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Phenotypic plasticity plays an essential 
role in the confrontation between plants 
and herbivorous insects
Xianzhong Wang1, Jieyu Kang1, Huizhong Wang1, Shigui Wang1, Bin Tang1* and Jiangjie Lu1*   

Abstract 

The interaction between insects and plants is a classic case of coevolution. During the arms race that has continued 
for 400 million years, the mutualistic (such as pollination and defense assistance) and antagonistic relationships gradu-
ally formed and complicated under the selection pressure from phytophagous insects. Thus, plants have developed 
diverse defense strategies, constantly balancing the relationship between defense and growth. At the same time, 
insects have evolved the ability to adapt to and resist plant defenses. Throughout this process, phenotypic plasticity 
has continuously helped both groups adapt to new environments and niches. Epigenetic changes play an impor-
tant role in the formation of plastic phenotype. These changes allow parental defense traits to be passed on to the 
offspring, helping the offspring resist insect feeding. Epigenetic changes and genetic variation provide the basis 
for the formation of new phenotypes, and plants can form stable defense traits under long-term insect feeding 
pressure. In this review, we summarize the defense strategies of plants and the counter-defense strategies of insects, 
suggest that phenotypic plasticity plays an important role in this interaction, and discuss the role of epigenetics 
in the formation of plastic phenotypes.
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Introduction
Plant defenses against insect ingestion are varied and 
highly species-specific (Bustos-Segura et  al. 2022; 
Depalo et  al. 2022). Plant defenses can be divided into 
two categories: static, known as “constitutive defense,” 
and dynamic, known as “inducible defense.” (Tortor-
ici et  al. 2022). These two methods work together to 
defend against herbivores, especially insects, and pro-
tect the normal growth, development, and reproduction 

processes (Taggar and Singh 2016). Although the anti-
insect compounds or proteins produced during defense 
formation may be the same, the levels and amounts dif-
fer, which is one of the important reasons why different 
species and even different populations of the same spe-
cies can adapt to different environments (Mahmood et al. 
2022; Jain et al. 2022).

Some studies have shown that insect feeding plays 
an important role in the formation of plant plastic-
ity phenotypes; in this process, insects, as consumers, 
also adapt to plant defenses. Some scholars refer to this 
process of competitive adaptation between insects and 
plants as an "arms race" (Jones et  al. 2022; Guo et  al. 
2023). Phenotypic plasticity, a widespread phenomenon 
in nature, refers to the ability of an organism to quickly 
change its phenotype in response to environmental 
stimuli or damage (Schneider 2022). Most organismal 
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traits have some degree of plasticity, which is an indis-
pensable means for organisms to adapt to environ-
mental changes. In addition, phenotypic plasticity is 
considered a resource for biological evolution (Skinner 
and Nilsson 2021; Nilsson et al. 2020). Insect ingestion 
results in mechanical and chemical damage to plants, 
which induces plant defense responses and transmits 
signals from the wound site to the whole plant through 
 Ca2+, wound-activated surface potential changes 
(WASPs), plant hormones, and other pathways (Wu 
et al. 2022; Kumari et al. 2019). This response is gener-
ally short-lived, and importantly, it can lead to the pro-
duction of a new phenotype without altering genetic 
information. Interestingly, it has been found that such a 
’defensive state’ can be passed on to offspring (Adachi-
Fukunaga et  al. 2022; Velasquez-Vasconez et  al. 2022), 
but the mechanism for this transmission is not yet fully 
understood.

In this review, three questions about the interaction 
between plants and insects are addressed.

1. How do plants perceive and respond to insect inges-
tion?

2. How do insects adapt to plant defenses?
3. What are the reasons for the formation and inherit-

ance of plasticity phenotypes in plant defense?

Plant response to stress is an ongoing focus of research, 
with a large number of studies focusing on the effects 
of abiotic stress (such as salt stress, drought stress, low-
temperature stress, etc.) on plants. In recent years, there 
have been great developments in the understanding of 
plant responses to biological stress (Lin et  al. 2023). At 
the core of this article lies the interaction between plant 
defense and herbivorous insect adaptation and the role of 
phenotypic plasticity and epigenetic inheritance in this 
process (Fig. 1).

Perception and response of plants to insect attack
Insects and land plants have been on Earth together for 
nearly 400 million years, and the interaction between 
insects and plants has evolved over this period (Moro 
et al. 2021; Khramov et al. 2022). A few mutually ben-
eficial relationships exist, including pollination and 
defense assistance (Salerno et  al. 2023). In addition, 
there are a few plants (such as the genera Nepen-
thes, Drosera, and Dionaea) that reverse the situation 
and eat insects as a means of survival. These are often 
called carnivorous plants (Freund et  al. 2022). Plants 
have developed multiple defense mechanisms over the 
course of evolution to protect themselves from insects 
and other herbivores. These defense mechanisms are 
crucial for the plant’s self-protection (Noman et  al. 
2020). The constitutive defenses and induced defenses 

Fig. 1 Simple model of insect and plant interaction. Herbivorous insects use two adaptive strategies to assist them feed safely on plants, 
self-regulation (green box) and external assistance (blue box). Plants formated different strategies to cope with ingesting from insect depending 
on the intensity. Among them, strategies 2 and 3, phenotypic plasticity plays a role in defense
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are two types of plant defenses that are widely recog-
nized and important for plant survival and reproduc-
tion, despite predation (Kesel et  al. 2021; Tanaka and 
Heil 2021). The multiple defense mechanisms of plants 
effectively reduce the invasive behavior of herbivores. 
Recognizing herbivore attack is a complex process for 
plants, as it can activate the plant defense system and 
prompt appropriate responses to ensure survival in 
a challenging ecological setting. Understanding the 
mechanisms underlying this response will aid research-
ers in enhancing crop resilience against biotic stress.

Over the course of their long-term coexistence, plant 
perceptual systems have developed to perceive damage, 
and plants have special receptors to recognize whether 
the damage was caused by a random factor or by insect 
feeding (Chavanke et  al. 2022; Ge et  al. 2022).When 
damage is determined to be mechanical damage from 
external factors in nature, the plant does not activate its 
specific defense system, thus saving energy for growth 
and reproduction. However, when damage is caused 
by insect feeding, specific metabolites, mainly fatty 
acid-amino acid conjugates (FACs) and other so-called 
herbivore-associated elicitors (HAEs), bind to specific 
receptors on the cell surface (Jones et  al. 2022; Tumlin-
son 2023). These receptors, known as pattern recognition 
receptors (PRRs) (Song et al. 2021; Wang et al. 2019), ini-
tiate phosphorylation cascades and defense reactions. In 
recent years, increasing in-depth research on mechanical 
injury signal transduction has improved the understand-
ing of this signaling system. Cell rupture or even cell 
wall damage or modification will trigger the defensive 
response, in which glutamate, peptides, ATP, oligogalac-
turonides (OGs), high mobility group (HMG) and so on 
can act as the first messengers to transmit injury infor-
mation. These are called damage-associated molecular 
patterns (DAMPs) (Tanaka and Heil 2021; Grissett et al. 
2020). Currently, research has identified and analyzed 
a minimum of 18 species of DAMPs (Hou et  al. 2019). 
DAMPs interact with specific receptors, triggering signal 
transduction through downstream CaBP responses and 
phosphorylation cascades. This process regulates dam-
age-related genes (Kanyuka and Rudd 2019). At the same 
time, these signals are further mediated by short-distance 
signals such as  Ca2+ waves and activated wound-acti-
vated surface potential change (WASP) signals, or long-
distance signals such as glutamate, ROS, and others that 
transmit damage signals to surrounding tissues, organs, 
and even the whole organism (Toyota et al. 2018). Some 
plants also transmit damage signals to other individu-
als in the population through volatile organic chemicals 
(VOCs). In this way, the defense response of the whole 
organism or even the whole population can be activated 
(Ling et al. 2022).

The initial signaling molecules are now widely believed 
to come from the damaged cells and damaged cell walls, 
as well as the attackers’ biological components, such as 
glutamate, ATP, and HMG, which come from the cyto-
plasm of the damaged cells (Ramachandran et al. 2019), 
and the destruction of the cell wall under the action of 
polygalacturonases (PG) produces OGs, insect salivary 
proteins, etc. (Pontiggia et al. 2020). These signaling mol-
ecules bind to cell surface receptors and cause down-
stream effects in cells (Toyota et  al. 2018; Kimura et  al. 
2020). For example, when glutamate serves as the first 
messenger, intracellular  Ca2+ concentration increases 
and CaBP regulates the expression of damage-related 
genes. As the same time, the movement of ions in and 
out of the cell alters the cell’s internal and external elec-
trical potential, consequently transmitting the signal to 
the neighboring cells (Bricchi et al. 2013; Steinhorst and 
Kudla 2014). When cell wall damage decomposes under 
the action of PG to produce OGs, which act as the first 
messenger to transmit damage signals, MAPK is induced 
to regulate the expression of damage-related genes 
through receptors (Silva-Sanzana et  al. 2022; Oelmüller 
et  al. 2023). In addition, ATP, HMG, and other DAMPs 
can regulate gene expression in a similar way (Fig.  2). 
These genes regulate JA synthesis, callose formation, sec-
ondary metabolite synthesis, etc., and thus promote cal-
lus formation and enhance physical defense formation 
to repair wounds (Yang et  al. 2018; Wang et  al. 2021a; 
Mitra and Baldwin 2014; Fu et  al. 2022; Fierke and Ste-
phen 2008). It is worth emphasizing that the contents 
of damaged plant cells should be followed with interest 
as a novel kind of DAMPs. There are not many studies 
on the immune responses caused by small molecules in 
plants, while most research on DAMP has focused on 
the metabolites or fragments of fungi and insects. Utiliz-
ing small molecules of plants as triggers to enhance plant 
defense and insect and disease resistance presents a novel 
approach that can provide a new idea for crops to resist 
biotic stress.

Current studies have shown that plants can simul-
taneously defend against attacking insects, but plants 
cannot properly defend against excessive stress due 
to energy shortages (Bobadilla et  al. 2022). Plants are 
believed to identify predators by distinguishing varia-
tions in insect HAEs, which encompass components 
like insect saliva, egg effusion, feces, and other sub-
stances. This ability allows plants to select the most 
suitable defense strategy (Zeng et  al. 2023). By recog-
nizing PRRs and HAEs on the cell surface, plants can 
distinguish physical damage from herbivore preda-
tion and identify the attacker, thus achieving optimal 
resource allocation (ul Malook S, Maqbool S, Hafeez 
M, Karunarathna SC, Suwannarach N 2022). However, 
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HAE-related research is limited at present, and the 
mechanism by which plants identify predators is still a 
focus of research.

Phenotypic plasticity in plant defenses
Phenotypic plasticity, a widespread phenomenon, dis-
tinct from the long and slow process of trait formation 
associated with genetic variation, is the primary means 
by which organisms rapidly adapt to the environment 
and cope with stress (Burton et  al. 2022). Phenotypic 
plasticity is the ability of organisms to express different 
phenotypes based on the biological or abiotic environ-
ment, and induced defenses are -related to the forma-
tion of plasticity phenotypes in plants (Nagano and Doi 
2020; Weiss 2019). Similar to genetic variation, adapta-
tions are not always specific to the environment. Some 
phenotypically plastic traits allow organisms to alter 
their traits over a short period to adapt to the environ-
ment, which is called an adaptive malleable phenotype. 
However, neutral or even non-adaptive phenotype also 
occurs, and these are far from the optimal phenotype 
(Gibert et al. 2019).

Phenotypic plasticity is essential for plant defense 
against herbivores
Although phenotypic plasticity is particularly common in 
insects and contributes to their formation as one of the 
most diverse animal groups in the world, little is known 
about how phenotypic plasticity helps them cope with 
plant defenses. On the contrary, numerous studies tell us 
that phenotypic plasticity provides powerful adaptive and 
defensive capabilities in plants (Stotz et  al. 2021). Feed-
ing by herbivorous insects is thought to be an important 
driving force for the generation of plant plasticity pheno-
types, and the insect-plant arms race is a major driver of 
phytochemical diversity (Qu et al. 2022). Feeding by her-
bivores not only leads to plasticity in the defensive traits 
of plants, but also has an influence on the floral traits of 
flowering plants, and indirectly interferes with plant pol-
lination (Rusman et  al. 2019a, 2022). Plasticity pheno-
types contribute to enhanced survival of plants despite 
dynamic environments and mobile enemies (Bonser 
2021).

In addition to feeding by herbivorous insects, environ-
mental conditions also play a crucial role in the devel-
opment of the plasticity phenotype in plant defenses. 

Fig. 2 Schematic diagram of partial DAMPs signal transduction. After cell damage, glutamate and ATP, which are cell contents, dissociate 
in the periplasmic space. They then bind to nearby cells membrane receptors, such as GLR and P2K1, resulting in the influx of  Ca2+ and triggering 
the efflux of Cl- to polarize cells and create a potential difference. Depolarization is achieved by draining H+ through the AHA1 receptor channel. 
It has been proposed that H+ can also promote depolarization by acting on GLR. Simultaneously, second messengers like  Ca2+ are transmitted 
to peripheral cells through plasmodesmata, leading to the generation of similar responses in these peripheral cells. This results in the formation 
of wound-activated surface potential changes (WASPs). Additionally,  Ca2+ regulates the expression of relevant genes through CaBP. Cell wall 
damage induces the production of OGs through the action of PG, which in turn regulates the expression of related genes through the MAPK 
pathway. This regulation impacts defense mechanisms, specifically the synthesis of JA, the generation of ROS signals, and callose production. The 
MAPK pathway also regulates HMG as cellular content, although the receptor remains unidentified.
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Different environmental conditions can affect the alloca-
tion of plant resources, influencing the balance between 
defense and growth. For example, nutritional conditions, 
elevation, and temperature can all affect the phenotypic 
plasticity of plants (Bakhtiari et al. 2019; Liu et al. 2022a). 
In particular, nutritional conditions directly affect the 
balance between plant growth and defense. When nutri-
ent and water supplies are insufficient, plants tend to pro-
tect themselves, favoring greater resources and defense. 
When nutrition is abundant, plants tend to favor growth, 
development and reproduction, leading to more off-
spring (Yamawo et al. 2012). This strategy selection may 
help plants survive under poor environmental conditions 
and allow populations to recover quickly after condi-
tions improve. The trade-off between defense and growth 
has long been considered one of the strategies for cop-
ing with environmental changes. This trade-off limits the 
evolution of intraspecific-induced defense but does not 
have much effect on the evolution of interspecific defense 
(Agrawal and Hastings 2019). Interestingly, different her-
bivorous insects and feeding patterns, as well as differ-
ent environments, can induce completely different plant 
defense phenotypes, including constitutive and induced 
defenses.

In conclusion, during the interaction between herbivo-
rous insects and plants, the plant plasticity phenotypes 
are influenced by herbivorous insects, and the environ-
mental conditions, such as soil nutrient also plays a very 
important role in this process.

Heredity and epigenetic changes in plant plastic defense 
phenotype
What is most notable, however, is that plant plastic 
defense traits and resistance have intergenerational 
effects, with both chemical defenses that are easy to 
induce and adjust and broadly effective constitutive 
defenses being inherited by subsequent generations 
(Sobral et  al. 2021a). Sobral et  al. and Quintero et  al. 
suggest that there are differences in phenotypic plas-
ticity across life stages. Both physical and chemical 
defenses can be induced during infancy, but only chemi-
cal defenses can be induced by phenotypic plasticity in 
adults (Sobral et  al. 2021a; Quintero and Bowers 2012). 
Most of the adaptive phenotypes resulting from phe-
notypic plasticity usually disappear sometime after the 
interaction ends, returning to the original phenotype. 
However, not all phenotypic formation and disappear-
ance occur fixedly, and this resetting phenomenon may 
persist over several generations with parental influence 
(Baker et al. 2018). For example, Solanum carolinense can 
transmit defensive traits (i.e., trichome and spine produc-
tion) to offspring (Nihranz et al. 2022). Some phenotypes, 
especially morphological changes, may not be recovered 

after the end of the interaction (Burggren 2019; Rad-
ersma et al. 2020). In contrast, some interactions produce 
plastic phenotypes and disappearance that start and end 
within a few seconds. Thus, the time scales of phenotypic 
responses to interactions are variable and vary considera-
bly, depending perhaps on whether the reaction is chemi-
cal, physiological, morphological, or behavioral (Ogran 
et al. 2020a; Guo et al. 2019).

Predation by herbivorous insects promotes plasticity 
phenotype formation of plant defenses, and changes in 
those defenses, especially chemical defenses. Plants are 
forced to adjust themselves through forming appropri-
ate own phenotypic plasticity to cope with insect feed-
ing stress. But the molecular mechanisms involved in 
this process remain obscure (Umesh et al. 2021; Qiao and 
Stepanova 2021).

The nucleotide sequence of DNA determines the 
sequence of its protein products, but at the level of 
gene expression regulation, the genetic units of eukary-
otes are involved in related chromatin components in 
addition to the DNA sequence. These can confer occa-
sional genetic changes in cell division and gene expres-
sion (Grant-Downton and Dickinson 2005; Francis 2011; 
Flintoft 2009). Phenotypes formed by defense responses 
are derived both from phenotypic plasticity and from 
the evolution of genetic variation in plant populations, 
and the transgenerational effect of phenotypic plasticity 
in plants is thought to be due to epigenetics (Tikhodeyev 
2020). Epigenetic changes (such as DNA modifica-
tion, histone modification, and non-coding RNA) are 
observed in damaged plants (Sobral et al. 2021b; Herrera 
et al. 2019). There are some findings that link epigenetic 
changes to plant defense genetics suggest that the dam-
age results in certain epigenetic changes. Furthermore, 
they observed an increase in the abundance of non-dicer 
sRNAs, which were found to be associated with nearby 
genes that had decreased expression in the subsequent 
generation (Colicchio et al. 2020).

Genetic material with epigenetic characteristics is 
passed to offspring. This causes the progeny to have a 
plastic defense phenotypes and increases their chances of 
survival in infancy by altering dormancy, forming defen-
sive traits or other ways (Vanden Broeck et  al. 2018). 
Although little is currently known about the relationship 
between epigenetic traits and plant defense formation, 
several studies have shown a link between the inheritance 
of phenotypic plasticity and epigenetic changes (Ali et al. 
2020; Liu et  al. 2022b). Sobral et  al. performed experi-
ments with Raphanus sativus and showed that herbivore 
feeding triggers genomic methylation of the target plant 
and its offspring, and that trichomes, which act as a phys-
ical defense, and glucosinolates, which act as a chemical 
defense, can be induced at the seedling stage. However, 
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only chemical defenses can be induced in adults (Sobral 
et  al. 2021a). Assmann et  al. demonstrated that the 
induction of Pst/Hpa and intergenerational memory of 
herbivores lasted only one generation in experiments on 
the interactions of Arabidopsis, tomato, and caterpillar, 
suggesting transcriptional plasticity in response to stress 
and the existence of strict regulation and powerful reset 
mechanisms, which prevent stable inheritance of chro-
matin changes (Rasmann et  al. 2012). At present, most 
relevant studies have focused on epigenetic changes and 
reprogramming mechanisms of plant defense caused by 
microbial invasion, and some relevant mechanisms have 
been studied and reviewed (Buscaill and Rivas 2014). 
However, there is limited knowledge exists regarding the 
epigenetic mechanisms underlying plant phenotypic plas-
ticity in herbivorous insects. Some studies have indicated 
that increased transcriptional plasticity is an important 
mechanism for widespread feeding in generalist insects, 
and such transcriptional plasticity and post-transcrip-
tional modifications also appear in the phenotypic plas-
ticity of insects (Richard et al. 2021). Althought currently 
known mechanisms are insufficient to construct a mech-
anism chain linking interplay to epigenetic changes, there 
is ample evidence pointing towards the formation of phe-
notypic plasticity in the process of interaction (Boquete 
et al. 2021; Duncan et al. 2022).

There are several discoveries about epigenetic changes 
in plant defense. Epigenetic changes are observed in 
many plants, such as wild arugula, wild radish, and yel-
low monkeyflower (Sobral et  al. 2021b; Ogran et  al. 
2020b; Scoville et  al. 2011). Epigenetic changes regulate 
the expression of genes without altering genetic informa-
tion while also enabling the passage of that information 
to offspring, creating transgenerational effects of pheno-
typic plasticity while maintaining the stability of genetic 
information (Smith and Ritchie 2013; Miryeganeh and 
Saze 2020; Shea et al. 2011; Gallusci et al. 2023). In con-
clusion, epigenetic changes in plant chromatin may guide 
phenotypic plasticity.Transcriptional level regulation 
and post-transcriptional level modification may play an 
important role in the formation of phenotypic plasticity 
(Villagra and Frias-Lasserre 2020).

Moczek believed that phenotypic plasticity pro-
vided opportunities for species differentiation, and the 
tradeoff between plasticity and mutation accumulation 
determined the diversity at all levels of organisms, ena-
bling the generation of new traits and even new species 
(Casasa and Moczek 2019). Interaction between plants 
and insects also has a considerable influence on ecol-
ogy. Plants constantly cope with insect herbivory, which 
is thought to be the evolutionary driver for the immense 
diversity of plant chemical defenses. In this competition, 
the emergence of new phenotypes disrupts the original 

balance, prompting the other side to respond, forcing out 
the population that cannot adapt, but at the same time, it 
will lead to the prosperity of the new dominant popula-
tion until a new equilibrium is reached (Kant et al. 2015; 
Coley et al. 2018; Maron et al. 2019; Ida et al. 2018). Epi-
genetics and phenotypic plasticity act as a bridge between 
species evolution and ecology (Ashe et  al. 1826). Her-
bivorous insects induce phenotypic plasticity of plants 
while selecting for genetic variation. Both forms of phe-
notypic variation, and plant phenotypic changes directly 
and indirectly affect the community diversity of herbivo-
rous insects and the environment as a whole (Hilker et al. 
2023; Rusman et al. 2019b).

Adaptation of insects to plants defenses
Insect and plant interactions are the most common ani-
mal-to-plant interactions on Earth. Facing plant defenses, 
especially chemical defenses, insects employ one or more 
strategies to adapt to host resistance (Wang et al. 2021b). 
They rely on the regulation of the expression of detoxi-
fication-related genes (Vandenhole et  al. 2021; Lu et  al. 
2021). The mutual benefit with intestinal microorganisms 
and horizontal gene transfer (HGT) are also important 
means for insects to exclusively feed on a certain type of 
plant and even become generalists (Coolen et  al. 2022; 
Kirsch et  al. 2022). Studying how insects react to plant 
defenses can help us address pest issues in crop produc-
tion. Diminishing insects’ adaptability to plant defenses 
can serve as a solution to minimize pesticide use and 
promote environmentally friendly production.

Research on insect gut microbes has been fruitful, pro-
viding new ideas for green pesticide development and 
ecological environmental governance by using insect gut 
microbes (Zhang et al. 2022a; Liu et al. 2021). Insect gut 
microbes, which have been described as a tool kit for the 
flexible metabolism of insects, are one of the important 
reasons why insects can decompose pesticides, plant 
secondary metabolites, and even microplastics (Zhang 
et  al. 2022b; Wei et  al. 2022; Fang et  al. 2023). In an 
insect-plant interaction, gut microbes provide the insect 
with the ability to degrade plant secondary metabolites 
and enhance the availability of nutrients for the host 
(Attia et al. 2022; Zhang et al. 2020), while the host pro-
vides a stable and nutritionally abundant living environ-
ment for the microorganisms; thus, the arrangement is 
mutually beneficial. Interestingly, some insects not only 
metabolize plant secondary metabolites into nontoxic 
substances but also use microorganisms to transform 
them into substances they need for growth, information 
transmission, and even immune-related substances (Sid-
diqui et  al. 2022; Yoon et  al. 2019). The substances are 
likely to affect the physicochemical conditions in the gut 
of the colonized insects, as indicated by Kešnerová et al. 
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This evidence reinforces the notion that gut microbes 
help insects decompose plant secondary metabolites. 
(Kešnerová et al. 2017). The diversity and adjustability of 
gut microbes provide important tools by which insects 
can adapt to their hosts (Francoeur et  al. 2020; Baner-
jee et al. 2022), while microbial complexity also provides 
a variety of functions. For chemical defense substances 
such as plant flavonoids, phenols, defense proteins, and 
even cyanides, corresponding microorganisms with the 
ability to metabolize the substances exist in different 
insects’ guts (Medina et al. 2022; Shukla and Beran 2020). 
However, the utilization of gut microbes is not lim-
ited to insects. Studies have shown that plants can also 
directly or indirectly regulate the composition of insect 
gut microbes by influencing them through volatile sub-
stances, disrupting the intestinal permeability of insects, 
affecting their digestive ability, and even altering their 
immune systems. Mason et  al.’s study found that cer-
tain plants can inhibit the growth and cause death of fall 
armyworms (Spodoptera frugiperda) through the action 
of bacteria present in the insect’s gut. The combination 
of physical and chemical defenses from these plants can 
weaken the armyworms’ digestive system, leading to the 
colonization of harmful bacteria and an increase in the 
cost of survival for the insects. This ultimately results in 
slower growth or death (Mason et al. 2019). Chen et al. 
also found DMNT to be damaging to the PM of Plutella 
xylostella and suppressing PxMucin expression in midgut 
cells, creating favorable conditions for microbial infec-
tions (Chen et  al. 2021). In brief, the alteration of gut 
microbes by plants can make the insects more suscep-
tible to infection and disease (Mason et al. 2022; Gasmi 
et al. 2019a).

It is an interesting phenomenon that insect gut 
microbes can be influenced by both sides of the interac-
tion (Alberoni et al. 2021; Li et al. 2022). Here, we pro-
pose a hypothesis for this phenomenon: the utilization of 
insect gut microbiota serves as a battleground for plant–
insect interactions, with both parties benefiting from 
this "neutral resource." The insect gut is a very complex 
and flexible environment and contains a wide variety of 
microorganisms, both beneficial and harmful (Schmidt 
and Engel 2021; Bai et al. 2021). Changes in herbivorous 
insect hosts exert an influence on the intestinal envi-
ronment (Yang et al. 2020; Pirttilä et al. 2023). After the 
intestinal environment changes, microorganisms that 
can use host plant defense compounds become domi-
nant populations because of better adaptation to envi-
ronmental changes and then assist insects with resisting 
plant defense (Mogren and Shikano 2021). However, the 
dominant population is not always beneficial to insects 
(Gu et al. 2023). When harmful microorganisms become 
the dominant population, they may cause damage to 

the intestine and reduce insect’s digestive and immune 
capabilities, and even kill them (Gasmi et  al. 2019b; Hu 
et al. 2021). During evolution, some plants got the ability 
to produce such secondary metabolites, which are ben-
eficial to insects’ harmful gut microbes. In their study at 
Rice, Lou et  al. discovered that the attack of the brown 
planthopper triggers the accumulation of sukuranetin in 
rice. This accumulation significantly inhibits the benefi-
cial endosymbionts of the brown planthopper (Liu et al. 
2023). According to the study by Zhu et  al., intestinal 
microorganisms of herbivorous insects mainly come 
from their diet (Zhu et  al. 2021). The intestinal micro-
biota plays a crucial role in host immunity, digestion, 
defense, and development (Xu et  al. 2022; Wang et  al. 
2022). Helping insects survive in a new environment, an 
insect diet shapes the structure of intestinal microbial 
communities (Wang et  al. 2022), and at the same time, 
the structural adjustment of gut microbes also assists in 
insect adaptation to host defenses (Zhang et al. 2022c; Lv 
et al. 2021).

Horizontal gene transfer, which is the movement of 
genetic information from one genome to another across 
species (Soucy et  al. 2015), was first mentioned in Suk-
hodolets’s article on bacteria (Sukhodolets 1988). HGT 
exists widely in nature and has been observed in bacteria, 
fungi, plants, and animals (Arnold et al. 2022; Wang et al. 
2020).Recent studies have found that HGT also plays an 
important role in insect adaptation and response to plant 
defenses. There are at least 14 insect species belonging 
to 6 orders that are known to have received plant genetic 
material through HGT (Gilbert and Maumus 2023). For 
example, the acyltransferase encoded by the PMaT1 gene 
obtained by the whitefly from its host is a key enzyme in 
the decomposition of phenolic glucosides. The transfer of 
the acyl group of the phenolic glucosides eliminates the 
toxicity of these compounds to the whitefly. This ability 
has enabled the whitefly to become a widespread feed-
ing agricultural pest (Xia et al. 2021). Similar HGT events 
also occurred in the horizontal transfer of plant cell wall-
degrading enzyme (PCWDE) related genes (Bellieny-
Rabelo et al. 2020; Shin et al. 2023).

In addition, insect self-resistance to plant defense 
occurs mainly in two ways: by regulating the expression 
of self-detoxification related genes and enzyme synthesis 
and by secreting specific active substances, such as GOX 
proteins, to reduce the plant injury response (Chen et al. 
2022).

Conclusion
The need for environmentally friendly pest control 
programs has become more and more urgent in the 
face of the huge losses caused by insect pests and the 
increasingly serious environmental pollution caused by 
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inorganic pesticides. Insect pests have been an important 
problem in crop production since ancient times, affecting 
both food crops and cash crops. Finding solutions from 
the plant itself should become an important green con-
trol approach, in addition to targeted control from the 
physiological and biochemical direction of insects. The 
study of plant defense mechanisms and insect adapta-
tion mechanisms is also an important cornerstone for the 
development of green pest resistance programs.

Through the interaction between plants and herbivo-
rous insects that has occurred for more than 400 million 
years, both plants and insects have developed defense 
and anti-defense mechanisms. Plants have developed 
large and complex chemical defenses, universal physi-
cal defenses, and indirect defense strategies under the 
pressure of herbivorous insects. Insects adapt to plant 
defenses by regulating the expression and composition 
of their enzymes, interacting with microorganisms, and 
obtaining external genes through HGT. Plants also have 
a well-developed system to detect herbivores and ini-
tiate defense responses. Signals are transmitted to the 
whole plant through mediators such as  Ca2+, WASPs, 
ROS, and jasmonic acid, triggering the defense response 
throughout the individual, as plants receive stress infor-
mation from herbivorous insects through perception and 
recognition systems. Some plants also transmit signals 
to other individuals through VOCs, inducing a defense 
response through this process. These responses regulate 
the expression levels of related genes through a second 
messenger and a phosphoric acid cascade. Phenotypic 
plasticity, an important means of biological adaptation 
to the environment, plays a crucial role in the interac-
tion between herbivorous insects and plants. Epigenetic 
changes and posttranscriptional regulation are signifi-
cant molecular mechanisms for the formation of plastic 
phenotypes. The future research should delve into epi-
genetics and examine changes at the transcriptional and 
posttranscriptional levels to gain a deeper understanding 
of the internal mechanisms that drive the occurrence and 
inheritance of plasticity phenotypes, especially focusing 
on transgenerational effects.

Understanding insect-plant interactions provides a 
more systematic and clear direction for pest control 
problems in crop production. Here, we propose three 
directions for environmentally friendly pest control 
that should be emphasized. First, we should apply plant 
defense capabilities to further research on plant damage 
perception, develop plant vaccines targeting DAMPs and 
HAEs, stimulate plant defense responses, and enhance 
crop defense capabilities in an external form to cope with 
herbivore insects. Secondly, we further studied the inter-
nal mechanism of the heritability of plant defense traits, 
linked the phenotypic plasticity of defense traits with 

epigenetics, and used new epigenetic observation meth-
ods to explore the genetic puzzle of plasticity of defense 
traits. Finally, taking insects as the research object, 
metagenomics and bioinformatics methods should be 
used to analyze the responses of insect gut microbes to 
plant defense. It could be used as a control measure by 
enhance the synthesis of plant-related compounds for 
sustainable control. In summary, whether promoting 
the formation of plant defense barriers in the form of 
plant vaccines or seeking the heritability of defense traits 
through epigenetics, improving plant defense capabilities 
as an anti-pest solution should be an important direction 
for the development of green pest control in the future.
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