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Abstract

Insect herbivory remains a major constraint on agricultural productivity and ecosystem stability
worldwide. Plants have evolved diverse structural, chemical, and inducible defense mechanisms
that reduce herbivore damage while shaping ecological and evolutionary interactions across trophic
levels. Beyond direct deterrence, plant defenses influence herbivore specialization, multitrophic
interactions, and community structure, generating dynamic feedback between plants and insects.
Although plant defense biology has been extensively examined from molecular and evolutionary
perspective, there is potential need to explicitly connect these mechanisms to applied pest
management frameworks. Here, we integrated structural barriers, secondary metabolite production,
inducible signaling pathways, and herbivore-induced plant volatiles within a unified ecological
context and examined how these traits influence herbivore performance, specialization, and
adaptation. We further evaluated how plant defense traits can be incorporated into durable
integrated pest management (IPM) strategies through selective breeding, a resistance trait pyramid,
ecological intensification, and adaptive monitoring. By bridging mechanistic defense biology with
ecological theory and agricultural implementation, this review summarized pathways for
harnessing plant-based resistance to reduce insecticide reliance and promote resilient

agroecosystems.

Keywords: induced plant defenses, integrated pest management (IPM), plant defense mechanisms,
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1. Introduction



Plants are persistently challenged by insect herbivores, which represent one of the most widespread
and economically important biotic stresses in agricultural ecosystems worldwide. Insect herbivory
can reduce plant growth, reproduction, and yield, and is a major cause of global crop losses (Savary
et al. 2019). Globally, insect pests are responsible for reducing major crop yields by approximately
10-16% annually, even under current management practices, highlighting the substantial impact of
herbivory on food security (Oerke 2006; Savary et al. 2019). Herbivore attack can also impair plant
physiological processes by reducing photosynthetic activity and altering primary metabolism
(Zhou et al. 2009). Consequently, sustained insect feeding may lead to reductions in plant size,
growth, and seed production (Ziist and Agrawal 2017; Endara ef al. 2023). As immobile organisms,
plants rely on a diverse array of defense mechanisms to mitigate herbivore damage rather than
escaping attack, making plant defense a central component of plant—insect interactions (War et al.

2012; Mahanta et al. 2025)

Insect herbivores exert strong selective pressure on plants, shaping the evolution of physical,
chemical, and inducible defense strategies (Howe and Jander 2008; Mithofer and Boland 2012;
Vasantha-Srinivasan et al. 2025). Structural defenses such as thorns, spines, and trichomes can
impede insect feeding or oviposition, whereas chemical defenses mediated by secondary
metabolites, including alkaloids, terpenoids, and phenolics, may deter feeding or negatively affect
insect development and survival (Erb and Reymond 2019). These constitutive defenses provide
continuous protection but may also incur metabolic costs that influence plant fitness under varying

environmental conditions.

In addition to constitutive defenses, many plants deploy inducible defense responses that are
activated following herbivore attacks. These herbivore-induced defenses are often regulated
through phytohormonal signaling pathways, particularly those involving jasmonic acid, salicylic
acid, and ethylene (Wasternack and Song 2017). Induced responses may include the production of
toxic secondary metabolites, proteinase inhibitors, or volatile organic compounds (VOCs) that
function as indirect defenses by attracting natural enemies such as predators and parasitoids of
herbivores (Turlings and Erb 2018). Such inducible strategies enable plants to balance defense
investment with growth and reproduction, particularly in environments where herbivore pressure

1s variable.



The expression of plant defense traits is influenced by ecological and evolutionary trade-offs,
including allocation constraints between growth, reproduction, and resistance (Huot et al. 2014;
He et al. 2022). These trade-offs contribute to co-evolutionary dynamics between plants and insect
herbivores, often resulting in herbivore specialization and the evolution of counteradaptations that
circumvent plant defenses (Agrawal 2020). Understanding these interactions is critical for
predicting pest outbreaks and for developing effective strategies to mitigate insect pest impacts in

agroecosystems.

In agricultural systems, plant defense mechanisms form the foundation of host plant resistance and
represent a key component of integrated pest management (IPM). Enhancing or exploiting plant
defense traits can reduce reliance on synthetic insecticides, slow the evolution of pest resistance,
and support more sustainable crop protection strategies (Schuman and Baldwin 2016; Stenberg
2017). Although plant defense against insect herbivores has been extensively investigated from
molecular, biochemical, and ecological perspectives, recent advances have highlighted the need for
a more integrated framework that connects mechanistic understanding with practical crop
protection. Contemporary research emphasizes that plant defense should not be viewed simply as
a collection of structural or chemical traits, but as a multidimensional system encompassing
resistance and tolerance, constitutive and induced responses, and direct and indirect defense
mechanisms operating across multiple biological scales. Such an integrated perspective is
increasingly important because the effectiveness of plant defenses depends not only on their
molecular basis but also on environmental conditions, herbivore feeding guilds, natural-enemy
interactions, and agricultural management practices (Souza 2025). Recent reviews further argue
that translating mechanistic knowledge into operational host-plant resistance and integrated pest
management (IPM) remains one of the major challenges for sustainable crop protection,
particularly under increasing climatic variability and evolving pest populations. Consequently,
greater emphasis is now being placed on linking ecological theory, defense mechanisms, and
practical implementation to improve the durability and field performance of plant defense traits

(Zhou et al. 2024; Souza 2025).

In this review, we aimed to (1) synthesize structural, chemical, and inducible plant defenses within
a unified ecological framework, (2) examine how these defense traits shape herbivore performance

and multitrophic interactions, and (3) evaluate how plant defense mechanisms can be strategically



incorporated into sustainable IPM programs. By explicitly linking mechanistic defense biology
with applied agronomic practices, this review attempted to clarify how plant-based resistance can

contribute to resilient agroecosystems.
1.2 Search Strategy and Literature Selection

This manuscript was prepared as a narrative review to synthesize current knowledge on plant
defense mechanisms against insect herbivores and their relevance to sustainable pest management.
Literature was identified through searches of Web of Science, Scopus, Google Scholar, and
PubMed using combinations of keywords including plant defense, host-plant resistance,
antixenosis, antibiosis, tolerance, plant—insect interactions, herbivore-induced plant volatiles,
integrated pest management, and plant immunity. Priority was given to peer-reviewed literature
published between 2020 and 2026, with the literature search updated through July 2026. Earlier
publications were retained when they represented seminal contributions or foundational concepts
essential for understanding plant defense mechanisms. Preference was given to peer-reviewed
original research articles, mechanistic studies, field-based investigations, and recent review papers,
particularly those involving major agricultural crop systems. Conference abstracts, non-peer-
reviewed publications, and studies lacking sufficient methodological detail were generally
excluded unless they provided important historical context. As a narrative review, this manuscript
did not aim to provide an exhaustive systematic assessment of all available studies but rather a

critical synthesis of representative and influential literature relevant to the objectives of this review.
2. Characterization of Plant Defense Mechanisms Against Insect Herbivores

Plants have evolved a wide range of defense strategies to reduce damage caused by insect
herbivores. These defenses operate at multiple levels and may act before, during, or after herbivore

attacks.
2.1 Conceptual framework of plant defense mechanisms

Plant defense against insect herbivores is best understood as a multidimensional system rather than
a single classification scheme. Several complementary dimensions are used to describe plant
defense, each representing a different biological aspect of protection. At the whole-plant level,
defenses operate through resistance, which reduces herbivore colonization, feeding, survival, or

reproduction, or through tolerance, which allows plants to maintain growth and productivity despite
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herbivore injury (Cochenille et al. 2026). Based on the timing of expression, defenses may be
constitutive, being continuously present before herbivore attack, or induced, being activated in
response to herbivore feeding or oviposition. According to their mode of action, defenses may also
be direct, acting on herbivores through physical barriers or defensive metabolites, or indirect,
enhancing plant protection by recruiting predators and parasitoids through herbivore-induced
signals. These defense strategies are mediated through structural, chemical, molecular, and
ecological mechanisms that often interact rather than function independently. Organizing plant
defense within this multidimensional framework provides a clearer understanding of the diversity
of defense strategies and facilitates their application in host plant resistance and integrated pest

management programs (Stout et al. 2024; Souza 2025).
2.2 Resistance mechanisms

Resistance mechanisms reduce herbivore colonization, feeding, survival, development, or
reproduction through a combination of structural, chemical, constitutive, induced, direct, and
indirect defenses. Although these mechanisms differ in their modes of action, they share the
common function of reducing herbivore fitness or damage. The following subsections describe the

principal resistance mechanisms that plants employ against insect herbivores.

Structural (physical) defenses in plants can be broadly grouped into three major categories: (1)
surface-level barriers such as trichomes and waxy cuticles, (2) tissue-level mechanical
reinforcement including leaf toughness and lignification, and (3) mineral-based fortification such
as silicon deposition in grasses. Although these defenses differ in structure and modes of action,
they share the common function of limiting herbivore access and reducing feeding efficiency.
Physical defenses represent one of the most direct mechanisms by which plants reduce insect
herbivory by creating mechanical barriers that limit tissue accessibility, increase handling time, and
interfere with feeding or oviposition. These defenses are typically constitutively expressed and
include traits such as thorns, spines, leaf toughness, thick cuticles, wax layers, and epidermal
outgrowths such as trichomes (Hanley et al. 2007; Massey and Hartley 2009; Johnson et al. 2024).
Physical barriers can reduce herbivore performance by slowing feeding rates, damaging
mouthparts, or reducing the efficiency of nutrient extraction. In many cases, these traits alter
herbivore behavior before feeding even begins, contributing to antixenosis (non-preference)

resistance mechanisms.



Structural defenses are continuously expressed and relatively stable over time, making them the
first line of resistance in both natural ecosystems and agricultural crops. Among structural defenses,
epidermal outgrowths such as trichomes have received particular attention due to their functional
diversity and importance in crop resistance. In tomato (Solanum lycopersicum), high densities of
glandular trichomes reduce feeding and oviposition by lepidopteran pests such as Helicoverpa
armigera and interfere with whitefly settlement (Hanley et al. 2007; Peiffer et al. 2009; Erb and
Reymond 2019). Similarly, in cowpea (Vigna unguiculata), elongated and dense trichomes have
been associated with resistance to the legume pod borer Maruca vitrata, limiting larval

establishment and feeding damage (Togola et al. 2017).

Beyond surface-level defenses, plants also reinforce internal tissues to mechanically resist
herbivore feeding. Leaf toughness and cuticle thickness also contribute significantly to plant
resistance. In maize, increased leaf toughness and other physical traits have been associated with
reduced feeding damage and slower development by generalist herbivores such as Spodoptera
frugiperda, compared to more susceptible genotypes (Santos et al. 2020; Mason et al. 2022).
Tougher tissues can limit chewing efficiency, extend larval development time, and increase
exposure to natural enemies, thereby contributing to plant resistance. Structural components such
as lignin and silica further decrease tissue digestibility and can accelerate wear on insect
mouthparts, thereby reducing herbivore performance (Massey and Hartley 2009). Structural
defenses are particularly important in perennial crops and long-living plant species due to their

constitutive and long-lasting nature.

Silicon-based structural defenses are particularly important in grasses. In rice (Oryza sativa),
increased silicon deposition in leaves has been shown to reduce damage from the rice stem borer
Chilo suppressalis by increasing leaf abrasiveness and decreasing larval feeding efficiency
(Reynolds and Keeping 2009; Acevedo et al. 2021; Bathoova et al. 2025). Silicon-mediated
resistance represents a form of structural fortification that directly impairs herbivore performance

while maintaining plant growth.
2.3 Chemical defenses

Chemical defenses represent one of the most extensively studied components of plant resistance to
insect herbivores and involve secondary metabolites that influence insect behavior, physiology, and

survival (War et al. 2012; Fiirstenberg-Héagg et al. 2013). Unlike primary metabolites required for
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growth and development, these compounds function primarily in ecological interactions and are
often central to plant-herbivore coevolution (Howe and Jander 2008; Erb and Reymond 2019;
Mostafa et al. 2022). Plant secondary metabolites may act as feeding deterrents, acute toxins,
digestion inhibitors, or disruptors of insect endocrine and metabolic pathways (Mithéfer and
Boland 2012; Schuman and Baldwin 2016). Major classes of defensive compounds include
alkaloids, terpenoids, phenolics, glucosinolates, and cyanogenic glycosides, each differing in

biosynthetic origin and mode of action (Wink 2010; Moles et al. 2013).

Chemical defenses can be constitutively expressed or induced in response to herbivore attack
(Karban and Baldwin 1997; Heil and Ton 2008). Constitutive defenses provide continuous
protection but may incur allocation costs, whereas inducible defenses allow plants to regulate
defense investment in response to herbivore damage, often mediated by jasmonic acid signaling
pathways (Howe and Jander 2008; Erb and Reymond 2019). The diversity and specificity of
secondary metabolites also influence herbivore specialization, as generalist insects are typically
more susceptible to plant toxins, while specialists often evolve detoxification mechanisms or
sequestration strategies (Després et al. 2007; Ali and Agrawal 2012). Consequently, chemical
defenses not only affect individual herbivore performance but also structure ecological

communities and evolutionary trajectories in plant—insect systems.

A well-studied example is the glucosinolate - myrosinase system found in Brassicaceae crops.
When plant tissues are damaged, glucosinolates are hydrolyzed into reactive compounds such as
isothiocyanates, which reduce the performance of generalist herbivores including Spodoptera
species and other chewing insects (Hopkins et al. 2009). However, specialist herbivores such as
Pieris rapae have evolved biochemical adaptations, including the expression of nitrile-specifier
proteins and other adaptive gene responses that mitigate the toxic effects of glucosinolate-
myrosinase defenses in Brassicaceae hosts, illustrating the co-evolutionary dynamics between plant

chemical defenses and insect adaptation (Okamura et al. 2019).

Phenolic compounds also play an important defensive role in legumes. Elevated concentrations of
phenolics have been associated with reduced feeding efficiency and impaired development of
aphids and other piercing—sucking insects, suggesting antibiosis mediated through oxidative stress
or disruption of nutrient assimilation (Wojcicka 2010; Barbehenn and Constabel 2011; Togola et

al. 2017).



In addition to alkaloids and glucosinolates, polyphenolic compounds such as tannins represent an
important class of defensive metabolites that function primarily through interference with insect
digestion rather than acute toxicity. Tannins can bind to dietary proteins and digestive enzymes in
the insect gut, forming indigestible complexes that reduce nitrogen assimilation and nutrient
availability (Barbehenn and Constabel 2011). This reduction in protein utilization lowers
conversion efficiency and often results in prolonged larval development time, decreased growth
rates, and reduced fecundity. Unlike fast-acting toxins, tannins typically exert chronic, sublethal
effects that cumulatively reduce herbivore fitness. The defensive effectiveness of tannins depends

on both their chemical structure and the feeding strategy of the herbivore.

Generalist herbivores are often more susceptible to tannin-rich tissues, whereas some specialists
have evolved counteradaptations such as tannin-binding proteins or elevated gut pH to mitigate
their effects (Barbehenn and Constabel 2011). Tannin-based defenses are widespread across woody
plants and many crops, particularly legumes and tree species, where they contribute to reduced
palatability and herbivore performance. These compounds therefore represent a form of
quantitative defense, in which high concentrations reduce overall digestibility rather than directly

poisoning herbivores.

By reducing herbivore growth rates and extending developmental periods, tannins may also
indirectly enhance biological control by increasing exposure time to predators and parasitoids. This
highlights how even sublethal chemical defenses can have cascading ecological effects within

multitrophic systems.

Alkaloids and other nitrogen-containing secondary metabolites also contribute to plant resistance
in several crop systems. In Solanaceous plants, glycoalkaloids such as o-tomatine impair the
growth and survival of lepidopteran larvae, including Helicoverpa species, by disrupting
membrane integrity and digestion (Friedman 2002; You and Van 2021). In cotton (Gossypium
hirsutum), gossypol and related terpenoid aldehydes reduce feeding and development of bollworms
and other chewing herbivores (Stipanovic et al. 2006; Cope 2025). These examples illustrate the

diversity of plant secondary metabolites involved in chemical defense against herbivorous insects.

The production of defensive metabolites is rarely uniform across plant tissues. Instead, plants
frequently allocate chemical defenses selectively to organs that contribute most strongly to fitness,

such as young leaves, meristems, and reproductive tissues. This pattern of targeted allocation is
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consistent with predictions from the Optimal Defense Theory (ODT), which proposes that plants
should invest disproportionately in defending tissues that are either highly valuable or particularly
vulnerable to herbivory (Stamp 2003; Boege and Marquis 2005). Because young tissues often have
higher photosynthetic potential and future reproductive value, damage to these organs may carry
greater fitness consequences than damage to older leaves. Empirical studies support these
predictions. For example, higher concentrations of defensive metabolites have been observed in
expanding leaves than in mature foliage of several plant species, including crops and woody plants

(Boege and Marquis 2005).

Similarly, reproductive tissues such as flowers and developing seeds often contain elevated levels
of toxic or deterrent compounds, reflecting their direct contribution to plant fitness. Such spatial
variation in defense expression can influence herbivore feeding patterns, promoting selective
herbivory on less-defended tissues and shaping plant-insect interaction dynamics. Uneven
distribution of chemical defenses also interacts with herbivore specialization (Jan ef al. 2026; Feng
et al. 2026). Generalist herbivores may preferentially attack older, less-defended tissues, whereas
specialists may evolve adaptations that allow them to exploit highly defended organs.
Consequently, ODT not only explains patterns of within-plant defense allocation but also provides
a mechanistic framework linking plant chemistry to herbivore behavior, performance, and

evolutionary trajectories (Mobarak et al. 2025).

The diversity of plant secondary metabolites involved in herbivore defense across crop systems is

summarized in Table 1.

Table 1. Examples of plant chemical defenses in major crop systems, their target insect herbivores,

mechanisms of action, and ecological significance for integrated pest management.

Crop/Plant Defensive Target Mode of Ecological/IPM  Reference
Species Compound/Class Insect Action Significance
Pest
Brassicaceae(e.g., Glucosinolates  Spodoptera  Toxic Provides Hopkins
cabbage, mustard) Isothiocyanates spp. and hydrolysis broad- et al.
other products spectrum (2009)
generalist disrupt resistance
chewing metabolism against
insects and reduce generalist
herbivore herbivores

performance  and serves as
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an important

source of
resistance
traits in
Brassica
breeding
programs.
Brassicaceae Glucosinolates Pieris Specialist Demonstrates plant—  Hopkins
rapae  detoxification herbivore coevolution et al.
enables tolerance  and highlights the (2009)
to glucosinolate ~ importance of
breakdown considering herbivore
products adaptation when
developing durable
host-plant resistance.
Cowpea Phenolics Cowpea Antibiosis Supports breeding  Togola
(Vigna and related aphid (4Aphis through reduced for enhanced et al.
unguiculata)  secondary craccivora)  feeding chemical (2017)
metabolites efficiency and resistance against
impaired sap-feeding pests
development while reducing
dependence on
insecticides.
. Contributes to natural
Disrupt . . .
Solanaceous . . membrane resistance against Fricdman
Glycoalkaloids Helicoverpa . ! chewing insects and  (2002); You
plants . integrity and :
(tomato) (a-tomatine) spp. digestive prgwdes valuable and Van
traits for host-plant ~ (2021)
processes . )
resistance breeding.
Cotton Gossypol  Bollworms  Feeding [lustrates how Stipanovic
(Gossypium  and and other deterrence and naturally occurring et al.
hirsutum) terpenoid  chewing impaired defensive (20006);
aldehydes insects larval metabolites can Cope
development  suppress (2025)
economically
important pests
while
complementing other
IPM tactics.

12



Multiple ~ Tannins Generalist ~ Bind digestive Slow herbivore growth, Barbehenn

plant herbivores enzymes and prolong larval and
species dietary proteins, development, and may Constabel
reducing indirectly improve (2011)
nutrient biological control by
availability increasing exposure to

predators and parasitoids.

2.4 Induced and Indirect Defenses

In addition to constitutive structural and chemical defenses, many plants rely on inducible defenses
that are activated in response to insect attack. Induced responses allow plants to allocate defensive
resources dynamically, increasing protection when herbivore pressure is high while minimizing

metabolic costs when risk is low.

Herbivore attack activates complex phytohormone signaling networks that regulate induced plant
defenses. Jasmonic acid (JA) is the principal signaling pathway involved in defense against
chewing herbivores, whereas salicylic acid (SA) plays a more prominent role in responses to many
phloem-feeding insects and pathogens (Roychowdhury et al. 2025; Tonga and Ali 2026). Ethylene
(ET) acts as an important regulatory signal that modulates both JA- and SA-mediated responses
depending on the herbivore feeding guild and environmental context. Rather than functioning
independently, these signaling pathways interact through synergistic and antagonistic crosstalk to
regulate the production of proteinase inhibitors, defensive secondary metabolites, and herbivore-
induced plant volatiles while balancing defense with plant growth. Recent studies further
demonstrate that some insect herbivores manipulate JA-SA signaling interactions to suppress host
defenses, highlighting the dynamic nature of plant-insect interactions and the importance of
hormone crosstalk in developing durable host plant resistance and sustainable pest management
strategies (Vasantha-Srinivasan et al. 2025; Li et al. 2025). Plants also employ indirect defenses
through the release of herbivore-induced plant volatiles (HIPVs), which mediate multitrophic
interactions by influencing the behavior of predators, parasitoids, neighboring plants, and even
other herbivores. HIPVs consist of diverse blends of green leaf volatiles, terpenoids, benzenoids,
and other volatile organic compounds whose composition depends on plant genotype, herbivore

species, feeding intensity, and environmental conditions (Qian et al. 2024).
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Recent studies further demonstrate that insect behavioral responses are often determined by
specific blends of volatile organic compounds rather than by individual compounds acting alone.
For example, synthetic blends of plant-derived volatile organic compounds have been shown to
influence host-location behavior in leaf beetles, highlighting the importance of volatile composition
and concentration in mediating insect orientation (Piesik et al. 2020b). Likewise, wheat plants
damaged by the striped shieldbug emit characteristic volatile blends that alter insect behavior,
demonstrating the ecological significance of herbivore-induced volatile emissions in cereal
cropping systems (Sendel et al. 2022). In addition, volatile signaling is not restricted to insect
herbivory; pathogen-induced volatile emissions can also contribute to defense priming and plant-
to-plant communication, illustrating the broader ecological functions of volatile organic

compounds in plant defense (Piesik et al. 2015a).

Although numerous laboratory and olfactometer studies have demonstrated that HIPVs attract
natural enemies, attraction alone does not necessarily result in increased parasitism, reduced pest
populations, or improved crop yield under field conditions. Their effectiveness can be influenced
by volatile concentrations, emission timing, weather conditions, surrounding vegetation, and the
complexity of the local food web (Carmo et al. 2025). Consequently, current research emphasizes
that HIPV's should be viewed as promising components of integrated pest management rather than
universally reliable biological control tools. Further field validation is needed before their

widespread deployment in agricultural systems (Qian et al. 2024; Carmo et al. 2025).

Inducible defenses are also well documented in rice—planthopper interactions. Feeding by the
brown planthopper (Nilaparvata lugens) activates jasmonate-mediated defense pathways that
reduce subsequent infestation and increase plant resistance (Zhou ef al. 2015). Together,
constitutive and inducible defenses represent complementary strategies rather than mutually
exclusive alternatives. The balance between constitutive and inducible defenses reflects broader
physiological trade-offs between growth and defense investment. According to the Growth—
Differentiation Balance Hypothesis (GDBH), originally proposed by Herms and Mattson (1992)
and Fiorucci (2020), plants face resource allocation constraints that limit their ability to
simultaneously maximize growth and defensive compound production. When resources such as
nitrogen and carbon are abundant, plants may prioritize rapid growth, potentially reducing

allocation to costly constitutive defenses. Conversely, under moderate resource limitation or
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elevated herbivore pressure, plants may divert resources toward defensive metabolite synthesis or

structural reinforcement.

Empirical studies support this trade-off framework. For example, nitrogen fertilization can increase
plant growth rates while simultaneously reducing concentrations of certain defensive secondary
metabolites in crops and wild plants (Huot et al. 2014; Ziist and Agrawal 2017). Similarly, fast-
growing annual species often rely more heavily on inducible defenses that are activated following
herbivory, whereas long-lived perennials may invest more in constitutive defenses due to prolonged
exposure to herbivores over their lifespan. These patterns illustrate how plants dynamically adjust
defense expression in response to environmental conditions, herbivore pressure, and life-history

strategy.

Understanding this growth—defense trade-off is essential for interpreting variation in plant
resistance across environments and for predicting how agricultural practices such as fertilization,
irrigation, or high-density planting may inadvertently influence plant susceptibility to insect

herbivores.
2.5 Tolerance Mechanisms

Although resistance mechanisms such as antixenosis and antibiosis reduce herbivore preference,
survival, or reproduction, tolerance represents a distinct defense strategy in which plants minimize
the fitness costs of herbivore injury while maintaining growth and reproductive performance
(Kalske and Kessler 2023; Zhao 2024). Tolerance is achieved through mechanisms such as
compensatory growth, resource reallocation, enhanced photosynthetic activity, and developmental
plasticity, allowing plants to recover from damage without directly reducing herbivore performance
(Zhao 2024). Because tolerant plants exert less direct selection pressure on herbivore populations
than resistance traits, tolerance has been proposed as a complementary and potentially more durable
component of sustainable pest management. However, the expression of tolerance depends on plant
genotype, resource availability, herbivore pressure, and environmental conditions, highlighting the
importance of integrating tolerance with other defense mechanisms rather than relying on it alone

(Salgado-Luarte et al. 2023; Kalske and Kessler 2023).

3. Ecological and Evolutionary Consequences of Plant Defense Mechanisms
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Plant defense mechanisms against insect herbivores have far-reaching ecological and evolutionary
consequences beyond the immediate reduction in herbivore damage. By influencing herbivore host
choice, feeding behavior, performance, and population dynamics, plant defenses shape patterns of
species interactions, specialization, and community structure across ecosystems (Gong and Zhang

2014; Endara 2023).

One of the most important ecological consequences of plant defense is its role in driving insect
herbivore specialization. Rather than simply reducing herbivore abundance, plant defenses act as
selective filters that favor herbivores capable of overcoming specific structural or chemical
barriers. Over evolutionary time, these reciprocal selective pressures promote physiological,
biochemical, and behavioral counteradaptations that enable specialist herbivores to exploit
defended host plants while restricting the success of generalists (Ali and Agrawal 2012; Agrawal
2020). The mechanistic examples presented in Section 2, including glucosinolate detoxification in
Brassicaceae specialists and cardenolide sequestration in milkweed herbivores, illustrate these
adaptive processes and demonstrate how plant defenses contribute to ecological specialization and

coevolution rather than functioning solely as barriers to herbivory.

Many herbivores evolve narrow host ranges in response to plant chemical and structural defenses,
developing physiological or behavioral adaptations that allow them to tolerate or exploit defended
plants. This specialization can reduce interspecific competition among herbivores but may also
increase vulnerability to changes in host availability or defense expression (Ali and Agrawal 2012;
Jones et al. 2022). As aresult, plant defenses contribute to the diversity and stability of plant—insect

communities.

Plant defense traits also influence ecological interactions beyond the plant-herbivore interface by
affecting predators, parasitoids, and other organisms within multitrophic food webs (Nishu et al.
2026). As discussed in Section 2, herbivore-induced plant volatiles (HIPVs) provide one of the
best-studied examples of indirect defense by recruiting natural enemies. Ecologically, these
interactions extend the effects of plant defense beyond individual plants and can strengthen
biological control by altering predator-prey and parasitoid-host relationships (Wyckhuys et al.
2025). However, the magnitude of these effects varies considerably between cropping systems

because volatile emission, natural-enemy responses, and environmental conditions jointly
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determine whether attraction ultimately translates into meaningful pest suppression under field

conditions (Dicke and Baldwin 2010; Turlings and Erb 2018; Carmo et al. 2025).

Defensive compounds can alter herbivore quality as prey, affecting predator and parasitoid
performance and shaping food-web dynamics. In some cases, plant defenses indirectly benefit
higher trophic levels by slowing herbivore growth or increasing exposure time to natural enemies,
while in other cases they may reduce prey suitability and weaken top-down control (Mooney et al.
2012). These cascading effects highlight the need to consider plant defense within a multitrophic

ecological context.

Although numerous studies demonstrate that plant defenses influence herbivore specialization and
multitrophic interactions, much of the available evidence originates from laboratory, greenhouse,
or short-term experiments. Field studies frequently report greater variability because defense
expression depends on plant genotype, environmental conditions, herbivore community
composition, and interactions with natural enemies (Russavage et al. 2025; Al-Amri 2026).
Consequently, reductions in herbivore performance observed under controlled conditions do not
always translate into consistent reductions in pest populations or economically significant yield
protection in commercial cropping systems. This context dependency highlights the importance of
integrating mechanistic studies with long-term field validation when developing defense-based

pest management strategies (Stout et al. 2024; Souza 2025).

From an evolutionary perspective, plant defense strategies are central to coevolutionary
interactions between plants and insect herbivores. Reciprocal selection pressures can lead to
evolutionary “arms races,” in which plants evolve increasingly effective defensive traits while

herbivores evolve counteradaptations that restore their ability to feed and reproduce.

The evolutionary consequences of plant defense are evident in the repeated emergence of herbivore
counteradaptations, including behavioral avoidance, target-site modification, sequestration of
defensive compounds, and enhanced detoxification capacity (Farhan et al. 2026). Together, these
adaptations illustrate the reciprocal selection that underpins plant-herbivore coevolution and
explain why resistance traits that are highly effective against one herbivore species may be less
effective against specialists that have evolved mechanisms to circumvent plant defenses (Després

et al. 2007; Agrawal 2020).
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However, not all plant-herbivore interactions follow this escalating pattern. In some systems,
selection favors defense diversification or inducibility rather than increased toxicity, leading to
more dynamic and context-dependent evolutionary outcomes (Ehrlich and Raven 1964; Agrawal

and Fishbein 2006).

Variation in plant defense expression across environments contributes to ecological and
evolutionary complexity in plant-herbivore interactions. Environmental factors such as nutrient
availability, water stress, and herbivore pressure can influence both the type and intensity of
defense expressed (Pearse et al. 2018; Sobral et al. 2021; Wang et al. 2023; Li et al. 2024).
Environmental modulation of plant defense traits can generate spatial and temporal heterogeneity
in herbivore pressure, thereby influencing population dynamics and local adaptation in both plants
and insects. Such variability is particularly relevant under changing environmental conditions,
where mismatches between plant defenses and herbivore life histories may alter established

interaction patterns (Agrawal 2020; Pearse et al. 2020)

Overall, plant defense mechanisms extend far beyond reducing herbivore damage at the individual
plant level. By influencing herbivore specialization, multitrophic interactions, community
assembly, and evolutionary trajectories, plant defenses shape ecosystem functioning across spatial
and temporal scales. Recognizing these broader ecological consequences provides the conceptual
foundation for translating mechanistic knowledge into durable host plant resistance and
ecologically informed integrated pest management strategies, which are discussed in the following

section.
4. Implications for Agriculture and Integrated Pest Management

Plant defense mechanisms provide a foundational biological tool for reducing insect herbivory in
agricultural systems and form the basis of host plant resistance within IPM programs. By
incorporating resistant cultivars into cropping systems, pest populations can be suppressed before

they reach economic thresholds, reducing the need for chemical interventions.

Physical defense traits have been successfully exploited in crop improvement programs. Structural
defenses have been incorporated into crop improvement programs through both conventional
breeding and selection of resistant cultivars. In rice, variation in silicon uptake and deposition

capacity among genotypes has been associated with reduced feeding damage by planthoppers such
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as Nilaparvata lugens, and breeding programs have selected cultivars with enhanced silica
accumulation and leaf toughness to improve resistance (Ma and Yamaji 2006; Reynolds et al. 2009;
Mitani-Ueno and Ma 2021). These traits increase tissue abrasiveness and reduce feeding efficiency,

thereby lowering pest survival and fecundity.

A representative example of host plant resistance is found in soybeans, where Resistance to Aphis
glycines (Rag) genes has been successfully incorporated into breeding programs for soybean aphid
management. Among these, Ragl and Rag?2 are the best-characterized resistance loci and confer
protection primarily through antibiosis and antixenosis, thereby reducing aphid colonization,
survival, and reproduction (Natukunda et al. 2020a; Natukunda et al. 2021b). More recently,
pyramiding multiple Rag genes has been shown to improve the durability of resistance compared
with single-gene cultivars by delaying the evolution of virulent aphid biotypes. Nevertheless, the
continued emergence of virulent biotypes capable of overcoming Rag-mediated resistance
demonstrates that host plant resistance should be integrated with complementary IPM tactics rather
than deployed as a stand-alone management strategy (Natukunda and Maclntosh 2020; Lewis et
al. 2025). Chemical defenses also contribute directly to pest suppression in agroecosystems. In
maize, benzoxazinoids such as 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) have
been shown to reduce the performance of generalist herbivores including Spodoptera frugiperda
and other lepidopteran pests (Glauser et al. 2011; Bui ef al. 2018). In Brassica crops, glucosinolate
diversity influences susceptibility to both chewing and sap-feeding insects, shaping pest
community composition and feeding preference (Halkier and Gershenzon 2006). These compounds
may act through toxicity, feeding deterrence, or disruption of insect digestion and nutrient

utilization.

Induced defenses further strengthen IPM by enhancing compatibility with biological control.
Herbivore-induced plant volatiles released by cotton and maize have been shown to recruit
parasitoids and predators, increasing natural enemy efficiency and contributing to population
suppression of caterpillars and other herbivores (Kessler and Baldwin 2002; Turlings and Erb
2018). Such multitrophic interactions demonstrate that plant defense can extend beyond direct

herbivore deterrence to influence entire ecological networks.

However, the deployment of single resistance traits may impose strong selection pressure on

herbivore populations, leading to the increase of virulent genotypes capable of overcoming host
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plant resistance (Xu et al. 2024). The durability of resistance therefore, depends not only on the
resistance gene itself but also on deployment strategies, including gene combinations, refuge
availability, spatial and temporal diversification, and integration with complementary IPM tactics
(Ali and Zhuo 2025; Kumaraswamy et al. 2026). Recent studies emphasize that pyramid resistance
genes can improve resistance durability in some systems, but its success depends on the
independence of resistance mechanisms, the frequency of virulence alleles within pest populations,
and associated fitness costs. Consequently, host plant resistance should be integrated with
biological control, cultural practices, pest monitoring, and resistance management rather than being
considered as a stand-alone solution for sustainable pest suppression (Stout et al. 2024; Souza

2025).

Despite considerable advances in identifying plant defense traits that suppress insect herbivores
under controlled conditions, successful translation into commercial crop production remains
challenging (Stout et al. 2024; Sansinenea et al. 2026). The effectiveness of many resistance traits
is influenced by genotype-by-environment interactions, variation in pest pressure, and differences
in herbivore communities across locations and growing seasons. In some cases, enhanced
resistance may also be associated with trade-offs affecting plant growth, yield, grain quality, or
compatibility with other desirable agronomic traits, making these characteristics more difficult to
incorporate into elite cultivars. In addition, widespread adoption by growers depends on the
availability of resistant seed, economic benefits relative to existing management practices, and
integration with locally adapted IPM programs. Consequently, durable implementation of host
plant resistance requires not only effective defense mechanisms but also rigorous multi-
environment field validation and close collaboration between plant breeders, entomologists,
agronomists, and producers to ensure that resistance traits remain both agronomically and

economically sustainable (Stout et al. 2024; Souza 2025).

Similarly, adaptation to plant chemical defenses through enhanced detoxification has been
documented in multiple herbivore species. Elevated expression of cytochrome P450
monooxygenases and other detoxification enzymes enables some lepidopteran pests to metabolize
plant allelochemicals more efficiently, thereby reducing the effectiveness of toxin-based resistance
traits (Després et al. 2007). In other systems, insects may exhibit behavioral avoidance,

preferentially feeding on less-defended tissues or shifting host plants altogether.
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Collectively, these examples demonstrated that the successful deployment of plant defense traits
depends on integrating resistance mechanisms with ecological knowledge, crop improvement, and
adaptive pest management practices. Rather than relying on individual defense traits, sustainable
IPM should combine host-plant resistance with biological control, cultural practices, pest
monitoring, and informed decision-making to improve resistance durability and reduce insecticide
dependence. Such an integrated approach strengthens ecosystem services while promoting resilient

and environmentally sustainable crop protection systems (Alves et al. 2026).
5. Conclusion and Future Directions

Plants have evolved a diverse and dynamic array of defense mechanisms to mitigate insect
herbivory, ranging from physical barriers and chemical deterrents to inducible and indirect defenses
that operate across multiple trophic levels. Collectively, these defense strategies influence
herbivore feeding behavior, population dynamics, and the structure of plant-insect interactions.
Rather than functioning independently, plant defenses are coordinated through complex ecological
and evolutionary processes and are shaped by environmental conditions, herbivore pressure, plant

developmental stage, and trade-offs between growth, reproduction, and resistance.

This review synthesized current knowledge on structural, chemical, constitutive, inducible, and
indirect plant defense mechanisms within an ecological and agronomic framework. Together, the
evidence demonstrated that these defense strategies function as interconnected components of an
integrated defense system that influence herbivore performance, multitrophic interactions, and
ecosystem functioning. Their coordinated action provides a strong ecological foundation for
sustainable integrated pest management (IPM) by reducing pest populations while promoting

environmentally responsible crop protection.

Future research should increasingly focus on understanding how plant defense traits function under
variable environmental conditions, multiple abiotic stresses, and complex multitrophic
interactions, particularly within managed agricultural systems. Integrating ecological,
evolutionary, genetic, and agronomic perspectives will be essential for improving the deployment
of host plant resistance in modern crop production. In practice, this integration includes identifying
the genetic loci underlying structural, chemical, and inducible defenses through quantitative trait
mapping, genomics, transcriptomics, metabolomics, and other advanced molecular approaches,

followed by incorporating these traits into elite cultivars through conventional breeding, marker-

21



assisted selection, or emerging gene-editing technologies. Equally important are field-based
evaluations that assess defense performance under realistic pest pressure, environmental variability,

and interactions with natural enemies.

Achieving durable pest resistance will require integrating host plant resistance with complementary
IPM tactics, including biological control, habitat diversification, crop rotation, resistance gene
pyramiding, pest monitoring, and threshold-based insecticide applications. Long-term surveillance
of pest populations for changes in virulence, detoxification capacity, or resistance evolution will
also be essential for maintaining the effectiveness of resistant cultivars. Advances in high-
throughput phenotyping, artificial intelligence-assisted breeding, and predictive ecological
modeling offer unprecedented opportunities to accelerate the identification and deployment of

durable resistance traits while improving decision-making in pest management.

Overall, plant defense mechanisms represent a cornerstone of sustainable agriculture and provide
considerable potential for reducing reliance on synthetic insecticides while enhancing
agroecosystem resilience. Continued integration of molecular biology, ecology, plant breeding, and
adaptive IPM will be critical for developing resilient cropping systems capable of maintaining
productivity under increasing pest pressure and a changing climate. By combining mechanistic
understanding with ecological and evolutionary principles, future plant defense research can
support the development of innovative, durable, and climate-resilient pest management strategies

for sustainable global food production.
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