herbivore traits involved in host plant choice are evolving slowly, and host shifts
depend more on existing host-choice traits. This suggests that plant defenses deter-
mine the extent of host choice in both ecological and evolutionary time scales.
Therefore, improving our understanding of the ecology and evolution of plant-
herbivore interactions will require close attention to host plant defenses.
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Plant Traits Influence Herbivore Interactions with the Third
Trophic Level

Herbivores not only are challenged by plant defenses but are also confronted with
attack by the third trophic level. In lowland tropical rainforests, rates of predation
and parasitism for larval Lepidoptera can be very high. Surveys in the Amazon
using clay caterpillars found rates of attack to be 65%/caterpillar/day primarily due
to arthropod predators, a rate almost ten-fold higher than in temperate forests
(Roslin et al. 2017; Coley et al. 2018). Rates of attack to clay caterpillars are similar
to those of cryptic, undefended real caterpillars (Richards and Coley 2007).
Parasitism averages ~20% in both tropical and temperate systems (Dyer & Coley
2002) with some tropical studies finding that up to 43% of larvae are parasitized
(Connabhs et al. 2011).

Several plant nutritional and defensive traits appear to influence the vulnerability
of larvae to the third trophic level. Although release of volatile organic compounds
following damage has been shown to attract predators and parasitoids (Aartsma
etal. 2017), we have no evidence of this in /nga. Instead, extra-floral nectaries serve
to attract predators, especially ants (Bixenmann et al. 2011 & 2013). We suggest
that the relative rarity of mature leaf feeders in tropical forests may be because the
high tannin and low nutritional content of mature leaves extends developmental
times, thereby prolonging the period when they could be attacked by natural ene-
mies (Coley et al. 2006). As a consequence, mature leaf feeders have more defenses
such as hairs, gregarious behavior, and warning colors and are rejected by ants in
feeding trials. If mature leaf feeders are defended with chemicals, we predict that
these will be synthesized by the caterpillar, as tannins, the most common compound
class in mature leaves, are not feasible to sequester. In contrast, caterpillars that feed
on fast-expanding young leaves have a short period before the leaf toughens and
becomes unpalatable, so they must grow fast. The high nitrogen and water contents
and low chemical defenses permit fast larval growth. They tend to be cryptic and
highly palatable to ants in feeding trials. In contrast, caterpillars feeding on slow
expanders have intermediate growth rates and apparently invest more in defense, as
they are less preferred by ants. Because slow-expanding leaves have high concentra-
tions of chemicals, including low molecular weight molecules, caterpillars may
have the opportunity to sequester the compounds of the host plant. Thus, the type of
plant defense may shape the growth and defense strategies of herbivores and, in
turn, their susceptibility to the third tropic level.

Global Climate Change Will Affect Insect Herbivores Through
Changes Experienced by Their Host Plants

A growing body of studies has documented the impact that climate change and
extreme weather events are having on plants and animals. This impact is predicted
to be particularly disruptive for multispecies interactions (Tylianakis et al. 2008),
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and to increase with the level of specialization in interaction networks (Salcido et al.
2020), since these interactions are susceptible to the phenology, physiology, and
behavior of multiple species. In this review, we showed how the tight ecological and
evolutionary relationships that exist between plant defenses and host plant choice
have shaped the high levels of host specialization we observe in tropical forests.
Thus, it would not be surprising if plant-herbivore interactions in the tropics were to
be at a particularly high risk of perturbation by climate change (Tylianakis
et al. 2008).

Many global change studies have focused on temperate ecosystems (Feeley et al.
2017), but only a handful have dealt with herbivory (Tylianakis et al. 2008).
Increases in temperature and the length of the dry season can directly influence
herbivores’ survival and development, but changes experienced by their host plants
will also have impacts (Coley 1998, Cornelissen 2011). Below we discuss how two
major plant traits, defensive chemistry and phenology of young leaf production,
might change. We have no data on how other defenses, such as nectar production at
extra-floral nectaries, leaf expansion rates, and trichome density, would respond, but
we suspect they may show less change.

In general, the predicted increase in depositions of CO, is expected to modify
plant quality and defensive chemistry. A surge in carbon availability for plant tissue
induces an increase in the C/N ratio, producing a “nitrogen dilution effect” (Coley
1998; Bidart-Bouzat and Imeh-Nathaniel 2008; Robinson et al. 2012; Welti et al.
2020) that decreases the nutritional quality of leaves for herbivores (Lincoln et al.
1986; Robinson et al. 2012). The excess in carbon for plant growth can also be
shunted into secondary metabolites, producing an increase in carbon-based defen-
sive compounds such as terpenes and phenolics (reviewed in Coley 1998; Tylianakis
et al. 2008, Ryan et al. 2010). Nevertheless, a decline in C-based compounds has
been detected as well (Vanette and Hunter 2011; Decker et al. 2019).

Variations in plant tissue associated with higher atmospheric CO, have been
related to alterations in herbivore performance and host choice preferences.
Although herbivores can compensate for reduction of nutritional quality in plant
leaves by higher consumption rates (Stiling and Cornelissen 2007), they still show
substantial decreases in relative growth rates and pupal weight (Stiling and
Cornelissen 2007), as well as extended developmental times (Goverde and Erhardt
2002; Smith and Jones 2002). These patterns are particularly exacerbated in chew-
ing herbivores, such as caterpillars (Bidart-Bouzat and Imeh-Nathaniel 2008;
Cornelissen 2011). Compensatory feeding has also been observed for specialized
herbivores that sequester toxic chemicals from their hosts, presumably to maintain
the appropriate concentration of sequestered compounds (Decker et al. 2019). In
addition, herbivores have responded to variations in plant tissue quality by switch-
ing hosts or the plant parts on which they prefer to feed (Williams et al. 1997; Agrell
et al. 2005). Such alterations in herbivore development and behavior have the poten-
tial to make herbivores more vulnerable to predation and parasitism (Stiling et al.
1999; Decker et al. 2019), with a subsequent reduction in herbivore diversity and
abundance (Cornelissen 2011). Studies that span multiple decades have already
documented widespread declines in Lepidoptera abundance for temperate regions
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(Thomas et al. 2004; Schultz et al. 2017) and in generalist caterpillars and parasit-
oids in intact tropical forests (Salcido et al. 2020).

Changes in climatic factors, such as temperature and rainfall patterns, and the
associated shift in phenological synchrony of life history events between interacting
species, are among the most pronounced consequences of rapid environmental
change (Bidart-Bouzat and Imeh-Nathaniel 2008; Yang and Rudolf 2010;
Cornelissen 2011). For insect herbivores, synchronization with the phenology of
their host plants is crucial. Key stages in the life cycles of herbivorous insects, such
as egg deposition, diapause, migration, and possibly mating, must be synchronized
with the availability of their principal food resource, expanding leaves. In temperate
regions, global warming has advanced budburst timing, producing a phenological
mismatch between plants and their insect herbivores (Bidart-Bouzat and Imeh-
Nathaniel 2008; Yang and Rudolf 2010; Cornelissen 2011). The result is the altera-
tion of tightly coevolved species interactions, whose broad implications are still not
well understood (Yang and Rudolf 2010; Burgess et al. 2018).

In tropical forests, the climatic drivers of leaf production are still unclear (Cleland
et al. 2007; Girardin et al. 2016; Hubert-Wagner et al. 2017). In the Amazon, leaf
production in aseasonal forests (where no substantial moisture stress is experienced
during the whole year, as in the northwest Amazon) has been shown to be
precipitation-driven (Asner et al. 2000; Girardin et al. 2016, but see Hubert-Wagner
et al. 2017). In forests with a marked dry season (e.g., southeastern Amazonian
forests), leaf production is more sensitive to solar radiation (Bi et al. 2015; Hubert-
Wagner et al. 2017). Because shifts in precipitation and radiation, such as an increase
in drought events in the Amazon (Li et al. 2006), are predicted to occur in concert
with rising global temperatures (Cleland et al. 2007), phenological synchrony
between plants and their insect herbivores is likely to be particularly sensitive to
climate change. As discussed earlier, insect herbivores closely track young leaf pro-
duction of their host plants in Amazonian forests, and extensive mismatches between
the phenology of hosts and their herbivores could have far-reaching effects.

Because climate-induced changes can have pervasive effects on a range of plant
traits, as well as directly on the many species of herbivores, it is difficult to make
precise predictions of community responses. Furthermore, climate change could
influence the abundance of host plant species at a given site. We suggest that gener-
alist herbivores may be the most resilient to changes in plant chemistry, phenology,
and abundance as they are able to feed on a variety of hosts. However, most insect
herbivores on Inga (Fig. 2) and in the tropics in general (Forister et al. 2015) are
quite specialized, so shifts in host plant traits could have more severe impacts for
tropical herbivores.

Conclusions

In this chapter, we used the Neotropical tree genus Inga and its associated insect
herbivores to illustrate the tight relationship that exists between plant defenses and
host plant choice by herbivores and their role in shaping the high levels of host
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specialization observed in tropical forests. Related herbivores show a strong signal
of feeding on Inga species with similar defenses rather than similar ancestry.
Furthermore, Inga species with more classes of secondary metabolites are fed on by
a fewer number of specialist herbivore species. Many studies on host range for
insect herbivores at ecological and evolutionary levels focus on the role of host plant
phylogeny and do not include information on host defensive traits. We argue that
hypotheses exploring the role of host range in herbivore ecology and evolution
should incorporate host defenses, or “host resources” sensu Brooks and McLennan
(2002), including food availability. They should also incorporate phylogenetic rela-
tionships between species in each trophic level (Endara et al. 2018a).

Although the diversity of insect herbivores and their host plants in the Neotropics
is among the highest in the terrestrial world, there is an evident lack of long-term
and multi-site studies. This has slowed understanding of the factors structuring her-
bivore assemblages at a single site, as well as our understanding of the processes
shaping host association and species divergence at regional scales. Similarly, much
global change research has been geographically and taxonomically biased toward
temperate ecosystems, despite the acknowledgement that plant-herbivore interac-
tions in the tropics might be at a higher risk due to global change perturbations.
Thus, we need comprehensive long-term studies in the tropics that include plants,
insects, species traits, and the effect of multiple drivers of global environmental
change if we want to make reliable predictions of the effect of climate change on
species interactions and its escalated effect for the entire community.
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Ecology and Evolution of Secondary
Compound Detoxification Systems
in Caterpillars
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Monarch caterpillar (Danaus plexippus) on showy milkweed (Asclepias speciosa) in Oakland,
CA. Photo by Noah K. Whiteman.

Introduction

Ecological specialization generates and maintains biological diversity through evo-
lutionary divergence between populations and subsequent coexistence between spe-
cies (Allio et al. 2021; Braby and Trueman 2006; Gloss et al. 2016; Wiens et al.
2015). Dietary specialization typifies the life histories of most Lepidoptera (Forister
et al. 2015), nearly all species of which are herbivorous (Wagner and Hoyt, Chapter
“On Being a Caterpillar: Structure, Function, Ecology, and Behavior”). This form of
ecological specialization is driven by both bottom-up (host plant quality and
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defenses) and top-down (enemies) selective forces (Lawton and McNeill 1979;
Bernays and Graham 1988). In either case, specialization revolves around so-called
plant secondary compounds — those chemicals not typically required for primary
plant growth, maintenance, and reproduction — although some clearly are used by
plants as signaling molecules within defense pathways (Clay et al. 2009). Plants
produce an enormous diversity of secondary chemicals, and the raison d'étre of
many of these is that they function as toxic anti-feedants (Fraenkel 1959). A para-
dox is that these same toxins can become co-opted by specialized arthropods,
including Lepidoptera, as host-finding cues, feeding/oviposition stimulants (or anti-
stimulants, in the case of compounds to which the insect is not adapted), and defen-
sive mechanisms for the arthropods themselves. The biology of lepidopteran larvae
(caterpillars) has played a central role in the development of the field of coevolution.
Foundational papers on the topic, including ones by Ehrlich and Raven (1964) and
Berenbaum (1983), focus on patterns of host use in caterpillars as they relate to
secondary chemistry.

Dietary specialization in Lepidoptera requires the ability to mitigate the toxic
effects of these secondary compounds, which we broadly define as detoxification.
In this chapter, we focus on detoxification strategies deployed by specialized cater-
pillars for exemplar toxins at two ends of the mode of action spectrum: cardiac
glycosides (CGs) and glucosinolates (GSLs). Studies of these two classes of toxins
have been foundational for our understanding of plant-caterpillar interactions
(Fig. 1).

One mode-of-action strategy for plant toxins is to target highly conserved essen-
tial proteins or even specific amino acid residues found in animals but not in plants.
The targeting of proteins used in nervous and circulatory systems is particularly
widespread. Among such toxins, the best studied are the CGs, which bind to the first
extracellular loop of the sodium/potassium ATPase (Na+/K+-ATPase; Fig. 1b). CGs
contain three structures: a steroid core, a 5-(cardenolides) or 6-(bufadienolides)
membered lactone ring, and sugar residue(s). These toxins evolved in ca. 60 genera
from 12 plant families as well as in toads (Bufonidae) and fireflies (Lampyridae;
Agrawal et al. 2012). Because plant genomes do not encode a copy of the Na+/
K+-ATPase, they do not suffer from its toxic effects.

The process of detoxification in all animals, not just insects, can be divided into
three phases of xenobiotic metabolism: phase I is the functionalization step of
detoxification characterized by oxidation, hydrolysis, and reduction reactions;
phase II is the conjugation step in which lipophilic compounds are converted into
more hydrophilic ones to facilitate excretion or sequestration; and in phase III
excretion takes place (Amezian et al. 2021; Nakata et al. 2006). As we will discuss
later, strategies to detoxify CGs that involve proteins active in these phases have
evolved in several insects. However, an important alternative strategy in Danainae
butterflies and other herbivores specialized on CG-producing plants involves target
site insensitivity (TSI). TSI describes a biophysical phenomenon in which the toxic
ligand fails to bind (or binds poorly) to the target site owing to “alteration in struc-
ture or accessibility” (Berenbaum 1986 citing Brooks 1976). Several insects have
evolved to sequester CGs from their host plants in response to pressure from the
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Fig. 1 (a) Upon attack by caterpillars (1), plants activate defense responses. In the case of
Brassicaceae species, a reservoir of aliphatic glucosinolates (GSLs) is turned into toxic isothiocya-
nates (ITCs), activating the “mustard oil bomb” (2). In plants from all families, an intricate signal-
ing network regulates production of heightened levels of defensive chemicals on top of a pre-made
reservoir of stored chemicals. Such plant immune responses are activated after plants recognize the
onset of attack through cell-surface and intracellular receptors (3). Brassicaceae species in the
genus Erysimum produce toxic cardiac glycosides (CGs) in addition to producing GSLs (Ziist et al.
2020). CGs are further produced by milkweeds and other Apocynaceae, plus species in 11 other
plant families (Agrawal et al. 2012; 4). (b) CGs derive their toxicity from blocking activity of the
caterpillars’ sodium/potassium ATPases (Na+/K+-ATPases). (¢) Caterpillars of the monarch but-
terfly engage in leaf vein-cutting or laticifer clipping behavior. On the left, a caterpillar cut the
main mid-vein of a milkweed leaf and can now feed on a leaf with impaired defensive capabilities.
On the right, a caterpillar died from exposure to CG-rich latex before it could disable this highly
effective defensive barrier. (Cartoons by Simon C. Groen and Sophie Zaaijer, photos by Simon
C. Groen)
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third trophic level, in some cases by co-opting through gene duplication phase III
drug transporters that originally evolved to remove CGs, which we will elaborate
upon below.

At the other end of the spectrum, many plants produce non-toxic precursor
glucoside molecules that are hydrolyzed, upon tissue damage, to toxic antiherbi-
vore compounds by one or more f-glucosidases stored elsewhere (Fig. 1a).
However, this reaction can yield toxins that are also auto-toxic to plants (Morant
et al. 2008). Cyanogenic glycosides and their evolutionary derivatives, the GSLs,
are well-studied examples of precursors relevant to caterpillars, as are iridoid and
benzoxazinoid glucosides. GSLs are found only in plant species of the Brassicales
and in the distantly related tropical tree genera Drypetes and Putranjiva
(Malpighiales: Putranjivaceae; Rodman et al. 1998). As such, GSLs are used as
host-finding/oviposition cues and feeding stimulants for many specialized insects.
Interactions between GSLs and Pieris spp. gave rise to the field of chemical ecol-
ogy, owing to Verschaffelt’s 1910 study in which GSLs painted on non-host leaves
stimulated feeding by Pieris spp. caterpillars, the first bona fide experiment show-
ing that plant secondary compounds could be co-opted in this way. Some of the
more toxic hydrolysis products of aliphatic GSLs, derived primarily from the
amino acid methionine, are the isothiocyanates (ITCs), which give wasabi and
other mustards their peppery and pungent taste. ITCs are general toxins that
widely target nucleophilic residues such as exposed cysteine and lysine residues
in proteins as well as DNA. In this case, full TSI could not evolve because the
toxin is so promiscuous. Instead, a common strategy in Brassicaceae-feeding
insects is to “disarm” the mustard oil bomb by preventing the formation of the
ITCs through desulfation of the GSLs (e.g., in Plutella spp.) or diversion of
hydrolysis products to nitriles (e.g., in Pieris spp.); this has occurred in both cases
through a process of gene duplication and neofunctionalization (see references
below). In generalists, or more recently derived specialists, the main route of GSL
detoxification is a metabolically expensive strategy: the use of phase II detoxifica-
tion enzymes (specifically glutathione S-transferases). Bacterial symbionts are
able to hydrolyze ITCs, potentially facilitating colonization of GSL-bearing
plants. Indolic GSLs, derived from the amino acid tryptophan, do not form stable
ITCs, but rather are hydrolyzed into compounds that are oxidized by phase I
enzymes. Thus, four of the principle means of detoxification (TSI, modification
via phase I, conjugation via phase II, and excretion via phase III enzymes) can be
subsumed by CGs and GSLs and will now be the subject of more detail.

We will use these two toxin classes to illustrate the different mechanisms by
which caterpillars interact with toxins in general but will extend our discussion to
other life stages, toxins, and plant-insect interactions to indicate potentially general
mechanisms or to supplement known gaps in knowledge of how caterpillars interact
with GSLs and CGs. We will start by providing an overview of functionally
described proximate mechanisms of detoxification in Lepidoptera and then use this
as a platform for diving into what is known about ultimate evolutionary patterns of
Lepidoptera in response to their plant hosts.
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Proximate Mechanisms of Detoxification

Resistance to host plant toxins evolves through different behavioral, physical, and
physiological mechanisms including avoidance of toxin ingestion, reduced penetra-
tion through surface membranes such as the cuticle and gut lining, TSI, and active
detoxification through metabolic enzymes (Li et al. 2007). These mechanisms often
can be found in combination, providing a multi-tiered protection against toxins
(Beran et al. 2018).

Behavioral

Studies across Lepidoptera and beyond have established functional roles for mem-
bers of at least five chemoreceptor gene families in mediating behavioral avoidance
of, or attraction to, plant odors and tastants that act as chemical signals. Chemical
sensing starts through binding of an external ligand (e.g., a plant volatile) to recep-
tor proteins that are located in the dendritic membrane of chemosensory neurons,
such as those found in antennae (peripheral events). This interaction is then trans-
lated into an electrical cue to the central nervous system. Most of the chemorecep-
tors expressed in insect sensory organs are members of three main families, the
gustatory, ionotropic, and odorant receptors (GRs, IRs, and ORs, respectively;
Depetris-Chauvin et al. 2015). Added to these are receptors from the transient
receptor potential (Trp) and degenerin/epithelial sodium channel (DEG/ENaC) or
pickpocket (ppk) families, as well as the insect orphan G-protein-coupled DmXR
protein (Depetris-Chauvin et al. 2015). Although members of these latter families
are tightly involved in chemoreception in the main genetic model insect, the “fruit”
fly Drosophila melanogaster (Benton et al. 2006, 2009; Matsuura et al. 2009; Mitri
et al. 2009; Scott et al. 2001; Zelle et al. 2013), DEG/ENaC and DmXR orthologs
have not yet been functionally described in Lepidoptera. Because of this, we will
not discuss these further.

Olfactory Receptors

Insects detect a wide set of plant volatiles through expressing ORs in olfactory sen-
sory neurons. OR function relies on an obligate partner, Orco, which is an OR itself
(Benton et al. 2006). Indeed, knocking out Orco with CRISPR gene editing leads to
largely disrupted foraging and oviposition behaviors of juvenile and adult moths
toward host plants, as was observed for the silkmoth Bombyx mori (Bombycidae),
the tobacco hawkmoth Manduca sexta (Sphingidae), and the Egyptian cotton leaf-
worm Spodoptera littoralis (Noctuidae; Fandino et al. 2019; Koutroumpa et al.
2016; Liu et al. 2017). In one moth species, the importance of ORs in host plant
detection was narrowed down to the level of an individual OR: CRISPR knockout
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individuals for Or42 in the cotton bollworm Helicoverpa armigera (Noctuidae)
were impaired for host detection because they could not sense phenylacetaldehyde
(Guo et al. 2021). ORs also form one of the mechanisms through which at least
adult insects may perceive ITCs. In the diamondback moth Plutella xylostella
(Plutellidae), ITCs stimulate oviposition by gravid females, and this response relies
on the combined activity of Or35 and Or49 (Liu et al. 2020).

Ionotropic Receptors

A second class of receptors involved in sensing a wide set of plant volatiles is that
of the IRs, which do not depend on Orco function (Benton et al. 2009). There is
currently no evidence for a role of IRs in mediating caterpillar responses to ITCs or
other volatile chemicals emitted from plants. However, a functional genetic study in
M. sexta observed that adult females are deterred from ovipositing on two host
plants, Nicotiana attenuata and Datura wrightii, when plants are already occupied
by a feeding caterpillar from the same species or another such as S. littoralis (Zhang
et al. 2019a). This avoidance behavior is displayed upon detection of the caterpillar
frass-emitted carboxylic acids 3-methylpentanoic acid and hexanoic acid and medi-
ated through Ir8a, which was verified through abolishing Ir8a function using
CRISPR (Zhang et al. 2019a).

Gustatory Receptors

With one recent exception involving Pieris rapae and GSLs (Yang et al. 2021a, b),
the GRs that insect taste sensilla express have only been functionally described in
Lepidoptera when sensing chemicals not considered defensive chemicals. In
Plutella xylostella, which specializes on GSL-containing plants, caterpillars made
foraging decisions partially based on sensing the canonical plant hormones brassi-
nolide and 24-epibrassinolide via Gr34 (Yang et al. 2020). This was functionally
verified through RNA interference/RNA silencing (RNAi) of Gr34 expression
(Yang et al. 2020). That GRs can have dramatic effects on plant acceptance or rejec-
tion by caterpillars was demonstrated for larvae of the mulberry (Morus alba) spe-
cialist B. mori, where knocking out Gr66 with CRISPR led to the acceptance of a
wide variety of plant species unrelated to mulberry when foraging. This stood in
stark contrast to foraging patterns of wild-type B. mori caterpillars, which retained
a strong feeding preference for mulberry (Zhang et al. 2019c¢).

Transient Receptor Potential Channels
One of the main mechanisms by which insects and other animals may sense ITCs

and other, often bitter, electrophilic plant compounds with deterrent effects is
through transient receptor potential (Trp) channels (Kang et al. 2010). Functional
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genetic studies in D. melanogaster revealed the Trp channels TrpA1 and Painless to
be involved in sensing ITCs, as knockout mutant flies showed a reduction in aver-
sive responses to ITCs (Al-Anzi et al. 2006; Kang et al. 2010). Although more stud-
ies are needed in Lepidoptera, for now at least, we know that TrpA 1 and Painless are
expressed in sensory organs of the Brassicaceae specialist P. rapae (Mao et al. 2020)
and that one of the “model” ITCs, allyl ITC (AITC), activates the TrpA1 channel in
the generalist Helicoverpa armigera (Wei et al. 2015). Furthermore, there is func-
tional evidence that TrpAl is involved in tasting bitter compounds in caterpillars of
Manduca sexta (Afroz et al. 2013).

Non-receptor Chemosensory Gene Families

Before reaching a herbivore’s chemoreceptor, plant compounds travel through the
lymph that fills the sensilla housing the dendrites of chemosensory neurons. This
sensillar lymph contains a variety of water-soluble proteins, including members of
two closely related families, the odorant-binding proteins (OBPs) and chemosen-
sory proteins (CSPs; Vieira and Rozas 2011). Although these proteins are highly
abundant, much about them is still unknown. Most likely, OBPs and CSPs mediate
the solubilization and transport of generally hydrophobic odorants through the sen-
sillar lymph and thereby regulate the sensitivity of the olfactory system (Leal, 2013;
Vieira and Rozas 2011).

OBPs and CSPs typically contain six and four positionally conserved cysteine
residues, respectively, which could have particular ecological relevance in
Brassicaceae specialists such as Plutella xylostella. The exposed cysteines could
make OBPs vulnerable to attack by reactive electrophiles such as the ITCs that
mustard plants produce. A study of another Brassicaceae specialist, the fly
Scaptomyza flava (Drosophilidae), observed a striking loss of OBPs (Gloss et al.
2019b). Losses were particularly apparent within the Plus-C OBP subfamily whose
member genes encode six additional cysteine residues compared to other OBPs
(Zhou et al. 2004), which might render them even more vulnerable to ITCs. Loss of
OBPs may in this scenario contribute to a lower sensitivity of Brassicaceae special-
ists to the deterrent effects of ITCs.

On the other hand, OBPs and CSPs may have a detoxification function in the
strict sense if they can remove harmful ligands such as ITCs from the peripheral
nervous system. Moreover, expression of OBP and CSPs is not restricted to the
olfactory tissues; they may also participate in detoxification of plant defensive
chemicals in other tissues such as the gut (Bautista et al. 2015), although this still
awaits experimental support (Pelosi et al. 2018). Such potential multiple functions
in xenobiotic responses make it difficult to formulate predictions for how OBPs
may evolve in response to the presence of host plant-derived ITCs. When character-
izing the genomes of Lepidoptera that are Brassicaceae specialists, such as Plutella
xylostella, and those of Lepidoptera that are not, such as the monarch butterfly
(Danaus plexippus), there is no obvious difference in the number of OBPs in their
genomes: 38 and 32, respectively (Cai et al. 2020; You et al. 2013; Zhan et al. 2011).
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A similar pattern was visible for the CSP gene family, with 31 CSPs for P. xylostella
and 34 CSPs for the monarch (You et al. 2013; Zhan et al. 2011).

While there is at least some mechanistic knowledge of how caterpillars sense
potential host plants from the Brassicaceae that give rise to ITCs, virtually nothing
is known about how herbivores sense plants that store less reactive toxins such as
CGs (Agrawal et al. 2021). It will be fascinating to find out more about the molecu-
lar mechanisms that give rise to complex adaptive behaviors such as the leaf vein-
cutting behavior displayed by larvae of the monarch and several other herbivores of
milkweeds, including the milkweed tussock moth Euchaetes egle (Arctiidae)
(Dussourd and Eisner 1987). Via a process of elimination, a series of experiments
suggested that polar (water-soluble) CGs or non-CG chemicals might stimulate this
behavior in monarch caterpillars (Helmus and Dussourd 2005). Deactivating the
latex-containing canals in veins of milkweed leaves (which contain concentrated
CGs) reduces exposure to toxic CGs, making this a life or death matter (Fig. 1c).

Prevention of Defense Response Induction

While behaviors such as selection of host plants and tissues as well as laticifer clip-
ping are effective ways to avoid or, in the case of certain specialist herbivores, per-
haps seek exposure to toxic plant defensive chemicals, there are further mechanisms
that have evolved to prevent activation of plant defenses upon engagement of lepi-
dopterans with host plants. Through expressing enzymes with immuno-suppressive
effects on the host plant, caterpillars could actively stop plants from inducing toxin
production upon feeding. One widespread mechanism is for caterpillars to produce
glucose oxidase in their saliva (Eichenseer et al. 2010). Glucose oxidase is the most
highly abundant salivary enzyme in H. zea and other caterpillars, converting
D-glucose and molecular oxygen to D-gluconic acid and hydrogen peroxide (Musser
et al. 2002). The hydrogen peroxide in turn elicits a burst of salicylic acid (SA)
production by the host plant, which suppresses the synthesis of higher levels of
defensive chemicals through interference with plant defensive signaling by jas-
monic acid (JA) and ethylene (Fig. 1a; Diezel et al. 2009). JA/SA antagonism and
its modulation by ethylene likely evolved in the last common ancestor of angio-
sperms (Groen and Whiteman 2014; Thaler et al. 2012a, b). The conserved nature
of JA/SA antagonism may partially explain the pattern that caterpillars of highly
polyphagous species were more likely to possess relatively high levels of glucose
oxidase activity than caterpillars from more specialized species (Eichenseer
et al. 2010).

Another mechanism of preventing plant production of defensive chemicals is to
evade molecular detection of attack by plant receptor proteins that survey plant cells
(Fig. 1a; Ngou et al. 2021; Yuan et al. 2021a, b). A particularly well-studied exam-
ple can be found in the interaction between cowpea (Vigna unguiculata) and cater-
pillars. This plant activates production of defensive chemicals upon recognition of
so-called inceptin-related peptides, present in caterpillar oral secretions, which are
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peptides derived from chloroplastic ATP synthase y-subunit proteins (Schmelz et al.
2012; Steinbrenner et al. 2020). While these active inceptins are generated when
caterpillars of generalist herbivores such as the fall armyworm Spodoptera frugi-
perda (Noctuidae) are attacking cowpea, they are not generated when larvae of the
legume-specializing velvet bean caterpillar (Anticarsia gemmatalis) feed on the
plant. A functional screen of inceptin amino acid building blocks identified that
unlike the main inceptin found in all other Lepidoptera examined (Vu-In;
+ICDINGVCVDA-), the oral secretions of A. gemmatalis caterpillars predomi-
nantly contained an inactive, C-terminal truncated peptide (Vu-In—A;
+ICDINGVCVD-), which also functioned as an effective antagonist of Vu-In-
induced responses (Schmelz et al. 2012).

Diversion Strategies for Precursor Toxins

If defensive chemicals are already stored constitutively, as is the case for the mus-
tard oil bomb and other toxins that are released upon p-glucosidase-mediated hydro-
lysis of stored precursor glucoside molecules, an alternative strategy to prevent
toxin formation is to modify the precursors or divert the hydrolytic process.
Prevention of ITC formation could have strong effects on caterpillar survival,
growth, and development time, as was shown definitively for the small cabbage
white Pieris rapae in feeding experiments with microencapsulated formulations of
allyl ITC, its precursor allyl GSL, and myrosinase (Agrawal and Kurashige 2003).

One effective way through which several specialists on Brassicaceae disarm the
mustard oil bomb and prevent ITC formation is to remove the sulfate group in GSLs
using sulfatase enzymes (GSSs; Ratzka et al. 2002). This removal renders myrosi-
nases ineffective, as they cannot use desulfo-GSLs as substrates and are competi-
tively inhibited by sulfate (Ratzka et al. 2002). This mechanism has evolved in
Plutella xylostella, whose genome encodes three GSSs with distinct expression pat-
terns and substrate specificity patterns in response to dietary GSLs (Heidel-Fischer
etal. 2019). Two of these gene copies evolved under positive selection while acquir-
ing their new GSL desulfation capabilities (Heidel-Fischer et al. 2019). As a further
testament to the importance of GSSs for P. xylostella fitness when feeding on GSL-
containing host plants, larvae experienced reduced survival and slower development
when GSSs were knocked out using CRISPR (Chen et al. 2020).

A second diversion mechanism of the mustard oil bomb has evolved in the pierid
butterflies. Upon caterpillar feeding and concomitant GSL degradation, nitrile-
specifier proteins (NSPs) in the gut redirect the GSL hydrolysis reaction away from
formation of ITCs and toward formation of nitriles, which are subsequently excreted
with the feces (Wittstock et al. 2004, Wheat et al. 2007). The genes involved in GSL
and ITC production in Brassicales plants and members of the NSP gene family in
pierids show evidence of evolving in an escalating evolutionary arms race pattern
(Berenbaum and Feeny 1981). Key innovations are linked to gene and genome
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duplications and shifts in diversification rates, followed by gradual changes in trait
complexity that appear to have been facilitated by allelic turnover (Edger et al. 2015).

Physical Barriers (Peritrophic Membrane)

The peritrophic membrane or matrix (PM) (see Wagner and Hoyt, Chapter “On
Being a Caterpillar: Structure, Function, Ecology, and Behavior”) is a semi-
permeable chitinous matrix that lines the midgut of caterpillars and most other
insects. The PM not only serves to protect the midgut epithelium from microorgan-
isms and mechanical damage, but also from large plant defensive chemicals such as
CGs, including the highly polar CG digitoxin (Barbehenn 1999, 2001). A study in
Helicoverpa zea observed that the PM reduced hydrogen peroxide in the midgut,
acting as a physical antioxidant (Summers and Felton 1996).

The PM in insects is formed through binding between chitin fibrils and PM pro-
teins with multiple chitin binding domains (CBDs). Multi-CBD chitin binding pro-
teins form the two major types of structural proteins in the PM alongside the insect
intestinal mucin proteins. While CRISPR knockout mutants for mucin proteins in
the cabbage looper Trichoplusia ni did not perform worse when fed a diet of GSL-
containing cabbage leaves than wild-type caterpillars (Wang and Wang 2020),
mucin proteins are involved in protecting caterpillars of Plutella xylostella against
the harmful effects of terpenoids such as (3E)-4,8-dimethyl-1,3,7-nonatriene
(DMNT; Chen et al. 2021). DMNT repressed expression of PxMucin in the larval
midgut, and knock-down of this gene led to PM rupture and caterpillar death. These
harmful effects of DMNT were both direct and indirect, since DMNT-induced dam-
age to the PM led to further costly imbalances in the midgut microbiome of caterpil-
lars (Chen et al. 2021).

Another constituent protein of the PM is the chitin-binding protein Peritrophin
A. Insect herbivores show enhanced expression of this gene when jasmonic acid-
mediated defensive signaling and production of reactive oxygen species are active
(Groen et al. 2016; Mittapalli et al. 2007; Whiteman et al. 2011). The chitin fibrils
and glycoproteins present in the PM are further targeted by a group of carbohydrate-
binding proteins known as lectins. Indeed, a study dissecting the PM from the
Spodoptera littoralis midgut showed distinct abnormalities in the PM with disrupted
microvilli structures owing to lectin binding (Vandenborre et al. 2011).

A second set of important physical barriers are transepithelial diffusion barriers
such as septate junctions in the midgut and the hemolymph (or blood)-brain barrier
(BBB), which is also known as the perineurium (Petschenka et al. 2013). Septate
junctions limit solute passage through intercellular spaces in epithelia. One of the
proteins that has been implicated in maintaining junctional activity is the Na+/
K+-ATPase P subunit encoded by the gene Nrv2 in D. melanogaster (Paul et al.
2003, 2007). This epithelial barrier function is independent of its role in Na+/
K+-ATPase pump activity. The presence of the junctions, combined with a lack of
active uptake mechanisms for hydrophilic substances, which cannot permeate lipid
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bilayer membranes passively, can provide at least some protection against polar
CGs such as ouabain (Dobler et al. 2015; Petschenka et al. 2013; Rubin et al. 1983).
However, to prevent lipophilic defensive chemicals (e.g., the apolar CGs digoxin
and digitoxin) from penetrating the midgut and the BBB, active detoxification
mechanisms that counteract passive diffusion of the compounds through the lipid
bilayers are necessary, which we will discuss below.

Target Site Insensitivity

Physiological investigations of the monarch butterfly provided early evidence of the
existence of a Na+/K+-ATPase (the target of CGs) with dramatically lowered sensi-
tivity (increased resistance) to CGs (Holzinger et al. 1992; Holzinger and Wink
1996). Molecular investigations demonstrated that this insensitivity may be
explained in the monarch butterfly, at least in part, by an amino acid substitution of
asparagine for histidine at position 122 (N122H) of the Na+/K+-ATPase’s alpha
subunit (Holzinger et al. 1992; Holzinger and Wink 1996). This form of molecular
substitution that alters the toxin’s binding potential to the enzyme is called “target
site insensitivity” (TSI). By screening all Na+/K+-ATPase transmembrane domains
involved in CG binding, a pair of studies detected the presence of the same substitu-
tion in five distantly related insect species representing a total of at least four inde-
pendent origins across a phylogenetic distance of 300 million years (Dobler et al.
2012; Zhen et al. 2012). Remarkably, these screens also identified other amino acid
substitutions associated with TSI of the Na+/K+-ATPase to CGs.

However, it was unknown if these substitutions could be sufficient for conferring
resistance at the whole-organism level in a way that is beneficial, i.e., adaptive, for
the animal. A follow-up study embarked on reconstructing possible mutational
paths linked to CG insensitivity by comparing protein sequences of the CG binding
site between the monarch butterfly and other animals with CG-rich diets to those of
animals not regularly encountering dietary CGs (Weinreich et al. 2006, Karageorgi
et al. 2019). Many evolutionary paths involved mutations in binding site residues
111, 119, and 122 (Karageorgi et al. 2019). A subset of these paths, including the
monarch’s, were then introduced into the genome of D. melanogaster through
single-base edits using CRISPR (Gratz et al. 2014; Lin et al. 2014; Port et al. 2014;
Groen and Whiteman 2016; Karageorgi et al. 2019). Since D. melanogaster is not
specialized on a CG-rich diet, Karageorgi and co-workers (2019) tested whether the
mutations conferred CG insensitivity at the neurophysiological and whole-
organism levels.

A series of fly lines was engineered that represents steps in the evolution of CG
insensitivity as observed in the lineages of the monarch butterfly and other
CGe-resistant species (Karageorgi et al. 2019). Mutating residues Q111 and N122
caused nervous system dysfunction, and co-introduction of A119S limited these
deleterious side effects (Karageorgi et al. 2019). At the neurophysiological and
whole-organism levels, flies with insensitivity mutations at sites 111 and 122 were
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highly resistant to CGs, just as the monarch is. Again, co-introducing A119S was
important by enhancing the resistance-conferring effects of these insensitivity muta-
tions (Karageorgi et al. 2019). Overall, residue S119 unlocked adaptive paths to
resistance through interactive effects (epistasis) with sites 111 and 122 (Weinreich
et al. 2006, Karageorgi et al. 2019), a result confirmed independently (Taverner
et al. 2019).

TSI is a particularly effective strategy in response to toxins with narrow target
ranges such as CGs, where a single or few TSI mutations have the potential for
producing large fitness consequences. However, toxins such as ITCs, other reactive
electrophiles, and reactive oxygen species have a wide target range, and it is
unknown if insensitivity of at least some of the target sites has the potential to
evolve in response to such toxins.

We explored whether this could be the case by taking a comparative genomics
approach for a Brassicaceae-specialized herbivorous fly, Scaptomyza flava. For
such a comparative analysis, we could not work with lepidopteran herbivores
because herbivory evolved too long ago and the availability of genomic data is still
relatively limited (Groen and Whiteman 2016). In the analysis we used data from
D. melanogaster and further leveraged available protein biochemistry data from
human biomedical science studies where interactions between GSL breakdown
products and target proteins were studied functionally. We find that S. flava ortho-
logs of genes that encode proteins targeted by GSL breakdown products in humans
evolve faster than orthologs of human genes that do not encode such proteins
(Fig. 2). It will be interesting to see if similar polygenic patterns of presumptive TSI
have evolved in lepidopteran specialists on Brassicaceae such as Pieris spp. and
Plutella spp.

Detoxification

Alongside the behavioral changes, structural barriers, immunosuppressive mecha-
nisms, and TSI to prevent or negate the toxic effects of plant defensive chemicals,
caterpillars may actively detoxify and metabolize these compounds through a con-
served set of enzyme families. These enzymes are active not only at the interface of
plant cells and caterpillar mouthparts as part of the insect’s saliva (Rivera-Vega
et al. 2017a,b) but also in tissues such as the gut, the BBB, and the Malpighian
tubules (Li et al. 2007).

The three phases of detoxification in animals, as defined earlier, are each charac-
terized by the activity of certain ubiquitous enzyme families, and we will review
these below. Caterpillars of different species harbor distinct subsets of these enzyme
families, and in most cases specific plant defensive chemicals can only be metabo-
lized by a small number of detoxification enzymes (Heidel-Fischer and Vogel 2015).

Over the last 10-20 years, genomics and transcriptomics studies have provided
evermore comprehensive insights into xenobiotic metabolism of caterpillars. One
comparative genomics study found that among lepidopteran species feeding on
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Fig. 2 Genes encoding proteins putatively targeted by GSL breakdown products display acceler-
ated evolution in the Brassicaceae-specialized herbivorous fly Scaptomyza flava. Inferred putative
targets of GSL breakdown products in S. flava and its one-to-one orthologs in D. melanogaster
relatives were determined via orthology with human proteins that have functionally verified inter-
actions with these products using the PantherDB database (Mi et al. 2013). Then, for each set of
single-copy orthologous Scaptomyza and Drosophila genes, amino acid sequences from five spe-
cies were aligned in MUSCLE: S. flava, D. grimshawi, D. mojavensis, D. virilis, and D. melano-
gaster (Gloss et al. 2019b). Using PAML v4.5’s codeml module (Yang 2007), branch site tests for
accelerated ratios of the number of non-synonymous substitutions per non-synonymous site (dN)
to the number of synonymous substitutions per synonymous site (dS), dN/dS, were run for all
terminal branches (Yang 1998), which has been described in more detail previously (Gloss et al.
2014). We define “accelerated” as being part of the top 5% tail of dN/dS values. Asterisk indicates
a significant difference (P < 0.05) in the number of putative targets of GSL breakdown products
with accelerated ratios of dN/dS (inferred targets) versus the number of putative non-targets with
accelerated ratios of dN/dS (control) using a chi-square test. (Cartoon of S. flava larva by Sophie
Zaaijer)

photosynthesizing plant tissue, highly polyphagous species had higher numbers of
genes encoding cytochrome P450 monooxygenase (CYP450; phase I), carboxyl/
choline esterase (CCE; phase I), and glutathione S-transferase (GST; phase II) genes
(Gloss et al. 2019a; Rane et al. 2019). These genes are collectively among the most
important in detoxification sensu stricto because they transform toxins into less
toxic molecules.

Comparative gene expression studies in which transcriptomes have been
sequenced in caterpillars reared on genetically manipulated crucifer plants, such as
the model plant Arabidopsis thaliana, have shown how generalists and specialists
appear to use different strategies to try to cope with the mustard oil bomb. In the
tobacco budworm Heliothis virescens, a generalist, 3,747 transcripts were
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differentially expressed when feeding on plants with intact GSL production com-
pared to engineered plants with disrupted production, whereas only 254 transcripts
were differentially regulated in a specialist, the large cabbage white Pieris brassicae
(Schweizer et al. 2017). Moreover, twice as many transcripts were upregulated
rather than downregulated in H. virescens, while these proportions were similar
(i.e., 50:50) in P. brassicae. Several canonical detoxification genes were strongly
induced in H. virescens by the presence of GSLs in host plants (up to 30-fold),
including 17 CYP450s and 9 CCEs (phase 1), as well as 7 ABC transporters (phase
III; Schweizer et al. 2017). In P. brassicae, on the other hand, a member of the NSP
gene family, known to divert GSL breakdown toward less toxic nitriles (see above),
was regulated by GSLs, plus a homologue of GSTD1 (Schweizer et al. 2017), which
efficiently catalyzes the conjugation of reduced glutathione (GSH) with ITCs in the
dipteran herbivore Scaptomyza nigrita (see below; Gloss et al. 2014).

Although similar experiments with genetically engineered host plants are not yet
possible for milkweed herbivores, transcriptomes of monarch caterpillars reared on
Asclepias curassavica and A. incarnata, two species that differ substantially in CG
concentrations, have been measured. Monarch larvae differentially expressed sev-
eral hundred genes when feeding on these different hosts, including numerous phase
I, II, and III detoxification genes, suggesting that these genes play a role in monarch
toxin resistance and sequestration (Tan et al. 2019a, b).

Transcription of xenobiotic metabolism genes is regulated by a signaling net-
work with at least five different pathways through it, each initiated by different
classes of receptors: (1) the membrane-localized G protein-coupled receptors; (2)
cyclic adenosine 3°,5 -monophosphate (cAMP)-response element binding protein
(CREB), which is a bZIP family transcription factor and requires phosphorylation
by environment-responsive mitogen-activated protein kinase (MAPK) cascades to
initiate signaling; (3) Cap’n’collar isoform C/Kelch-like ECH associated protein 1
(CncC/Keapl), which is another bZIP family transcription factor and ortholog of
Nuclear factor erythroid-derived 2-related factor 2 (Nrf2) found in mammals; (4)
the basic helix-loop-helix (bHLH)-Per-ARNT-Sim (PAS) domain-class transcrip-
tion factor aryl hydrocarbon receptor (AhR), which heterodimerizes with the AhR
nuclear translocator (ARNT) before binding to xenobiotic response elements (XRE)
in target gene promoters to activate their transcription; and 5) the nuclear receptor
(NR) superfamily transcription factor Hormone receptor-like in 96 (HR96), which
is related to genes encoding the Steroid and Xenobiotic Receptor (SXR) and
Constitutive Androstane Receptor (CAR) in vertebrates (Amezian et al. 2021; Li
et al. 2021a, b). Both CAR and SXR may translocate to the nucleus upon activation
and subsequently dimerize with Retinoid-X-Receptor (RXR) to enhance target gene
transcription (Amezian et al. 2021).

Which receptors initiate signaling depends partly on the solubility of the plant
defensive chemicals the insect encounters. ITCs and another GSL breakdown prod-
uct, indol-3-carbinol (I3C), are relatively lipophilic, and after passing through the
cell membrane, they can elicit a burst of reactive oxygen species (ROS) directly or
indirectly. This in turn can activate transcription through CncC/Keap1 (Nrf2) inter-
action with the antioxidant response element (ARE) in promoters of downstream
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detoxification genes such as CYP450s and GSTs (Chen et al. 2018; Giraudo et al.
2015; Liet al. 2021a, b).

CGs, on the other hand, occur in a range of polarities and, therefore, solubilities.
In addition to being perceived through their inhibition of the Na+/K+-ATPase, there
are hints they could be perceived by intracellular receptors, which may depend on
the solubility of individual CGs. Although polar, water-soluble plant defensive com-
pounds, including several alkaloids such as nicotine, cannot passively diffuse
through membranes and may thus be perceived by membrane-localized receptors
such as GPCR (Amezian et al. 2021; Li et al. 2021a, b; Yang et al. 2020), polar CGs
have not been connected with this mechanism. Certain polar compounds, including
the CG ouabain, can be actively transported into cells via transmembrane transport-
ers such as organic anion transporter peptides (Groen et al. 2017; Wink 2018). Polar
CGs, along with lipophilic membrane-permeable CGs such as digitoxin, might then
be perceived by intracellular receptors. However, while in mammals the relatively
polar CG digoxin interacted with the nuclear receptor RORYT, this was not the case
for its distant ortholog in insects, the steroid-sensing receptor DH3/Hr3 (Ahmed
et al. 2020; Huh et al. 2011). Genetic screening in the model insect D. melanogaster
may be the most efficient way forward for identifying if there is an intracellular
receptor for CGs in insects in addition to the Na+/K+-ATPase at the cell membrane
(Groen and Whiteman 2016).

We will now go into more depth regarding the multiple families of canonical
insect xenobiotic metabolism genes.

Phase I: Oxidation, Hydrolysis, Reduction

Here, the goal is to provide an overview of the role that phase I enzymes, principally
CYP450s, play in mediating detoxification of plant secondary compounds encoun-
tered by lepidopteran larvae. We then narrow our discussion to focus on their role in
CG and GSL detoxification.

CYP450s are membrane-localized enzymes with important roles in metabolizing
a variety of chemicals, ranging from steroid hormones to fatty acids to vitamins.
The monooxygenases achieve this by adding oxygen atoms to target chemicals,
using heme as a co-factor. A critical part of the heme group is an iron atom, which
is activated by a conserved cysteine residue (Feyereisen 2012). The oxygenated
substrates typically become more water-soluble and more amenable to being tar-
geted by enzymes in subsequent phases of the detoxification process (which is why
they are called phase I).

CYP450s are critical for successful detoxification of a range of plant defensive
chemicals, and particularly well-studied members of the CYP450 family in this
regard are those of the CYP6 clade. Members of the CYPOAE clade show a bloom
(expansion in gene number through duplications) in Lepidoptera (Dermauw et al.
2020). Silencing or knocking out CYP6AE genes in the cotton bollworm H. armig-
era impairs caterpillar tolerance toward the cotton toxin gossypol (Mao et al. 2007)
and the furanocoumarin xanthotoxin that is found in plants from the Rutaceae and
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Apiaceae (Wang et al. 2018), respectively. In particular, CYP6AE19 was shown to
metabolize xanthotoxin, but not as efficiently as the P450 CYP6B1 from the black
swallowtail Papilio polyxenes, a specialist on furanocoumarin-containing plants
(Wang et al. 2018). P. polyxenes caterpillars can tolerate dietary furanocoumarin
concentrations of up to 1% using CYP6BI, its paralogue CYP6B3, and other
CYP6Bs as detoxifying enzymes (Berenbaum and Zangerl 1993; Cohen et al. 1992;
Hung et al. 1995; Wen et al. 2003). CYP6B1 and -3 probably evolved toward sub-
functionalization under independent purifying selection after the duplication event
that gave rise to both, and now display different efficiencies with which they metab-
olize different types of furanocoumarin (Wen et al. 2006). A similar pattern of sub-
functionalization under selection apparently occurred in the parsnip webworm
Depressaria radiella (formerly D. pastinacella), which has an even narrower host
range (restricted to Apiaceae) than P. polyxenes, with at least two CYP450s
(CYP6AER9 and CYP6AB3) efficiently metabolizing a variety of different furano-
coumarins (Calla et al. 2020; Li et al. 2004a, b; Mao et al. 2006, 2007a, 2008).
Going in the other direction, away from specialization and toward more generalized
host plant ranges, substrate specificities of CYP450s in Papilio spp. were broader in
the oligophagous species P. multicaudatus than in the specialist P. polyxenes and
broader still in the polyphagous species P. glaucus and P. canadensis; this was
linked to the relative abundance of furanocoumarin-producing plants in the diet (Li
et al. 2003; Mao et al. 2007b).

In the context of handling toxic GSL breakdown products, it appears that CYP6B
enzymes can process I3C as a substrate, which is one of the major derivatives of
indole GSLs. Caterpillars of the generalist moth H. virescens showed enhanced
transcription of CYP6B8 and several other CYP6AE and CYP6AB genes after
encountering GSLs, including I3C (Schweizer et al. 2017). Comparison of the
homolog of CYP6BS in another generalist, H. zea (which has a wide host range and
occasionally encounters GSLs), with CYP6B1 from the Rutaceae and Apiaceae
specialist P. polyxenes (which practically never encounters GSL-producing plants),
showed that while CYP6B1 did not metabolize the indole GSL breakdown product
13C, CYP6BS did (Li et al. 2004a, b). CYP6BS further metabolized a number of
other chemically diverse plant defensive compounds including quercetin, flavone,
chlorogenic acid, rutin, and xanthotoxin (Li et al. 2004a, b). The latter compound is
one of the defensive chemicals abundant in hosts of P. polyxenes, and indeed,
CYP6BI of the specialist had a 30-fold higher metabolic clearance rate toward xan-
thotoxin than CYP6BS (Li et al. 20044, b), pointing to a trade-off between breadth
and efficiency in terms of substrate handling for these CYP450s.

There is some evidence that CGs may also be substrates for CYP450s (Marty and
Krieger 1984). However, the identity of individual CYP450s that may metabolize
CGs in caterpillars from the monarch and other milkweed herbivores is currently
unknown. Two studies that compared transcriptomes of monarch caterpillars reared
on host plants with different CG profiles revealed suites of CYP450s that were dif-
ferentially expressed (Gonzalez-De-la-Rosa et al. 2020; Tan et al. 2019a), poten-
tially narrowing down the set of candidate CYP450s that may be involved in
processing CGs. It has recently been established that an enzymatic reduction step is
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critical for detoxification of the toxic CG voruscharin, produced by one of the mon-
arch’s main host plants Asclepias curassavica (Agrawal et al. 2021). After a first
non-enzymatic step in which voruscharin is converted to uscharidin, a step facili-
tated by the alkaline pH of the gut milieu (Berenbaum 1980), this compound is then
enzymatically reduced to the more polar and less toxic CGs calactin and calotropin
(Agrawal et al. 2021; Marty and Krieger 1984; Seiber et al. 1980). Oxidoreductases
such as CYP450s are candidates for carrying out this step, as indeed, CYP450s such
as the Halloween genes have well-studied roles in facilitating molecular alterations
of plant-derived steroids that are chemically related to CGs to synthesize molting
hormones (Gilbert 2004; Seiber et al. 1980).

The carboxyl/cholinesterases (CCEs) form another functionally diverse super-
family of enzymes. These hydrolyze carboxylic esters to their component alcohols
and acids. Although CCEs have been studied less intensively than P450s, evidence
has been found for a role of CCEs in targeting host plant defensive chemicals. In
caterpillars of Depressaria radiella, CCEs are involved in processing plant-derived
aliphatic esters in the midgut (Zangerl et al. 2012). Furthermore, in adults of the
generalist moth Spodoptera littoralis, two CCE genes, SICXE7 and SICXE10, were
found to degrade the plant volatile (Z)-3-hexenyl acetate in the antennae, but it is
unclear which of these genes could have a role in processing volatile cues in the
larval stage as well (Durand et al. 2010, 2011). It is further unknown if CCEs could
be involved in processing GSLs, GSL breakdown products, or CGs. However, tran-
scriptomic studies have identified a number of CCEs that are responsive to the pres-
ence of dietary GSLs in Heliothis virescens (Schweizer et al. 2017) and to host
plants with different CG contents in the monarch (Gonzalez-De-la-Rosa et al. 2020;
Tan et al. 2019a).

Phase II: Conjugation

In the second phase, the products of the first phase or, often, the toxins themselves
are conjugated to other molecules. The enzymes that catalyze these reactions are
various transferases such as GSTs, many of which are regulated by the Keap1-Nrf2-
ARE signaling pathway. Perhaps their best-studied detoxification mechanism is the
conjugation reaction with GSH. Conjugation neutralizes reactive nucleophile sites
of plant defensive chemicals. It can further increase their solubility in water, thereby
facilitating their excretion from cells in phase III.

GST-mediated detoxification can happen through the metabolism of secondary
products generated from other detoxification enzymes (phase II). It can also occur
directly during phase I as an alternative to P450- or CCE-mediated detoxification.
Despite their central role in processing a range of plant defensive chemicals, GSTs
appear not to have undergone a gene family-wide expansion in the Lepidoptera
(You et al. 2015).

GSTs play an important role in the detoxification of ITCs in caterpillars of gen-
eralist species that have not evolved specialized mechanisms to prevent ITC forma-
tion, such as GSL desulfation through GSSs in Plutella spp. and diversion of GSL
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breakdown toward nitriles under the influence of NSPs in Pieris spp. Although
mechanistic evidence is still being gathered, it appears that GST-mediated ITC
detoxification occurs via a series of enzymatic steps known from mammalian stud-
ies as the mercapturic acid pathway (Traka and Mithen 2009). This pathway starts
with activity of GSTs, generating ITC conjugates with GSH, cysteinylglycine
(CysGly), and Cys, which end up as conjugates with an N-acetylcysteine group
through the action of N-acetyltransferases (Traka and Mithen 2009). The last step
deserves particular attention. While ITCs leave the mammalian body in urine and
bile as N-acetylcysteine conjugates, such conjugates have not been observed in cat-
erpillar frass, despite detection of all conjugates from intermediate steps in the path-
way (Jeschke et al. 2016, 2017, 2021; Schramm et al. 2012). It is currently unclear
if lepidopteran genomes do not encode the required enzymes, whether such enzymes
are perhaps not expressed at the caterpillar stage, or if the enzymatic reaction may
be impeded by the relatively high pH of the caterpillar midgut milieu (Berenbaum
1980; Schramm et al. 2012).

Thus far, ITC detoxification via GSTs and the mercapturic acid pathway has
been studied in a variety of generalists (e.g., Helicoverpa armigera, Mamestra bras-
sicae, Spodoptera spp., Trichoplusia ni) and Brassicaceae specialists, but also in a
specialist on legumes: Anticarsia gemmatalis. A comparative study of GST activity
in response to the presence of dietary ITCs showed that in the highly polyphagous
species Spodoptera frugiperda, GSTs metabolize a wide range of ITCs (Wadleigh
and Yu 1988). This range becomes progressively narrower in GSTs of 7. ni, which
is less polyphagous and metabolizes only allyl and benzyl ITC, and A. gemmatalis,
which does not typically encounter ITCs and metabolizes only benzyl ITC. These
comparisons suggest that GST substrate specificity may evolve according to the
proportion of GSL-containing plant material in the diet (Wadleigh and Yu 1988).

This study and subsequent studies further identified that GST levels are induced,
not only when ITCs are present in the diet, but also when indole GSL-derived I3C
and indole-3-acetonitrile are present in the diet (Li et al. 2007; Wadleigh and Yu
1988). In the generalist Spodoptera litura, expression of the epsilon-class GST
(Sigstel) in the midgut was responsive to the formation of ROS induced by I3C
(Chen et al. 2018). Induction of expression was regulated by binding of SINrf2 to an
antioxidant response cis-regulatory element in the Sigstel promoter. This was func-
tionally verified through RNAi on SINrf2: caterpillars with silenced SINrf2 showed
reduced expression of Sigstel, lower levels of peroxidase reactions by GSTs, and
reduced cell viability in response to treatment with I3C (Chen et al. 2018).

Although a specialist such as Pieris rapae does not rely mainly on GST- and
GSH-dependent detoxification to handle dietary GSLs, it may have additional adap-
tations to prevent oxidative damage that could still be induced by non-ITC break-
down products of GSLs. P. rapae individuals show genetic variation in/near
Glyoxalase 1 (Glol), encoding a lactoyl-GSH lyase that is linked to caterpillar per-
formance on Arabidopsis thaliana plants (Nallu et al. 2018). As part of the glyoxa-
lase pathway, Glo1 neutralizes toxic by-products of metabolism, using GSH in the
process.
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In addition to clade-specific defensive chemicals such GSLs, GSTs have also
been found to provide protection against more widely occurring toxins. The com-
pound 12-oxophytodienoic acid (12-OPDA), which is part of the jasmonate family
and also acts as a signaling molecule (Groen et al. 2013), has a reactive a,p-
unsaturated carbonyl structure. It easily adds cellular nucleophiles, making OPDA
potentially toxic for herbivores. The glutathione S-transferase GST16 inactivates
12-OPDA in the insect gut by isomerization to inactive iso-OPDA in Helicoverpa
armigera (Shabab et al. 2014), and GST family members perform the same function
in a suite of other generalist moth larvae (Dabrowska et al. 2009).

A more recently identified family of genes acting in phase II detoxification is that
of the UDP-glycosyltransferases (UGTs; Ahn et al. 2012). UGTs may catalyze con-
jugation of sugars with lipophilic plant defensive chemicals, which increases water
solubility of the toxins and makes it easier for them to be processed further in sub-
sequent phases of detoxification. UGTs show lineage-specific expansions within the
Lepidoptera and appear to play an important role in the xenobiotic response (Ahn
et al. 2012).

While not yet studied in the context of GSLs and ITCs, a role for UGTs has been
identified for caterpillar detoxification of three other classes of toxins that share
certain properties with ITCs. The first class is represented by capsaicin from pep-
pers (Capsicum spp.), which in mammals and D. melanogaster is perceived by Trp
receptors as are ITCs (Li et al. 2020a, b). Although it is unknown if Trp receptors
are involved in capsaicin perception in Lepidoptera as well, capsaicin does have a
deterrent effect on feeding and oviposition in Helicoverpa spp. moths (Ahn et al.
2011a). Interestingly, these species all appear to employ UGT-mediated glucosyl-
ation as a means of capsaicin detoxification, including not only the generalists
H. armigera and H. zea but also the specialist H. assulta, despite the latter showing
higher capsaicin tolerance levels (Ahn et al. 2011a,b).

The second class is exemplified by the sesquiterpene dimer gossypol from cot-
ton, which, not unlike ITCs, is able to cross membranes passively as an apolar
chemical, deriving its toxicity from damaging amino acids in proteins. Gossypol
toxicity occurs through interaction between its highly reactive aldehyde groups and
amino acids, while six phenolic hydroxyl groups lend it additional toxicity.
Enzymatic essays with insect cells expressing UGT41B3 and UGT40D1 from the
generalist Helicoverpa armigera showed that these UGTSs can glycosylate gossypol
to diglycosylated gossypol isomers, a process which may be involved in detoxifica-
tion in vivo (Krempl et al. 2016).

The third class is formed by benzoxazinoid glycosides, which are produced by a
subset of monocots, including maize. Benzoxazinoids are indole-derived defensive
chemicals whose aglucone breakdown products delay caterpillar growth and sur-
vival. Spodoptera frugiperda detoxifies these aglucones through UGT-mediated
reglucosylation. In the process, the chemical is inverted compared to its original
benzoxazinoid glycoside state as found in the host plant. This inverted glucosylation
ensures that the benzoxazinoids cannot be turned into the toxic aglucone form by
either plant or insect 3-glucosidases again, making the detoxification strategy effec-
tive for enhancing caterpillar fitness (Maag et al. 2014; Wouters et al. 2014).
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In all of these examples, more work will be necessary to narrow down the mech-
anistic involvement of UGTs to the levels of individual genes and the enzymes for
which they code. Lastly, UGTs are enriched in the transcriptome of monarch cater-
pillars compared to the transcriptomes of the pupal and adult life stages (Ranz et al.
2020). Although it was speculated that these UGTs may have a role in the detoxifi-
cation of milkweed host toxins such as CGs, this has not yet been studied function-
ally (Ranz et al. 2020).

Phase III: Excretion

Enzymatic reactions in phases I and II make plant defensive chemicals available for
the last phase of the detoxification process, if they were not already available as
water-soluble compounds. In this last phase, phase III, the compounds become sub-
strates of several diverse sets of transporters from multiple gene families and sub-
families. Activity of these transporters is particularly important in three tissue types
where they shunt away plant defensive chemicals and/or their processed derivatives:
the gut, the BBB, and the Malpighian tubules. We will now focus on two classes of
transporters that are expressed in all three of these tissues.

The first class is formed by the multidrug transporters (Mdrs), which are also
known as P-glycoproteins and B-type ABC transporters (Dermauw and Van
Leeuwen 2014). Tissue-specific gene expression measurements and staining with
Mdr-specific antibodies detected the presence of Mdrs in the midguts of generalist
herbivores as well as CG-adapted insects (Dobler et al. 2015; Petschenka et al.
2013). Mdr expression is further enriched in the Malpighian tubules (Chahine and
O’Donnell 2009; Dow and Davies 2006), where efflux capacity increases dramati-
cally upon toxin exposure (Chahine and O’Donnell 2009). The regulation of Mdr
expression appears to be coordinated with that of genes involved in earlier phases of
xenobiotic detoxification (Chahine and O’Donnell 2011). Lastly, Mdrs are expressed
in the BBB across all of the animal kingdom (Hindle and Bainton 2014).
Physiological assays, complemented with reverse genetic studies, have established
that Mdrs act as active diffusion barriers to apolar CGs such as digoxin in
Lepidoptera, other insects, and vertebrates (Gozalpour et al. 2013; Petschenka et al.
2013; Groen et al. 2017).

Interestingly, knockout mutants of Mdr50 in D. melanogaster are compromised
in their digoxin resistance (Groen et al. 2017). The putative monarch orthologs
show interesting properties: (1) the monarch orthologs appear to have undergone a
bloom compared to orthologs in caterpillars that do not regularly encounter dietary
CGs (Fig. 3); and (2) expression of these genes is upregulated on a diet containing
CG-rich milkweeds (Gonzalez-de-la-Rosa et al. 2020). If the role of Mdr50 is con-
served in the monarch butterfly, this might provide a mechanism for the monarch to
minimize exposure to apolar CGs by reducing their entry from the midgut to the
hemolymph. Excluding apolar CGs such as the thiazolidine ring-containing vorus-
charin from the hemolymph could have important fitness consequences. This CG is
the most abundant CG in one of the monarch’s main milkweed hosts, Asclepias
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Fig. 3 (a) In addition to TSI-conferring substitutions in the Na+/K+-ATPase, monarch caterpillars
may resist CG toxicity by excluding CGs (black and brown compounds) from the sensitive nervous
tissue by ABC transporters and organic anion transporting polypeptides (purple transmembrane
proteins) that are mainly active in the midgut, blood-brain barrier (depicted), and Malpighian
tubules. This mechanism is particularly important for protecting the nervous tissue (purple area)
against apolar CGs, which can cross membranes passively, by transporting these back into the
hemolymph (red area), whereas polar CGs (black) can be kept out to some extent through tight
junctions between cells. (b) Orthologs of D. melanogaster Mdr50 (a B-type ABC transporter) may
have experienced a gene bloom in the monarch butterfly (Danaus plexippus) relative to the silk
moth (Bombyx mori), the cabbage looper Trichoplusia ni, the postman butterfly (Heliconius mel-
pomene), and the Glanville fritillary (Melitaea cinxia). The asterisk at the cabbage looper indicates
that its genome may encode more than three Mdrs. (¢) A duplication was also detected for the
monarch ortholog of Oatp33EDb (see text for details). (Cartoon by Sophie Zaaijer)
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curassavica, accounting for 40% of leaf CGs, and its abundance was negatively cor-
related with caterpillar growth (Agrawal et al. 2021). It will also be interesting to
study Mdrs more closely in caterpillars of species such as Empyreuma pugione and
Daphnis nerii. These species specialize on CG-bearing plants, but do not have
known TSI substitutions in their Na+/K+-ATPases. Indeed, in vitro analyses of
enzyme activity in the presence of increasing CG concentrations indicate that their
Na+/K+-ATPases are highly sensitive to CGs (Petschenka and Dobler 2009;
Petschenka et al. 2012, 2013; Petschenka and Agrawal 2015). This sensitivity sug-
gests they may have evolved alternative mechanisms of handling dietary CGs,
which may include efflux through Mdrs (Petschenka et al. 2013).

A second class of transporters is formed by the organic anion transporting poly-
peptides (Oatps). Many of these transporters show strong expression in the BBB
and midgut (Hagenbuch and Stieger 2013; Hindle and Bainton 2014), while some
are highly expressed in the Malpighian tubules (Torrie et al. 2004). Like Mdrs, the
expression of Oatps is coordinated with that of other enzymes involved in xenobi-
otic detoxification. Besides their role in this process, Oatps are also involved in the
metabolism and efflux of endogenous solutes (Dow and Davies 2006). In vitro and
in vivo reverse genetic screens on D. melanogaster established that a subset of
Oatps prevent polar CGs such as ouabain from interfering with Na+/K+-ATPase
function (Groen et al. 2017; Torrie et al. 2004). The Oatps provide a baseline level
of protection against CGs in insects not specializing on CG-containing diets. These
transporters may have provided a substrate for natural selection to work upon in
insects that transitioned to feeding on CG-producing host plants (Groen et al. 2017).

Although the Oatp family and the superfamily of solute carrier transporters they
belong to, the SLC22 organic cation/anion/zwitterion transporters, underwent an
expansion in the Lepidoptera (Denecke et al. 2020), the absolute number of Oatps
does not appear to have changed in the monarch (Fig. 3). However, there has been a
duplication of the monarch ortholog of D. melanogaster Oatp33Eb, and a fly knock-
out mutant of Oatp33Eb (an Oatp that is typically expressed in the gut system)
showed the lowest lethal dose of ouabain of several Oatp mutants compared to wild-
type flies (Groen et al. 2017). It will be interesting to find out if these monarch Oatps
are indeed involved in dealing with dietary CGs.

Which transporters allow herbivores on Brassicaceae to expel ITCs and other
GSL breakdown products has not been determined. However, evidence from bio-
medical studies suggests that instead of B-type ABC transporters (P-glycoproteins
or Mdrs), it is likely the C- and G-type ABC transporters that may be important.
Like B-type transporters, the C-type transporters are full ABC transporters with at
least 12 transmembrane domains and a nucleotide-binding domain that has ATPase
activity (Dermauw and Van Leeuwen 2014). In human cells, Multidrug resistance
proteinl (MRP1 or ABCC1) mediates efflux of AITC, BITC, PEITC, and sulfora-
phane as conjugates with GSH and cysteinylglycine (Callaway et al. 2004; Hu and
Morris 2004; Zhang and Callaway 2002), whereas its subfamily relative MRP2
(ABCC2) transports the GSH-conjugated form of PEITC (Ji and Morris 2005a).

Unlike B- and C-type transporters, Breast cancer resistance protein (BCRP or
ABCG2) is a half transporter, and besides the nucleotide binding domain with
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ATPase activity, it contains only six transmembrane domains. BCRP transports the
unchanged form of PEITC, without conjugation to molecules such as GSH (Ji and
Morris 2005b). Future functional studies may find out if B-, C-, and/or G-type trans-
porters may be involved in GSL detoxification in caterpillars as well.

Microbial Interactions

With important caveats (e.g., that many caterpillar individuals may lack a resident
gut microbiome), microbes associated with caterpillars and their immediate host
plants may have important modulating effects on the different mechanisms caterpil-
lars use for dealing with plant defensive chemicals.

Chewing herbivores could benefit from microbes through at least two mecha-
nisms. One is through the sometimes immunosuppressive effects of microbes on the
host plant when deposited via oral secretions (regurgitant derived from the foregut)
or the saliva (Grant 2006). Experiments with the Colorado potato beetle (Leptinotarsa
decemlineata) demonstrated that larvae benefitted from the suppressive effects of
oral secretions containing Pseudomonas and Enterobacter spp. bacteria on antiher-
bivore defenses in one of the host plants, tomato (Solanum lycopersicum; Chung
et al. 2013). Immunosuppression by bacteria in oral secretions has more recently
also been found to occur for Spodoptera frugiperda caterpillars, particularly when
the herbivores deposited Pantoea spp. bacteria on tomato host plants (Acevedo et al.
2017). It is not yet known if bacteria in caterpillar saliva, as opposed to regurgitant
oral secretions (Grant 2006), could also influence the outcome of plant-herbivore
interactions. However, it is interesting that salivary glands of Trichoplusia ni are
enriched for a distinct bacterial flora compared to other organs that open directly
into the digestive system, including the mandibular glands, the Malpighian tubules,
and the midgut itself, and that Pseudomonas bacteria were one of the enriched gen-
era (Lawrence et al. 2020).

A second mechanism of microbial effects on caterpillar fitness, and one that has
been studied somewhat more extensively, is through modification of plant defensive
chemicals by enzymes derived from microbes (Mason et al. 2019a). At an extreme,
entire microbes become internalized in herbivore cells in an endosymbiotic rela-
tionship. More commonly, however, single microbial genes end up in the herbivore
genome through horizontal gene transfer (Hansen and Moran 2014). In this sce-
nario, a microbe-herbivore association becomes fixed and microbe-produced detox-
ification enzymes are now indirectly derived from microbes (Mason et al. 2019a).
This has happened relatively frequently in clades of herbivores such as piercing/
sucking insects and chelicerates (Hansen and Moran 2014; Wybouw et al. 2018;
Greenhalgh et al. 2020). In the whitefly Bemisia tabaci, the herbivore genome even
had a host plant-derived phenolic glucoside malonyltransferase gene incorporated
that allows detoxification of phenolic glycosides (Xia et al. 2021). Genomic analy-
sis of three lepidopteran herbivores (Bombyx mori, Heliconius melpomene, and
Danaus plexippus) revealed that horizontal transfer events had occurred ca. 12 times
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per species and that at least some of the genes with putative origins from bacteria or
fungi were transferred prior to the formation of many herbivore species (Sun et al.
2013). Several of the genes encode enzymes that are potentially involved in metabo-
lizing amino acids, starch, and sugar, and some might be involved in detoxification
of host plant defensive chemicals (Li et al. 2011). In one well-studied example, all
lepidopteran genomes examined contain orthologs of bacterial f-cyanoalanine syn-
thase/cysteine synthase (CAS/CYS) genes, which is probably the result of an ancient
horizontal gene transfer event from methylobacteria in the ancestor of all Lepidoptera
(Wybouw et al. 2014, 2016). Caterpillars of a variety of species show inducible
CAS activity upon encountering plant-produced cyanide in their diet. Functional
studies in the Brassicaceae specialist Pieris rapae showed that CAS enzymes con-
vert this toxic defensive chemical via a cross-reaction with cysteine into the less
toxic products B-cyanoalanine and hydrogen sulfide (Witthohn and Naumann 1987,
Meyers and Ahmad 1991; Stauber et al. 2012; Van Ohlen et al. 2016).

Yet, many of the relevant associations between microbes and caterpillars fall
toward the more plastic/labile end of the spectrum (Mason et al. 2019a). Unlike
herbivores with piercing/sucking mouthparts (Hansen and Moran 2014), caterpil-
lars appear to lack a resident gut microbiome (Hammer et al. 2017). They probably
derive a large proportion of their gut microbiome from their diet (Hammer et al.
2017) and may even obtain much of it from the soil (Hannula et al. 2019). In addi-
tion to this lack of specificity in caterpillar gut microbiomes, there also remains
much to be discovered about whether and how caterpillars may receive benefits
from microbes in dealing with host plant defenses (Hammer and Bowers 2015).
Observations on fitness outcomes of interactions between caterpillars and internal,
non-disease causing microbes show a continuum from positive, to neutral, to nega-
tive. Caterpillars of Anticarsia gemmatalis showed better survivorship and growth
when their gut microbiome was left intact (Visotto et al. 2009), while suppressing
gut bacteria had no detectable effect on fitness in Manduca sexta (Hammer et al.
2017). A negative effect of gut microbes was observed in Spodoptera frugiperda
caterpillars feeding on maize plants. When a defensive protease (Mirl-CP) pro-
duced by maize damaged the peritrophic matrix, gut bacteria from the genera
Enterobacter, Enterococcus, and Klebsiella then penetrated this protective barrier,
invaded the hemocoel, and exacerbated the negative fitness consequences of the
maize protease on the caterpillars (Mason et al. 2019b). It will be fascinating to see
if such interactive effects of plant defenses and microbial infections occur more
generally.

Several studies have assessed mechanisms of how gut microbes may affect
detoxification of ITCs and GCs. Although more work on caterpillars is needed,
experiments across various species of chewing insects (and humans) have identified
bacteria that metabolize these defensive chemicals. Among the gut microbiota of
the cabbage stem flea beetle Psylliodes chrysocephala, the bacterial genera Pantoea,
Pseudomonas, and Acinetobacter were associated with degradation of ITCs (Shukla
and Beran 2020). However, only Pantoea spp. had measurable effects on ITC detox-
ification in follow-up experiments (Shukla and Beran 2020), despite the fact that
strains of Pseudomonas bacteria produce enzymes that detoxify ITCs (Fan et al.
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2011) and can suppress plant defenses locally and systemically (Groen et al. 2013,
2016). Separate studies on the human gut microbiome identified that the bacterium
Eggerthella lenta carries a “CG reductase” operon that metabolizes CGs (Koppel
et al. 2018). Taken together, these studies show that gut microbes have the potential
to play a role in ITC and CG detoxification, but much more research will be needed
to determine if the microbiome may perform similar functions in the guts of cater-
pillars that feed on toxic host plants.

Ultimate Causes of the Evolution and Maintenance
of Detoxification Mechanisms

A salient discussion of the genomic and phenotypic targets of selection associated
with how herbivorous insects interact with plant defensive chemicals requires
identification of the agents of selection. Selection on insect herbivores is applied
by both bottom-up agents (e.g., the host plants that are fed on) and top-down
agents (e.g., predators and parasites; Price et al. 1980). Comparison between dif-
ferent species of herbivores and between herbivores and their non-herbivorous
relatives can reveal genotypic and phenotypic signatures of selective pressure by
each of these agents.

Bottom-Up Agents of Selection

Host plant species are typically polymorphic for the production of defensive chemi-
cals, and the same is true for many counter-adaptations in insects. Such coinciding
patterns of trait distributions are hypothesized to be the consequence of coevolu-
tionary dynamics (Flor 1956; Ehrlich and Raven 1964; Karasov et al. 2014; Stahl
et al. 1999).

These dynamics can be subdivided into distinct classes according to several cri-
teria, a main one being if dynamics show directionality or whether instead they are
fluctuating (Hall et al. 2020; Woolhouse et al. 2002). When directionality is present,
the dynamics often resemble “arms races,” which may, for example, result in escala-
tion of plant defensive chemical production over generations and counter-adaptations
by herbivores (Ehrlich and Raven 1964; Dawkins and Krebs 1979; Kareiva 1999;
Van Valen 1973). As part of arms race dynamics, successive selective sweeps are
likely to occur, purging alleles that are non-adaptive in the participating species.
However, depending on fitness costs associated with evolving traits and the genetic
architecture of these traits, polymorphisms can be maintained over short to longer
periods of time. When polymorphisms are stably maintained, the dynamics appear
as “trench warfare” (Stahl et al. 1999). On the other hand, costs may also drive
selection and evolutionary dynamics to fluctuate, favoring different traits or trait
values during different episodes of selection (Hall et al. 2020). This could result in
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fluctuations in the frequencies of alleles involved in regulating the traits (Speed
et al. 2015).

The presence and nature of fitness costs associated with traits under selection can
thus play an important role in determining which type of coevolutionary dynamics
populations of herbivores and their host plants will follow over time. On the plant
side, the production of toxins can be constrained by several different types of costs:
1) opportunity costs may arise if toxin production in early life stages diminishes
subsequent plant growth vigor and competitive ability (Coley et al. 1985; Ziist et al.
2011); 2) metabolic costs are incurred when toxins are produced (Bekaert et al.
2012; Gershenzon 1994); 3) allocation costs may cause growth and/or reproduction
to be reduced when limited resources are spent on toxin production (Simms 1992);
4) toxin production can carry genetic costs depending on the presence and level of
genetic correlation with other traits, for example, via genetically hardwired signal-
ing networks (Groen et al. 2020; Ziist and Agrawal 2017); and 5) production of
toxins effective against one herbivore genotype may have negative fitness conse-
quences on interactions with other genotypes or other species and thus carry eco-
logical costs. For example, producing toxins effective against a generalist herbivore
may harm mutualistic interactions with pollinators or increase plant susceptibility to
specialist herbivores (Strauss et al. 1999). Although fitness costs have been notori-
ously difficult to measure (Bergelson and Purrington 1996; Koricheva 2002), it
appears that at least in some environmental contexts, GSL and CG production may
incur costs to plants (Stowe and Marquis 2011; Ziist et al. 2015).

On the herbivore side, the types of costs associated with detoxification can be
divided into similar classes. While in plants costs and benefits of toxin production
will be influenced by the probability of encountering certain herbivores, costs and
benefits of detoxification in herbivores will be influenced by the chance that dietary
toxins will be encountered (Després et al. 2007). Perhaps they have not received as
much attention from scientists in terms of theoretical framework development and
experimental work as the costs on the plant side (Després et al. 2007; Karban and
Agrawal 2002).

Behavioral avoidance of toxin ingestion by searching for hosts or tissues with
lower toxin levels comes with opportunity costs in the form of spending time search-
ing or actively manipulating the host plant to subvert activation of defenses. These
costs will increase as well-defended plants increase in population frequency
(Després et al. 2007; Karban and Agrawal 2002). Another set of costs that increase
as hosts produce more toxins are the metabolic and allocation costs as herbivores
spend energy on detoxification (Després et al. 2007). Costs of handling plant toxins
have thus far been established for several toxin-herbivore combinations in the
Lepidoptera, including GSLs in Pieris rapae and Helicoverpa armigera (Agrawal
and Kurashige 2003; Wang et al. 2021; Jeschke et al. 2021), nicotine in Spodoptera
eridania (Cresswell et al. 1992), furanocoumarins in Depressaria pastinacella
(Berenbaum and Zangerl 1994), and CGs in the monarch (Seiber et al. 1980; Zalucki
etal. 2001; Agrawal 2005; Rasmann et al. 2009; Tao et al. 2016; Agrawal et al. 2021).

As a general pattern, herbivores combine several of the mechanisms described in
the previous section to deal with plant defensive chemicals: e.g., behavioral
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avoidance of toxin ingestion is regularly associated with enzymatic detoxification.
The monarch combines laticifer clipping behavior with enzymatic detoxification of
and TSI to CGs (Agrawal et al. 2021; Dussourd and Eisner 1987; Marty and Krieger
1984; Seiber et al. 1980), while a generalist herbivore on Brassicaceae such as
Helicoverpa armigera combines searching for low-level GSL areas of leaves with
GSL detoxification via the mercapturic acid pathway (Jeschke et al. 2021; Shroff
et al. 2008). However, it is unknown if such trait co-occurrences arise from
environment-imposed, phenotypic, or genetic constraints (Després et al. 2007).
Theoretical modeling has shown that such combined strategies may confer fitness
advantages when traits are associated with ever-rising costs and the probability of
ingesting certain toxins is low (Vacher et al. 2005). Genetic costs may be particu-
larly pronounced when TSI-conferring mutations evolve, especially when the target
proteins of toxins are active in the nervous system. TSI-conferring mutations can
incur costs when they lower the efficiency of a protein in the herbivore (Després
et al. 2007). We have observed this in experiments with D. melanogaster, when
substitutions conferring TSI of the Na+/K+-ATPase to CGs that have evolved in the
monarch and other specialists on milkweeds were introduced in flies (Karageorgi
et al. 2019; Taverner et al. 2019). While the substitutions heightened insect resis-
tance to CGs, they also appear to have caused pleiotropic nervous system defects.
These potential defects were ameliorated through epistasis when accompanied by a
facilitating or compensatory substitution near the TSI-conferring substitutions in
the first extracellular loop of the Na+/K+-ATPase (Karageorgi et al. 2019; Taverner
et al. 2019). Contrary to other toxin resistance traits, the costs of TSI are fixed, i.e.,
they do not change with the probability of dietary toxin ingestion (Després et al.
2007). However, these costs can be modulated through epistatic interactions with
genetic variation elsewhere in the herbivore genome and by environmental
fluctuations.

A second general pattern is that costs and benefits of toxin resistance traits in
herbivores can be phenotypically plastic. Generalists, and to a lesser extent special-
ists, are presented with highly variable levels and diverse combinations of toxins
both across and within host plant species (Després et al. 2007). The within-species
variability is partially under genetic control by the plant and partially by factors
such as the plant’s phenological stage and fluctuations in biotic and abiotic factors
it encounters. To the extent that this is controlled by genetics (Fig. 1a), such vari-
ability may be an evolved plant strategy that follows the moving target theory or,
perhaps more likely, the optimal defense theory, since it is thought to increase costs
for the herbivore to acclimate its gut milieu and other traits as cocktails of dietary
toxins change in composition, causing the herbivore population to always be chas-
ing moving fitness optima (Wetzel and Thaler 2016; Li et al. 2020a, b). A study with
artificial diets with variable levels of the furanocoumarin xanthotoxin presented
to caterpillars of the generalist Trichoplusia ni provides support for this notion that
toxin level variability suppresses herbivore performance (Pearse et al. 2018).

In response to variable toxin levels in host plants, generalists have evolved toxin-
induced avoidance behaviors and both constitutive and induced production of
detoxification enzymes (Després et al. 2007). TSI, on the other hand, is typically
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restricted to specialist herbivores that use it alongside more generalized toxin resis-
tance mechanisms. The use of more than one resistance mechanism may confer
robustness to the efforts of specialists to deal with host plant toxins. This strategy
might also prevent specialization from becoming an evolutionary “dead end” if host
plant populations dwindle, in which case shifts to novel host plants might be neces-
sary (Termonia et al. 2001).

Examples from specialists on CG-producing plants illustrate how herbivore
adaptations to the presence of certain toxins in their host plants may facilitate shifts
to other plant species producing those toxins. Our reconstructions of host plant
usage of herbivorous insects revealed that in three independent instances among the
Coleoptera, Diptera, and Lepidoptera, close relatives of specialists on CG-producing
plants in the Apocynaceae were feeding on Solanum spp. (Solanaceae) plants
(Fig. 4; Begon 1975; Brown 1987; Schoville et al. 2018). Intriguingly, the species
feeding on Solanum spp. hosts all possess one or more substitutions in the Na+/
K+-ATPase that confer TSI to CGs (Karageorgi et al. 2019). While only a subset of
Solanaceae plant species are known to produce CGs like the Apocynaceae,
Solanaceae produce saponins such as glycoalkaloids and steroidal glycosides
(Pomilio et al. 2008), and there is some evidence that these may inhibit Na+/

Glycoalkaloid

Coding Sequence: ATPa Mutations

ElcsccasCACCAGCGAGGAGCCEliccaaceATEAT VS H Mon-
EissccaccaccaccoassacccellicoaceaTtaat VNN
17e] A A
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Fig. 4 Mutations in three codons of the Na+/K+ATPase alpha subunit gene ATPa (highlighted in
the sequences above the sequence of D. melanogaster as a reference species without target site
insensitivity mutations in the bottom) have evolved at least three times (red dots) in insects from
different orders that feed on plant species of the nightshade family (Solanaceae) (center). These
insects are weakly or completely non-sensitive to the steroidal toxins that the plants produce. The
known species are the nymphalid butterfly Mechanitis polymnia (blue, with mutations causing
codon changes to amino acids L, A, and N at positions 111, 119, and 122 of the Na+/K+ATPase
alpha subunit, respectively, appearing as if the mutations were introduced into the D. melanogas-
ter sequence), the "fruit" fly D. subobscura (red, with mutations causing codon changes to amino
acids V, S, and H), and the Colorado potato beetle Leptinotarsa decemlineata (orange, with muta-
tions causing codon changes to amino acids V, N, and N). (Cartoon by Sophie Zaaijer)
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K+-ATPase as well (Blankemeyer et al. 1995). This sets up a potential mechanism
of cross-resistance that could facilitate host switches between Solanaceae and
CG-producing Apocynaceae plants, which may be facilitated further by the activity
of conserved, generalized toxin resistance mechanisms such as the expression of
multidrug transporters in the midgut and BBB of all of these species (Fig. 3; Dobler
et al. 2015; Groen et al. 2017). Indeed, the milkweed butterfly clade (Danainae) is
the sister group of Ithomiinae, which are specialists on the Solanaceae. The latter
clade includes Mechanitis polymnia, which has a somewhat CG-insensitive Na+/
K+-ATPase (Petschenka et al. 2013; Karageorgi et al. 2019). It is likely that host
switching between Solanaceae and Apocynaceae has occurred (Brown 1987).
Although fluctuating dynamics and “trench warfare” dynamics are yet to be stud-
ied in the context of plant-herbivore interactions (Gloss et al. 2013), dynamics that
resemble arms races have been examined in several plant-lepidopteran herbivore
study systems. Among them are the well-studied interactions between Brassicaceae
plants and their herbivore communities, which include Pieris spp. (Edger et al.
2015; Griese et al. 2021); between milkweeds and their herbivore communities,
including monarch and queen butterflies (Agrawal and Fishbein 2008; Agrawal
et al. 2021); and between wild parsnip and the herbivores Depressaria pastinacella
and Papilio polyxenes (Berenbaum and Feeny 1981; Berenbaum and Zangerl 1998).
Potential mechanisms for how arms race dynamics may lead to co-diversification
between herbivore and host plant species have been studied in most detail for the
pierid butterflies and their Brassicales host plants (Edger et al. 2015). Here we
review the herbivore side of these interactions. Pieris spp. contain the NSPs, which
are part of the NSP-like gene family that also includes the NSP paralog, the major
allergen (MA) protein. These proteins are unique to pierids and are related to the
single domain major allergen (SDMA) proteins, which are generally expressed in
the gut systems of caterpillars (Fischer et al. 2008). Like NSPs, MAs can also dis-
arm the mustard oil bomb (Edger et al. 2015). Based on experimental work and
comparative analyses, it appears that the Pieris spp. maintain a breadth of potential
host plant species while specializing on a smaller subset of hosts through gene
duplications and subsequent sub- or neo-functionalization of NSPs and MAs. While
NSPs show more stable expression, they have experienced positive selection related
to specialization on different host plants with unique GSL profiles (Heidel-Fischer
et al. 2010; Okamura et al. 2019a,b). MAs showed GSL-inducible expression but
were more evolutionarily stable and are perhaps involved in detoxification of those
GSLs that are produced more commonly among the host plants of the Pieridae
(Okamura et al. 2019a,b). Like the NSPs, the horizontally transferred CAS/CYS
enzymes also underwent further duplication in Pieris spp. and other species feeding
on cyanogenic plants compared to lepidopteran species not feeding on such plants
(Li et al. 2021a, b). This may have further facilitated the ability of Pieris spp. to
handle the formation of equimolar levels of cyanide upon the breakdown of GSLs
to nitriles (Steiner et al. 2018). In particular, the number of BSAS genes encoding
the CAS/CYS enzymes showed a stepwise increase as species specialized onto
Brassicaceae host plants with BSAS2, which shows high affinity for cyanide, gener-
ally present in all Lepidoptera; while BSAS3 is restricted to the Pieridae, and
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BSASI is restricted even further to the Pierinae (Herfurth et al. 2017). The CAS/
CYS enzymes may be complemented in their role of cyanide detoxification by two
rhodaneses, which may add robustness to the detoxification process. The rhodanese-
encoding genes, 75T and TST2, differ in their expression, subcellular localization,
and kinetic properties and are the result of a rhodanese family expansion in the
Pieridae (Herfurth et al. 2017; Steiner et al. 2018).

However, such arms race dynamics between Brassicales specialists and their
host plants are not a given: Plutella xylostella’s genome encodes three GSSs that
stem from duplications of insect arylsulfatases (Heidel-Fischer et al. 2019). Each
GSS has distinct expression patterns in response to dietary GSLs and mediates
desulfation of different types of GSLs with varying efficiency. Rather than showing
signatures of arms race coevolution early after duplication from an arylsulfatase
gene and evolving in a stepwise manner, copies of GSS genes neofunctionalized in
parallel under positive selection caused by the herbivore’s host shift to GSL-
producing plants while gaining their novel detoxification functions (Heidel-Fischer
et al. 2019).

Interestingly, aside from D. radiella, all Lepidoptera in these examples are mul-
tivoltine (Hazel 1977; Berenbaum and Zangerl 1991; Brower 1998; Fei et al. 2014;
Agrawal 2017; Moranz and Rahman et al. 2019). The herbivores thus have the
potential to evolve faster than their host plants, which have no more than one gen-
eration per year. This discrepancy sets up an apparent paradox: how are host plants
able to prevent losing out in these arms races? A first potential reason might be that
defense or, alternatively, loss of susceptibility is relatively more straightforward for
the host plant than using a plant as a host is for the herbivore (Thompson 1986). For
example, the most abundant sterol in herbivorous insects is cholesterol, but insects
rely on plant-produced sterols to synthesize it. Changes in sterol profiles may not
have apparent fitness consequences in host plants (Corbin et al. 2001) but could
provide effective loss of susceptibility to herbivores, with relative cholesterol levels
and larval survival deteriorating the most in a host plant specialist (Jing et al. 2012,
2013). A second potential reason is that escalation of arms races comes with the
production of novel defenses by host plants, and being able to combine defensive
traits may give plants an evolutionary advantage (Gilman et al. 2012; Speed et al.
2015). A third potential reason is that coevolution can be diffuse. For example,
because of its migratory lifestyle, the monarch butterfly encounters multiple species
of milkweed hosts. This may pose a limitation to the monarch for evolving more
efficient mechanisms of handling the CGs and other toxins produced by any one
milkweed species (Agrawal et al. 2021). A fourth potential reason is that herbivores
are attacked by natural enemies in the form of pathogens, parasites, parasitoids, and
predators, and top-down control by these organisms may dampen the negative
effects that herbivore populations may have on host plant populations. It is possible
that natural selection becomes less efficient if effective population sizes are reduced.
Finally, interactions between the first and third trophic levels lead to trade-offs that
prevent herbivores from adapting strictly to plant defenses. We will now take a more
detailed look at the effects of these top-down agents of selection on herbivore-plant
interactions.
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Top-Down Agents of Selection

Organisms that are natural enemies of caterpillars and other lepidopteran life stages
not only form independent agents of selection by consuming their prey partially or
wholely (Bernays 1997) but also influence caterpillar fitness in conjunction with
bottom-up, host plant-derived agents of selection (Bernays and Graham 1988; Lill
et al. 2002; Thaler et al. 2012a, b; Kaplan et al. 2014; Singer et al. 2014). For these
effects to occur, caterpillars do not need to experience attack directly; even the per-
ceived threat of attack may cause caterpillars, including Pieris rapae and the mon-
arch, to become less efficient at dealing with plant defensive chemicals (Lund et al.
2020; Lee et al. 2021). In addition, plant toxin level variability may not only affect
herbivore performance from the bottom-up but may influence top-down selection as
well. Trichoplusia ni caterpillars ingesting higher dietary levels of the furanocou-
marin xanthotoxin were attacked at lower rates by the parasitoid wasp Copidosoma
Sfloridanum (Paul et al. 2020). Interactive top-down and bottom-up effects can even
be modulated further by viruses, microbes, and parasites of the natural enemies,
showing the ecological complexities (Harvey et al. 2003; Tan et al. 2018).

Among Brassicales specialist herbivores, the effects of plant-produced GSLs and
their breakdown products on multi-trophic interactions appear to be species depen-
dent. For example, the performance of an endoparasitoid Diadegma semiclausum
was negatively correlated with GSL concentrations, as the wasp developed better
when caterpillars of its host Plutella xylostella were actively detoxifying GSLs via
desulfation (Sun et al. 2020). In contrast, the performance of the endoparasitoid
Hyposoter ebeninus was positively correlated with higher GSL concentrations of
the Brassicaceae plants that their hosts, caterpillars of Pieris rapae and Spodoptera
exigua, were feeding on (Kos et al. 2012). The authors speculated that this may have
been caused by negative effects of plant GSLs on caterpillar immunity against the
parasitoid (see also Smilanich and Muchoney, Chapter “Host Plant Effects on the
Caterpillar Inmune Response”).

Interactive effects between host plant defensive chemicals and the insect immune
system were also invoked to explain population-specific patterns of selection on
immunity genes in the monarch butterfly (Tan et al. 2019a, b). While the North
American population of monarchs predominantly uses the common milkweed
Asclepias syriaca as larval host plant, caterpillars of monarch populations outside
North America typically feed on other milkweed species, including A. curassavica.
This species and other alternative milkweed hosts outside North America contain
higher CG concentrations. Such elevated CG levels are known to affect the success
rate of infection by the protozoan parasite Ophryocystis elektroscirrha (Sternberg
etal. 2012; Gowler et al. 2015; Tao et al. 2016) and may also influence performance
of other pathogens, predators, and parasites of the monarch (Brower et al. 1967,
1968). The use of dietary CGs in defense against attack could in principle lead to
relaxation of selection on the monarch’s immune system genes, especially when
their expression is accompanied by costs (de Roode et al. 2013; Gerardo et al. 2010;
Parker et al. 2011).
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One mechanism by which the monarch and many other specialist herbivores on
a variety of host plants minimize fitness losses from attack by natural enemies is
through sequestration of plant defensive chemicals (see Bowers, Chapter
“Sequestered Caterpillar Chemical Defenses: From “Disgusting Morsels” to Model
Systems”). However, sequestration of these chemicals comes with a set of chal-
lenges. For chewing herbivores such as caterpillars, this is particularly true in the
case of sequestering plant-produced, non-toxic precursor glucoside molecules such
as GSLs that are hydrolyzed by plant-derived p-glucosidases upon herbivore feed-
ing. Herbivores would need to leave GSLs intact if they are to evolve GSL storage
and the ability to set up their own mustard oil bomb. Perhaps not surprisingly, the
first well-studied instance of GSL sequestration was for an aphid species that spe-
cializes on Brassicaceae, Brevicoryne brassicae (Kazana et al. 2007). As a piercing-
sucking herbivore, it can leave at least the aliphatic GSL intact, allowing it to store
GSLs in its body. It further produces its own myrosinase enzyme in separate com-
partments, which is brought in contact with the GSLs upon wounding, thereby
effectively setting itself up as a “booby trap” to predators and parasites. However,
chewing herbivores, including caterpillars, may not have easy access to this option,
given the amount of tissue disruption they bring about. Sequestration of intact and/
or modified GSL by chewing herbivores has thus far only been reported outside
Lepidoptera: in larvae of the sawfly Athalia rosae (Hymenoptera; Miiller et al.
2001) and in the flea beetle Phyllotreta armoraciae (Coleoptera; Sporer et al. 2021).
In the sawfly, GSL breakdown in the gut appears to be prevented by rapid GSL
uptake across the epithelium, which may be facilitated by low activity of plant
myrosinases in the anterior gut (Abdalsamee et al. 2014). The flea beetle appears to
employ similar mechanisms and may have an additional mechanism to reduce activ-
ity of plant myrosinases in the gut to trace levels (Sporer et al. 2021). Intriguingly,
P. armoraciae can supercharge GSL sequestration via 13 putative sugar porters in
the major facilitator superfamily (MFS) that import GSLs (Yang et al. 2021a, b).
These proteins, dubbed glucosinolate-specific transporters (GTRs), show expres-
sion predominantly in the Malpighian tubules, and silencing them via RNAi showed
that GTR activity in the tubules enabled the beetles to sequester high GSL levels in
their hemolymph (Yang et al. 2021a, b). Characterization of sugar transporters has
started in the moths Bombyx mori and Helicoverpa armigera (Govindaraj et al.
2016; Yuan et al. 2021a, b), and it will be interesting to see their characterization in
Brassicaceae-specializing lepidopterans such as Pieris spp. and Plutella spp. It
could also be fruitful to study ABC transporters in caterpillars of Brassicaceae spe-
cialists since at least one of these broad-spectrum transporters, the C-type ABC
transporter MRP, has already been shown to mediate toxin sequestration in another
beetle, Chrysomela populi (Strauss et al. 2013).

While Brassicales specialists such as Pieris brassicae and P. rapae do not appear
to sequester intact GSLs (Miiller et al. 2003), P. brassicae caterpillars do show
attack-induced production of an intensely green regurgitant (that likely contains
high levels of nitriles), which has been shown to act as a deterrent to Myrmica rubra
ants. These observations further suggest that nitriles may have a defensive role for
P. brassicae and could come with adaptive benefits (Miiller et al. 2003). Sequestration
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of nitriles might even bring more benefits to herbivores in some interactions with
natural enemies than the ability to release ITCs. When GSL desulfation in Plutella
xylostella was disrupted by silencing its GSS genes via RNAI, the caterpillars sys-
temically accumulated ITCs (Sun et al. 2019). Not only did the ITCs impair cater-
pillar development, but the larvae were still efficiently captured and eaten by the
lacewing Chrysoperla carnea, a predator able to degrade ingested ITCs via the mer-
capturic acid pathway (Sun et al. 2019).

Specialists on CG-producing plants may have easier paths to evolve sequestra-
tion since these dietary toxins come to the herbivores in stable form. A series of
different studies over the last 50 years using a variety of approaches have elucidated
an important part of the genetic, molecular, and physiological mechanisms underly-
ing CG sequestration in the monarch. Several studies with monarch butterflies
reared on milkweeds (including Asclepias curassavica and A. fruticosa as host
plants) demonstrated that the monarch may selectively avoid sequestration of more
toxic apolar CGs such as voruscharin, a compound to which its Na+/K+-ATPase is
sensitive, despite the monarch’s TSI mutations. The monarch preferentially seques-
ters the less toxic polar CGs calotropin and calactin, compounds to which the TSI
mutations provide >50-fold relative increase in resistance (Reichstein et al. 1968;
Roeske et al. 1976; Seiber et al. 1980, 1983; Cheung et al. 1988; Groeneveld et al.
1990; Malcolm 1990; Nelson 1993; Malcolm 1995; Petschenka et al. 2018; Jones
et al. 2019; Agrawal et al. 2021). The monarch achieves this biased sequestration in
part through converting voruscharin into calotropin and calactin via non-enzymatic
and enzymatic steps (Agrawal et al. 2021; Marty and Krieger 1984; Seiber et al.
1980) and through transporting CGs via as-of-yet unknown carriers (Frick and
Wink 1995). New experimental work should identify these CG carriers in the mon-
arch; past studies have identified a set of candidate carriers. Kowalski and co-
workers recently identified that the B-type ABC transporters ABCB1-3 may allow
the dogbane beetle Chrysochus auratus, a specialist on the CG-producing plant
Apocynum cannabinum, to sequester calotropin and other CGs (Kowalski et al.
2020). Interestingly, the most efficient transporters of calotropin were ABCB2 and -3,
which are most closely related to D. melanogaster Mdr50 (Groen et al. 2017). It is
precisely in orthologs of Mdr50 that we observed a gene bloom in the monarch
genome (Fig. 3). From data produced by several population genetic/genomic
studies, it can be observed that the monarch population does not seem to show
genetic variation for the TSI mutations (Aardema et al. 2012; Zhan et al. 2014,
Pierce et al. 2016), but does show genetic variation for sequestration (Freedman
et al. 2020). It will be interesting to see if this genetic variation may be found in and
around genes that code for CG detoxification enzymes, CG carriers, and/or other
proteins that may be involved in sequestration.

Evolution of the substitutions in the monarch’s Na+/K+-ATPase that confer
TSI to many, but not all, CGs appears to have followed arms race dynamics
(Aardema et al. 2012; Petschenka et al. 2013; Petschenka and Agrawal 2015;
Pierce et al. 2016). The latest escalation (at least as far as major effect substitu-
tions in the first extracellular loop are concerned) was the addition of substitution
N122H. This step was most likely linked to CG sequestration, rather than merely
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coping with the toxins as part of the diet (Petschenka and Agrawal 2015). N122H
was not necessary for protecting caterpillars against CG toxicity when toxins
were ingested with the diet, but the substitution allowed tolerance of CGs when
hemolymph with sequestered CGs from the monarch was injected into the body
cavity (Petschenka and Agrawal 2015). Intriguingly, not all CG-sequestering
lepidopteran species have evolved accompanying TSI substitutions. For exam-
ple, larvae of several species of arctiid moths sequester CGs, but their Na+/
K+-ATPases do not harbor TSI substitutions (Petschenka et al. 2012; Petschenka
and Agrawal 2015). This suggests that costs of N122H and other TSI substitu-
tions may be high and would need to be offset by compensatory mechanisms and/
or ecological benefits. Our own and our collaborators' work with D. melanogas-
ter has shown that the monarch’s TSI substitutions indeed come with substantial
costs in the form of imbalances in nervous system functioning (Karageorgi et al.
2019). Exactly how the monarch nullifies these deleterious side effects is
unknown, but one mechanism is the evolution of a facilitating substitution in the
form of A119S that offsets the negative pleiotropic consequences of N122H
(Karageorgi et al. 2019). For sequestration to evolve, other (potential) costs need
to be overcome. Agrawal and colleagues recently measured significant CG
sequestration costs for monarch caterpillars that were evident in reduced growth
rates (Agrawal et al. 2021). Slower growth may have been caused by the burden
of energetic costs that selective detoxification and transport mechanisms may
incur (Després et al. 2007). Ultimately, the sum total of all costs needs to be
lower than the ecological benefits of sequestration in the form of lower predation
rates, which will depend on local environmental constraints (Després et al. 2007).
Reduced predation due to sequestration is certainly possible for the monarch in
at least some locations and conditions as several studies with natural enemies
have shown (Brower et al. 1967, 1968), and this fits within a more general pattern
that toxin-sequestering specialists are measurably better defended against preda-
tion than generalists (Zvereva and Kozlov 2016).

A meta-analysis of 159 publications on the costs and benefits of toxin accumula-
tion in herbivores further revealed that chemical defenses were generally beneficial
when herbivores are threatened by generalist predators, but not when threatened by
specialist predators or generalist and specialist parasitoids (Zvereva and Kozlov
2016) (see also Singer et al., Chapter “Predators and Caterpillar Diet Breadth:
Appraising the Enemy-Free Space Hypothesis”). Furthermore, chemical defenses
were more effective against vertebrate predators, particularly birds, compared to
invertebrate predators (Zvereva and Kozlov 2016). Studies with different types of
natural enemies of the monarch show patterns that are broadly consistent with this
(Brower et al. 1967, 1968, 1985; Fink and Brower 1981; Fink et al. 1983; Brower
and Calvert 1985; Brower 1988; Glendinning et al. 1988; Glendinning and Brower
1990; Glendinning 1992; Koch et al. 2003; Rafter et al. 2013; Hermann et al. 2019;
Stenoien et al. 2019).

One important mechanism through which sequestering species may enhance the
benefits of sequestration is evolving aposematism (see also Bowers, Chapter
“Sequestered Caterpillar Chemical Defenses: From “Disgusting Morsels” to Model
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Systems”). The monarch and other sequestering specialist herbivores have evolved
warning coloration as a corollary to their accumulation of protective toxins that
serves to advertise the herbivores’ toxicity and can prevent attacks from happening,
especially when vertebrate predators are a threat (Zvereva and Kozlov 2016). A first
population genomic study has identified part of the genetic basis of the monarch’s
orange-and-black warning coloration (Zhan et al. 2014). Future studies may more
fully characterize the genetic architecture of the monarch’s CG detoxification- and
sequestration-related traits and determine the extent of genetic correlation with its
aposematic colorations. In this way, the evolution of the monarch’s mechanisms to
deal with bottom-up and top-down selection pressures can be understood more
completely.

The herbivores on which we have focused, the Brassicaceae specialist pierid
butterflies and the milkweed butterflies, and their mechanisms of handling host
plant-produced toxins are fitting illustrations of broader patterns concerning the
role of defensive chemical detoxification and sequestration for caterpillars to nav-
igate interactions with selective agents at lower and higher trophic levels. A meta-
analysis of 112 studies found that effect sizes of top-down selection pressures
were generally larger than those of bottom-up selection pressures (Vidal and
Murphy 2018). However, for specialist chewing herbivores, this pattern was
turned upside down, which suggests that mechanisms such as the sequestration of
host plant defensive chemicals in defense against natural enemies could have alle-
viated top-down selection pressures. An illustration of this pattern was found in a
study of the insect community around Brassica nigra and B. oleracea plants: in
this community, where specialist herbivores were more abundant than generalists,
bottom-up selection had a larger influence on herbivore abundance than top-down
selection (Kos et al. 2011).

Finally, it is interesting to contemplate the role that climate change may play in
influencing the ecology and evolution of detoxification phenotypes sensu lato. For
example, experimental increases in temperature raised cardenolide levels in foliage
of A. curassavica, a species now widespread in the southern USA, that may be caus-
ing a reduction in the proportion of migrating monarchs (Faldyn et al. 2018). There
is some concern that, owing to the fitness reduction monarchs experienced when
feeding on plants grown in experimentally warmed conditions, these butterflies
could become caught in an ecological trap. Adult female monarchs in the southern
USA prefer to oviposit on A. curassavica, and as the climate warms, so too should
cardenolide levels rise in these plants. Although higher cardenolide levels tend to
enhance protection from natural enemies, there are also costs to sequestration, and
overall, this could reduce average fitness of monarchs in these populations.
Unconsidered by Faldyn et al. (2018) is the potential role for an evolutionary
response in such scenarios. Adaptation in the populations of monarchs facing higher
cardenolide concentrations owing to warming conditions could produce any variety
of adaptations, including reduced preference for A. curassavica, mitigation of the
higher cardenolide levels physiologically, and/or increased resistance or tolerance
of cardenolides that are particularly toxic. On the other hand, higher temperatures
directly reduce fitness as well (York and Oberhauser 2002). This one example
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highlights the difficulty in predicting the impacts of climate change at the plant-
insect nexus. More research in this area is certainly needed, especially in the area of
adaptation per se.
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To Theodore Sargent and Lincoln Brower, two talented
biologists who shared with all of us their vast knowledge of
both larval and adult Lepidoptera. They are missed.

Euphydryias phaeton larva (Nymphalidae) on white turtlehead, Chelone glabra (Plantaginaceae).
(Photo: M. Deane Bowers)

Introduction

As is clear from the chapters in this book, caterpillars have served as the inspiration
and basis for many historically critical steps forward in our understanding of ecol-
ogy, behavior, and evolution. For example, relevant to this chapter on caterpillar
sequestration and unpalatability, in his work on the importance of coloration in
sexual selection, Darwin was stymied by the bright colors of many caterpillars,
which, of course, cannot reproduce. This led to a series of experiments and
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observations in the late nineteenth century, showing that this bright coloration
advertised the fact that these caterpillars were unpalatable to predators (see below),
thus reconciling Darwin’s dilemma. In 1930, Fisher published The Genetical Theory
of Natural Selection, in which he used gregarious caterpillars as a way to resolve the
conundrum of how warningly colored, unpalatable insects could evolve. He noted
that in gregarious, toxic caterpillars, if an individual loses its life, its siblings will be
protected; although, “... the selective potency of the avoidance of brothers will of
course be only half as great as if the individual itself were protected; against this is
to be set the fact that it applies to the whole of a possibly numerous brood” (Fisher
1930, p. 178). Here is stated an early incarnation of the theory of kin selection, as
well as the resolution of a paradox: how warning coloration could evolve.

Other important advancements in our understanding of plant and insect ecology
and evolution have involved lepidopteran caterpillars. For example, the concept of
coevolution was developed based on the relationships between butterflies and the
chemistry of their larval host plants (Ehrlich and Raven 1964), and our ideas about
the role of plant secondary compounds as important plant defenses and their subse-
quent use by insects as defenses were also based on research with caterpillars (Slater
1877; Haase 1896; Vershaffelt 1910; Fraenkel 1959, 1969). Although other groups
of phytophagous insects, such as grasshoppers, bees, and beetles, have played
important roles in the development and testing of theory and practice in ecology and
evolution, lepidopteran caterpillars are clearly the stars.

While all caterpillars are caught in the middle between their host plants and their
natural enemies, those that are unpalatable due to sequestering chemical defense
compounds from their host plants are particularly notable: not only do they acquire
nutrition from their host plants, but they also acquire chemical compounds that
serve as defenses against higher trophic levels: predators, parasitoids, and patho-
gens. As a result, not only is the nutritional quality of a potential host plant impor-
tant for larval growth and development, but the content of chemical compounds that
can be sequestered is important as well. Thus selective pressures on sequestering
caterpillars come both from the host plant (traits such as host plant choice, toxin
tolerance, and toxin detoxification) and from natural enemies (levels of sequestered
compounds and efficacy against different types of enemies) (Price et al. 1980; Ode
2006; Fordyce and Nice 2008). In the past few decades, researchers have come a
long way in understanding how the bottom-up and top-down pressures impact
sequestering herbivores; but there is still a great deal to learn.

Plants produce an incredible diversity of secondary metabolites (Hegnauer
1962-1996; Rosenthal and Berenbaum 1991). While these compounds may serve
several primary roles, such as antioxidants or UV filters (and lines between primary
and secondary compounds are blurred, Erb and Kliebenstein 2020), their primary
role is as a protection against plant enemies, including herbivores and pathogens
(Fraenkel 1959, 1969). While these secondary metabolites may serve as effective
deterrents or toxins to many herbivores, certain species can tolerate these com-
pounds, and may actually use them as feeding or oviposition stimulants (Schoonhoven
et al. 2006; Nishida 2014). After ingestion by herbivores, these plant secondary
metabolites may undergo a number of fates: they may be eliminated intact; they
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may be metabolized with any of a number of effective enzyme systems (Heckel
2014) and the metabolites absorbed (e.g., sugars that are the result of metabolism
may be absorbed and used (Pasteels et al. 1983)) or excreted; or they may be seques-
tered, either as the intact compound or as a metabolite (Duffey 1980; Rimpler 1991;
Bowers 1993; Nishida 2002; Opitz and Miiller 2009; Dobler et al. 2011).
Sequestration can be defined as the selective uptake, transport, and storage of chem-
ical compounds from host plants or prey (see Heckel 2014). While this review will
deal with sequestration of plant secondary compounds (also called plant allelo-
chemicals or plant secondary metabolites) by caterpillars from their host plants,
sequestration of defensive compounds is not unique to invertebrates. Poison dart
frogs provide a fascinating system in which sequestration of defensive compounds
by this diverse clade of frogs is from their invertebrate prey (e.g., Saporito et al.
2012). In addition, caterpillars can defend themselves via other chemical methods
(Bowers 1993), such as the production of hairs or spines that produce urticating or
toxic compounds (Diaz 2005; Battisti et al. 2011) and the osmeteria of swallowtail
caterpillars that produce a variety of different unpalatable compounds (Honda 1981,
1983; Frankfater et al. 2009). Although potentially potent defenses, those will not
be covered in this chapter.

The goals of this chapter are to first provide some historic perspective on studies
of caterpillar palatability and unpalatability and then to review some of the more
recent work on caterpillar sequestration and defense against natural enemies. In this
latter context, I will use caterpillars sequestering one group of plant secondary
metabolites, the iridoid glycosides, as a model system, discuss variation in seques-
tration among different caterpillar species and how host plant species can affect
sequestration, and then consider how global change, such as introduced plants,
elevated nitrogen and carbon dioxide, and use of pesticides can affect caterpillar
sequestration and their multitrophic interactions.

Historic Studies of Caterpillar Palatability/Unpalatability

Initial descriptions of unpalatability in insects focused on adult Lepidoptera. In
1862, Bates proposed that butterflies in what he designated as the Danaidae and
Heliconiidae (the latter including an assemblage of taxa later shown to include three
different groups: ithomiines, heliconiines, and acraeines) were unpalatable, writing
“There is nothing apparent in their structure or habits which could render them safe
from persecution by the numerous insectivorous animals which are constantly on
the watch in the same parts of the forest which they inhabit. It is probable they are
unpalatable to insect enemies” (Bates 1862, p. 510). Five years later, Wallace
(1867b) tackled the question of brightly colored caterpillars, when, in a meeting of
the Royal Entomological Society of London, he asked members to help him “clear
up a difficult point”: this being Darwin’s conclusion that bright coloration in ani-
mals was due to sexual selection. Wallace noted that larval Lepidoptera were an
exception to this rule and, “could not owe their gaudy attire to sexual selection.”
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Wallace wrote that “Just as certain moths were agreeable and others distasteful to
birds, so also he did not doubt that certain larvae were agreeable and others distaste-
ful to birds, but distastefulness alone would be insufficient to protect a larva unless
there were some outward sign to indicate to its would-be destroyer that his contem-
plated prey would prove a disgusting morsel, and so deter him from attack” (Wallace
1867b p. Ixxx—Ixxxi).

To obtain more information about caterpillar palatability and coloration, Wallace
inserted a notice in the March 23, 1867, issue of The Field, The Country Gentleman’s
Newspaper, in which he asked the help of readers to make observations that would
be “of great interest to Mr. Darwin and myself.” In this notice, entitled “Caterpillars
and Birds” (Fig. 1), he asked readers to collect observations on bird acceptance or
rejection of different caterpillar species. He asked for observations on which cater-
pillars birds ate or rejected; for readers to offer birds as many different caterpillar
species as they could collect and observe bird responses; or to put caterpillars in the
garden, “in a soup plate or other vessel, which must be placed in a larger vessel of
water, so that the creatures cannot escape, and then after a few hours note which
have been taken and which left.” At the end of this note, he added, “this question has
an important bearing on the whole theory of the origin of the colours of animals, and
especially of insects” (Wallace 1867a, Fig. 1). This may have been one of the earli-
est, if not the earliest, call to arms of citizen scientists.

This request resulted in several sets of such observations, some of which were
reported in meetings of the Royal Entomology Society. In 1869, Weir and Butler
published back-to-back articles addressing Wallace’s request and reporting their
results with a variety of different caterpillar species. Weir (1869) tested a variety of
adults, some pupae, and larvae of several species and found three of them to be
rejected: Diloba caeruleocephala L. (Noctuidae) (feeds on deciduous trees and
shrubs, especially Sorbus, Prunus spinosa, Crataegus), Zygaena (Anthrocera) filip-
indulae (Zygaenidae) (feeds on Lotus corniculatus and L. pentaphyllum (Fabaceae)),
and Cucullia verbasci (Noctuidae) (feeds on Verbascum (Scrophulariaceae), which
contains iridoid glycosides). Butler (1869) found Abraxas grossulariata
(Geometridae) (feeds on Ribes rubrum, R. nigrum, Prunus spinosa, Crataegus,
Corylus, Euonymus europaeus, Salix) and Halia vauaria (now Macaria wauaria)
(Geometridae; feeds on Ribes) to be unpalatable. For certain of these species, we
now know not only that they are unpalatable, but the likely source of their unpalat-
ability; for example, Zygaena filipendulae sequesters cyanogenic glycosides
(Zagrobelny et al. 2004, 2018; Zabrobelny and Mgller 2011), and C. verbasci is
likely to sequester iridoid glycosides (Bowers, pers. obs.).

Slater (1877), in his paper “On the food of gaily-coloured caterpillars,” acknowl-
edged these earlier observations by “modern entomologists™ (Slater 1877, p. 205)
and went on to be the first to suggest that these “...strikingly-coloured insects, not
otherwise specially protected, will be found to feed upon poisonous plants, or upon
such as, though not poisonous, possess unpleasant, or at least very powerful odours
or flavours” (op.cit., p. 205). These observations led to numerous observations and
experiments during the late 1800s and early 1900s about the palatability or unpalat-
ability of many different caterpillar species (Poulton 1887, 1890 summarize many
of the experiments done to date), using a variety of animals as predators, including
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lizards (Poulton 1887; Pritchett 1903; Eltringham 1909), birds (Butler 1869; Weir
1869, 1870; Poulton 1887), frogs (Poulton 1887), and spiders (Poulton 1887).

It was not until the 1960s and early 1970s that experimental work on butterfly
and, to a lesser extent, caterpillar palatability and chemical defense began again in
earnest. The early experiments by Jane Van Zandt Brower (JVZ Brower 1958a, b, c)
and Lincoln Brower (Brower et al. 1968; Brower 1969) and the chemical and behav-
ioral experiments by Miriam Rothschild and Thomas Reichstein (e.g., Rothschild
et al. 1970) were the beginnings of what is now a burgeoning field of study, the field
of chemical ecology. These pioneers, notably two of them women (J. VZ Brower
and M. Rothschild) in a field dominated by men, accompanied by others investigat-
ing plant secondary compounds and their importance for herbivorous insects (see
below), opened the doors to what is now an exploding area of investigation, from
both basic and applied perspectives.

Caterpillar Sequestration and Unpalatability

Sequestration of plant secondary metabolites by caterpillars (and other insects) has
been the focus of a number of reviews (e.g., Duffey 1980; Bowers 1993; Nishida
2002; Opitz and Miiller 2009; Dobler et al. 2011; Heckel 2014). In an extensive and
detailed review, Opitz and Miiller (2009) document over 250 species of insects that
sequester plant secondary compounds: these belonging to six orders: Coleoptera,
Diptera, Hemiptera, Hymenoptera, Lepidoptera, and Orthoptera. Although this
number does not make sequestration a “‘common phenomenon among herbivorous
insects” (Petschenka and Agrawal 2016), it is also true that new examples of seques-
tration are frequently being discovered. For example, a few example reports since
Opitz and Miiller (2009) include the Death’s Head Hawkmoth, Acherontia atropos
(Sphingidae), which sequesters the alkaloid atropine (an anticholinergic agent)
from Atropa belladonna (Solanaceae) (Kubinova et al. 2014); colchicine (an alka-
loid and a mitotic inhibitor) sequestration by larvae of Polytela gloriosae (Noctuidae),
the Lily Moth, from the Gloriosa lily, Gloriosa superba (Colchicaceae) (Sajitha
et al. 2019); and sequestration of the iridoid glycoside, antirrhinoside, by larvae of
Calophasia lunula (Noctuidae), the toadflax defoliator, from dalmatian toadflax
(Linaria dalmatica, Plantaginaceae) (Jamieson and Bowers 2010). Thus, it is likely
that the numbers of sequestering species will continue to increase as more species
are investigated.

A number of different classes of plant secondary metabolites are sequestered by
caterpillars (Nishida 2002; Opitz and Miiller 2009; Heckel 2014). Especially well-
studied are the alkaloids (e.g., Hartmann and Ober 2000 Wink 2019), cardenolides
(Rothschild et al. 1970; Dobler et al. 2011; Petschenka et al. 2013), cyanogenic
glycosides (Engler-Chaouat and Gilbert 2007; Zagrobelny and Moller 2011), gluco-
sinolates (Miiller 2009; Winde and Wittstick 2011; Halkier and Gershenzon 2006)
and iridoid glycosides (Bowers 1991, 1993; Dobler et al. 2011). Other classes of
compounds that are sequestered include grayanoids (Nishida 2002), terpenoids
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(Opitz and Miiller 2009), cycasin (Rothschild et al. 1986; Bowers and Larin 1989;
Nash et al. 1992), and phenolics (Hesbacher et al. 1995; Scott et al. 2014; Scott
Chialvo et al. 2018).

In some, but not most, cases, data from chemical analyses and feeding experi-
ments with potential predators are both available, thus allowing linkage of palat-
ability/unpalatability with levels of chemical sequestration; but this information is
not always available nor feasible. This is certainly an area inviting further investiga-
tion. For example, early experiments on caterpillar palatability to predators showed
that certain species were acceptable while others were avoided, but the basis of
predator rejections was not determined (see above) and more recent experiments
(e.g., Dyer 1995) did not identify the chemical basis of caterpillar rejection.
Similarly, while sequestration of various plant secondary metabolites has been doc-
umented in a variety of species (Opitz and Miiller 2009), the consequences for pal-
atability of those insects are not always known, and almost never to the full range of
possible natural enemies.

Iridoid Glycosides as a Model System

The iridoid glycosides are terpenoid-derived compounds found in over 50 families
of plants (Hegnauer 1973; Bowers 1991; Jensen 1991; Rimpler 1991). Because of
their medical importance (Dinda 2019), the last few decades have seen increased
emphasis on the discovery and isolation of iridoid glycosides; thus in 1980, there
were about 500 iridoid glycosides known (El-Naggar and Beal 1980) and a recent
book (Dinda 2019) reported over 3000 iridoids! Many traditional medicinal plants
apparently owe their properties to iridoid glycosides, and increasing interest in the
pharmacological value of these compounds has led to rapid discovery of new com-
pounds (Dinda 2019 and references therein). Indeed, their wide range of bioactivi-
ties supports a number of therapeutic possibilities for these compounds (Tundis
etal. 2008; Dinda 2019), and the use of valerian (Valeriana officinalis , Valerianaceae)
as a treatment for insomnia has been known for decades (Shinjyo et al. 2020).
Probably the first suggestion of the importance of iridoid glycosides for caterpil-
lars was a paper by Nayar and Fraenkel (1963), in which they suggested that “catal-
posides” (a mixture of iridoid glycosides found in Catalpa spp., Bignoniaceae)
served as feeding stimulants for larvae of the catalpa sphinx, Ceratomia catalpae
(Sphingidae). Slightly later, Hegnauer (1973, Volume 6, page 352) in his classic
series on plant secondary chemistry, Chemotaxonomie der Pflanzen, suggested that
iridoid glycosides were important in the host plant relationships of checkerspot but-
terflies (Euphydryas spp.). In 1979, Bowers suggested that these compounds were
also important in the unpalatability of caterpillars and adults of butterflies in the
genus Euphydryas (Nymphalidae). The anti-feedant properties of iridoid glycosides
were first illustrated with the iridoid glycoside, ipolamiide, which was shown to be
a feeding deterrent to a generalist caterpillar, Spodoptera littoralis (Noctuidae), as
well as two generalist grasshopper species (Bernays and DeLuca 1981). Sequestration
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of iridoid glycosides was first described by Bowers and Puttick (1986) in larvae of
three species that specialize on plants containing iridoid glycosides, Euphydryas
phaeton (Nymphalidae, the Baltimore checkerspot), Junonia coenia (Nymphalidae,
the buckeye), and C. catalpae, and by Stermitz et al. (1986) for adults of another
checkerspot species, E. anicia (Nymphalidae, the anicia checkerspot).

Experiments demonstrating unpalatability of larvae of taxa that sequester iridoid
glycosides are less common than chemical analysis; however, there have been sev-
eral. In early experiments, Bowers (1980, 1981) showed that adult checkerspots in
the genus Euphydryas were unpalatable to blue jays, Cyanocitta cristata, and that
larvae of E. phaeton were also unpalatable to these birds (Bowers 1980). Later
experiments showed that adult checkerspots were also unpalatable to gray jays,
Perisoreus canadensis (Bowers and Farley 1990). Subsequent experiments with lar-
vae of the buckeye (J. coenia) showed that ants (Dyer and Bowers 1996), spiders
(Theodoratus and Bowers 1999; Strohmeyer et al. 1998), paper wasps (Stamp
2001), and praying mantis (Fig. 2, Bowers and Massa unpublished) found larvae of
the buckeye to be unpalatable; however, unpalatability depended on the host plant
species on which caterpillars had fed. In general, both vertebrate and invertebrate
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Fig. 2 Praying mantis (third instar) behavior toward third instar larvae of the buckeye (Junonia
coenia) when they were reared on Plantago major (contains only aucubin and in relatively low
amounts of 0.5-2% dry mass) or P. lanceolata (contains aucubin and catalpol in amounts from 5%
to 12% dry mass) throughout their development. Caterpillar chemical content was not measured.
Mantis ate significantly more larvae reared on P. major than those reared on P. lanceolata
(> = 5.63, P < 0.025) and rejected significantly more larvae reared on P. lanceolata than those
reared on P. major (x> = 28.78; P < 0.001). Unpublished data from Massa and Bowers
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predators behave similarly toward larvae sequestering iridoid glycosides: they find
them distasteful and reject those sequestering higher levels of these compounds
(Bowers 1980, 1981; Bowers and Farley 1990; op.cit.). Variation in palatability and
chemical defense among individuals within a species can be due not only to the host
plant on which a caterpillar feeds (Bowers 1980; Theodoratus and Bowers 1999),
but also to the ontogenetic stage of the particular plant species used as food (Quintero
et al. 2014; Quintero and Bowers 2018).

The ability to sequester iridoid glycosides has been documented in four different
orders (reviewed in Rimpler 1991): Hemiptera (Nishida and Fukami 1989),
Hymenoptera (Bowers et al. 1993), Coleoptera (Willinger and Dobler 2001; Baden
etal. 2011), and Lepidoptera (Rimpler 1991; Bowers 1993; Fig. 3, Table 1) and the
grasshopper, Romalea guttata, can sequester the non-glycosidic iridoid, nepetalac-
tone (Blum et al. 1987). Within the Lepidoptera, sequestration has been documented
in several different families (Rimpler 1991; Table 1), including both butterflies and
moths. For iridoid glycosides, not all can be sequestered; some are metabolized or
broken down, and these metabolites are excreted (Rimpler 1991). For some iridoid
glycosides a more complex compound is metabolized into one that can be seques-
tered. Such is the case with the catalpa sphinx, Ceratomia catalpae (Sphingidae), in
which the iridoid glycoside, catalposide, is broken down into catalpol and a metabo-
lite, and the catalpol sequestered (Bowers 2003). Thus the host plant compounds
may not be directly mirrored in the sequestering caterpillar.

While most species shown to sequester iridoid glycosides are specialists on
plants containing these compounds, a few of these species are quite general in their
feeding habits, for example, Spilosoma congrua (Erebidae, Arctiinae) (Robinson
et al. 2002) and the painted lady, Vanessa cardui (Nymphalidae) (Robinson et al.
2002). For both of these species, iridoid glycoside sequestration occurs when they
feed on the introduced weed, narrow-leaved plantain (Plantago lanceolata,
Plantaginaceae) (Bowers and Stamp 1997; Lampert et al. 2014), although levels of
sequestered iridoids are lower than those of most specialists (Fig. 3).

Caterpillar Sequestration: Comparisons Across Species

Although sequestration is found in many different lepidopteran groups, the ability
of different species to sequester is quite variable, even in closely related species.
The monarch (Danaus plexippus, Nymphalidae) and the queen (Danaus gilippus)
butterflies served as early models for the study of unpalatability and sequestration.
JVZ Brower (1958a) showed that both monarch and queen adults were unpalatable,
although monarchs were more unpalatable than queens; later, L Brower showed that
larvae of the monarch were unpalatable (Brower et al. 1967). Chemical analysis and
more direct comparisons across species showed that queen butterflies sequestered
lower amounts of cardenolides than monarchs when reared on the same host plant
species and that the palatability of these two species differed (Cohen 1985;
Malcolm 1991).
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Fig. 3 Comparison of sequestration of iridoid glycosides in eight lepidopteran species. All mea-
surements were made on newly molted larvae in the last larval instar before pupation; this was the
fifth instar in all but E. phaeton, in which it was the sixth instar. Table 2 shows the larval host plants
on which larvae were fed. Iridoid glycosides were quantified using gas chromatography. Sample
sizes range from 10 to 16. A. Iridoid glycosides as percent dry weight of larvae. B. Iridoid glyco-
sides as milligrams per individual
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Table 1 Lepidopterans shown in Fig. 4 and their taxonomic affiliations and the host plants on
which larvae were reared to obtain sequestration data

Species Family Tribe Host plant (family) | References

Junonia coenia | Nymphalidae | Junoniini Plantago Knerl and Bowers
lanceolata (2013)
(Plantaginaceae)

Euphydryas Nymphalidae | Melitaeini Plantago Bowers (unpublished

phaeton lanceolata data)
(Plantaginaceae)

Vanessa cardui | Nymphalidae | Nymphalini Plantago Lampert et al. (2014)
lanceolata
(Plantaginaceae)

Anartia Nymphalidae | Victoriini Plantago Knerl and Bowers

Jjatrophae lanceolata (2013)
(Plantaginaceae)

Ceratomia Sphingidae | Sphingini Catalpa Bowers (2003)

catalpae bignonioides
(Bignoniaceae)

Spilosoma Erebidae Arctiini Plantago Bowers and Stamp

congrua lanceolata (1997)
(Plantaginaceae)

Eucaterva Geometridae | Ourapterygini | Chilopsis linearis | Bowers (unpublished

variaria (Bignoniaceae) data)

Calophasia Noctuidae Oncocnemidini | Linaria dalmatica | Jamieson and Bowers

lunula (Plantaginaceae) (2010)

Sequestration of cardenolides has been examined more broadly in danaines;
although most of this research is focused on adult cardenolide content, larval stages
have been investigated as well. A comparison of larvae of three danaine species,
which differ in the resistance of their sodium/potassium ATPase (NA*/K*-ATPase)
to cardenolides (Euploea core, not resistant; Danaus gilippus, intermediate resis-
tance; D. plexippus, highly resistant; Petschenka and Agrawal 2015), showed that
these species also differ in their ability to sequester cardenolides (Petschenka and
Agrawal 2015). The resistance of this enzyme is due to specific amino acid substitu-
tions that alter its cardenolide binding properties (termed target site specificity)
(Dobler et al. 2012; Petschenka and Agrawal 2015). Thus monarchs, which have a
highly resistant NA*/K*-ATPase, have an amino acid substitution that prevents
cardenolides from effectively binding to the enzyme (Vaughan and Jungreis 1977;
Holzinger et al. 1992). Larvae were reared on eight different milkweed species and,
for all host plants, E. core sequestered no detectable cardenolides, D. gilippus was
intermediate, and D. plexippus sequestered the highest amounts (Petschenka and
Agrawal 2015). Thus, larvae of these three species vary considerably in their ability
to sequester cardenolides.

Similarly, heliconiine species sequestering cyanogenic glycosides may also vary
in their ability to sequester these compounds, with some species being very efficient
and others being poor sequesterers (Engler-Chaout and Gilbert 2007; Sculfort et al.
2020). Host plant levels of cyanogenic glycosides were also important in
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Fig. 4 Caterpillars for which data are shown in Fig. 3. (a) Euphydryas phaeton (Nymphalidae),
the Baltimore checkerspot. Photo by M.D. Bowers. (b) Junonia coenia (Nymphalidae), the buck-
eye. Photo by M.D. Bowers. (¢) Eucaterva variaria (Geometridae). Photo by M.S. Singer. (d)
Vanessa cardui (Nymphalidae). Photo by K. Hernandez. (e) Spilosoma congrua (Erebidae), the
agreeable tiger moth. Photo by M.D. Bowers. (f) Ceratomia catalpae (Sphingidae). Photo by
M.D. Bowers. (g) Calophasia lunula (Noctuidae), the toadflax defoliator. Photo by M. Jamieson.
H. Anartia jatrophae (Nymphalidae), the white peacock. Photo by N. Muchoney
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determining levels found in the insects. Furthermore, heliconiine larvae may pro-
duce cyanogenic glycosides de novo, and there may be a trade-off between seques-
tration and de novo production of these compounds (Engler-Chaout and
Gilbert 2007).

The ability to sequester iridoid glycosides has arisen in a number of different
lepidopteran taxa, occurring in five different families: Nymphalidae, Erebidae,
Noctuidae, Geometridae, and Sphingidae (Rimpler 1991; Table 1). In order to
directly compare the efficiency with which larvae of eight different species, repre-
senting these five families, sequester iridoid glycosides, data were compiled for
iridoid glycoside content of newly molted last instar larvae. Newly molted larvae
were used to minimize any plant material being found in the gut. Iridoid glycosides
are polar compounds and are sequestered in the insects’ hemolymph (Bowers 2003).
Five of these species were reared on the same host plant species, Plantago lanceo-
lata (Plantaginaceae) (Table 1), a common weed introduced into North America
about 200 years ago (Cavers et al. 1980). This plant species contains primarily two
iridoid glycosides, aucubin and catalpol (Bowers et al. 1992a, b). The others were
reared on the host plant on which they most commonly feed: C. catalpae was reared
on Catalpa bignonioides (Bignoniaceae), which contains primarily catalpol and
catalposide (von Poser et al. 2000; Bowers 2003) (only catalpol is found in larvae);
Eucaterva variaria was reared on Chilopsis linearis, which contains catalpol and
esters of catalpol (von Poser et al. 2000) (only catalpol is found in larvae, Bowers
unpublished data); Calophasia lunula was reared on Linaria dalmatica, which con-
tains antirrhinoside, linarioside, and several other iridoid glycosides (Handjieva
et al. 1993) (only antirrhinoside is found in larvae, Jamieson and Bowers 2010). In
some cases, such as C. catalpae and E. variaria above, as well as others (e.g.,
Gardner and Stermitz 1988; Kelly and Bowers 2018), caterpillars are converting
esters of catalpol, such as catalposide, 6-isovanillylcatalpol (Gardner and Stermitz
1988), and scutellarioside (Kelly and Bowers 2018) into catalpol (see also
Rimpler 1991).

This compilation shows that the ability to sequester iridoid glycosides can vary
immensely and over an order of magnitude, from very high levels (15-25% dry
mass, 6—12 mg per caterpillar), such as found in J. coenia and C. catalpae, to very
low levels, such as found in (Nymphalidae) (2% dry mass, 0.2 mg per caterpillar)
(Fig. 3). Data are presented as both percent dry mass and total milligrams per cater-
pillar because both of these measures are important in the interactions of the cater-
pillars with enemies. The concentration of compounds will be important for enemies
that attack, but may not ingest, the entire caterpillar—higher concentrations in a
drop or two of hemolymph will provide greater deterrence. The total milligrams per
caterpillar will be important for enemies that ingest an entire larva—a higher dose
could lead to greater toxicity or a stronger physiological response. In contrast to
what is known for other groups of compounds, such as cardenolides, in which levels
of sequestration among different species are linked to the sensitivity of the targeted
enzyme to these compounds (Petschenka and Agrawal 2015), little is known about
what regulates sequestrative ability in iridoid glycoside-sequestering species.
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Caterpillar Sequestration and Unpalatability: Importance
of Host Plant Variation

On what plant species, in which plant population, and on which individual plant,
ontogenetic stage, and plant part a caterpillar feeds can determine levels of caterpil-
lar sequestration. Likewise, insect features, such as species, ontogenetic stage, gen-
otype, and interactions of hostplant chemistry and nutrient content are also
determinants of levels of compounds that are sequestered (Bowers 1993). Amounts
of compounds in the host plants, however, may not directly predict levels that are
sequestered; thus, for cardenolides, monarch caterpillars are more efficient at
sequestering when levels of cardenolides are low (Jones et al. 2019). Variation in
chemical content of host plant species and the consequences of that variation for
sequestering herbivores have been most extensively examined in milkweeds
(Apocynaceae) and monarchs (e.g., Roeske et al. 1976; Jones et al. 2019; Zust et al.
2019). Milkweed cardenolide content can vary by orders of magnitude (e.g., Zust
et al. 2019), and this variation results in monarchs that vary in their cardenolide
content (Malcolm 1991) as well as their palatability to both vertebrate (Brower et al.
1967) and invertebrate (Rayor 2004) predators, and their susceptibility to parasites
(Sternberg et al. 2012). Similarly, in members of the genus Heliconius, in which
caterpillars feed on plants in the Passifloraceae and sequester cyanogenic glyco-
sides, host plant species can influence the amounts of cyanogenic glycosides seques-
tered (Hay-Roe and Nation 2007; Engler-Chaouat and Gilbert 2007). Chemical
defense in Heliconius, however, is complicated by the fact that cyanogenic glyco-
sides may also be synthesized de novo (Nahrstedt and Davis 1983; Wray et al. 1983;
Engler-Chaouat and Gilbert 2007).

For insects sequestering iridoid glycosides, host plant species may also deter-
mine levels of sequestered compounds, as well as which specific compounds are
sequestered (Gardner and Stermitz 1988; Rimpler 1991; Dobler et al. 2011). For
example, Gardner and Stermitz (1988) and L’ Empereur and Stermitz (1990) showed
that two different populations of the checkerspot, Euphydryas anicia (Nymphalidae)
in Colorado, sequestered different iridoid glycosides, even though the same two
host plant species (Castilleja integra, Orobanchaceae, and Besseya alpina
Plantaginaceae) were available in both populations. Specifically, they found that
most butterflies in one population (Red Hill) contained large amounts of one iridoid
glycoside, macfadienoside, that was found only in one host plant species, C. integra,
while butterflies at the other site (Michigan Hill) did not contain this compound,
indicating that they did not use C. integra at this site. The effects of this difference
in sequestration for interaction with natural enemies were not examined, however.

The influence of host plant species on iridoid glycoside sequestration may vary
depending on the caterpillar species examined. For example, in a comparison of
three caterpillar species that sequester iridoid glycosides, larvae were reared on
Plantago lanceolata or P. major (Lampert and Bowers 2010); P. lanceolata contains
primarily two iridoid glycosides, aucubin and catalpol (Bowers and Stamp 1993),
whereas P. major contains only aucubin (Barton and Bowers 2006, and references



Sequestered Caterpillar Chemical Defenses 179

therein). Amounts of iridoid glycosides in these two plant species also vary consid-
erably, with P. major containing 0.5-2.0% dry weight aucubin (Barton and Bowers
2006) and P. lanceolata containing amounts of aucubin and catalpol combined as
high as 10-12% dry weight (Bowers and Stamp 1993). The three caterpillar species
compared were the buckeye, J. coenia (a specialist on iridoid glycoside containing
plants), and two generalist arctiines, the agreeable tiger moth, Spilosoma congrua
(Erebidae, Arctiini) and the saltmarsh caterpillar, Estigmene acraea (Erebidae,
Arctiini). For two of the three species, J. coenia and S. congrua, levels of iridoid
glycosides were lowest when larvae fed on P. major and highest when larvae fed on
P. lanceolata. However, for E. acraea, levels of iridoid glycosides were quite low,
and host plant species did not affect iridoid glycoside levels (Lampert and
Bowers, 2010).

Within a plant species, populations may vary in their chemical content (e.g.,
Darrow and Bowers 1997; Jamieson and Bowers 2010; Moore et al. 2013; Pellessier
et al. 2014; Glassmire et al. 2016; Hahn and Maron 2016), which may then influ-
ence sequestration and chemical defense of insects feeding on them. For example,
population variation in cyanogenic glycoside content of the passionflower species,
Fassiflora biflora, was reflected in the cyanogenic glycoside content of Heliconius
erato feeding on those plants (Mattila et al. 2020). In contrast, variation in seques-
tered aristolochic acids in larvae of the pipevine swallowtail (Battus philenor,
Papilionidae) depended more on the larval family line than on variation in host plant
(Aristolochia erecta, Aristolochiaceae) aristolochic acids (DiMarco et al. 2012).
Thus, the consequences of plant chemical variation for sequestration may be quite
different in different caterpillar species.

Plants may also change dramatically in their chemical content as they develop
(Bowers et al. 1992a, b; Darrow and Bowers 1997; Boege and Marquis 2005; Barton
and Koricheva 2010; Boege et al. 2019), and these ontogenetic changes may interact
with ontogenetic trajectories in herbivores to determine caterpillar chemical
defenses (Quintero et al. 2014; Boege et al. 2019; Jones et al. 2019). For example,
later instar larvae of the monarch accumulated greater total amounts of cardeno-
lides, although there were different patterns for caterpillar body tissues compared to
hemolymph (Jones et al. 2019). There was actually a decrease in body tissue carde-
nolides over development; however, hemolymph cardenolides showed more com-
plex patterns, with a significant increase in hemolymph cardenolides between the
fourth and fifth instars (Jones et al. 2019). In larvae of the buckeye, sequestration of
iridoid glycosides increases with larval stage; however, an experiment with P. lan-
ceolata showed that plant ontogenetic stage interacted with larval instar such that
variation in levels of iridoid glycosides sequestered by different larval instars
changed as a function of host plant ontogenetic stage (Quintero and Bowers 2018).
Thus, variation in sequesterable host plant secondary metabolites may have impor-
tant consequences for caterpillar sequestration, but the dynamics of this relationship
may not always be clear-cut.
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Caterpillar Sequestration and Chemical Defense:
Consequences of Anthropogenic Change to the Environment

Introduced Plants

The introduction of exotic plants into novel ecosystems can have profound effects
on the native inhabitants. Such introductions are increasing and they are relatively
common, with widespread impacts on native lepidopteran herbivores (Graves and
Shapiro 2003). These introductions can generate novel interactions with native spe-
cies, with resulting effects on interactions with other organisms, as well as commu-
nity structure. Incorporation of these novel host plants into the diet of native
caterpillars can affect their population dynamics and interactions with higher tro-
phic levels, such as predators, parasitoids, and pathogens. For insect species that
sequester chemical compounds from their host plants, novel host plants may alter
both quality (which compounds are sequestered) and quantity (amounts of com-
pounds that are sequestered) of sequestered compounds, as well as affect whether or
not compounds are sequestered at all (e.g., Knerl and Bowers 2013).

Asclepias curassavica (Apocynaceae), commonly known as tropical milkweed
or blood flower, has been introduced into North America and is commonly grown in
gardens throughout the southern United States (Malcolm 2018). It is a favored host
plant of monarch butterflies and is used extensively in experiments with monarchs
(e.g., Brower et al. 1967; Faldyn et al. 2018; Decker et al. 2019; Jones et al. 2019)
because it is easy to grow and larvae perform well on it (Malcolm 2018). It is rela-
tively high in cardenolides compared to many native North American milkweeds
and thus caterpillars, and the resulting butterflies, reared on it are well-protected
against predators and pathogens (De Roode et al. 2008; Tan et al. 2019). On the
negative side, however, A. curassavica can provide a food resource that is available
all year round, thus breaking reproductive diapause (Majewska and Altizer 2019)
and reducing the propensity of monarchs to migrate (Malcolm 2018). Feeding on
this species can also increase disease prevalence in populations that are not migrat-
ing (Satterfield et al. 2015). Thus, feeding on this introduced milkweed can have
both positive (increased chemical defense against predators, reduced susceptibility
to a parasite) and negative (breaking reproductive diapause and reduced migratory
propensity) effects on monarchs.

Plantago lanceolata and P. major are two common weeds introduced into North
America in the eighteenth and seventeenth centuries (respectively) (Cavers et al.
1980; Hawthorne 1974). A number of native caterpillar taxa have incorporated these
species into their diets (Robinson et al. 2002). Several of these caterpillar species
sequester iridoid glycosides from these plants, and which of these two plants cater-
pillars feed upon can influence their sequestration (e.g., Lampert and Bowers 2010)
and their susceptibility to natural enemies (Theodoratus and Bowers 1999; Fig. 2),
likely due to the differences in the amounts and specific iridoid glycosides that are
sequestered from these two plant species. Wolf spiders (Lycosa carolinensis) found
caterpillars of the buckeye, J. coenia, to be more unpalatable when reared on P.
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lanceolata than when reared on P. major (Theodoratus and Bowers 1999). Similarly,
praying mantis (Mantis religiosa) showed similar behaviors, accepting many fewer
buckeye caterpillars that had been reared on P. lanceolata compared to those reared
on P. major and rejecting more of the P. lanceolata reared individuals (Fig. 2).

The Baltimore checkerspot, Euphydryas phaeton (Nymphalidae), as well as
other species of Euphydryas in North America, have also incorporated P. lanceolata
into their diets (Stamp 1979; Bowers 1980; Thomas et al. 1987; Bowers et al. 1992a,
b; Haan et al. 2018, 2021). For E. phaeton, use of this novel host plant, compared to
use of the native host plant, turtlehead (Chelone glabra, Plantaginaceae), has a num-
ber of negative effects. Feeding on P. lanceolata results in more palatable caterpil-
lars and butterflies (Bowers 1980) and reduced immune response and greater
prevalence of an entomopathogenic virus (Muchoney et al. in review). However,
population growth rates of E. phaeton can be higher when they are feeding on
P. lanceolata (Brown et al. 2017). In a different checkerspot species, use of P. lan-
ceolata by populations of Euphydryas editha in California may result in extinction
of populations that come to depend on this novel host plant species (Singer and
Parmesan 2018). In contrast, use of P. lanceolata by the endangered E. editha tay-
lori in Washington state has positive effects, with early instar larvae in the field
performing better on this introduced species than on its native Orobanchaceae host
plants, Castilleja levisecta and C. hispida (Haan et al. 2018). Early instar larvae
feeding on P. lanceolata also had higher levels of iridoid glycosides than larvae
feeding on either of the native host plant species (Haan et al. 2021). Thus, even
within this relatively small genus, the effects of this introduced plant may vary
considerably.

A recent incorporation of P. lanceolata into the diet of the native white peacock
butterfly, Anartia jatrophae (Nymphalidae), resulted in larvae being able to seques-
ter iridoid glycosides from this novel host plant, with fourth instar larvae containing
a mean of about 4% dry mass iridoid glycosides (Knerl and Bowers 2013). While
this is substantially lower than what was found in larvae of the buckeye, J. coenia
(Knerl and Bowers 2013; Fig. 3), it could be sufficient to protect these larvae from
enemies (Knerl and Bowers 2013). Similarly, larvae of the painted lady, Vanessa
cardui, can sequester low amounts of iridoid glycosides when they feed on P. lan-
ceolata (Fig. 3), but the efficacy of these sequestered compounds in protecting the
larvae from attack has not been investigated.

Other Types of Anthropogenic Change

As discussed above, introduced plants may have important effects on caterpillar
sequestration and the interaction of these caterpillars with their natural enemies;
these effects can be positive or negative. Other components of human-induced
changes to the environment can also be important for caterpillar sequestration;
increased levels of carbon dioxide, increasing nitrogen deposition, application of
herbicides and pesticides, and changes in precipitation and thermal regime may
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influence caterpillar sequestration indirectly, via changes in plant chemical content
or phenology, or directly, by changing caterpillar feeding rates or metabolism
(Robinson et al. 2012; Jamieson and Bowers 2012; Jamieson et al. 2017; Schultz
et al. 2016; Hamann et al. 2021). Relatively few studies have examined the direct or
indirect effects of such anthropogenic changes on insect chemical defenses of any
kind, much less caterpillar sequestration, although authors may allude to such
effects (e.g., Veteli et al. 2002). Those studies that have been conducted do not
reveal a consistent picture; this is clearly an area worthy of increased attention.

Increased soil nitrogen, through atmospheric deposition or agricultural run-off,
can alter plant secondary metabolite concentrations (reviewed in Throop and Lerdau
2004; Jamieson et al. 2017), and a number of different studies have looked at the
consequences of increased soil nitrogen for plant chemistry and caterpillar perfor-
mance (reviewed in Hunter 2016; Li et al. 2016; Jamieson et al. 2017). Many fewer,
however, have examined the effects on sequestration. For iridoid glycosides, fertil-
ization was shown to decrease iridoid glycosides in Plantago lanceolata, and cater-
pillars fed on fertilized P. lanceolata sequestered about four times less iridoid
glycosides than those fed on unfertilized plants (Prudic et al. 2005). In addition, the
relative proportion of the two sequestered compounds also changed in caterpillars
fed on fertilized plants: the proportion of total iridoid glycosides sequestered that
was catalpol was about 75% of total iridoid glycosides when caterpillars were fed
on fertilized plants and only 20% of total when fed on unfertilized plants (Prudic
et al. 2005). In another iridoid-sequestering caterpillar, the toadflax defoliator,
Calophasia lunula (Erebidae), nitrogen addition reduced iridoid glycosides in the
hostplant, the invasive weed, dalmatian toadflax (Linaria dalmatica,Plantaginaceae),
and caterpillars feeding on these fertilized plants also had lower iridoid glycosides
(Jamieson and Bowers 2012). For monarchs, the effects of nitrogen fertilization
appear to be more complex: Tao et al. (2014) found no effect of nitrogen fertiliza-
tion on cardenolide concentrations in monarch butterflies, but the sequestration effi-
ciency (the proportion of ingested defense that is retained by the herbivore (Bowers
and Collinge 1992)) was significantly lower when caterpillars were fed fertil-
ized plants.

Elevated carbon dioxide levels can also have important consequences for trophic
interactions, through both direct and indirect effects on insect and plant physiology,
as well as insect behavior (Jamieson et al. 2017). In only a few cases, however, have
insect defenses been examined in this context, and more rarely has sequestration
been examined. In monarchs feeding on milkweeds, effects of elevated CO, on
milkweed cardenolides differed among milkweed species, with only one species,
Asclepias curassavica, showing a significant effect: surprisingly, cardenolides were
reduced by about 50% in plants grown under elevated (760 ppm) compared to ambi-
ent (400 ppm) CO, levels (Fig. 1 in Decker et al. 2019). Despite this difference in
plant chemistry, there were no differences in cardenolide concentrations of wings of
monarchs fed on A. curassavica plants grown under ambient versus elevated CO,
(Decker et al. 2019). However, the efficiency with which larvae sequestered carde-
nolides (cardenolides sequestered per unit cardenolide available in host plants) was
higher when fed on milkweeds grown under elevated CO, (Decker et al. 2019).
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Thus, when cardenolides are lower (as when plants are grown under elevated CO,),
monarch larvae are more efficient at sequestering them, even though the insects are
still lower in total cardenolides.

The application of pesticides and herbicides can also alter plant secondary chem-
istry (Lydon and Duke 1989); however, the effects of such applications on seques-
tering caterpillars have only rarely been examined. One such study examined the
effects of the application of grass-specific herbicides (graminicides) on larval
sequestration of the checkerspot, Euphydryas colon (Schultz et al. 2016). Application
of graminicides can be effective in managing exotic grasses (Marushia and Allen
2011) and be beneficial for maintaining and restoring butterfly habitat (Blake et al.
2011). However, there may be non-target, negative effects of these graminicides,
and different butterfly species show different responses (LaBar and Schultz 2012).
In the Schultz et al. (2016) experiment, larvae were fed on Plantago lanceolata and
then separated from the host plant and exposed directly to three different gramini-
cides or were untreated (controls). When caterpillars entered diapause (fourth
instar), a set of larvae were analyzed for iridoid glycoside sequestration. Results
showed that, although exposure to graminicides did not affect overall amounts of
iridoid glycosides sequestered, graminicide treatment did alter the relative propor-
tions of the two compounds sequestered (aucubin and catalpol): specifically, cater-
pillars treated with graminicides had 1.5 to two times the amount of aucubin as
catalpol, while the control caterpillars had about 1.5 times more catalpol than aucu-
bin. Earlier experiments have shown that catalpol appears to be the more toxic of
these two iridoid glycosides (Bowers and Puttick 1988; Puttick and Bowers 1988);
thus caterpillars exposed to graminicides could be less toxic to enemies because
they have lower catalpol contents.

Conclusions and Future Directions

Studies of caterpillars and their interactions with their host plants and enemies have
served as important cornerstones for the fields of ecology and evolution. Continuing
to explore these and other aspects of the chemical ecology of multitrophic interac-
tions is crucial to our understanding of the complex drivers of these interactions,
their impacts across trophic levels, and their role in community and ecosystem inter-
actions. For caterpillars that are chemically defended by sequestering compounds
from the plants on which they feed, there are still many questions to be answered.
The examples proposed below are only a few of the many fascinating questions that
remain to be addressed using sequestering caterpillars; there are certainly many more.

1. Why are some species able to sequester a particular class of compounds, but
even closely related species cannot?

For most classes of compounds, we know relatively little about what mecha-
nisms allow sequestration in some species but not others; and in sequestering spe-
cies, what prevents autotoxicity (with cardenolides being an exception (e.g., Dobler
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et al. 2012)). For example, the Catalpa sphinx, Ceratomia catalpae, sequesters iri-
doid glycosides, but its congener, C. undulosa, cannot (Lampert and Bowers 2014);
similarly, Spilosoma congrua sequesters iridoid glycosides, but its congeners S. vir-
ginica and S. latipennis do not (Bowers and Stamp 1997). Identifying the physio-
logical, biochemical, and molecular drivers of sequestration is ultimately key to
determining how different species deal with plant secondary metabolites.

2. How does sequestration of chemical compounds correspond to efficacy of
defense against enemies?

As previously noted, there are relatively few studies where both palatability to
predators, or effectiveness against parasitoids or pathogens, and identification and
quantification of caterpillar chemical defenses are directly linked, in either the field
or the lab. Caterpillars are attacked by multiple natural enemies, and the primary
enemies attacking different life stages can vary dramatically (Hawkins et al. 1997);
furthermore, the effectiveness of chemical defenses may vary among these different
enemies. Other issues to consider are that enemies may respond to caterpillar chem-
ical defenses in different ways. They may respond in a dose-dependent manner,
such that the higher the levels of defense, the more deterrent an individual or group
of individuals will be. Alternatively, enemies may show a threshold effect, in which
above a certain level, it will not matter how much an individual sequesters. Because
different types of enemies may differ in their mode of response and thus their
strength as selective agents, understanding these features of different types of ene-
mies is an important component of assessing selection on caterpillar chemical
defenses.

Experiments investigating the effectiveness of chemical defenses against differ-
ent types of enemies are also needed. For example, bird (Fink et al. 1983) and
mouse (Glendinning 1990, 1993) species differ in their response to cardenolides. In
addition, parasitoids may be able to deal with high levels of defense compounds in
their caterpillar prey that predators cannot tolerate (Lampert et al. 2010); thus
sequestering caterpillars may serve as safe havens for parasitoids (Dyer and Gentry
1999; Smilanich et al. 2009). In an experiment using three different types of preda-
tors (ants, predatory wasps, bugs), Dyer (1997) found that each predator was influ-
enced by a different set of caterpillar defenses. Understanding how different enemies
respond to sequestered compounds, how variation in the amounts and kinds of these
compounds is important for these enemies, and how these enemies might serve as
selective agents in natural populations is certainly a productive research endeavor.

3. What are the anticipated consequences of global change for caterpillar
sequestration and chemical defense?

Levels of host plant secondary metabolites are influenced by both natural and
anthropogenic forces; how such changes affect sequestering caterpillars is complex.
The direct impacts of such changes on the physiology of the caterpillars themselves
are relatively little studied. For example, there may be trade-offs between allocation
of resources to sequestration and other functions, such as the immune response
(Smilanich et al. 2009), which could be altered by changing environments. And
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there may be other impacts on caterpillar, and ultimately adult, features. In mon-
archs, wing morphology is altered when caterpillars feed on plants raised under
elevated carbon dioxide levels, and these changes are impacted by both host plant
species and whether larvae are infected with a protozoan parasite, Ophryocystis
elektroscirrha (Decker et al. 2018). For monarchs, a migrating species, these
changes in wing morphology can impact migratory ability (Decker et al. 2018).

As discussed earlier in this chapter, human alterations to the environment, such
as increased introductions of exotic plants, elevated nitrogen and carbon-dioxide
levels, changing thermal environments, and use of insecticides and herbicides, may
all have consequences for caterpillar sequestration and potentially for caterpillar
interactions with their host plants, as well as their enemies. Because of the impor-
tance of such multitrophic interactions for structuring communities and, ultimately,
ecosystems, attention to how such environmental changes impact caterpillar seques-
tration, either via changes to host plant chemistry or via changes in caterpillar phys-
iology, is increasingly important. We are just beginning to understand some of the
consequences of such changes for caterpillar sequestration, but only a few systems
have been studied in this regard; investigation of many more is certainly of great
importance.
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Introduction

Caterpillars have many enemies, including invertebrate predators and parasitoids
(e.g. wasps, flies, mantids, stink bugs, dragonflies, ants, and spiders) and vertebrate
predators (e.g. bats, birds, lizards, rodents, toads) (Heinrich 1993; Montllor and
Bernays 1993; Wagner 2005; Kalka and Kalko 2006; Greeney et al. 2012; Sugiura
2020). While vulnerable in their soft exoskeletons and with limited options for
escape, they are not exactly helpless. In fact, caterpillars are well recognized for
their many antipredator strategies, including crypsis, mimesis, deimatic displays,
urticating and poisonous spines and bristles, irritating sprays, warning coloration,
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thrashing, dropping, and shelter building (Lederhouse 1990; Gentry and Dyer 2002;
Greeney et al. 2012; Sugiura 2020). Research on antipredator tactics has focused on
those operating in the visual and chemical realms, and comparatively less is under-
stood about acoustic defences. Do caterpillars use sounds and vibrations to detect or
repel enemies, or to avoid detection? Arguably caterpillars should be exploiting
airborne sounds and solid-borne vibrations to avoid attack. Their enemies generate
a diversity of acoustic signals and cues that can provide information to assess risk.
Also, considering that many enemies of caterpillars have hearing capabilities, pro-
ducing acoustic signals should be effective in communicating with these enemies.
Additionally, caterpillars have limited visual capabilities, but live in rather complex
vibroacoustic environments, being substrate-bound organisms (see Yack and Yadav
2021). These points considered, one is hard-pressed to explain the few examples of
caterpillar acoustic defences in reviews covering the topics of acoustic defences in
Lepidoptera (e.g. Minet and Surlykke 2003), acoustic defences in insects (e.g.
Conner 2014), insect defences (e.g. Evans and Schmidt 1990; Ruxton et al. 2004;
Sugiura 2020), or caterpillar defences (Lederhouse 1990; Stamp and Casey 1993;
Gentry and Dyer 2002; Greeney et al. 2012). Still, there have been reports, many
dating back to the 1800s, of caterpillars producing sounds or responding to them,
purportedly, in the context of defence. In the past few decades, alongside a growing
awareness of the importance of near-field sounds and solid-borne vibrations in
insect communication, there has been an increasing number of experimental studies
confirming that caterpillars live in rather complex acoustic environments. This
chapter reviews the literature on caterpillar acoustic defences to gain an apprecia-
tion for the taxonomic diversity and functions of hearing and sound production in
the context of defence, and to propose future lines of investigation.

First it is important to define the terms used in this chapter to discuss acoustic
stimuli, how they are detected in insects, and how they might be relevant to an insect
prey. Broadly speaking, acoustic events are vibrations transmitted through any elas-
tic medium (Windmill and Jackson 2016). Vibrations travelling through air and
water are commonly referred to as ‘sounds’, whereas those transmitted through
solids such as plant material, silk, waxes, or soil are commonly referred to as ‘vibra-
tions’, ‘substrate-borne vibrations’, or ‘solid-borne vibrations’. Airborne vibrations
are further categorized as ‘far-field’ and ‘near-field” sounds, which describe the
pressure and displacement components of sound respectively. Far-field sounds are
pressure waves transmitted over long distances and detected by pressure detectors
such as tympanal ears found in many adult insects and most vertebrates. Near-field
sounds, resulting from the displacement component of a vibrating source, typically
are transmitted over shorter distances (within a few meters) and are restricted to
lower frequencies (less than 2 kHz). Near-field sound receptors have been described
in adult and juvenile insects and include lightweight receivers such as hairs (i.e.,
trichoid sensilla) and antennae. Vibrations propagated through solids are used by
insects in a variety of contexts. The sensory organs best known for vibration recep-
tion are subgenual organs in adults of some insect orders (see Yack 2016). In this
Chapter, I use the terms sound to mean airborne vibrations in general, and near- and
Jar-field sounds to distinguish between the displacement and pressure components
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respectively. I use the terms vibrations or solid-borne vibrations to describe waves
transmitted through solids. For more in-depth discussions of the nomenclature asso-
ciated with acoustic vibrations and sensory receptors in insects, see Hill (2008,
2014), Hill and Wessel (2016), Lakes-Harlan and Strauss (2014), Windmill and
Jackson (2016), and Yack (2004, 2016).

Acoustic stimuli relevant to a discussion on caterpillar defences include those
that arise from predators and parasitoids, as well as non-predators (conspecifics and
heterospecifics), and these stimuli can be categorized as signals or cues. Here I use
the term cue to refer to sounds and vibrations that have not evolved in the context of
communication (i.e., they have not evolved to alter the behaviour of an intended
recipient). Acoustic cues in this context include sounds and vibrations generated as
a consequence of movement (e.g. flying, walking, digging). On the other hand, sig-
nal is used to describe a sound or vibration that evolved in the context of communi-
cation (i.e., conveying a message to an intended receiver). The intended receiver
could be oneself (e.g. echolocation) or another recipient (e.g. alarm or mating call).
For further discussion of the nomenclature relating to signals, cues, and communi-
cation, see Maynard-Smith and Harper (2003) and Yack et al. (2020).

Acoustic Antipredator Strategies in Insects

What acoustic strategies do insect prey use to avoid attack? To address this question,
I have broadly categorized acoustic anti-predator strategies into acoustic crypsis,
sound and vibration detection, and sound and vibration production. These catego-
ries are outlined below and in Fig. 1 with representative examples drawn from
insects in general, and then further discussed in the context of caterpillar defences
in sections “Acoustic crypsis in caterpillars”, “Sound and vibration reception in
caterpillars”, and “Generating sounds and vibrations in caterpillars” of this chapter.

Crypsis can be defined as any trait, whether visual, chemical, tactile, electric, or
acoustic, that minimizes the probability of being detected when potentially detect-
able by a predator (Conner 2014). Acoustic crypsis includes the following strate-
gies: (i) reducing sounds that predators could use to locate prey. For example, some
insects shut down advertisement or mating calls in the presence of a predator (e.g.
Faure and Hoy 2000; Greenfield and Baker 2003; Hamel and Cocroft 2019) or cease
movement to avoid being detected by vibration cues (e.g. Djemai et al. 2001;
Takanashi et al. 2016); (ii) altering the physical characteristics of sound (e.g. ampli-
tude, frequency) to be less conspicuous to an enemy (e.g. Nakano et al. 2008); (iii)
rendering oneself inconspicuous to echolocating predators by reducing the ampli-
tude of the echo through morphological features (e.g. Zeng et al. 2011); and (iv)
blending into the background acoustically to avoid being detected or recognized as
prey (e.g. Rydell 1998). Acoustic crypsis is believed to be an understudied defence
strategy in insects (Conner 2014). The topic of acoustic crypsis in caterpillars is
discussed in section “Acoustic crypsis in caterpillars”.
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4 )

Acoustic Crypsis
A trait that minimizes the probability of being detected when potentially
detectable by a predator or parasitoid.

Acoustic Anti-predator Strategies in Insects

Examples in Insects

* Reducing acoustic cues available to predators by ceasing movement, feeding, singing

» Adjusting sound characteristic (e.g. amplitude, frequency) to be out of predator hearing range
* Match or blend into background to be inconspicuous to echolocating predators

Sound and Vibration Detection
Receiving acoustic signals or cues of predators, or alarm calls or recruitment signals
of non-predators.

Examples in Insects

Detecting acoustic cues produced by an approaching predator (e.g. crawling vibrations, flight
sounds, rustling leaves) (Cue by predator)

Hearing echolocation calls or vibrational sounding signals (Signal by predator)
Eavesdropping on communication calls, songs of predators (Signal by predator)

Detecting alarm or recruitment signals by non-predators (Signal by non-predator)

Sound and Vibration Production
Producing sounds or vibrations that are directed at the predator to stop an attacker,
or directed at non-predators to recruit help or coordinate defenses.

Examples in Insects

Acoustic aposematism (Directed at predator)
Deimatic displays (Directed at predator)
Mimicry (Directed at predator)

Jamming or interference (Directed at predator)
Alarm signals (Directed at non-predator)
Recruitment signals (Directed at non-predator)

/

Fig. 1 An overview of different acoustic defence strategies employed by insects, including acous-
tic crypsis, detecting sounds and vibrations, and generating sounds and vibrations. Examples (or
lack thereof) of these strategies employed by caterpillars are discussed in the text

Detecting sounds and vibrations can be important for insect prey. Relevant
sounds and vibrations generated by predators include incidental cues resulting from
movement (e.g. wings flapping, leaves rustling, crawling). For example, some but-
terflies detect the flight sounds of insectivorous birds (Mikhail et al. 2018), and
moths detect the rustling leaf sounds of foraging birds (Jacobs et al. 2008). Prey also
attend to communication signals (e.g. advertisement songs, echolocation calls) of
predators to assess risk. Many flying adult insects, including moths and butterflies,
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have evolved tympanal ears to detect the echolocation calls of bats (Hoy 1992;
Miller and Surlykke 2001; Yack et al. 2007; Conner and Corcoran 2012; Yager
2012; Pollack 2016). There are no confirmed examples, to the best of my knowl-
edge, of insects eavesdropping on the social calls of their predators, although this
hypothesis has been proposed to explain hearing in some butterflies (Ribaric and
Gogala 1996; Mikhail et al. 2018) and is a common strategy for assessing risk in
vertebrate prey (see Yack et al. 2020). Relevant sounds and vibrations produced by
non-predators include alarm and recruitment signals. There are several examples of
adult social insects detecting and responding to the alarm calls of non-predators
(Hunt and Richard 2013). The topic of caterpillar ‘hearing’ in the context of avoid-
ing attack is discussed in section “Sound and vibration reception in caterpillars”.

Insects also can generate sounds and vibrations when under attack or threat of
attack. Such signals have been called distress, alarm, warning, and defence signals
(Alexander 1967; Masters 1980; Conner 2014; Bura et al. 2016). Defence sounds
directed at a predator may function as aposematic warning signals, deimatic dis-
plays, interference signals, or mimics of sounds advertising danger (Conner 2014;
Low et al. 2021). Acoustic defence signals can also be directed at non-predators,
such as conspecifics or heterospecifics, and these function primarily to warn kin, or
recruit help from others (Cocroft and Hamel 2010; Hunt and Richard 2013). Despite
the widespread occurrence of defence sounds and vibrations among insects, their
survival benefits are not well understood (Conner 2014; Low et al. 2021). The topic
of caterpillar sound and vibration production in the context of defence is discussed
in section “Generating sounds and vibrations in caterpillars”.

A review on the topic of acoustically mediated defences in caterpillars is due, for
a couple of reasons. First, the subject has not previously been the focus of a review,
although some aspects of the topic have been addressed in reviews on vibratory
communication in insects (Yack 2016), vibratory communication in caterpillars
(Yack and Yadav 2021), vibratory-mediated predator prey interactions in insects
(Virant-Doberlet et al. 2019), and insect defence sounds (Low et al. 2021). Second,
there have been an increasing number of experimental examples of acoustically
mediated communication in caterpillars over the past two decades. It is now appar-
ent that larval insects inhabit complex vibro-acoustic environments and attend to
sounds and vibrations in a diversity of contexts, including territoriality and spacing
(e.g. Yack et al. 2001; Fletcher et al. 2006; Scott et al. 2010; Yack et al. 2014),
obtaining food (e.g. Ishay et al. 1974; Mclver and Beech 1986), recruitment and
coordinating group activities (e.g. Fletcher 2007, 2008; Yadav et al. 2017), mimicry
to exploit resources (e.g. Travassos and Pierce 2000; Sala et al. 2014), and avoiding
enemies (e.g. Castellanos and Barbosa 2006; Low 2008; Roberts 2017; Taylor and
Yack 2019). In the majority of reports on larval acoustics, the sounds and vibrations
are not easily detected by humans without the aid of recording equipment such as
laser vibrometers and specialized microphones. However, with increasing aware-
ness of the importance of vibro-acoustic communication in insects and the broader
availability of specialized recording instruments, more examples are being reported
for acoustic communication in juvenile insects.
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Acoustic Crypsis in Caterpillars

Cryptic silence is to the ear what cryptic appearance is to the eye. The silence of which 1
speak is not a passive condition- a mere absence of sound. It is an active quality....
Cott (1940)

Predators and parasitoids of caterpillars use different sensory modalities, including
their acoustic senses, to identify and locate prey. For example, stink bugs and para-
sitoid wasps eavesdrop on chewing and crawling movements of caterpillars
(Pfannenstiel et al. 1995; Meyhofer et al. 1997), and bats use echolocation and pas-
sive listening to locate prey (Kalka and Kalko 2006; Wilson and Barclay 2006;
Geipel et al. 2013; Page and Bernal 2020). Conceivably, caterpillars have evolved
strategies to render themselves acoustically cryptic to their enemies. They have
been shown to avoid both invertebrate and vertebrate predators by reducing move-
ment and freezing (e.g. Heinrich 1993; Montllor and Bernays 1993) (Table 1).
Although it is often assumed that this is a strategy to avoid visually hunting preda-
tors, reduction of movement could also render caterpillars acoustically cryptic. For
example, the masked birch caterpillar (Drepana arcuata) ceased activities (chew-
ing, movement) when approached by a pre