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Abstract

Insect—plant interactions are complex and dynamic relationships that have
evolved over millions of years. Plants have developed various adaptations to
deter insect herbivores, including physical, chemical, and induced defences. In
response, insects have evolved detoxification mechanisms, behavioural
adaptations, and physiological adaptations to overcome these defences. This
coevolutionary arms race has shaped the interactions between plants and insects,
leading to a diverse array of strategies and counter-strategies. Additionally, other
associated organisms such as endosymbionts and rhizosphere microbes have been
shown to play a critical role in these interactions. Endosymbionts can alter the
nutritional quality of plant tissue and confer resistance to environmental stressors,
while rhizosphere microbes can influence plant growth and nutrient uptake.
Understanding the coevolutionary arms race and the role of associated organisms
in insect—plant interactions has important implications for plant protection and
management. By leveraging these relationships, we can develop sustainable and
eco-friendly approaches to crop protection and pest management.
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2.1 Introduction
2.1.1 Overview

The term ‘Coevolution’ was introduced by Ehrlich and Raven (1964) to describe the
close interaction between two or more species in an ecosystem, resulting in genetic
adaptations in one or both species due to natural selection imposed by the other
interacting species. This process is a product of evolution and can have reciprocal
impacts (Janzen 1980; Berenbaum and Zangerl 1998; Woolhouse et al. 2002). The
interaction between any groups of interacting species, including mutualists,
pathogens, competitors, and predators and prey, can lead to coevolution. The nature
and intensity of their interaction determine the selection pressures exerted by each
species on the other. Previous research has demonstrated the significance of the
relationship between two species in determining the selection pressures on each
other (Hochberg et al. 2000; Thompson and Cunningham 2002).

Interaction between plants and insects is a constantly changing system. These
interactions have a long history of coevolution, with each group engaged in an
ongoing arms race, thus influencing the other’s evolutionary trajectory (Labandeira
1998). The theory of coevolution developed by Ehrlich and Raven (1964) forms the
foundation for the current understanding of the dynamic interplay between plants
and insects. The relationship between insects and plants has been dynamically
occurring for over 400 million years, resulting in a complex system of interactions
that includes herbivory, pollination, and other mutualistic relationships (Labandeira
2013). Insects perform essential functions for plants, such as defence and pollina-
tion, while plants provide critical resources such as shelter, oviposition sites, and
food for insect growth and reproduction. Nonetheless, herbivores can pose a signifi-
cant threat to plants and exert strong selection pressure to evolve strategies to tolerate
or resist them (Panda and Khush 1995).

The coevolution of insect—plant interactions has resulted in a complex system of
adaptations and counter-adaptations, with each group influencing the other’s evolu-
tionary trajectory. This ongoing process has led to the diversity and complexity of
the natural world we see today, with insects and plants playing critical roles in
ecosystem function and biodiversity.

2.1.2 Coevolution in Shaping Various Insect—Plant Interactions

One of the most prominent examples of coevolution between insects and plants is the
evolution of morphological adaptations and specialized feeding strategies. Many
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insects have evolved to feed on specific plants. For example, some insects have
evolved specialized mouthparts to pierce and suck plant tissue, while others have
developed chewing mouthparts to consume leaves (Krenn 2019). However, exces-
sive herbivory on leaves, stems, flowers, and other plant parts can lead to reduced
growth and reproduction, and in some cases, can even kill the plant. Accordingly,
plants have evolved specific mechanisms to deter or tolerate herbivory. They have
evolved various structures such as thorns, spines, tough leaves, and other physical
barriers to deter herbivores (War et al. 2012). Some plants also produce/increase
toxic chemicals that are harmful to herbivores, in response to which insects have
developed mechanisms to detoxify these chemicals (Gatehouse 2002). This arms
race between plants and insects has resulted in evolution of a vast array of chemical
compounds and biochemical pathways (Schoonhoven et al. 2005; Howe and Jander
2008). Plants also recruit other organisms such as predators or parasitoids to attack
the herbivores.

The coevolution of insect—plant interactions has also resulted in various mutual-
istic relationships (Bronstein and Huxman 1997). Many plants rely on insects for
pollination, and in return, provide them with a source of nectar or pollen. This
mutualistic relationship has led to the coevolution of floral morphology and insect
behaviour. Plants have evolved to form floral structures, shapes and colours
(Willmer 2011), and chemical signals (Raguso 2008) to attract specific pollinators.
Accordingly, insect pollinators perceive and interpret these signals by using their
visual and olfactory sense organs (Chittka and Raine 2006). These insects feed on
the nectar produced by plants (Heil 2011) and aid in pollination by developing
specialized adaptations for collecting and transferring pollen, such as long tongues
or hairy bodies (Johnson and Steiner 2000).

Coevolutionary mutualistic relationships between insects and plants can extend
beyond just pollination. In some cases, insects live in close association with the plant
and providing the plant with protection from predators in exchange for nutrients
(Bronstein et al. 2006). This type of relationship has led to the evolution of
specialized structures in plants to accommodate the insects.

One such structure is called a gall, which is a growth on the plant caused by the
interaction between the plant and an insect, mite, or other arthropod. Gall-forming
insects, such as wasps and flies, lay their eggs in plant tissues, which induces the
plant to form a protective structure called a gall around the developing insect. The
gall provides a safe environment for the insect to develop and feed, and in exchange,
the insect secretes chemicals that alter the physiology of the plant to make it more
suitable for its needs (Stone and Schonrogge 2003; Jansen-Gonzalez et al. 2012).
Another specialized structure is the domatia, which are small cavities or pouches that
are formed in the leaves or stems of some plants, and are inhabited by mutualistic
arthropods such as mites, spiders or insects, which provide plant with protection
(Agrawal and Karban 1997). Similarly, many ant species depend on plants for food
and housing in exchange for protection against predators (Heil and McKey 2003;
Nelson et al. 2019).

Furthermore, the coevolution of insect—plant interactions has also driven the
evolution of mimicry. Some insects have evolved to mimic the physical appearance
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or chemical signals of other insects to avoid being detected by predators or to attract
prey. In turn, some plants have evolved to mimic the physical appearance or scent of
other plants to deceive herbivores or attract specific pollinators (Schaefer and
Ruxton 2009).

These types of plant—insect relationships have likely evolved through a process of
coevolution, where the plants and insects have adapted to each other’s presence over
time. As with pollination, the specific details of these relationships can vary widely
depending on the species involved. However, in this review, we will focus on the
coevolutionary dynamics of herbivore insect—plant relationship.

2.2  Coevolutionary Arms Race during Insect Herbivory

The concept of coevolutionary arms race describes the evolutionary adaptations that
occur between two species, where each species is under selective pressure to evolve
in response to the adaptations of the other. In the context of plant—insect herbivore
interactions, this refers to the adaptations that occur between plants and the insect
herbivores that feed on them (Ehrlich and Raven 1964).

Insect herbivory has been one of the major driving forces in the evolution of plant
defence mechanisms. Plants have developed a variety of physical and chemical
defences to deter herbivores, including thorns, spines, tough fibrous leaves and
toxic secondary metabolites, such as alkaloids and terpenoids (Hanley et al. 2007;
Woll et al. 2013). Moreover, depending on the intensity and kind of an insect
damage, plants modify the synthesis and distribution of these defence chemicals.
Insects, in turn, have evolved mechanisms to overcome these defences, such as
specialized mouthparts for feeding, specific digestive enzymes, detoxification
mechanisms, and behavioural adaptations (War et al. 2018). This dynamic relation-
ship between insects and plants has driven the coevolution of traits in both groups,
resulting in a diverse array of interactions (Sharma et al. 2021).

The interaction between Asclepias syriaca (milkweed) and Danaus plexippus
(monarch butterfly) is a typical example involving coevolution through toxic
cardenolides. Milkweed plants produce toxic cardenolides that deter most insect
herbivores, while monarch butterflies have evolved to store these toxins in their
bodies, making them unpalatable to predators. As a response, milkweed plants have
evolved to produce more complex mixtures of cardenolides, making it harder for
monarch butterflies to sequester them (Agrawal et al. 2012).

Thus, many herbivores have evolved the ability to break down and detoxify plant
toxins. In response, plants have evolved more complex and diverse chemical
defences to counteract these adaptations. In some cases, plants have even evolved
mutualistic relationships with other organisms, such as parasitoids, ants or fungi,
which provide additional protection against herbivores (Ali and Agrawal 2012;
Mathur et al. 2013a).



2 Unraveling the Coevolutionary Arms Race: Insights into the. .. 17

23 Plant Adaptations to Insect Herbivory

The coevolution of insects and plants results in plants acquiring adaptations that
improve their own chances of surviving and reproducing in an environment with
multiple kinds of herbivory. Plant defence against insect herbivory can be broadly
classified into two genetic strategies, namely resistance and tolerance mechanisms.
These strategies enable plants to protect themselves from damage caused by herbiv-
orous insects through the production of chemical or physical barriers, as well as by
regenerating lost or damaged tissues (Agrawal 2000; Stowe et al. 2001).

Resistance mechanisms involve the production of compounds that deter or harm
herbivores, such as toxic chemicals, physical barriers or structural defences. These
compounds may be constitutive, meaning they are present in the plant at all times, or
induced, meaning they are produced in response to herbivory (Karban and Myers
1989). Plants have evolved various physical features, such as resins, wax, silica and
lignins, which serve as direct defence mechanisms against herbivorous insects.
These morphological traits, together with secondary metabolites, constitute a crucial
aspect of the plant—insect interaction (Hanley et al. 2007; Belete 2018).

Tolerance mechanisms involve the ability of plants to recover from herbivory by
regenerating damaged tissues, reallocating resources to compensate for lost tissues,
or by increasing photosynthesis to produce more energy. Tolerant plants can often
withstand higher levels of herbivory without experiencing significant reductions in
growth or reproduction (Strauss and Agrawal 1999). For example, some plants may
increase the growth rate of undamaged leaves after herbivory to compensate for the
loss of damaged leaves (Garcia and Eubanks 2019).

Plants may use a combination of resistance and tolerance mechanisms to defend
themselves against insect herbivores. The specific mechanisms used by a plant
depend on factors such as the type of herbivore, the intensity of herbivory, and the
availability of resources for growth and repair.

In addition, plants employ indirect defence systems such as the production of
extrafloral nectaries and volatile chemicals to attract predators and other enemies of
herbivores to assist in their defence (Heil and Karban 2010). Over time, the diversity
and complexity of plant secondary metabolites have increased, placing increased
adaptive pressure on herbivores.

2.3.1 Morphological Features

Plants possess a cuticle covered by epicuticular waxes which form films and crystals
(Koch et al. 2004). These waxes provide protection against desiccation and
pathogens, as well as increasing the slipperiness of the cuticle, discouraging
non-specialized insects from populating leaf surfaces (Muller et al. 2007). The
biosynthesis and composition of these waxes vary during plant development, and
their physical-chemical properties respond to changes in temperature and season
(Howe and Schaller 2008). Even changes in the wax composition due to egg
deposition were found to increase fatty acid tetratriacontanoic acid (C34) and a
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decrease tetracosanoic acid (C24), thereby attracting the egg parasitoid (Blenn et al.
2012).

Moreover, plants have various structures such as thorns and spines that protect
them mainly from mammals, and hairs called trichomes that protect against insects
(Karban and Myers 1989). When trichomes are removed, herbivorous insects feed
and grow more easily. Insect feeding has been observed to cause an increase in
trichome density (Fordyce and Agrawal 2001; Mathur et al. 2011).

Scientific evidence suggests that the toughness of leaves can prevent the penetra-
tion by insects with piercing-sucking mouthparts, while increasing the wear and tear
on the mandibles of herbivores with biting-chewing mouthparts (Raupp et al. 2008).
While younger leaves may contain higher levels of chemical defences, mature leaves
can be strengthened with various macromolecules such as lignin, cellulose, suberin,
and callose, as well as small organic molecules like phenolics and even inorganic
silica particles (Schoonhoven et al. 2005). When roots are consumed by insect
herbivores, they exhibit significant regrowth in both density and quantity. Further-
more, genotypes with long and fine roots are less susceptible to herbivory than those
with short and thick roots (Belete 2018).

Many plant species have laticifers and resin ducts in their vascular tissues that
store latex and resins under internal pressure. When the channels are broken, the
substances are secreted and can entrap or intoxicate the herbivore (Pickard 2008).
Laticifers are found in over 10% of angiosperms and are most common in tropical
regions (Agrawal and Konno 2009). Among more than 50 plant families that are
known to produce latex, Asclepias, commonly referred to as milkweed, stands out as
one of the most extensively studied plant groups (Dussourd and Hoyle 2000; Buttery
and Boatman 1976). Specialist herbivores that feed on latex-producing plants can
block the flow of latex by cutting veins or trenches in the leaves (Carroll and
Hoffman 1980). Conifers produce oleoresins which are mixture of terpenoids and
phenolics stored in high pressurized intercellular spaces called ducts (Phillips and
Croteau 1999). According to scientific studies, when herbivores cause damage to a
tree, the flow of resin can remove stem-boring bark beetles from the borehole
(Mumm and Hilker 2006). The resin acids contain highly volatile monoterpenes
and sesquiterpenes, which can deter insects while the wound is healing. However,
specialist insects have evolved to overcome this defence mechanism by cutting
across resin ducts, and some even use the resin as an olfactory cue to locate and
select their preferred host plant (Raffa et al. 2016).

2.3.2 Chemical Defences

Plants synthesize a variety of chemical compounds that are categorized into primary
and secondary metabolites based on their biological roles. Primary metabolites are
essential for basic life processes such as growth, development, and reproduction.
Conversely, secondary metabolites, also known as bioactive compounds, serve
several ecological functions such as defence against herbivores and microbial
pathogens, attraction of pollinators and seed-dispersing animals, and facilitation of
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competitive and symbiotic interactions with other plants and microbes (Jain et al.
2019; Salam et al. 2023). These chemical compounds have evolved to specifically
target the unique biological systems of herbivores, such as their nervous, digestive,
and endocrine organs, and can be produced either constitutively or upon induction
(Senthil-Nathan 2013; Karban and Myers 1989). Additionally, they contribute
significantly to the sensory properties of plants, including their odours, tastes, and
colours. Generally, bioactive specialized compounds act as repellents for generalist
insects while attracting specialist insects. Toxic compounds are more likely to
intoxicate generalist herbivores, while specialists will need to allocate resources to
detoxify them, thereby slowing down their growth and development (Kessler and
Baldwin 2002; Macel 2011).

More than 100,000 plant secondary compounds, such as phenolics, terpenoids,
alkaloids, cyanogenic glucosides, and glucosinolates have been identified (Hadacek
2002; Howe and Schaller 2008), with each plant species produces only a small, but
unique combination of these compounds. While many secondary metabolites are
found in multiple plant families, some compounds are specific to certain plant
families or genera. A good example of this is the Solanaceae family, which contains
alkaloids such as nicotine and solanine that are not commonly found in other plant
families (Fiesel et al. 2022). Similarly, the Brassicaceae family contains
glucosinolates such as sinigrin and brassicanapin that are not typically found in
other plant families (Nguyen et al. 2020). The presence of unique secondary
metabolites in different plant families can be attributed to their evolution and
adaptation to specific environmental pressures and ecological niches. For instance,
certain plant families may have evolved unique secondary metabolites to defend
themselves against specific herbivores or pathogens that are prevalent in their native
habitats.

2.3.2.1 Alkaloids

Alkaloids are bioactive natural products that are widely distributed and can be found
in over 15,000 different plants. They are primarily found in Leguminosae, Liliaceae,
Solanaceae, and Amaryllidaceae and have evolved as a defence against insect
herbivory (Wink 2020). They are characterized by their alkaline properties and
nitrogen-containing heterocyclic rings, which are synthesized from amino acids in
the roots and then accumulated above ground. The heterocyclic ring structure
includes pyridines, pyrroles, indoles, pyrrolidines, isoquinolines, and piperidines.
Some alkaloids, such as caffeine and solanidine, are alkaline but not derived from
amino acids, while others like mescaline are alkaline and derived from amino acids
but do not contain nitrogen in a heterocycle (Thawabteh et al. 2019; Phukan et al.
2023). Plants containing demissine and solanine alkaloids have been found to be
resistant to certain herbivores, although some can detoxify them. Pyrrolizidine
alkaloids (PAs) occur naturally in many plants as non-toxic N-oxides but become
toxic when reduced in the digestive tracts of certain insect herbivores. Some
herbivores, such as Utetheisa ornatrix, can detoxify PAs and use them as a defence
against their own predators (Wink 2019; Bezzerides et al. 2004).
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2.3.2.2 Cyanogenic Glucosides

Cyanogenic glucosides (CNglcs) are present in various plant species, including
angiosperms, monocotyledons, dicotyledons, gymnosperms, and pteridophytes,
with more than 2600 species from over 550 genera and 150 families (Yulvianti
and Zidorn 2021). These amino acid derived glucosides come from tyrosine, valine,
isoleucine, and phenylalanine and are stored in vacuoles (Gleadow and Mgller
2014). Damage of plant tissue due to insect herbivory causes exposure to
B-glucosidases leading to hydrolysis and the formation of toxic hydrogen cyanide
(HCN) and a ketone or aldehyde (Boter and Diaz 2023). HCN is a potent toxin that
can disrupt cellular respiration by inhibiting cytochrome ¢ oxidase in the mitochon-
drial respiratory pathway. This can result in severe health complications and even
death in high enough concentrations (Manoj et al. 2020). In addition to their toxic
properties, CNglcs can also serve as nitrogen storage compounds or
osmoprotectants, and their presence may increase a plant’s resistance against certain
herbivores while acting as phagostimulants or oviposition cues for others. However,
the production of CNglcs comes at a cost, as it can be energetically expensive and
may hinder plant growth and development. Additionally, the release of HCN during
CNglc production can harm the plant itself by inhibiting the production of
phytoalexins, which are essential for defending against microbial pathogens (Vetter
2000).

2.3.2.3 Glucosinolates

Glucosinolates (GLS) are compounds containing sulphur and nitrogen that are
found in Brassicaceae and Capparales. They are derived from amino acids, and
there are over 200 different known structures (Ishida et al. 2014; Rosa-Téllez 2023).
They are categorized into four groups based on their amino acid precursor of the side
chain: aliphatic glucosinolates (50%) derived from methionine, indole
glucosinolates (10%) synthesized from tryptophan, aromatic glucosinolates (10%)
derived from phenylalanine or tyrosine, and structures synthesized from several
different amino acids (30%) or with unknown biosynthetic origin (Hopkins et al.
2009). These compounds are more abundant in roots than in shoots, and different
tissues have different dominant glucosinolates (Van Dam et al. 2009). When they are
hydrolysed by myrosinases upon tissue disruption, they break down into toxic
breakdown products such as isothiocyanates, nitriles, and thiocyanates, which are
responsible for the flavours of several vegetable foods (Eisenschmidt-Bonn et al.
2019; Wieczorek et al. 2018). These breakdown products act as both herbivore
toxins and feeding repellents (Jeschke et al. 2016). Different insects respond to
glucosinolates differently (Mathur et al. 2013b). The metabolic diversity in toxin
production by individual plants can also provide defence against herbivores with
different feeding strategies or resistance mechanisms (Speed et al. 2015; Wittstock
et al. 2003).

2.3.2.4 Phenolics
Phenolics of several classes are synthesized by a wide variety of plants. This group
comprises approximately 10,000 distinct chemical entities such as tannins, vanillin,
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ferulic acid, and caffeic acid (Alamgir and Alamgir 2018; de la Rosa et al. 2019).
They can be synthesized using either the malonic acid pathway or the Shikimic acid
pathway (Saltveit 2017). Phenols serve numerous functions for plants, such as
herbivore defence, pollinator attraction, mechanical support, systemic acquired
resistance (SAR), and allelopathy (Divekar et al. 2022). There are multiple examples
of phenolic compounds acting as defence mechanisms against insects. They can act
as feeding deterrents by reducing the palatability and digestibility of plant tissues or
directly inhibit insect growth and development or even cause mortality. Addition-
ally, some phenolics attract natural enemies of insect herbivores, such as parasitoids
or predators, which can help to reduce insect populations (Rehman et al. 2012).

2.3.2.5 Terpenoids

Terpenoids are a class of organic compounds synthesized in plants from either
acetyl-CoA or glycolytic intermediates. They are classified based on the number of
isoprene units they contain, ranging from monoterpenes with ten carbons to
polyterpenes with more than 40 carbons (Ninkuu et al. 2021). Terpenes play various
roles in plants, including defence against herbivores and pathogens, attraction of
pollinators, response to abiotic stress, synthesis of plant hormones, and release of
volatile organic compounds (Abbas et al. 2017). These functions contribute to the
adaptation and survival of plants in different environments (Aharoni et al. 2005).
Essential oils, a blend of volatile monoterpenes and sesquiterpenes with well-known
insecticidal properties, are found in many plants. Leafcutter ants are repelled by the
terpenoid limonene, which citrus trees generate (Fiirstenberg-Higg et al. 2013).
Coniferous plants generate monoterpenes, which are poisonous to many insects,
including bark beetles. While certain terpenoid amide derivatives can function as
insect juvenile hormone analogs, phytoecdysones, which are steroids found in
common fern, prevent insect moulting by imitating moulting hormones (Canals
et al. 2005). Additionally, when combined, several terpenoids have synergistic
effects that have a higher impact on insect fatality rates.

Many secondary metabolites are constitutively present in a certain amount
irrespective of presence of herbivorous insects or other stressors. However, upon
herbivore attack, plants may recognize elicitor molecules, which are then transduced
into the cell to activate specific genes for the biosynthesis of diverse defensive
chemicals with unique chemical activities. This process is mediated by complex
cellular transduction mechanisms that regulate the genetic expression of biochemical
pathways (Bonaventure et al. 2011; Maffei 2010; Maffei et al. 2012; Mithoefer and
Boland 2012). These routes can diversify since they are not required for growth and
development (Hartmann 2007). The diversity of metabolic products in plants can be
attributed to several molecular processes such as gene and genome duplications,
accumulation of point mutations, and multi-loci control. These mechanisms result in
variations in gene expression, enzyme activity, and substrate specificity, leading to
the production of diverse secondary metabolites (Kroymann 2011; Weng et al. 2012;
Moore et al. 2014).
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24 Insect Adaptations to Plant Defences

Insect herbivores have evolved various adaptations to cope with the complex
challenges posed by their plant hosts, including the timing of plant growth and
reproduction, the specific nutrient composition, and the chemical and physical
defences of the plant. As a consequence of this coevolution, herbivorous insects
have developed specialized feeding behaviours and are often restricted to a narrow
range of host plants that are related phylogenetically and/or share similar biochemi-
cal compositions. This adaptation enables herbivorous insects to efficiently feed on
their host plants, while minimizing the risks of consuming toxic or unsuitable plant
material (Simon et al. 2015; War et al. 2018).

In response to selective pressure from plants that produce direct defence
compounds, specialist herbivores have evolved various defence mechanisms to
mitigate the toxicity of these compounds. Unlike generalist herbivores, they have
developed the ability to detoxify the hazardous chemicals through enzymatic inacti-
vation or sequestration. This adaptation allows them to tolerate the ingestion of plant
material that would otherwise be toxic to them (Nishida 2002; Peng et al. 2007,
Petschenka and Agrawal 2016). Additionally, specialized herbivores can use certain
compounds, such as phagostimulants, to locate suitable host plants (del Campo et al.
2001; Picaud et al. 2003). Some herbivores can even store these protective
compounds and use them for defence against predators and parasites or to attract
mates (Cogni et al. 2012). This pattern of specialization highlights the strong
evolutionary relationship between host plants and specialized herbivores and has
been observed in numerous studies (Becerra 2007; Bandeili and Miiller 2010;
Richards et al. 2010; Agrawal et al. 2012).

2.4.1 Behavioural Adaptations

Insects have the ability to avoid consuming poisonous plants by utilizing either
genetically predetermined or learned avoidance mechanisms that are triggered
through visual, olfactory, or tactile exposure (Chapman 2003). Female insects
possess genetically programmed oviposition behaviour that can prevent them from
laying eggs on unsuitable plants (Fox et al. 2004). However, in some cases, larvae
may need to migrate to locate a suitable host plant (Cotter and Edwards 2006).
Furthermore, insects may consume non-toxic parts of plants or seek out
environments that are free from toxins, as well as utilizing plants that are not
currently producing toxins (Nealis and Nault 2005). Insects can exhibit diverse
responses to toxins depending on their surrounding environmental conditions. For
instance, solitary phase locusts are deterred by a bitter-tasting plant alkaloid, whereas
gregarious-phase locusts are attracted to it. This difference in feeding behaviour is
reflective of various anti-predator strategies, such as changes in colouring and
grouping tendencies (Glendinning et al. 2002; Despland 2021; Després et al. 2007).

Insects utilize chemosensation as a means of detecting and avoiding potentially
harmful secondary compounds present in their environment. Gustatory and olfactory
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receptor neurons allow insects to detect these poisons through their senses of taste,
smell, and touch. Gustatory receptors are categorized into sweet, bitter, umami, salt,
and carbon dioxide receptors, and bitter receptors are involved in sensing secondary
compounds that inhibit insect intake by activating downstream signaling pathways.
This aversive mechanism may be inherited or acquired (Zunjarrao et al. 2020). Some
insects limit their diet to organs of non-toxic plants or eat only on plants with low
levels of toxins to avoid hazardous substances (Fox et al. 2004). However, insects
also avoid bitter substances even though they are not always harmful, which limits
their host plant options and increases the cost of avoidance (Pelden and Meesawat
2019). To circumvent plant defences, insects have developed various strategies, such
as recognizing previously induced reactions, feeding on diverse plant tissues, weav-
ing silk over spines, making trenches across leaves before eating, and puncturing leaf
veins to block the passage of poisons (Perkins et al. 2013).

2.4.2 Manipulation of Plant Chemical Defences

While avoiding plant allelochemicals is generally the most effective way for insects
to minimize their exposure to harmful compounds, they have evolved additional
mechanisms to cope with occasional consumption of toxic substances.

Many insects can affect a plant’s chemical defences by making tunnels in leaves
to release pressure in secretory canals and remove poisonous exudates near their
feeding spot (Helmus and Dussourd 2005; Becerra 2003). Insects have developed
the ability to inhibit the plant’s defence mechanisms by secreting elicitors that can
lower the expression of regulatory genes that are crucial for initiating the plant’s
defences. This allows the insects to better exploit the plant and continue feeding on it
without triggering a defensive response (Bede et al. 2006; Divekar et al. 2022). Gall-
inducing insects, such as sawflies, have developed the ability to reduce the levels of
toxic phenolic chemicals found in the galls where their larvae grow. This adaptation
is thought to facilitate frequent switching between host plants, which can increase
the survival and reproductive success of these insects (Nyman and Julkunen-Tiitto
2000). By reducing the levels of toxic chemicals in their feeding sites, gall-inducing
insects can better tolerate a wider range of plant species and exploit new host plants
as they become available, ultimately enhancing their ecological flexibility and
evolutionary potential.

2.4.3 Sequestration of Plant Defence Compounds by Insects

Sequestration is a common defence strategy employed by insects that can have
significant impacts on their interactions with plants. This strategy involves the
selective absorption, transport, endogenous metabolism, and excretion of plant
chemicals into different organs of the insect. Through this process, insects can
accumulate and store large quantities of plant compounds, often in specialized
tissues, for use in a variety of contexts, such as chemical defence against predators
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or as a source of nutrients. The sequestration of plant chemicals can also lead to
coevolutionary dynamics between insects and plants, as insects may evolve
mechanisms to overcome or exploit plant defences, while plants may evolve
counter-strategies to defend against insect herbivory (Pentzold et al. 2014; Nishida
2002). Insects are known to sequester a diverse array of compounds from their host
plants, including aromatic compounds, nitrogen-containing secondary compounds
such as alkaloids, cyanogenic glycosides, glucosinolates, and isoprenoids such as
cardiac glycosides, cucurbitacins and iridoid glycosides (Opitz and Miiller 2009).
These sequestered compounds can serve various functions, including as defensive
agents against predators or parasites, as feeding stimulants or repellents, and as
precursors for the biosynthesis of sex pheromones or other signaling molecules
(Dobler 2001). The specific suite of sequestered compounds can vary widely
among insect taxa, reflecting differences in the evolutionary history, feeding
behaviour, and ecological pressures faced by each group.

Studies have revealed numerous mechanisms by which insects can acquire and
store plant chemicals, including a shift from de novo synthesis of detoxifying
compounds to sequestration of host phytochemicals. Sequestration is widespread
in several insect groups because it is thought to have a lower metabolic cost than de
novo production (Beran and Petschenka 2022). In spite of this, there has been limited
experimental research on it since the evolutionary background and natural history of
the study system aren’t well known.

Insects that sequester defence compounds from plants have evolved diverse
mechanisms to accumulate these compounds in various parts of their bodies, such
as the haemolymph, defence glands, or integument. Insects absorb plant defence
chemicals from the gut lumen into the hemocoel through the peritrophic matrix and
gut epithelium. The type of absorption mechanism depends on the chemical
properties of the substances, with absorption occurring either through passive
diffusion or carrier-mediated transport. The permeability of the epithelial layer
also plays a role in absorption and may be modulated by efflux pumps that restrict
the uptake of certain substances (Dobler et al. 2015; Sorensen and Dearing 2006).
This selective accumulation is achieved through processes such as selective absorp-
tion through the gut, transport within the body, endogenous metabolism, and
excretion via the malpighian tubules (Petschenka and Agrawal 2016). The cardiac
glycoside digitoxin is one example. It was discovered to passively diffuse over the
midgut of the milkweed insect Oncopeltus fasciatus, but not across the midguts of
the desert locust Schistocerca gregaria and the American cockroach, Periplaneta
americana (Scudder and Meredith 1982). This suggests that mechanisms that either
aid or hinder the absorption of plant defence compounds across the gut are a key
factor in the development of sequestration. It was demonstrated that the cytochrome
P450 monooxygenases, a different group of membrane proteins, are implicated in
nicotine transportation from the gut into the haemolymph of the tobacco hornworm,
Manduca sexta (Kumar et al. 2014).

In addition, insects may modify the amounts and composition of sequestered
defence chemicals based on the chemical composition of their food plant. For
example, some insects can selectively sequester certain types of glucosinolates or



2 Unraveling the Coevolutionary Arms Race: Insights into the. .. 25

iridoid glycosides depending on the plant species they consume (Baden et al. 2013;
Beran et al. 2014; Yang et al. 2020). Nevertheless, because the processes of
sequestration have only been studied in a small number of insect species, the
significance of each of these aspects is not entirely known.

2.4.4 Detoxification

Insects have developed sophisticated detoxification mechanisms to biotransform and
excrete secondary metabolites, which have the potential to cause toxicological harm
(Erb and Robert 2016). This enables insects to minimize the deleterious effects of
these compounds and maintain their ability to feed on plants that contain secondary
metabolites. Some insects have specialized gut enzymes or gut microorganisms that
detoxify ingested plant chemicals, allowing them to consume otherwise toxic plant
material (van den Bosch and Welte 2017).

Insects possess a variety of enzymes that aid in detoxifying plant toxins through
oxidation, reduction, hydrolysis, or conjugation of molecules (Birnbaum and Abbot
2018). The three primary types of enzymes involved in detoxification are cyto-
chrome P450 monooxygenases (also known as CYPs or P450s), glutathione
S-transferases (GSTs), and carboxylesterases (COEs) (Feyereisen 2005).
Berenbaum and Zangerl (1998) demonstrated that the ability of insects to metabolize
furanocoumarins, a class of compounds produced by plants, was found to be
associated with the varying levels of furanocoumarin production among different
plant species. This suggests a tight genetic linkage between the genes responsible for
the insect’s capacity to utilize host plants and those involved in metabolizing these
chemical compounds. The cytochrome P450-dependent monooxygenase gene is a
notable example of a gene implicated in both plant—insect interactions and insect
physiology. Insects, such as Papilio polyxenes, have developed adaptations to thrive
on host plants that contain toxins by undergoing diversification of P450 enzymes,
which play a key role in the detoxification process (Scott and Wen 2001).

2.4.5 Further Processing of Plant Toxins

A multitude of insects have developed the ability to eliminate or excrete detrimental
plant compounds, and in some instances, these compounds are sequestered and
utilized for diverse purposes, such as synthesizing pheromones, defending against
infections or predators, and generating pigments for adult coloration (Beran and
Petschenka 2022; Robinson et al. 2023). Selective transport and storage mechanisms
that keep the poison from interfering with the insect’s physiological functions are
necessary for sequestration (Kuhn et al. 2004). Molecular studies on leaf beetles
have shown that a minor modification in ancestral defence mechanism has facilitated
the utilization of plant components for predator defence. This adaptation has
emerged convergently in multiple leaf beetle lineages and is metabolically advanta-
geous due to its low energy cost (Kuhn et al. 2004; Termonia et al. 2001).
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2.5 Involvement of Higher Trophic Level

Insects that feed on plants release volatile organic compounds (VOCs) and
extrafloral nectar as a signal to be found and attacked by parasitoids and other
natural enemies of the insect (Heil 2008, 2015; Shah et al. 2015). Insect-caused
plant damage results in the induction of volatile and nectar and extrafloral nectar
secretion to entice the herbivore’s natural enemies, such as ants, wasps, and
parasitoids (Heil 2011, 2015; Mathur et al. 2013a, b). These natural enemies may
exert selective pressure on insect herbivores, resulting in the evolution of various
traits, such as behavioural changes or morphological adaptations that enable
herbivores to avoid predation (Dicke and Baldwin 2010). These changes, in turn,
can influence herbivore feeding behaviour and plant defence strategies, potentially
leading to coevolutionary interactions between herbivores and their host plants (Vale
et al. 2018). In contrast, when predators consume herbivores that are not well
adapted to the plant’s chemical defences, it can lead to the selection for herbivores
that can more efficiently detoxify or sequester plant compounds. This can result in an
arms race between herbivores and plants, where plants evolve more potent chemical
defences, and herbivores continue to adapt their detoxification and sequestration
mechanisms to overcome them. The pressure from predators can, therefore, indi-
rectly impact the coevolutionary dynamics between herbivores and their host plants,
driving the evolution of novel traits that can enhance herbivore fitness and promote
coevolutionary interactions between plants and insects.

2.6 Role of Symbiotic Microorganisms

Insects and plants have a mutually beneficial relationship with their symbiotic
microorganisms. This relationship creates a complex web of interactions that have
both ecological and evolutionary implications. These microbes are critical
components of the intricate relationships among plants, insects, and their
environments. The interaction between insects and plants involves an indirect
interaction with the microorganisms that inhabit each other. In other words, insects
and plants have a shared relationship with the microorganisms living within them,
which plays a critical role in shaping their interactions and the broader ecological
and evolutionary consequences (Sharma et al. 2021; Sugio et al. 2015). The
microorganisms that inhabit both plants and insects are highly diverse and can be
found in various parts of their respective hosts. Endophytes, microorganisms that
live within the tissues of plants, can be found in the roots, stem, leaves, seeds, and
fruits of plants, while insects harbour the symbiotic microorganisms throughout their
bodies (Compant et al. 2021; Provorov and Onishchuk 2018).

Endophytes are known to play a crucial role in insect—plant interactions by
influencing the behaviour, fitness, and survival of their insect hosts (Shikano et al.
2017; Grunseich et al. 2019). Endophytes can produce various secondary
metabolites that have insecticidal properties, which can help to deter herbivorous
insects from feeding on the plant. The interdependent relationship between plants
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and endophytes has been demonstrated to promote plant growth and improve their
physiological condition, as well as providing a vital defence mechanism against
harsh environmental conditions (Malinowski et al. 2000; Peschiutta et al. 2018;
Mathur and Ulanova 2022). They contribute to not only growth-promoting
phytohormones such as indole acetic acid and gibberellic acids, but also various
metabolic compounds such as alkaloids, terpenoids, and flavonoids (Mukherjee et al.
2022; Sharma et al. 2023; Tan and Zou 2001). Endophytes can also influence the
nutritional quality of the plant for insect herbivores, by altering the levels of
carbohydrates, proteins, and other nutrients in the plant tissue. This can affect the
performance and development of herbivorous insects that feed on the plant. Further-
more, endophytes can also confer resistance to environmental stressors such as
drought, salinity, and temperature fluctuations, which can improve the overall health
and survival altering the levels of carbohydrates, proteins, and other nutrients in the
plant tissue and its associated insect community (White et al. 2019). Root-associated
microorganisms also contribute to the increased emission of volatiles. The
rhizospheric microbiome is susceptible to changes caused by herbivory, which, in
turn, can affect the relationship between the plant microbiome and the herbivore
(Venturi and Keel 2016).

Insects harbour microorganisms both internally and externally that may be
divided into two categories: primary and secondary symbionts. Primary symbionts
are crucial for the survival and reproduction of insects and are typically obligatory
and vertically transferred from mother to offspring (Bright and Bulgheresi 2010;
Szklarzewicz and Michalik 2017). Secondary symbionts, on the other hand, are not
essential for host survival and can reside in various insect tissues. They provide a
range of benefits to their hosts, such as protection against environmental stresses,
natural enemies, and plant toxins (Brownlie and Johnson 2009; van den Bosch and
Welte 2017). Secondary symbionts reproduce only in association with their hosts,
but they can undergo horizontal transfer. Many studies have highlighted the impor-
tance of secondary endosymbionts in insect—plant interactions, including recogni-
tion, defence, digestion, and fitness of the insect (Frago et al. 2012; Paniagua Voirol
et al. 2018).

Microbial symbionts play a crucial role in insect—plant interactions in several
ways. They are known to aid in the recognition of host plants by altering the sensory
abilities of insects, such as their ability to detect plant volatiles. Moreover, they can
provide protection against natural enemies of insects, such as predators, parasites,
and pathogens, which can increase the survival and fitness of the insect. They also
help insects to digest plant material and extract nutrients from it, which can be
difficult to break down without the aid of microorganisms. Additionally, they confer
resistance against plant toxins, allowing the insect to consume a wider range of plant
species. These symbiotic microorganisms can also contribute to the overall health
and fitness of the insect, which can affect its reproductive success and ability to
survive in its environment (Frago et al. 2012; Frago and Zytynska 2023; Hansen and
Moran 2014). Overall, microbial symbionts have a significant impact on the
interactions between insects and plants, and understanding these relationships can
provide insights into the ecology and evolution of both groups of organisms.
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2.7 Role of Rhizosphere in Shaping Insect—Plant Interactions

Rhizosphere is a complex and dynamic system that plays a crucial role in shaping
insect—plant interactions. One way in which the rhizosphere influences these
interactions is by providing a habitat for beneficial microorganisms, such as bacteria
and fungi, that can promote plant growth and health. These microorganisms can
produce plant growth-promoting substances, such as phytohormones and enzymes,
that stimulate plant growth and increase the nutritional quality of the plant for
herbivorous insects (Berendsen et al. 2012). As a result, plants growing in healthy
and diverse rhizospheres can be more attractive to herbivorous insects, which can
lead to increased herbivory and pest pressure. However, these rhizosphere microbes
can modulate insect herbivory in different manners and are powerful drivers of
insect—plant coevolution (Rasmann et al. 2017; Van der Putten et al. 2001).

In contrast, studies have reported that by creating volatiles, the microbial
populations found in the roots help plants survive a variety of biotic and abiotic
stressors (Garbeva and Weisskopf 2020). Depending on the insect’s feeding guild
and specialization, these microorganisms have varying effects on insect herbivory
(Pineda et al. 2010). By boosting sugar and protein production, causing metabolic
changes, and lowering root pathogen infestation, these bacteria give the plant a
selective advantage during insect attacks (Westman et al. 2019). Studies have
demonstrated that in order to survive without their insect prey, soil-dwelling
entomopathogenic fungi like Metarhizium and Beauveria have evolved a symbiotic
association with plants (Hu and St. Leger 2002). It is hypothesized that other fungi
connected to plants may have provided these microorganisms with the genes for
insect disease. Rhizospheric microbial communities, such as PGPR, PSB, and VAM,
have been reported to boost the antioxidant activity of plants after insect damage
(Song et al. 2014; Kousar et al. 2020; Sharma and Mathur 2020).

Thus, interactions between plants, insects, and the rhizosphere can provide
insights into the ecology and evolution of these organisms and can help to develop
sustainable strategies for managing insect pests in agricultural and natural
ecosystems.

2.8 Conclusion

Over the period of 400 million years, several strategies for dealing with chemical
defences of their hosts have been developed by insects that feed on plants. The
response of plants to insect herbivores has significant implications not only for the
interacting players themselves but also for the interactions between responding
plants and other organisms associated with plants. This coevolutionary arms race
between plants and insect herbivores can have significant ecological consequences.
It can influence the structure and diversity of plant communities, as well as the
evolution of insect herbivore species. The interactions between plants, insects, and
their biotic and abiotic factors such as parasitoids and predators, endosymbionts, and
the rhizosphere associated with them are shaped by coevolutionary processes, which
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have driven the adaptation of these organisms to each other over time. Plants and
insects have co-evolved complex mechanisms of defence and counter-defence that
allow them to interact in a dynamic and constantly evolving way. It can also have
economic impacts, as some insect herbivores are pests that can cause significant
damage to crops.

In summary, the coevolutionary arms race between plants and insect herbivores is
an ongoing process of adaptation and counter-adaptation, where each species
evolves in response to the adaptations of the other. This process can have significant
ecological and economic implications and provides a fascinating example of the
complexity of evolutionary interactions between species. Understanding the coevo-
lutionary dynamics between plants, insects, and the rhizosphere can provide valu-
able insights into the ecology and evolution of these organisms and can help to
develop sustainable strategies for managing insect pests in agricultural and natural
ecosystems.
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