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ABSTRACT: Chemical camouflage is a fascinating and intricate survival strategy that plants have evolved to defend themselves
against herbivores and pests. While plant defense mechanisms have long captivated scientific interest, their full potential remains
largely untapped in practical applications. This review takes a distinctive interdisciplinary approach, weaving together insights from
molecular biology, ecology, and agricultural science to offer a comprehensive perspective on chemical camouflage. It was driven by a
shared understanding that integrating plant defense strategies more deeply into agricultural systems could help address urgent
challenges such as pest control, crop productivity, and environmental sustainability. With continued research and advances in
biotechnology, chemical camouflage could become a key component of future farming—where crops not only protect themselves
but also contribute actively to a more productive and sustainable agricultural landscape.
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1. INTRODUCTION This chemical defense response is largely facilitated through
the production of volatile organic compounds (VOCs)—a
diverse group of low-molecular-weight compounds emitted by
plants during their metabolic processes.” VOCs play a critical
role in plant-environment interactions, attracting pollinators,
repelling herbivores, and signaling to neighboring plants or
organisms.'’ In response to herbivory, plants release specific
VOCs such as green leaf volatiles (GLVs), terpenoids, and
phenylpropanoids, which function as both direct defenses,
repelling herbivores, and indirect defenses, attracting natural
enemies of the pests.'”'> In a more sophisticated maneuver,
plants can alter or hide their chemical signals to mislead or
deter pests, masking their presence or even creating the illusion
of an uninviting environment.>"*

In the natural world, survival often hinges on the ability to
hide in plain sight. While animals have long been known to use
physical camouflage to blend into their surroundings,'® plants
have perfected a different form of concealment: chemical
camouflage.'® This extraordinary defense mechanism enables
plants to outwit herbivores and pests by using biochemical
ingenuity to disguise their true identity. It is a process rooted
in the release and manipulation of volatile compounds—
chemical signals that confuse, repel, or even deceive would-be
attackers. Through this chemical stealth, plants effectively
create a “stealth barrier” that helps them avoid being eaten or
damaged, offering a fascinating example of nature’s functional

Burgeoning population and climate change have been linked to
significant problems for ecosystems, agriculture, and human
existence worldwide. As temperatures increase and weather
turns erratic, insects, rodents, and microorganisms discover
new environments and thrive in areas that were once
inhospitable. Among the various stress factors that pose
grave challenges to plant growth and productivity, insect pests
are of phenomenal priority. Herbivorous insects damage crops
by feeding on leaves, stems, and roots, leading to reduced
yields and economic losses. Additionally, some insects serve as
vectors for diseases, transmitting pathogens to plants, animals,
and humans.' In forestry, they can cause deforestation by
weakening trees, making them vulnerable to secondary
infections.” These pests’ complicate pest control efforts as
they not only diminish agricultural production but also alter
natural environments. As a consequence, crop loss has risen,
particularly in risk areas where pests such as beetles,
caterpillars, and aphids have proliferated.” Along with inflicting
direct damage, the invasion of crops by these pests raises the
application of chemical pesticides,” potentially harming
biodiversity, human health, and environment. Consequently,
an urgent need for innovative and environmentally friendly
pest management solutions rise with this.

Plants, have long developed intricate and effective defense
strategies to counteract these threats. One of the key
mechanisms in their defense arsenal is the production of -
chemical compounds that act as repellents, toxins, or Received: March 19, 2025 gsuegfc}gg{ylgﬁe:
attractants for natural predators of herbivores.”® These Revised:  June 14, 2025 i
compounds, which include alkaloids, terpenoids, and phe- Accepted: June 17, 2025 @
nolics, are synthesized in response to pest attacks, initiating a Published: June 27, 2025
chain of biochemical activities that ultimately result in the
production of protective substances.”
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Figure 1. Chemical Camouflage- an invisible defense cloak in plants. (Plant—Tleft to right) Primarily host recognition by insects depends on various
cues like preferable plant surface, attractive leaf/ flower color, amenable temperature, preferable odor from plants, congenial plant flowering time.
Various strategies like biosemiosis, antixenosis, VOCs and secondary metabolites of chemical camouflage is operated by plants upon cognizance of
insects. Exploitation of insect specific defense by neighboring plants happens through eavesdropping, resulting in the release of different defense
chemicals including a range of secondary metabolites and VOCs. Plants emanate a blend of VOCs to communicate with one another and with their
surroundings, both above- and belowground. Defense- induced VOCs released from plants have been displayed in small colored circles.

Table 1. Parameters for Host Identification by Pests

mechanism description examples references
visual cues Herbivores use color, size, or shape of plants to identify ~Cabbage white butterfly (Pieris rapae) targets green brassicas. 31,35
hosts Grasshoppers favor broad-leaved plants
chemical cues  Volatile organic compounds (VOCs), secondary Tomato hornworm (Manduca sexta) responds to tomato VOCs. Aphids 24
metabolites, or surface chemicals guide host selection detect specific secondary metabolites in crops
nutritional Preference for plants with higher protein, carbohydrate, = Locusts favor nitrogen-rich grasses. Cattle graze on protein-rich legumes 92
quality or nitrogen content
mechanical Herbivores avoid or prefer plants based on physical traits Beetles avoid leaves with high trichome density. Deer avoid spiny cacti 93
traits like toughness, trichomes, or spines
plant Taste or texture influences choice; herbivores often avoid ~Koalas prefer nontoxic eucalyptus species. Slugs avoid bitter-tasting plants 94
palatability bitter or toxic plants like mustard
phenological Timing of plant growth (e.g., young leaves or flowers) ~ Gypsy moths target newly emerged oak leaves. Monarch butterflies favor 34
synchrony affects herbivore preference young milkweed.
microbial Herbivores are attracted to or repelled by microbial Grasshoppers are deterred by plants with endophytic fungi. Bark beetles 35
associations communities (e.g., fungi or bacteria) on plants. are drawn to infected pine trees
learned Some herbivores learn host preferences based on Cattle develop a taste for previously unpalatable plants after exposure. 39
behavior experience or social interaction Caterpillars learn host plants from maternal oviposition sites

adaptations shaped by evolution. The concept of chemical
camouflage is not only an impressive evolutionary adaptation,
but it also holds significant promise for the future of
agriculture. This adaptive strategy can be viewed as a form
of chemical deception that not only helps plants avoid
predators but also creates a more complex relationship
between plants, their environments, and the organisms with
which they interact.

Despite the progress in understanding these plant-pest
interactions, there has been a relative lack of comprehensive
reviews that synthesize the specific mechanisms and bio-
technological applications of chemical camouflage.'” Most
research in this area has concentrated on individual
components of plant resistance, such as secondary metabolite
synthesis or mechanical defenses.'® While these studies have

provided valuable insights, they often overlook the interdisci-
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plinary approach needed to fully grasp the complexities of
chemical camouflage. Moreover, while some research has
focused on natural occurrences of chemical camouflage, there
has been little exploration of how these natural processes can
be translated into technological applications, such as genetic
engineering of VOC pathways or the creation of synthetic
analogues.

This review aims to fill this gap by offering a comprehensive,
up-to-date perspective on the science of chemical camouflage
and its applications in agriculture. By bringing together insights
from various scientific disciplines, this review not only
synthesizes previous research but also offers innovative ideas
for how chemical camouflage could be used to address critical
challenges in agriculture. Through this synthesis, we hope to
shed light on how sophisticated chemical defenses of plants
can be harnessed to create smarter, more resilient crops that

https://doi.org/10.1021/acsagscitech.5c00223
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reduce reliance on harmful pesticides and contribute to more
sustainable farming practices.

2. THE ART OF THE ATTACK: HOST SELECTION BY
PESTS

Pests are not random feeders; they are selective, guided by a
host based on factors including plant morphology, nutrient
content, and most importantly, chemical cues.””* How do
herbivores choose their plant hosts in the first place? This act is
a complex and multifaceted process that involves the
integration of various sensory cues, allowing pests to identify
and evaluate suitable plants for feeding, reproduction, and
shelter.”’ They rely on an array of signals from plants they
target, that include chemical, visual, tactile, and environmental
cues.”” These signals are not only essential for the herbivore’s
survival but also play a crucial role in shaping plant-pest
interactions.

Having delineated the complexity of herbivore behavior and
the importance of host selection, we now delve and outline in
Figure 1, the specific aspects that guide this process, each
playing a pivotal role in how pests identify and assess potential
plant hosts.

2.1. Chemical Cues (VOCs and Surface Chemicals).
Chemical signals are central to the host selection process.
Plants emit VOCs that serve as long-range chemical signals,
guiding pests to their hosts” (Figure 1). These VOCs can be
attractants or repellents, depending on the pest’s preferences
and evolutionary adaptations. For example, tomato hornworms
(Manduca sexta) are attracted to tomato plants because of
specific VOCs that tomatoes release during growth.”* These
VOCs signal to the hornworms that the plant is suitable for
feeding.z" On the other hand, glucosinolates in brassicas like
cabbage or kale attract cabbage white butterflies (Pieris rapae),
as these compounds act both as attractants and feeding
stimulants®® (Table 1).

Surface chemicals, such as epicuticular waxes, terpenoids,
alkaloids, and phenolics, also play a critical role.”” For instance,
terpenoids produced by certain plants can repel pests or signal
the presence of a toxic plant.28 Alkaloids, on the other hand,
are often toxic to herbivores. The presence of these chemicals
on the plant’s surface helps herbivores assess whether the plant
is suitable for feeding or not.”” For example, nicotine in
tobacco acts as a potent deterrent for many herbivores,
including some insects™® (Table 1).

2.2. Visual Cues (Color, Shape, and Movement). Visual
cues are another significant factor in host selection, particularly
when pests are approaching plants from a distance. Many
herbivores are attracted to specific colors that indicate healthy,
photosynthetically active plants.”’ For example, green leaves
are often an indicator of a healthy, nutritious plant (Figure 1).
Many insects, like aphids and caterpillars, are particularly
drawn to these green hues.”” Similarly, yellow can also attract
herbivores because it often signals new, tender growth, which
is easier to consume.”’

The shape and size of the plant are also key indicators. For
instance, larger plants with abundant leaves, such as the bean
plant, may attract herbivores like bean beetles because they
offer more surface area for feeding and reproduction.’
Furthermore, the movement of plant parts can influence
pests” decisions. Insects such as grasshoppers may be attracted
to the swaying leaves of plants because the movement signals
that the plant is alive and likely to be a suitable food source®
(Table 1).
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2.3. Tactile Cues (Texture and Surface Properties).
Once a pest lands on a plant, it further evaluates its suitability
using tactile cues. Insects use mechano-receptors located on
their antennae and mouthparts to assess the plant’s surface
texture. For example, trichomes (hair-like structures) on the
surface of plants like tomato or cucumbers can deter feeding by
making it difficult for insects to settle on the plant®® (Figure 1).
Insects like whiteflies may be repelled by the hairy surface of
these plants."’7 Similarly, smooth leaves might be more
appealing to pests such as aphids because they can easily
settle and feed without being obstructed.

The hardness or toughness of plant tissues also plays a role
in pest selection. For example, tobacco plants have tough
leaves that can deter some pests, while others, such as
caterpillars, have evolved to feed on these tougher surfaces by
secreting digestive enzymes that break down plant defenses’
(Table 1).

2.4. Environmental Cues (Light, Humidity, Temper-
ature). Environmental factors such as light, temperature, and
humidity can enhance or suppress the effectiveness of
chemical, tactile, and visual cues. Temperature and humidity
can influence the release of VOCs and the overall health of the
plant (Figure 1). For instance, in warmer climates, plants like
corn may release more VOCs that attract pests like corn
earworms (Helicoverpa zea).” Similarly, the humidity of the
environment can affect the physical characteristics of the plant
surface, such as stickiness, which may influence a pest’s feeding
behavior. For example, certain pests like whiteflies thrive in
warm, humid conditions, where their preferred host plants,
such as tomato or squash, grow vigorously.*’ In contrast, other
herbivores, such as cabbageworms, may be more active under
cooler conditions where brassicas are abundant®' (Table 1).

2.5. Interaction with Other Organisms (Pheromones
and Mutualists). Pheromones, that are chemical signals
emitted by insects, can also guide herbivores in their host
selection. These signals allow herbivores to communicate with
others of their species about the location of suitable hosts. For
example, female moths like the corn earworm (H. zea) release
sex pheromones to attract males, who then help to locate host
plants.”* Additionally, mutualistic relationships can influence
herbivore behavior. Ants that protect plants like acacia trees
from herbivores will often receive food rewards, such as nectar,
in return.*”** These mutualistic relationships can sometimes
affect herbivore feeding choices, as ants may chase away
herbivores that attempt to feed on the plants they protect™
(Table 1). Moreover, the phyllosphere and rhizosphere
microbiota play key roles in modulating plant defense
responses through the production of volatile organic
compounds (VOCs) and signaling. In the phyllosphere,
microbial interactions, particularly with bacteria like Pseudo-
monas and Bacillus, can trigger induced systemic resistance
(ISR), activating plant immune responses and VOC emissions
that deter herbivores and attract natural predators. Similarly,
the rhizosphere microbiota, through microbial VOCs and root
exudates, enhances plant defenses against soilborne pathogens
and regulates plant hormones such as jasmonic acid and
salicylic acid. Both microbiomes communicate through VOC
signaling, initiating systemic defense mechanisms across plant
tissues.*®

2.6. Learned Behavior and Experience. Some pests also
exhibit learned behavior, modifying their host preferences
based on previous feeding experiences. For example, the
cabbage white butterfly (Pierisrapae) tends to prefer plants in

https://doi.org/10.1021/acsagscitech.5c00223
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the Brassicaceae family, like cabbage and kale, because these
plants produce glucosinolates, which not only attract but also
stimulate feeding®’ (Table 1). Over time, pests like these may
learn to associate specific plant odors or chemical signatures
with higher nutritional value, shaping their future feeding
decisions.*

Plants, in turn, have evolved various mechanisms to either
attract or repel herbivores, influencing the selection process
and, in many cases, leading to coevolutionary arms races
between plants and their insect pests.

3. BATTLE OF THE WITS: HOW PLANTS OUTSMART
PESTS?

Plants often emit chemical signals that can inadvertently attract
herbivores. However, some have evolved strategies to avoid
detection by altering or suppressing these signals, a
phenomenon known as chemical camouflage. Unlike mechan-
ical defenses like thorns or toughened leaves, chemical
camouflage operates on an almost imperceptible level, allowing
plants to mask their presence or mimic unpalatable species.
One fascinating example comes from wild tobacco plants
(Nicotiana attenuata), when attacked by herbivores like the
tobacco hornworm (M. sexta). During the attack, these plants
can suppress the emission of certain VOCs that typically
distress signal.”’ Rather than emitting distress signals that
attract predatory insects, which could inadvertently draw
additional herbivores, the plant suppresses its chemical
emissions, effectively blending into the surrounding chemical
environment. Another example is the case of Ficus species,
which use chemical mimicry to deter leaf-cutter ants. By
producing compounds similar to those found in less palatable
or toxic plants, these plants deceive the ants into bypassing
their leaves for other, seemingly more suitable, targets.50 This
reduces the chances of sustained herbivory and conserves the
plant’s resources. Chemical camouflage involves more than just
masking or imitation; it may also involve direct deceit. Some
orchids, for example, generate substances that imitate ants’
alarm pheromones, preventing herbivores from approaching.
These plants successfully navigate a complicated ecological
web by altering the behavior of both herbivores and
predators.'* This evolutionary arms race between plants and
herbivores demonstrates the incredible flexibility of life on
earth. Chemical camouflage is more than simply a defensive
strategy for plants; it also demonstrates their capacity to sense
and adapt to their surroundings. It focuses on a complicated
interaction in which survival is determined by subtle, creative
techniques rather than overwhelming might. These adaptations
showcase their ability to modify chemical signals, manipulate
visual cues, adjust life cycles, and fortify structural integrity. By
employing these ingenious strategies, plants not only deter
predators but also enhance their chances of reproduction and
survival. The following are some of the remarkable defensive
mechanisms portraying chemical camouflage that illustrate the
ingenuity of plant evolution.

3.1. Odor Masking. Odor masking is a complex plant
defense system in which plants change or suppress VOCs to
avoid detection by herbivores or attract beneficial species. This
method includes altering chemical cues that insects use to find
appropriate hosts. Plants conceal odors through a variety of
ways, including the creation of VOCs, which either neutralize
attractant odors or imitate ambient aromas, allowing them to
blend in. Odor masking is frequently activated in response to
herbivory or environmental stress signals. Plants have complex
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signaling processes including phytohormones such as jasmonic
acid, salicylic acid, and ethylene that control the manufacture
of defensive VOCs.”' When plants sense herbivore activity,
they may selectively control the emission of certain VOCs,
disrupting the olfactory signals utilized by insects. For example,
when maize plants are attacked by herbivores, they release (Z)-
3-hexenol and indole, which can either mask their own odor or
attract predatory insects like parasitic wasps that prey on the
herbivores.”” Similarly, a plant volatile (E)-4,8-dimethyl-1,3,7-
nonatriene (DMNT) is produced constitutively in many plant
species and often induced under insect attack in increased
quantities. The production of DMNT masks the insect
olfactory receptor and affects its host reorganization.’*
Likewise, when plants like the black walnut tree are under
herbivore attack, they may release VOCs such as methyl
jasmonate and green leaf volatiles (GLVs) to disrupt the
herbivores’ olfactory cues and confuse them.™ These masking
strategies can be activated by herbivory or environmental
stress, involving phytohormones like jasmonic acid, which
regulates VOC production and plays a role in disrupting the
herbivore’s ability to locate the plant.

3.2. Color Masking. Color masking is another clever plant
defense technique in which plants change their outward
appearance to escape identification by herbivores or to imitate
environmental characteristics. This technique may include
changes in pigmentation, surface texture, or even the
development of reflecting chemicals, which affect how light
interacts with the plant surface, making it less apparent to
predators. This response is frequently activated to tackle
environmental stresses or direct herbivore assaults. Specific
metabolic processes are activated, resulting in the buildup of
pigments such as anthocyanins, flavonoids, and carotenoids.
These pigments can serve two functions: camouflage the plant
against the backdrop and indicate unpalatability to potential
herbivores. For example, the buttercup (Ranunculus) can
adjust its pigmentation to blend with surrounding foliage,
reducing its visibility to herbivores.*® Similarly, some species of
mint develop reflective, waxy surfaces on their leaves that
scatter light, making them harder to see.”’ Likewise, in some of
the tree species autumn leaf color changes affect aphid host
recognization. Commonly, red color leaf cannot be seen by
aphids’ visual spectrum range which provides color masking to
the tree.”®

Color masking has a significant environmental and
agricultural impact. Ecologically, it shows how plants have
evolved to exploit visual sensory biases in herbivores, resulting
in a complex interaction of concealment and deception.

3.3. Change in Flowering Time. Flowering time variation
is a unique adaptive technique that plants utilize to avoid
herbivory or synchronize with favorable environmental
circumstances. Plants can reduce overlap with peak pest
activity by changing blooming time or synchronize their
reproductive stages with ideal environmental conditions. This
phenological adjustment is controlled by intricate genetic and
hormonal systems. Photoperiod, temperature oscillations, and
herbivore-induced stress signals are common environmental
cues that trigger flowering time alterations. Plants under
herbivore assault may delay or advance blossoming to decrease
pest exposure or to attract natural enemies that provide
indirect defense. For example, in response to herbivore
pressure, some species of wild oats (Avena fatua) may delay
flowering until after the peak period of herbivory, thereby
reducing their exposure to pests.59 Similarly, plants like the

https://doi.org/10.1021/acsagscitech.5c00223
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wild radish (Raphanus raphanistrum) can alter their flowering
time based on temperature and photoperiod cues, helping
them to either avoid herbivores or attract natural predators by
blooming when beneficial insects are most active.”’ This
adjustment is controlled by plant hormones such as
gibberellins, abscisic acid and transcription factors like
CONSTANS (CO) and FLOWERING LOCUS T (FT),
which regulate the plant’s internal clocks and responses to
external stimuli.®! Ecologically, this technique emphasizes the
complex connection between plants and their environment, as
well as the evolutionary constraints that promote phenological
flexibility.

3.4. Mimicry/Biosemiosis. Mimicry and biosemiosis are
advanced strategies of plant defense that entail the release of
chemical, visual, or behavioral signals to mislead herbivores,
predators, or pollinators. Biosemiosis is a process by which
living things use and interpret signs to communicate, survive,
and interact with their environment. These signs can be
anything from light, sound, smell, or chemical signals. These
tactics are components of a larger system of plant
communication, in which plants convey and decode signals
that affect their survival, reproduction, and relationship with
other organisms. Mimicry, in particular, occurs when a plant
generates a signal that imitates another signal—typically that of
a predator, a nonprey species, or a helpful organism, to defend
itself or seek assistance. In plant protection, mimicry may
appear in various forms. A prevalent type is Batesian mimicry,
in which a plant resembles the look or scent of a species that is
distasteful or poisonous to herbivores, thus discouraging
feeding.”> For example, certain plants might develop character-
istics that mimic toxic plants or release comparable VOCs that
herbivores link to harmful or hazardous species.®® This type of
mimicry deters herbivores from coming near, decreasing the
chances of herbivory. Another type is Miillerian mimicry,
where various toxic or unappetizing plant species develop
similarities in appearance.”* This aids herbivores in learning
faster to steer clear of these plants, as they begin to link the
similar signals (like taste, smell, or color) with an unpleasant
experience. Throughout time, both species gain from a mutual
deterrent strategy, resulting in a collaborative evolutionary
edge. Alongside visual and chemical mimicry, plants employ
biosemiosis—the interpretation and application of signs or
signals—within a more intricate signaling framework. In
biosemiosis, plants can imitate other organisms and may also
interact with different species via a recognized semiotic system
of signals. For instance, certain plants imitate the existence of
pollinators or helpful insects by emitting particular VOCs that
lure these creatures, thereby enhancing pollination or the
parasitism of herbivores. Additionally, the below-ground
transmission of chemicals plays a crucial role in plant
communication and defense. Through root exudates, plants
can release specific chemical signals into the soil, which
influence neighboring plants or interact with soil microbes to
indirectly deter herbivores or attract beneficial organisms. This
subterranean signaling system contributes to the broader
biosemiotic framework by connecting plants to their
immediate ecosystem through shared chemical languages.
Moreover, plants exhibit a phenomenon akin to “group
immunity”, where the defensive mechanisms of individual
plants collectively benefit a population. When multiple plants
within a community employ mimicry or release defensive
signals, they create a shared deterrent effect that amplifies
protection against herbivores. This communal strategy, often
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seen in Miillerian mimicry, reinforces herbivore learning and
deters widespread damage.®® For example, when a population
of plants release a consistent pattern of toxic signals or mimicry
cues, herbivores more rapidly associate these traits with an
undesirable experience, reducing their impact on the group as a
whole. In contrast to this phenomena, in a weed plant
Centaurea stoebe (spotted knapweed), constitutive production
of root volatiles increase protein and carbohydrate content in
neighborhood plants thus deviating the insect load on to
them.*

Plants can utilize mimicry via misleading pollination
strategies, where they imitate the look or scent of a female
insect from a species that comes for mating. Male insects,
drawn to the mimic, try to copulate with the flowers,
inadvertently aiding in pollination while the plant achieves
reproductive success.”” This type of sexual mimicry is observed
in orchids that look like female bees or flies, guaranteeing
pollination takes place without any direct advantage to the
misled insect.”® From an ecological standpoint, mimicry and
biosemiosis illustrate the fluid interaction between plants and
their surroundings, emphasizing the coevolution of signaling
mechanisms among plants, herbivores, and other organisms.
These mechanisms improve the plant’s capacity to adjust to
environmental stresses, like herbivory, while promoting
interactions that are advantageous for both the plant and its
partner organisms. Mimicry and biosemiosis exemplify the
intricate and clever qualities present in nature’s evolutionary
competition.

3.5. Sclerophylly. Sclerophylly denotes adaptation of
plants to environmental stresses through the formation of
hard, sturdy leaves, stems, or various other plant structures.
This structural change features a significant presence of lignin,
cellulose, and various robust materials within the plant
structures, leading to leaves and stems that are tough, leathery,
and resilient to physical harm. Sclerophylly serves as a crucial
defense strategy in plants, especially in dry or nutrient-deficient
settings, where conserving resources and safeguarding against
herbivores are essential for survival. The main role of
sclerophylly is to minimize water loss and enhance the plant’s
defense against herbivores. In regions with limited water,
sclerophylly aids in reducing transpiration (the loss of water via
stomata), essential for preserving moisture.”” The tough,
sturdy characteristics of sclerophyllous leaves hinder herbi-
vores’ ability to chew and digest them, acting as a type of
passive defense against herbivory. From a physiological
standpoint, the progression of sclerophylly generally correlates
with a reduction in leaf dimensions and a rise in leaf density.
These alterations increase the difficulty for herbivores to reach
the plant’s soft tissues, while simultaneously reducing the
surface area available for water to evaporate. Moreover, the
higher lignin levels in sclerophyllous leaves serve as a barrier to
herbivore digestion, since lignin poses challenges for many
animals to decompose. Besides its function in defending
against herbivores, sclerophylly can also give a plant a
competitive edge in tough environmental situations. A well-
known example of sclerophylly is seen in Mediterranean plants
like the holm oak (Quercus ilex), which has thick, leathery
leaves rich in lignin and cellulose. This tough leaf structure not
only helps the plant conserve water in arid conditions but also
makes it more resistant to herbivore. Another example is the
Australian eucalyptus tree, which possesses sclerophyllous
leaves that are hard, resistant to herbivore damage, and able to
retain water during dry periods.70 With tougher, more resilient
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Table 2. Biochemical Pathways Underlying Chemical Camouflage

pathway
green leaf volatile (GLV) pathway

Jasmonic acid biosynthesis

pathway

salicylic acid pathway

phenylpropanoid pathway

isoprenoid pathway

nitrogen-containing secondary
metabolite pathway

polyol pathway

hormonal crosstalk pathway

compound

hexenal

hexenol
hexenyl acetate

a-linolenic acid

13-hydroperoxyoctadecatrienoic

acid (13-HPOT)

12-oxo-phytodienoic acid

(OPDA)

jasmonic acid
salicylic acid (SA)
methyl salicylate
phenolics
flavonoids

lignin

tannins

monoterpenes

sesquiterpenes

sterols

alkaloids

cyanogenic glycosides
glucosinolates

mannitol

sorbitol

jasmonic acid
salicylic acid

ethylene

EVE

function in herbivory references

Deters herbivores by producing a “wounded” signal; acts as a precursor for 95
other volatiles

Attracts natural enemies of herbivores; contributes to volatile signaling 12

Primes defense responses in neighboring plants and attractsparasitoids 96

Serves as the precursor for the entire jasmonic acid biosynthesis pathway 97

Intermediate that channel fatty acid metabolism into defense signal 98
production

Functions as a direct defense molecule and precursor to jasmonic acid 99

Activates defense genes, induces secondary metabolites and protease 100
inhibitors, and disrupts herbivore digestion

Enhances systemic acquired resistance (SAR) and mediates defense against 100
herbivores and pathogens

Volatile derivative of SA that signals to neighboring plants and recruits 101
predators

Act as toxins or deterrents against herbivores; contribute to oxidative stress 102
resistance

Provide UV protection and act as feeding deterrents 103

Strengthens cell walls, making them harder for herbivores to digest 104

Bind to proteins, reducing herbivore digestive efficiency 105

Repel herbivores and attract predators; some have direct toxic effects 106

Function in both direct toxicity and signaling to natural enemies of 107
herbivores

Interfere with herbivore hormonal systems, disrupting development and 108
reproduction

Act as neurotoxins or feeding deterrents by disrupting nervous system 109
functions

Release toxic hydrogen cyanide when plant tissue is damaged 110

Break down into toxic compounds like isothiocyanates, deterring herbivory 111

Functions as an osmoprotectant to mitigate oxidative stress caused by 112
herbivory

Protects against cellular damage during stress and aids in wound healing 113

Balances defense against herbivores and pathogens; mediates interaction with 114
other hormones

Works antagonistically or synergistically with jasmonic acid to fine-tune 115
defenses

Modulates defense responses by enhancing jasmonic acid or salicylic acid 116

signaling, depending on the context

leaves, plants are able to endure extreme temperatures, physical
harm, and dryness. This renders sclerophylly especially
prevalent in plants thriving in arid, nutrient-deficient soils,
like numerous species found in mediterranean regions, deserts,
and alpine areas. From an ecological standpoint, sclerophylly
enhances the plant’s overall durability, allowing it to withstand
extended durations of drought, elevated temperatures, and
herbivore threats. Numerous sclerophyllous plants generally
exhibit slower growth rates but are very effective at conserving
resources. Throughout evolutionary history, this approach has
enabled these plants to prosper in settings where alternative
plant strategies could struggle.

3.6. Eavesdropping. Eavesdropping in plants refers to
their remarkable ability to detect and respond to chemical
signals released by neighboring plants, herbivores, or even
microorganisms. This adaptive strategy allows plants to pre-
emptively activate their defense mechanisms or adjust their
behavior to counter potential threats in their environment.
Unlike direct internal signaling, eavesdropping involves
intercepting VOCs or other external chemical cues to
anticipate and mitigate risks. For instance, when a nearby
plant is attacked by herbivores, it often releases VOCs like
methyl jasmonate or GLVs to alert natural predators or
neighboring plants.”' These signals enable nearby plants to
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prepare their defenses by producing secondary metabolites,
toughening their leaves, or releasing their own VOCs to deter
herbivores. Poplar and willow trees, for example, respond to
such cues by producing tannins that make their foliage less
palatable, while tomato plants detect methyl jasmonate from
nearby damaged plants and ramp up the production of
proteinase inhibitors that disrupt herbivore digestion.””
Eavesdropping can also involve exploiting signals emitted by
herbivores themselves. Some plants can detect saliva-derived
compounds from herbivores and tailor specific defenses in
response.”” Corn plants (Zea mays), for instance, recognize
cues from feeding caterpillars and release chemicals that attract
parasitic wasps, effectively turning herbivore predators into
allies.”* Beyond defense, eavesdropping can confer competitive
advantages in resource acquisition. Plants may detect stress
signals from their neighbors and adjust their growth strategies
accordingly. For example, coyote tobacco (N. attenuata)
responds to cues from herbivore-damaged neighbors by
allocating more resources to reproduction, ensuring its survival
and seed production under adverse conditions.” Ecologically,
eavesdropping integrates plants into a larger communication
network, highlighting their role as active participants in a
community-wide resilience strategy. By intercepting and
interpreting these signals, plants not only enhance their own
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Figure 2. Illustration of plant biochemical defense mechanisms during insect attack underlying Chemical camouflage. Chemical camouflage in
plants is supported by various defense pathways that encompass phenylpropanoid pathway, nitrogen containing secondary metabolite pathway,
polyol synthesis pathway, green leaf volatile synthesis pathway and JA, SA defense and hormone signaling pathways.The pathways are enclosed in
boxes, the compounds involved are mentioned in red and curved arrows points toward the role of these pathways.

survival but also contribute to the collective defense of their
ecosystem. This dynamic interaction underscores the complex-
ity and adaptability of plant strategies, demonstrating how they
thrive amid constant ecological pressures. Through eavesdrop-
ping, plants reveal a sophisticated understanding of their
environment, showcasing the evolutionary ingenuity that
defines their survival.

4. BIOCHEMICAL PATHWAYS UNDERLYING
CHEMICAL CAMOUFLAGE

The biochemical pathways underlying chemical camouflage
represent an intricate dance of survival, where plants, locked in
an evolutionary arms race with herbivorous pests, deploy an
arsenal of defense mechanisms. These strategies are not
random but are meticulously orchestrated through specialized
biochemical pathways that produce compounds to fend off
attackers, attract allies, and warn neighbors. At the heart of this
complex interplay lies the green leaf volatile (GLV) pathway, a
first line of defense that acts as the plant’s early warning
system. By producing fatty acid-derived volatiles, this pathway
not only repels herbivores but also signals predators and
primes nearby plants for impending danger.”® As the battle
intensifies, the jasmonic acid (JA) pathway takes center stage,
coordinating an aggressive counterattack (Table 2). Beginning
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with a-linolenic acid, this pathway activates defense-related
genes that manufacture secondary metabolites, protease
inhibitors, and antidigestive substances, effectively reducing
herbivore damage’” (Figure 2). In the meantime, the salicylic
acid (SA) pathway acts as a chief strategist, orchestrating
systemic acquired resistance and calling on predators to fight
the invaders, all while bolstering plant defenses against biotic
threats.”” In addition to strengthening the plant’s defenses, the
phenylpropanoid pathway plays a role in generating a variety of
compounds including phenolics, lignin, tannins, and flavo-
noids.”” These molecules function to reinforce cell walls,
prevent feeding, and defend against oxidative stress and UV
harm. Complementing this, the isoprenoid pathway produces
terpenoids, acting as both repellents and attractants, while
sterols disrupt the hormonal balance of herbivores, stunting
their growth and reproduction®” (Table 2 and Figure 2).
Adding to the defensive lineup, the nitrogen-containing
secondary metabolite pathway generates a suite of potent
compounds like alkaloids, glucosinolates, and cyanogenic
glycosides.”’ These substances act as neurotoxins or release
reactive compounds upon herbivore attack, ensuring a swift
and decisive counterstrike.*> Meanwhile, the polyol pathway
operates as a silent guardian, mitigating stress by producing
osmoprotectants like mannitol and sorbitol to protect cells and
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chemical detection, analysis, and deployment. The strength of an agricultural scientist to explore and exploit chemical camouflage in plant lies in the
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utilized further through biostimulant production, intercropping, and pheromone traps to promote sustainable agriculture. Finally biotechnological
interventions like genome editing of plants or insects could lead to better management of pests in plants identified as hosts as well as those

surrounding them.

promote recovery.” Finally, the hormonal crosstalk pathway
brings all these defenses into harmony® (Table 2). By
integrating the signals from jasmonic acid, salicylic acid, and
ethylene, this pathway fine-tunes the plant’s responses,
balancing its energy allocation and ensuring an optimal defense
strategy (Figure 2). Together, these pathways weave a story of
resilience and adaptation, showcasing the biochemical
ingenuity of plants in their fight against herbivores while
providing a blueprint for sustainable pest management
practices.

5. EFFECTS OF DIFFERENT AGROECOLOGICAL
ZONES ON CHEMICAL CAMOUFLAGE

Chemical camouflage strategies, which involve plants produc-
ing chemical compounds to mimic or blend in with their
environment (e.g, resembling unpalatable plants or using
VOCs to deter herbivores), are not equally effective across all
agroecological zones, climates, or continents. The effectiveness
of these strategies largely depends on local ecological factors,
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including the specific herbivore and pathogen pressures, the
plant’s surrounding flora, and climatic conditions.” In different
agroecological zones or climates, the availability of particular
plant species that may serve as models for chemical mimicry
can vary, affecting how well the camouflage works. For
instance, in arid regions, plants might rely more on drought-
resistant compounds and use chemical mimicry to avoid
herbivores that are adapted to dry environments.*> Conversely,
in humid or tropical areas, the emphasis might be on deterring
herbivores that thrive in wetter, more biodiverse conditions.

Climate also influences the synthesis and stability of the
chemicals involved in camouflage. High temperatures or
varying humidity levels can affect the production of secondary
metabolites, such as alkaloids or terpenoids, altering the plant’s
ability to effectively camouflage. Additionally, local herbivore
species may have different sensitivities to specific chemicals,
meaning a strategy that works well in one region might be less
effective in another where the herbivores have evolved different
resistance mechanisms.
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6. CHEMICAL CAMOUFLAGE AND BEYOND:
DESIGNING FARMS FOR TOMORROW

Hitherto the review has underlined every aspect of chemical
camouflage which acts as a shield in protecting plants against
pests. However, the broader question lies in effective
translation and utilization of this ingenious abilities possessed
by the plants. As a result, finding creative and integrative ways
that use plant defense mechanisms and modern technology is
critical. Biotechnologists are at the vanguard of this effort,
developing new techniques and tactics to make agriculture
more sustainable and efficient. The core mechanism of this
chemical camouflage in plants lies in chemicals and VOCs
produced by the plants in the state of stress. We hereby in this
section utilize this naturally occurring superpower of plants
and propose various ways to effectively translate this in
designing the farms of tomorrow.

First and foremost, for effective utilization of the chemicals
released by plants during chemical camouflage, need to be
trapped and identified. The use of drones and sensors into
agricultural techniques is revolutionising precision farming.
Drones with hyperspectral and multispectral imaging capability
can identify chemical changes caused by stress to monitor crop
health.*® Hence, we proposed the utilization of these devices to
sense and capture the chemicals (Figure 3). Next important
step would be high throughput identification of these
chemicals through sophisticated chromatographic techniques.
Furthermore, drones may be later used for precision spraying
of pest specific chemicals, targeting fewer defensive plants with
specific treatments, therefore increasing crop resistance. This
data enables tailored treatments, just where they are required
by decreasing waste, lowering environmental impact, and
assuring maximum resource utilization.

Post successful identification of defensive chemicals paves a
way for other novel strategies. One interesting approach is the
use of biostimulants, which are natural or synthetic substances
that improve plant growth, stress tolerance, and immunological
responses’ (Figure 3). In this regard, the identified chemicals
can be used as biostimulants to protect plants from
environmental challenges and improve nutrient absorption,
thereby, providing a sustainable alternative to chemical
fertilizers and pesticides.*®

Another novel technique is the study of chemical webs in
agricultural environments for successful use of defensive
chemicals. Scientists can design plants to emit certain volatile
organic chemicals by studying and regulating the intricate
chemical interactions that exist between plants, pests, and
beneficial species. These manufactured emissions can attract
natural pest predators or repel herbivores, restoring ecological
balance. Such solutions lessen the need for broad-spectrum
insecticides and improve the sustainability of agricultural
systems (Figure 3). Through these approaches, the preexisting
knowledge can be perfectly utilized for successful pest
management.

The practice of intercropping and polyculture is long known
to the world but this practice can find its utilization in
improving plant group immunity. The preexisting knowledge
of plants which has the potential to produce VOCs can be
combined with crop species having complementary features to
increase biodiversity and environmental resilience.” Legumi-
nous crops, for example, may fix atmospheric nitrogen,
enriching the soil for nearby plants, while other companion
crops repel pests or attract beneficial insects (Figure 3). These
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technologies not only increase output but also lower the
environmental impact of farming.

All the above proposed strategies involve exploration and
exploitation of defensive chemicals for using it back on plants.
However, various other techniques developed by agricultural
scientists can also be extended as a benefit of chemical
camouflage seen in certain plant species. Pheromone traps is
another innovative technology gaining popularity. These traps
use synthetic pheromones that imitate insect communication
signals, interrupting pest breeding cycles or repelling pests
away from crops% (Figure 3). Advances in pheromone
manufacturing, storage, and delivery methods are making this
technique more affordable and scalable for farmers globally.

Genome editing has emerged as one of the benefactions of
scientists to the world. Editing genes of insects, can influence
their ability to feed on certain plants. For example, targeting
genes responsible for digestive enzymes or taste receptors
could make the insects less capable of consuming particular
crops. This would limit the insect’s ability to cause harm to
plants without affecting its overall population dynamics. As
with gene drive to spread sterility, targeted gene editing could
be used to reduce the fertility of individual insects in a
controlled way (Figure 3). This would lower the number of
offsprings in the population, but not in a way that would lead
to an engineered population collapse. The goal would be to
decrease herbivore pressure without driving the population to
extinction.

Synthetic biology opens up new opportunities for the
development of genetically active molecules and the engineer-
ing of plants capable of manufacturing bioactive substances.
These designer plants can boost their own defenses or create
chemicals that function as biocontrol agents against neighbor-
ing crops.”’ This technique necessitates a thorough under-
standing of metabolic pathways and regulatory networks,
making it a promising area of research in agricultural
biotechnology.

Therefore, understanding and harnessing the intricacies of
plant defense system represents a paradigm change in
agriculture. This insight not only increases our knowledge of
plant-environment interactions, but also enables the develop-
ment of more robust and sustainable systems. The
combination of these approaches marks a new frontier in
agricultural research, with the potential to change future farms.
By collating and synthesizing this knowledge, this review serves
as a foundational resource for researchers and policymakers. It
paves the way for future studies to build on a more
comprehensive understanding of chemical camouflage and its
transformative potential in agriculture.
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