PRIMERS IN THE PLANT SCIENCES

CONSEQUENCES AND COSTS OF CHEMICAL COMPLEXITY: THE EVOLUTIONARY
ECOLOGY OF DIRECT PHYTOCHEMICAL DEFENSE AGAINST HERBIVORES

Megan Blanchard'* and Liza M. Holeski*

*Department of Biological Sciences and Center for Adaptable Western Landscapes, Northern Arizona University,
617 South Beaver Street, Flagstaff, Arizona 86011, USA

Editor: Cassie Majetic

Phytochemical defenses, plant-produced compounds that can deter or slow herbivores, are critical in influenc-
ing the interactions between herbivores and their host plants—some of the most diverse and abundant organisms
on earth. We discuss the foundational findings and theories related to the direct defense of plants against herbivores
by these compounds, as well as continuing research questions in this field. We highlight the costs associated with
phytochemical defense production and variation within individual plants in the distribution of phytochemicals,
both spatially and temporally. We then discuss coevolutionary theory and the adaptations of herbivores to cope
with phytochemical defense compounds. Last, we delve into the incredible diversity of phytochemical compounds,
the role of diversity in herbivory, and new ways of measuring and understanding phytochemical diversity.
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Introduction

The ongoing conflict between plants and their herbivores in-
volves some of the most abundant and diverse interactions on
the planet. In response to millions of years of attack by animals,
virtually all plants have evolved suites of defensive traits. Plants
can deter attackers or slow their feeding rates with chemical
and physical traits (direct defenses), attract predators or para-
sitoids that prey upon herbivores (indirect defenses), or avoid
herbivory by growing at a time when herbivores are less abun-
dant. Most plants can also tolerate some level of herbivory and
then regrow (McNaughton 1983; Garcia and Eubanks 2019).
Defensive chemical compounds are ubiquitous in the plant king-
dom and present in all forms of higher plants (Fraenkel 1959;
Wink 2003). Herbivores display a great variety of strategies to
avoid, tolerate, or even utilize these compounds. These phyto-
chemical defenses (see “Glossary”) play a crucial role in how her-
bivorous insects and other animals, which represent nearly one-
quarter of all species on earth, select the host plants upon which
they live, feed, and grow.

The study of direct and indirect defenses, along with tolerance,
are all very active areas of research (Bezerra et al. 2021; Pearse
et al. 2022). One burgeoning area of indirect defense research
is in the study of volatile organic compounds (VOCs), which
plants produce when they are attacked by herbivores. Because
these compounds are volatile, they disperse into the air and can
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be used for longer-distance communication. Herbivores can be
attracted to or repelled by the release of VOCs (Birkett et al. 2000).
Predators and parasitoids of herbivorous insects use VOCs to lo-
cate their prey, which can prove a very effective mechanism of
indirect defense for plants (Turlings et al. 1995; Thaler 1999).
In this primer, we discuss the evolutionary ecology only of
phytochemical defenses that act directly against herbivores, due
to space limitation. We introduce the origins and mechanisms
of direct phytochemical defenses. We discuss how these defenses
impact different types of herbivores and the adaptations that
herbivores use to circumvent or overcome such defenses. We also
review patterns of phytochemical defense distribution within in-
dividual plants, within species, and within communities.

How Phytochemical Defenses Work

Phytochemical defense compounds may be toxic or interfere
with the digestion of plant enemies (Mithofer and Boland 2012).
The mechanism, or the molecular interaction that allows defense
compounds to affect herbivores, varies with compound type. Of
the compounds for which the mechanism is known, the majority
target cellular structures and processes shared by most herbi-
vores. This makes most phytochemical defenses broadly bioac-
tive (i.e., active against a variety of organisms). For example,
cardenolides, which are most famously produced by milkweeds,
bind to and inhibit the sodium-potassium pump that is used in
animal cells to establish membrane potentials (Emery et al. 1998).
Another group, iridoid glycosides, is broken down in the guts
of herbivores into a highly reactive compound that denatures
proteins and can inhibit enzymes (Konno et al. 1999). Elucidating
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defenses.

results in the evolution of both.

plants.
Direct costs.

Ecological costs.

context.

herbivorous animals and/or microbial pathogens.
reproduction.

only a limited set of plant taxa or a limited type of plant tissue.

Glossary

Allocation of phytochemical defense. Creating chemical defense compounds is costly; therefore, the limited energy budget for pro-
duction of defenses must be divided up among the tissues of the plant. The pattern of division reflects the allocation of phytochemical

Coevolution. The reciprocal process of two or more species (or groups of species) exerting natural selection upon each other that

Diet breadth. The variety in resources that an organism exploits for food. For herbivores, this is generally defined as the variation
in host plant taxa that the herbivore consumes. Herbivores fall on a gradient of diet specialization based on this variation in their host

Trade-offs in organisms due to finite resources such that investment in one process results in a decrease in investment in
another process. The production of phytochemical defenses requires resources that plants could use for other processes like growth and
reproduction. A decrease in growth or reproduction as a result of producing defenses is therefore a direct cost of defense.
An indirect cost, in the form of a negative interaction with another species, that results from an organism investing
resources in a process. One example of an ecological cost of the production of phytochemical defenses is decreased visitation of flowers
(and therefore decreased pollination rates) for plants that produce nectar that contains defensive compounds.

Ecological fitting. When traits that organisms have evolved in one ecological context prove to be beneficial in a new ecological

Feeding guilds. Organisms that feed upon the same resources or use similar mechanisms for feeding. For example, insects in the
piercing-sucking feeding guild use needlelike mouthparts to feed from the vascular tissue within plants.

Generalists. Organisms that can utilize a great variety of food resources and/or thrive in a variety of habitats. Generalist herbivores can
feed upon a large number of taxa, generally across many plant families.

Induction. Broadly, when a stimulus results in a phenotypic change in an organism. In plant defense biology, induction is a change in the
production or translocation of plant defenses in response to herbivore/pathogen attack or a chemical cue from another plant.

Metabolic pathways. The series of chemical reactions that are used by organisms to produce organic compounds.

Metabolome. All of the small organic compounds found within an organism (or a part of an organism).

Ontogenetic variation. A genetically controlled change in phenotype that occurs throughout the development of an organism.
Seedlings, for example, often have different phytochemical defense levels and compositions from mature plants.

Optimal defense theory (ODT). A theory that explains how plants allocate costly (and therefore limited) phytochemical defenses
to their tissues, both spatially and through time. According to ODT, this allocation is determined primarily by (1) the likelihood of
attack of a given tissue, (2) the value of that tissue to the fitness of the plant, and (3) the cost of defending that tissue.

Phytochemical defenses. Chemical compounds produced by plants that serve a role in increasing plant resistance against attack by

Plant secondary metabolites. Chemical compounds that are not involved with plant primary processes of growth, development, or

Specialists. Organisms that require very specific resources (in terms of both food and habitat). Specialist herbivores can feed upon

these mechanisms has allowed researchers to understand the
negative effects that these defenses can have on consumers and
how some herbivores have evolved to tolerate, and sometimes
even utilize, these compounds. The monarch butterfly, for exam-
ple, substitutes one amino acid in its sodium-potassium pump,
which prevents cardenolides from binding and allows monarch
caterpillars to feed upon milkweeds (Holzinger et al. 1992).
Many herbivores who tolerate iridoid glycosides, on the other
hand, prevent the splitting of these compounds into the reactive
form, either by suppressing the enzymes responsible or by quickly
transporting these compounds out of the gut (Dobler etal. 2011).
The mechanism by which a compound impacts herbivores also
influences the dose necessary to deter herbivores, and the impacts
of defenses are concentration and herbivore dependent (Lankau
2007).

Plant defensive compounds belong to a larger group of phyto-
chemicals termed secondary metabolites (see “Glossary”), so
named because they have historically been thought to play no
role in so-called primary plant physiological processes, that is,
fundamentals such as growth and development (Fraenkel 1959;
Berenbaum and Zangerl 2008). Not all secondary metabolites
serve a biotic defensive function; for example, flavonoids act as
UV protectants (Agati and Tattini 2010). Many secondary me-
tabolites fill multiple roles for the plant; terpenes, for example,
provide both protection against herbivory and pollinator attrac-

tion (Dotterl et al. 2006). As evidence has accrued that secondary
metabolites fulfill multiple functional roles within plants—some
of which can influence primary physiological processes, including
regulation of growth, contributions to primary metabolism, and
facilitation of plant acquisition of micronutrients—what was
once seen as a clear distinction between primary and secondary
metabolites has attracted new scrutiny (Erb and Kliebenstein
2020). Unfortunately, most metabolic pathways (see “Glossary™)
for phytochemical defenses are still poorly understood. Charac-
terization of these biochemical pathways can help to reveal the
evolutionary histories of these compounds within plant lineages
(Theis and Lerdau 2003), as certain compounds are shown to be
chemical precursors to others (fig. 1B; Damtoft 1994), and can
provide insight regarding how energetically costly these chemical
defenses are for plants to make and maintain (Gershenzon 1994;
Neilson et al. 2013).

For hundreds of thousands of phytochemical defense com-
pounds, the chemical structure (see “Glossary”) has been eluci-
dated, while many others have yet to be characterized (Wink
1988; Pichersky and Lewinsohn 2011). Plant secondary com-
pounds are structurally very diverse and are organized into classes
by chemical structure (fig. 1A). Some classes contain compounds
that are quite similar in structure. Terpenes, for example, are all
unsaturated hydrocarbons with multiples of five carbon and eight
hydrogen atoms (Harborne et al. 1999). In contrast, alkaloids
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Fig. 1  Furanocoumarins (one subclass of chemical defense) illustrate general patterns of phytochemical diversity. A, The organization of phy-
tochemical defense compounds is based on chemical structure, with subclasses of similar compounds falling under more general classes. B, An example
metabolic pathway: the simplified pathway of the biosynthesis of linear and angular furanocoumarins from the hydroxycoumarin umbelliferone (mod-
ified from Bruni et al. 2019). Each pathway can give rise to many similar compounds, and there are thousands of different pathways used by plants.
C, Wild parsnip (Pastinaca sativa) produces a diversity of furanocoumarins, in addition to other defense compounds (data from Kviesis et al. 2019). This
represents the diversity of just one subclass of compounds found in one tissue type (seeds) in one species of plant. D, Three leading, non—mutually exclusive
hypotheses explain why individual plants produce such a great diversity of phytochemical defense compounds. A plus sign indicates that the compound
has a positive impact on the herbivore; a minus sign indicates a negative effect; 0 indicates no impact. For example, the interaction diversity hypothesis
predicts that compounds will have differing effects on different herbivores; compound A has a positive effect on one caterpillar and a negative effect on the
other. The synergy hypothesis predicts that the effect of the mixture of A+B has a greater effect (a negative effect of 4x on the first caterpillar) than the
additive effects of the compounds individually (compound A = 1x ; compound B = 2x ). The screening hypothesis predicts that most compounds will
have no impact, while a minority will have a negative effect on herbivores (e.g., compound C).

encompass a broad group of structurally and metabolically di-
verse compounds, united only by the inclusion of nitrogen in their
structures (Wink 2018). Within these large chemical classes,
subclasses are groups of compounds that are structurally quite
similar and often share a defensive mechanism (fig. 1A).

Patterns of Phytochemical Defense Distribution
within and across Plants

Tremendous variability in defense levels exists both within in-
dividual plants and at an intraspecies level. There are numerous
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and nonexclusive drivers of this variation, including develop-
mental and/or allocational factors as well as abiotic and biotic
drivers. We discuss the impacts of some of these factors on pat-
terns of defense below.

Allocation and Cost of Defenses

Individual plants produce phytochemical defenses in mixtures
and concentrations that vary spatially within the individual plant
and change through time. As a result, plants do not possess a sin-
gle, static chemical defense phenotype, but instead a “dynamic
mosaic phenotype” (Harder et al. 2019). Understanding what
determines the distribution of chemical defenses, and the conse-
quences for herbivores, has been a key focus of research on phy-
tochemical defense. Central to these efforts is the idea that there is
a cost to the production and maintenance of defensive compounds
(Herms and Mattson 1992). Constructing any molecule comes
with an energy cost; if plants have a fixed energetic budget, then
producing defense compounds must come at the expense of some-
thing else (i.e., a trade-off with investment in growth or reproduc-
tion). These costs can be highly context dependent and could
manifest in many ways, such as lower growth, fewer flowers, or
reduced investment in physical defenses like tough leaves (Herms
and Mattson 1992; Strauss et al. 2002).

Because the production of chemical defenses comes at an en-
ergetic cost, a plant that can maximize the protection benefit of
these defenses while minimizing their cost should have higher
fitness. The spatial and temporal mosaic of chemical defenses
in plants is generally thought to be a result of this strategy. Op-
timal defense theory (ODT; see “Glossary”) has emerged as a
leading explanation for how plants might optimize their invest-
ment in defenses (McKey 1974, 1979; Rhoades 1976, 1979;
Stamp 2003). The theory posits that plants allocate chemical
defenses to different parts of the plant based on (1) the chance
of that plant tissue being attacked by enemies, (2) how valuable
that tissue is to the success of the plant, and (3) the cost of the
defense. This theory has been tested many times, and as research
has continued to reveal new layers of complexity in the dynamic
distribution of chemical defenses within plants, ODT has re-
mained relevant and has been used to understand these findings
(Zangerl and Bazzaz 1992; Ohnmeiss 2000; Heath 2014; Ger-
shenzon and Ullah 2022).

ODT is just one of many hypotheses that have been used to
understand patterns of allocation of phytochemical defense (see
“Glossary”). The growth-differentiation balance hypothesis
suggests that the balance between factors limiting growth and
those limiting photosynthesis determine the relative allocation
to growth versus differentiation (including producing phyto-
chemical defenses); environments that promote slow growth
but ample photosynthesis will result in plants with high levels
of defense, while those with fast growth relative to photosynthe-
sis will have lower levels of defense (Loomis 1932, 1953; Herms
and Mattson 1992). The resource availability hypothesis (or
growth rate hypothesis) posits a negative relationship, among
species, between growth rate and defense levels, such that spe-
cies growing in high-resource environments will have evolved
to favor faster growth and lower investment in defense relative
to species in low-resource environments, which will have a
greater need to protect their slow-growing tissues, the replace-
ment of which would be challenging in conditions of scarcity

(Coley et al. 1985, 1987). The plant apparency hypothesis,
which is linked with ODT, provides an alternative explanation
for differences in defense levels among long- and short-lived
plants. It predicts that the apparency of plants (how easy it is for
herbivores to find them) determines the broad mechanisms of
the chemical defenses they use. More apparent plants should invest
in digestibility reducers that are less costly to produce and work
against a broader range of herbivores in a very concentration-
dependent manner (i.e., quantitative defenses), while less apparent
plants should invest in more costly and more toxic compounds
(i.e., qualitative defenses; Feeny 1976; Rhoades and Cates 1976;
Massad et al. 2011). The carbon-nutrient balance hypothesis
proposes that availability of carbon (due to sunlight levels) and
nutrients (due to soil availability) influence allocation to defense,
as there is competition for these resources between primary and
secondary metabolism (Bryant et al. 1983; Tuomi et al. 1988).
These theories are not mutually exclusive, and each has received
support and proven useful in understanding different aspects of
variation in allocation of chemical defense within the plant
kingdom (Stamp 2003). ODT in particular has proven especially
useful in understanding intraspecies comparisons and generating
testable experimental hypotheses.

Despite decades of work on this theory, ODT continues to
provide opportunity for new questions. While the three compo-
nents of the theory may appear intuitive, quantifying probabil-
ity of attack, tissue value, and/or costs of defense production is
quite complex. Factors determining the chance of attack for a
particular tissue can include apparency (how visible or conspic-
uous a tissue is to herbivores; Strauss et al. 2015; Smilanich et al.
2016), the nutritional value of that tissue to different herbivores
(Behmer et al. 2002; Robert et al. 2012), how the feeding strate-
gies of herbivores are influenced by their own predators and
parasites (Stamp 2001; Lucas-Barbosa et al. 2014), and the com-
plex population dynamics of herbivore communities (Under-
wood 1999). The fitness value of various tissues is generally de-
termined by removing the same mass or surface area of different
tissues and measuring the resulting impact on reproduction. This
approach, however, may not account for nonlinear impacts such
as small amounts of damage to flowers influencing rates of polli-
nation (McCall and Irwin 2006). The third component of ODT,
the cost to the plant of defending a particular tissue, is perhaps
the most difficult to pin down. Though there is ample evidence
for an energetic cost of production of phytochemical defense
(Strauss et al. 2002), quantifying this cost has often proven noto-
riously difficult and is context dependent (Agrawal 2011). For
example, costs may be detectable only for plants growing in
resource-poor conditions, where such costs are likely to be the
binding constraint. Recent findings that some secondary metab-
olites might be reintegrated into primary metabolism, which we
discussed earlier (Erb and Kliebenstein 2020), may minimize the
costs associated with producing phytochemical defenses. How
ODT is relevant for understanding the distribution of phyto-
chemical defenses along the spatial and temporal axes discussed
below, and especially the intersection of these axes, is the topic of
continuing research.

Spatial Patterns of Phytochemical Defense Allocation

ODT has received much attention from researchers working
to understand how plants defend different types of tissues. Roots,
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stems, leaves, flowers, fruits, and seeds can all contain phyto-
chemical defenses, attract different herbivores, and differ both
in the composition of compounds present for defense and in their
concentrations (Keith and Mitchell-Olds 2017; De La Pascua
et al. 2020). The defense of reproductive tissues involves unique
trade-offs. The optimization of phytochemical defense levels in
seeds may differ for maternal and paternal plants and the embryos
contained in the seeds, resulting in a conflict for control of this
trait (Zangerl and Nitao 1998). Chemical defense of reproduc-
tive tissues can have ecological costs (see “Glossary”), due to
the detrimental impact that defenses have upon interactions with
mutualists. Chemical defenses present in nectar, for example, can
decrease pollination rates (Stevenson et al. 2017). It is still un-
clear how independent the phytochemical defenses of different
plant tissues are from one another and to what extent any in-
terconnection may limit the optimization of defense of different
tissues. Changes in leaf chemistry, for example, can result in
changes in fruit, which can make fruits less appealing to seed-
dispersing birds (Whitehead and Poveda 2011; Cipollini et al.
2003). Despite how critical reproductive tissues are to plant suc-
cess, and the often-high rates of herbivory observed on reproduc-
tive tissues, the study of phytochemical defense of foliar tissue
dominates the literature.

Plants must also defend many repeated units of the same types
of tissues. A mature oak tree, for example, may produce as many
as half a million leaves each season. This modularity is somewhat
unique to plants and results in the potential for another axis of
variation in plant phytochemical defense. Though variation on
this scale is often overlooked, it can be quite significant and can
shape insect community diversity and population structure (Rich-
ards et al. 2015, 2016). And because most small leaf-feeding
herbivores interact with only one or a few leaves, for example,
variation on this scale can determine the outcomes of these inter-
actions. One example of within-plant variation is in cottonwood
(Populus), in which leaves in different regions of the canopy dif-
fer in phytochemical concentrations and also in resistance to a
specialist aphid species (Kearsley and Whitham 1997; Holeski
etal. 2009, 2012). It is still largely unknown, however, how much
variation commonly exists among repeated units of plant tissues,
the extent to which genetic versus environmental factors affect this
variation, and whether it is adaptive in the context of herbivory.

Temporal Patterns of Phytochemical Defense Allocation

In addition to spatial variation in phytochemical defenses, in-
dividual plants often change defenses through time. Temporal
variation in defenses can occur in different patterns: (1) changes
in defenses in response to herbivory, (2) seasonal variation in de-
fense levels, and (3) changes in defense levels as plants develop.

Plants can respond dynamically to the threat of herbivory by
changing levels of phytochemical defenses when needed. In ad-
dition to the constitutive (i.e., baseline) levels of defense com-
pounds found in plants in the absence of herbivory, plants can
employ induction (i.e., change) of defenses following herbivory
(Adler and Karban 1994; Cipollini 1998). Induction is beneficial
if current herbivory levels are a reliable indicator of future her-
bivory levels (Karban and Baldwin 1997; Harvell and Tollrian
1999). This plastic response can occur via up- or downregulation
of the production of phytochemicals or movement of phyto-
chemicals within the plant (Karban and Baldwin 1997). Induc-

tion of defenses have an (often-short) time lag between the cue
and increased levels of defense. Induction can minimize the cost
of defense by increasing investment in these compounds only
when needed and can enable plants to tailor defenses to partic-
ular herbivores (Karban and Baldwin 1997; Ali and Agrawal
2012). Defenses can also be transgenerationally induced, with
offspring defense levels affected by herbivory levels in the paren-
tal generation (Herman and Sultan 2011; Holeski et al. 2012a).
Induction of defenses in response to one herbivore can impact,
either positively or negatively, plant resistance to other herbivores
(Poelman et al. 2010). How plants induce defenses in response to
complex communities of herbivores (Bernhardsson et al. 2013)
and how plants detect and identify herbivores (Bonaventure 2012;
Arimura 2021) are important continuing areas of research.

Temporal changes in defense levels also occur in predictable
patterns across a growing season, following shifts in plant phys-
iological and allocational priorities. For example, growth and de-
fense may be prioritized early in a growing season, while repro-
duction is a priority later in a growing season. The production of
flowers and fruits, for example, may correspond with changes
in defense of vegetative tissues (Blanchard and Bowers 2020).
Changes in photoperiod, temperature, precipitation, and nutri-
ent availability can also occur seasonally, bringing correspond-
ing changes in plant physiology and defense (Holeski et al.
2012b; Koricheva and Barton 2012). Plants that experience a
predictable pattern of attack by different herbivores throughout
the season may also regulate their induced responses to prepare
for common attackers (Mertens et al. 2021).

Finally, levels of both constitutive and induced defenses can
change over the course of plant development; this genetic-based
phenomenon is generally called ontogenetic variation (see “Glos-
sary”; Boege and Marquis 2005; Barton and Koricheva 2010;
Holeski et al. 20125). Tissue from different developmental stages,
such as leaves from juvenile versus adult phases, have different
values to the plant in terms of resource acquisition and metabolic
potential, as well as cost of replacement. Because ontogenetic
patterns of tissue value differ across taxa, patterns of ontogenetic
defense levels also vary. Some species have higher levels of de-
fense in juvenile versus adult tissues, while others have the reverse
pattern (Kearsley and Whitham 1989; Karban and Thaler 1999;
Cole et al. 2020).

Abiotic Factors

Physical environmental factors have a large impact on varia-
tion in the concentration of phytochemical defenses among and
within plants. Light is particularly important; high-light environ-
ments can result in higher levels of defense (Burns et al. 2002;
Mooney and Niesenbaum 2012). Some plants also show diurnal
(day to night) fluctuations in defense levels (Palo 1984). Soil nu-
trient levels (Fajer et al. 1992) and temperature (Bidart-Bouzat
and Imeh-Nathaniel 2008) also impact phytochemical defense
concentration.

Biotic Factors

Plants and their herbivores exist in complex communities of
organisms, and this context shapes their interactions. In addition
to the varying impacts of different herbivores through induction,
microbes also affect the chemical defenses of plants. Attack by
pathogens causes plants to change their defense levels (Felton
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Novel defense

Fig. 2 A, The coevolutionary arms race between plants and herbivores requires reciprocal natural selection exerted on each species by the other.
B, The evolution of a novel chemical defense by the plant makes the plant a lower-quality food for the herbivores and results in a decrease in the selective
pressure exerted on the plant by the herbivore (dashed line) and an increase in the selective pressure exerted on the herbivore by the plant (solid line).
C, In response to this selection, the herbivore evolves novel mechanisms that allow it to feed more effectively on the plant. This results in a decrease in the
selective pressure exerted by the plant on the herbivore and an increase in the selective pressure exerted by the herbivore on the plant. D, This stepwise
pattern of escalating defensive and tolerance traits in plants and herbivores continues through evolutionary time.

and Korth 2000). Symbionts, such as mycorrhizal fungi in the
soil and endophytic fungi in leaves, can deliver nutrients needed
for phytochemical synthesis and even directly produce toxic
compounds (Cheplick and Clay 1988; Vannette et al. 2013).

Relationship between Herbivores and Plant Defenses

Coevolution

In 1964, Ehrlich and Raven proposed that plants and herbi-
vores evolve together in a stepwise fashion (fig. 2). Plants produce
novel compounds that allow them to reduce or escape herbivory,
and thus increase plant fitness, herbivores evolve mechanisms to
tolerate or avoid those compounds in response, and then the cycle
repeats (fig. 2). This process of reciprocal natural selection and co-
adaptation between two species (or groups of species, as discussed
later) is called coevolution (see “Glossary”). The evolution of new
defense compounds is thought to often co-occur with the evolution
of new plant species, which has resulted in an increase in phyto-

chemical diversity as plant lineages have radiated over time
(Becerra et al. 2009). Within the study of phytochemical defense,
the metaphor of a coevolutionary “arms race,” in which plants
and herbivores take turns evolving escalating counterdefenses
(Ehrlich and Raven 1964; Janzen 1980; Thompson 1994), has
been a foundational concept and has been used to explain the
codiversification of flowering plants and their herbivores.
There is an abundance of empirical evidence for coevolu-
tionary theory (Mérillon and Ramawat 2020). Classic studies
that support this theory include investigations of chemical de-
fense in wild parsnip (Pastinaca sativa) of the carrot family
(Apiaceae). Many plants in the carrot family (including wild
parsnip) produce linear furanocoumarins, compounds that can
bond with DNA in the presence of UV light, with highly toxic
results (Berenbaum 1978). Furanocoumarins are modified from
hydroxycoumarins, compounds that are found in many other
members of the carrot family as well as many other plant fam-
ilies (fig. 1C; Berenbaum 1983). The existence of these derived
compounds in a limited lineage suggests that furanocoumarins
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represent the evolution of novel chemical defense. Some herbi-
vores, such as the southern armyworm caterpillar (Spodoptera
eridania; Noctuidae), commonly feed upon carrot family species
that contain hydroxycoumarins but cannot tolerate linear fura-
nocoumarins, which suggests that this novel defense has allowed
these plants to escape from herbivory by these insects. Evidence
for an herbivore evolutionary response to the novel defense
comes from the black swallowtail caterpillar (Papilio polyxenes;
Papilionidae), which feeds successfully upon furanocoumarin-
containing plants (Berenbaum 1983).

Though coevolution is an important process in plant-herbivore
interactions, not every plant-produced compound that affects
herbivores has arisen through direct coevolution with herbi-
vores. As discussed earlier, many compounds that play a defen-
sive role also serve other functions for the plant. Phenolic
compounds may have evolved in response to the need for protec-
tion from UV radiation as plants transitioned to land; their role
in influencing herbivory may be secondary (Close and McArthur
2002). When a trait evolves in response to one set of selective
pressure but proves adaptive in the context of others, it is called
ecological fitting (see “Glossary”; Janzen 1985). Flavonoids, a
type of phenolic that impact herbivores, may have evolved par-
tially to mediate the interaction of plants with arbuscular mycor-
rhizal fungi (Nascimento and Tattini 2022). Coevolution is also
often more complicated than one herbivore species and one plant
species exerting reciprocal selection on one trait in each species.
As plants and herbivores are embedded in communities, diffuse
coevolution can occur among groups of interacting species
(Janzen 1980; Strauss et al. 20035). Because a plant species’ range
may include significant variation in environmental factors that
influence both plants and herbivores as well as variation in her-
bivore community members, the strength and nature of coevolu-
tion can vary spatially (geographic mosaic theory of coevolution;
Thompson 1994). Evidence that a chemical defense helps to re-
duce herbivory and that an herbivore possesses a trait to tolerate
this defense does not necessarily mean direct coevolution.

Adaptations of Herbivores

The ubiquity and diversity of plant chemical defenses are re-
flected in the strategies that herbivores employ to circumvent these
defenses. Herbivores are generally selective in their host plants
and can detect chemical defenses. Some herbivores are able to
avoid or minimize consuming defensive compounds in their
hosts by modifying their feeding behavior. Most herbivores are
also able to consume some amount of chemical defenses while
minimizing the negative physiological impacts.

Herbivorous animals are an incredibly large and diverse group
that vary greatly in size and taxonomy (e.g., from tiny insects like
thrips to giant mammals like elephants). One axis of variation
that has proven important for understanding herbivore adapta-
tion to chemical defense is diet breadth (see “Glossary”; the num-
ber of different host plant species that an herbivore utilizes). Diet
breadth influences the array of chemical defenses that an herbi-
vore faces, which in turn is thought to influence how herbivores
cope with phytochemical defenses. Dietary specialist (see “Gloss-
ary”) herbivores feed on a narrower range of plant taxa that are
generally closely related and/or share phytochemical compounds,
while generalists (see “Glossary”) feed on a larger phylogenetic
diversity of host taxa that are also diverse phytochemically

(Fraenkel 1959; Loxdale and Harvey 2016). Herbivores exist on
a gradient of specialization ranging between narrow specializa-
tion and broad generalization.

More specialized herbivores have evolved mechanisms that
are specific to the compounds found in their limited group of
host plants. Behavioral modifications can allow specialists to
feed on highly toxic plants while receiving low doses of toxins.
Beetles and caterpillars that feed on milkweeds, for example,
avoid consuming the toxic latex that their host plant produces
by first severing the leaf veins that contain the latex before feed-
ing on leaf tissue (Dussourd and Eisner 1987). Other herbivores
rapidly excrete phytochemicals to minimize exposure (Self et al.
1964). Specialists also employ physiological changes. These in-
clude site insensitivity; alterations in the molecular targets of
phytochemicals that prevent binding, as discussed earlier for
monarchs (Holzinger et al. 1992); and detoxification of phyto-
chemicals via specialized enzymes (Ratzka et al. 2002). Some
specialists (and even a small number of generalists) can actually
accumulate the phytochemical defenses that they consume in
their own bodies in order to become protected from predators,
in a process known as sequestration (Nishida 2002). Though
specialists are often still negatively impacted by high levels of
chemical defense, these mechanisms generally result in special-
ists having higher tolerance to low levels of chemical defenses
than generalists (Ali and Agrawal 2012).

More generalized herbivores will likely face a greater diversity
of compounds and so employ mechanisms that allow them to
consume a variety of chemicals. It has been proposed that gen-
eralists dilute toxins in their diet by consuming a variety of plants
(Bernays et al. 1994; meta-analysis by Lefcheck et al. 2013) and/
or may vary their diet based on physiological needs (Singer and
Bernays 2009). Expansion and diversification of detoxification
enzymes that are important to specialists seem to be important
for broad generalists (Rane et al. 2019; Breeschoten 2022). For
example, the enzyme family cytochrome P450 is important for
detoxification of phytochemicals in many herbivores regardless
of diet breadth (Feyereisen 1999). The specialist black swallow-
tail (Papilio polyxenes), which we discussed earlier, can detoxify
furanocoumarins using a small group of P450 enzymes (Cohen
et al. 1989). The broad generalist corn earworm (Helicoverpa
zea) also utilizes P450 but produces a more diverse set of enzymes
(Li et al. 2002).

It has also been predicted that plants should respond to attack
by specialists and generalists with differences in defense induc-
tion. Some herbivores can also suppress the induced responses
of their host plants (Ballaré 2001; Musser et al. 2002); this abil-
ity may be influenced by diet breadth (Eichenseer et al. 2010).
However, degree of herbivore specialization has still not been
shown to correspond generally with phytochemical induction,
perhaps partially due to methodological issues that do not allow
for the separation of the impact of diet breadth and other factors
such as feeding guild (discussed below; Ali and Agrawal 2012).

Herbivores are further classified into feeding guilds (see “Glos-
sary”), based on their mode of feeding (e.g., chewing or sucking,
leaf miners, gall makers) and the types of plant tissue that they
feed upon (leaves, flowers, fruits, roots, etc.; Simberloff and
Dayan 1991; Novotny et al. 2010). Herbivory from different
feeding guilds has differential fitness consequences for plants
and thus variable ecological and evolutionary significance (Eisen-
ring et al. 2018). Likewise, the effects of secondary compounds
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on herbivores from different feeding guilds vary. For example,
chewing herbivores ingest all cellular contents, while piercing/
sucking herbivores ingest only xylem or phloem content, which
influences the concentration and composition of phytochemical
defenses that they must cope with. Herbivores that are more gen-
eralized in the tissue types that they consume will be exposed to a
greater diversity of phytochemical defenses.

The feeding guild of herbivores has a strong influence on the
induced defensive response of plants, which can result in trade-
offs for plants attacked by multiple herbivores. In response to at-
tack by piercing-sucking insects, plants usually upregulate the
salicylic acid metabolic pathway, which is also induced by path-
ogens (Walling 2000). Attack by chewing herbivores, on the
other hand, generally results in induction of the jasmonic acid
or ethylene pathways, which can yield a different phytochemical
response (Kessler and Baldwin 2002). Induction of the milkweed
Asclepias syriaca by the aphid Apbhis nerii, for example, results in
increased susceptibility of plants to attack by monarch caterpillars
(Danaus plexippus; Ali and Agrawal 2014). Investigations into
plant-mediated interactions among herbivore guilds are yielding
new insights into how plants balance these trade-offs in the con-
text of complex herbivore communities (de Bobadilla et al. 2022).

Diversity of Phytochemical Defense Compounds

Plants present an incredible diversity of phytochemical de-
fense compounds, with most species producing a unique mixture
of chemicals. Many species produce multiple classes of defense
compounds, and most plant species have an array of similar
compounds within a particular subclass that share a primary struc-
ture but have small structural differences that can cause varying
levels of toxicity in herbivores (fig. 1B; Bowers and Puttick 1988;
Rotter et al. 2018 [which features work by undergraduate re-
searcher J. Garcial). Our efforts to understand the evolutionary or-
igin and function of this great diversity have long been driving
questions in the study of plant chemical defense against herbivores.

Intraspecific Patterns of Phytochemical Diversity

Though coevolution may explain the great diversity of phyto-
chemical defenses displayed across the plant kingdom, explana-
tions for the diversity of compounds found within species are
more tenuous. Wild parsnip, for example, contains many differ-
ent furanocoumarins, which function similarly but vary in their
ability to bind DNA (fig. 1C; Berenbaum et al. 1991). This ap-
parent redundancy has long perplexed researchers. Three lead-
ing hypotheses (reviewed in Wetzel and Whitehead 2020) have
emerged for this pattern of unexplained diversity: (1) the inter-
action diversity hypothesis, in which a diverse community of
herbivores is thought to maintain a diversity of phytochemical
defenses within a species because each compound is particularly
effective against a different herbivore; (2) the synergy hypothe-
sis, namely, that mixtures of compounds interact to produce
greater toxicity than would be found through the additive ef-
fects of individual compounds; and (3) the screening hypothesis,
which holds that plants that utilize metabolic pathways that
can, with small variations in enzyme activity, produce a diversity
of products are more likely to contain defensive compounds that
are effective against unknown herbivores, in addition to many non-
adaptive compounds, and therefore persist and radiate (fig. 1D).

These hypotheses are not mutually exclusive, and evidence has
been presented that supports each.

Due to limitations imposed by the methods and equipment
used to extract and quantify phytochemical compounds, most
research on phytochemical defenses has focused on single sub-
groups of compounds within particular taxa or suites of similar
compounds produced by individuals. To measure the impact of
phytochemical defense compounds on plant resistance to her-
bivores, researchers have used a mix of correlative and experi-
mental approaches. Correlative approaches that leverage natural
variation in phytochemistry include quantifying phytochemistry
along with the amount of plant tissue removed due to herbivory
across populations and/or genotypes of a plant species grown in
a common garden (Bidart-Bouzat and Kliebenstein 2008) and
measuring the preference and performance of herbivores in the
laboratory when fed different populations or species (Kelly and
Bowers 2016). Experimental methods include measuring cater-
pillar response when fed an artificial diet containing different iso-
lated compounds (Bowers and Puttick 1988) or when fed plants
genetically engineered to alter their chemical defenses (Hunziker
etal. 2021).

These investigations have provided in-depth understanding of
how specific compounds or groups of compounds mediate plant
interactions with insects. Some studies have shown that individ-
ual compounds can have different impacts on different herbi-
vores, with some compounds even having positive effects on
some herbivores and negative on others (Roslin and Salminen
2008; Rotter et al. 2018). This lends credence to the interaction
diversity hypothesis that the production of diverse suites of
compounds has evolved in response to a diverse community of
herbivores. Other intraspecific studies have been key in sup-
porting the importance of synergy among related compounds
in herbivore defense (Richards et al. 2012).

More recently, to gain a more complete view of phytochemical
diversity, researchers are extracting and quantifying the multiple
classes of compounds found within species. For example, a recent
study experimentally tested for support of the three leading hy-
potheses maintaining phytochemical diversity. Researchers as-
sessed the response of four different herbivores to apple tree
phenolics belonging to four different subclasses (which represent
~66% of apple tree phenolic diversity), individually and in mix-
tures that varied in complexity (Whitehead et al. 2021). Herbi-
vores were not generally more negatively impacted by chemical
mixtures (lack of support for synergy hypothesis) and key
compounds did not exist that drove herbivore effect across spe-
cies (lack of support for screening hypothesis). Instead, more di-
verse chemical mixtures affected more herbivores, and the effect
of each compound varied by herbivore species, which supports
the interaction diversity hypothesis. Future studies that take a
similarly broad approach to chemical diversity might help reveal
whether these drivers of phytochemical diversity are specific to a
given system or whether greater generalizations about the evolu-
tion of phytochemical diversity can be made.

Interspecific Patterns of Phytochemical
Diversity and Metabolomics

Closely related plant taxa (or related groups) often show a
phylogenetic signal, or consistency in broad patterns of presence/
absence of particular compounds or classes of compounds
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Table 1

Common Methods Used to Quantify and/or Identify Phytochemical Defense Compounds

Method

Gas chromatography and liquid chromatography

Nuclear magnetic resonance

Extraction and purification
Compound identification

Targeted

mass spectra

Strengths Quantification of a subset of compounds with
known biological relevancy
Weaknesses Missing compounds that may be relevant for

herbivores

If coupled with mass spectrometry and known

General
Very useful for compound identification

Ability to quickly quantify a near-complete plant metabolome

Datasets require a large amount of computing power; may
include many compounds that do not influence herbivores

(Liscombe et al. 2005; Agrawal and Fishbein 2008; Zust et al.
2020). For example, almost all members of the genus Lupinus
(Fabaceae) that have been studied produce quinolizidine alka-
loids, which are also found in closely related genera such as
Thermopsis and Baptisia (Ohmiya et al. 1995). Distantly related
plant taxa may also contain phytochemical compounds of the
same class; this may result from convergent evolution and/or dif-
ferential expression of genes that evolved prior to the divergence
of these groups (Wink 2003; Agrawal et al. 2009, 2012; Bauer
etal. 2010).

The role of phytochemical diversity has recently been explored
on the scale of communities and across landscapes, resulting in
new insights into the ecological relevance of the staggering vari-
ety of defense compounds presented by the plant kingdom (Rich-
ards et al. 2015; Hunter 2016). To facilitate these investigations,
some chemical ecologists have partnered with organic chemists
to attempt to measure the complete chemical diversity of plant
samples, or metabolome (see “Glossary”; table 1). Because meta-
bolomics attempts to capture a snapshot of all plant-produced
small molecules present in a plant, analysis of metabolomics data
requires a great deal of computing power, and interpreting the
ecological significance of such complex patterns is not intuitive.
Researchers have used metrics of diversity borrowed from com-
munity ecology to characterize and compare phytochemical di-
versity across populations or taxa (reviewed by Wetzel and
Whitehead 2020).

Metabolomics studies have revealed new patterns of phyto-
chemical diversity. The chemical diversity of species from the
tropical genus Inga, for example, does not show a phylogenetic
signal (as predicted by the theory of coevolution); instead, spe-
cies that grow together in communities are more dissimilar. This
may indicate that diversity in chemical defense influences or is
influenced by community structure, with phytochemical diver-
sity among species creating variable niches within the community
and allowing for the great diversity of plants found in the tropics
(Kursar et al. 2009). Inga has high rates of co-occurrence of con-

specifics, and it is unknown whether similar patterns occur out-
side of hyperdiverse tropical ecosystems. Other researchers have
leveraged metabolomics to use phylogenetics and abiotic factors
to predict landscape-scale phytochemical diversity (Defossez et al.
2021). Future research on diversity in phytochemical defense will
likely continue to develop theory on how to best utilize metrics of
diversity and understand the role of diversity of defense across
ecological scales, from plants to across landscapes (Wetzel and
Whitehead 2020) as well as how to integrate metabolomics
with a more mechanistic understanding of the impacts of specific
compounds.

Conclusion

Inspired by the incredible array of plant secondary metabo-
lites and the diverse behavioral and physiological adaptations
of herbivores to cope with these defense compounds, researchers
have developed theory that has proven crucial for discoveries in
many areas of the ecology and evolution of species interactions.
Foundational ideas such as optimal defense theory continue to
inspire investigations that reveal the complex factors underly-
ing defense production and allocation and the implications
for herbivores. Today, increasingly powerful techniques for the
quantification of secondary metabolites are aiding exploration
of decades-long questions, such as why diversity in phytochemi-
cal defense exists.
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