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Abstract
Plants encounter a diverse array of pathogens and herbivorous insects, necessitating a well-coordinated response 
for survival and growth. Recent research has elucidated a complex network of molecular processes, including 
signal perception, hormonal interactions, transcriptional changes, and metabolic modifications, that govern 
plant responses to these biotic challenges. Plants recognize microbial and insect-derived signals through specific 
receptor systems that trigger cascades of signal transduction, which ultimately converge on shared defense 
mechanisms. Additionally, plant hormones such as salicylic acid, jasmonic acid, and ethylene play a critical role in 
regulating these responses, enabling plants to defend against multiple pathogens and pests while maintaining 
overall fitness. The initiation of defense responses results in extensive alterations in gene expression and epigenetic 
regulation, as well as a redirection of primary metabolism toward the synthesis of specific secondary metabolites, 
including phenolics, terpenoids, and alkaloids, which are essential for defense against both pathogens and insects. 
Notably, the findings indicate considerable overlap between defense mechanisms activated by microbial and insect 
threats, underscoring the importance of integrated signaling over distinct defense pathways. This review aims to 
synthesize current knowledge of the molecular and metabolic foundations of plant responses to biotic stressors, 
with an emphasis on common regulatory components and adaptable defense strategies that enable effective, 
sustainable plant defense.
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​​Introduction: convergent and divergent plant 
responses to microorganisms and insects
Plants exist within environments rich in dynamic eco-
logical matrices, constantly interacting with microor-
ganisms and insects. Consequently, they have evolved 
defense mechanisms capable of detecting a wide range 
of biotic cues related to microbial pathogens, mutu-
alistic microbes, and insect herbivores [1, 2]. While 
plant responses to biotic stresses are often perceived as 
sequential, they involve a complex network of regula-
tory mechanisms, including signal detection, intracellular 
transduction, hormonal modulation, transcriptional reg-
ulation, and metabolic reprogramming [3]. For decades, 
biotic stresses have been studied as two separate enti-
ties: those caused by microorganisms and those caused 
by insects. However, recent research reveals significant 
overlap in the molecular frameworks that govern plant 
responses to both stress types [4]. Therefore, a unified 
conceptual model that transcends traditional disciplinary 
boundaries and recognizes both convergent and diver-
gent aspects of plant defense is necessary [5]. Microor-
ganisms such as bacteria, fungi, oomycetes, and viruses 
interact with plants via diverse mechanisms, ranging 
from pathogenic invasion to mutualism [6]. Herbivorous 
insects cause physical damage and introduce oral secre-
tions on plant surfaces to facilitate feeding [7]. Despite 
fundamental differences in their modes of interaction, 
both microorganisms and insects trigger similar defense 

signaling events within comparable timeframes and at 
shared molecular sites [7]. Plants contain pattern recog-
nition receptors (PRRs) that detect conserved molecular 
patterns produced by microorganisms, as well as signa-
ture and damage-associated molecular patterns emitted 
by insect herbivores [8]. The activation of PRRs initiates 
overlapping downstream signaling cascades, indicating 
that plants rely on signal integration rather than isolated 
pathways to mount defenses [9]. This integration enables 
plants to dynamically adjust their responses based on the 
type of attacker and environmental conditions [10]. A key 
characteristic of plant defenses is their reliance on con-
verging signaling pathways rather than separate response 
modules [6]. Detection of either microbes or insects trig-
gers rapid activation of calcium influxes, reactive oxy-
gen species (ROS) bursts, mitogen-activated protein 
kinase (MAPK) cascades, and phytohormone signaling 
networks [11]. These early events serve as foundational 
platforms for downstream transcriptional and metabolic 
adjustments [12]. Although the qualitative and quantita-
tive aspects of these signals influence response specific-
ity, the same signaling molecules can produce different 
outcomes depending on timing and location [13]. This 
versatility in signaling underpins the plasticity observed 
in plant immune responses. Phytohormones play a cen-
tral role in balancing convergence and divergence within 
these defenses [10]. Salicylic acid typically mediates 
resistance to biotrophic and hemi-biotrophic pathogens, 
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whereas jasmonic acid and ethylene are mainly involved 
in defenses against necrotrophic pathogens and insect 
herbivores [14]. However, the traditional view of these 
pathways as largely separate is increasingly challenged, 
as extensive crosstalk among phytohormonal signals 
allows plants to fine-tune their defenses to suit prevail-
ing biotic threats [15]. This hormonal interplay enables 
plants to prioritize defenses effectively while conserving 
energy, reducing the costs of unnecessary responses [10]. 
Such integration is particularly vital in natural environ-
ments, where microorganisms and insects often attack 
simultaneously. At the transcriptional level, plant defense 
involves widespread changes in gene expression networks 
[14]. Families of transcription factors such as WRKY, 
MYB, bHLH, NAC, and AP2/ERF serve as regulatory 
hubs, integrating upstream signals to control defense 
gene expression [9, 16–19]. Many of these regulators are 
activated by elicitors from both microbes and insects, 
reinforcing the concept of shared regulatory architec-
tures [14]. Genome-wide expression studies show consid-
erable overlap in transcriptomic responses to microbial 
and herbivore stimuli, notably in genes related to signal-
ing, secondary metabolism, and cell wall reinforcement 
[14, 20]. While this overlap does not imply redundancy, 
it indicates a modular regulatory logic in which con-
served frameworks are selectively employed and adapted 
to produce context-dependent defenses [9]. Beyond 
transcriptional regulation, epigenetic mechanisms such 
as chromatin remodeling, histone modifications, DNA 
methylation, and small RNA-mediated regulation have 
emerged as vital for defense integration. These epigen-
etic changes facilitate immediate responses and establish 
long-term stress memory [21, 22]. Repeated exposure 
to elicitors can epigenetically prime defenses, enabling 
faster, stronger responses to subsequent challenges [23]. 
Many priming effects are non-stressor specific, highlight-
ing the interconnectedness of plant defense pathways 
[23]. The molecular memory of past attacks confers adap-
tive advantages in variable environments, underscoring 
the role of epigenetic plasticity in durable defenses [24]. 
Metabolic reprogramming adds another dimension: 
defense activation often reroutes primary metabolism 
to produce specialized metabolites with antimicrobial 
and anti-herbivore activities. Compounds such as phen-
ylpropanoids, terpenoids, alkaloids, and glucosinolates 
contribute directly to defense and indirectly by attract-
ing natural enemies of herbivores [26]. These metabo-
lites often have broad-spectrum activities, inhibiting 
microbes and deterring insects. The regulation of these 
metabolic pathways is tightly coordinated with hormonal 
and transcriptional networks, underscoring that defense 
metabolism arises from complex, multilayered signaling 
rather than being a passive outcome [10].

Importantly, the timing and location of immune sig-
nals within tissues significantly influence how metabo-
lism functions in specialized pathways. Variations in 
the duration or intensity of hormone signals, along with 
changes in ROS levels and kinase activity, can modify 
the production of defense-related chemicals. This regu-
lation helps shape context-dependent chemical defense 
patterns during interactions with microbes and insects. 
While microbial pathogens and insect herbivores often 
trigger overlapping early signaling events—such as Ca²⁺ 
influxes, ROS bursts, and MAPK cascades the resulting 
metabolic outputs vary considerably depending on the 
specific biotic stimulus. Differences in hormonal balance, 
tissue-specific signaling, signal duration, and transcrip-
tional activation direct metabolic flux toward classes of 
defense compounds, leading to context-specific chemical 
defense profiles optimized for distinct ecological interac-
tions [10].

Although the convergence of signaling and regulatory 
mechanisms in plant defense has become increasingly 
apparent, divergence remains equally important for effec-
tive defense. Plants must differentiate among attackers 
to avoid producing ineffective defense responses that 
reduce plant fitness [27]. Divergence occurs through the 
selective activation of different receptors, modulation of 
signal amplitudes, tissue-specific responses, and differen-
tial regulation of defense programs [4]. Additionally, the 
ecological context, including nutritional status, abiotic 
stress, plant microbiome composition, and developmen-
tal stage, significantly impacts the effectiveness of defense 
responses [28]. Therefore, understanding how plants 
coordinate common defense mechanisms with special-
ized responses is crucial for elucidating the underlying 
principles of plant immunity and adaptive plasticity [29]. 
Further justification for developing a unified approach 
to analyzing plant responses to microorganisms and 
insects is provided by recent developments in systems 
biology and multi-omics technologies [30]. Multi-omics 
approaches have combined data from transcriptomics, 
proteomics, metabolomics, and phosphoproteomics 
to reveal interconnected networks of plant defense 
responses that cannot be fully appreciated using single-
stressor or single-pathway approaches [31, 32]. Network 
modeling and data-driven analyses have shown that plant 
defense operates as an adaptive system, dynamically 
influenced by signal integration, feedback regulation, 
and resource competition [33]. These findings contradict 
reductionist paradigms and highlight the need for com-
prehensive frameworks that accurately depict the com-
plexities of real-world plant–biotic interactions [34]. In 
the context of sustainable agriculture and crop resilience, 
understanding the convergence and divergence in plant 
responses to microorganisms and insects has significant 
practical applications [35, 36]. Strategies for breeding 
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attack locations, signal intensity, plant developmental 
stages, beneficial microbes, and environmental factors 
influence the strength, speed, and precision of plant 
defenses. Consequently, plant immunity is a flexible, 
adaptable process that allows plants to balance protec-
tion, energy expenditure, and environmental adaptation. 
A diagram illustrating the multilayered architecture link-
ing biotic stress perception to the downstream immune 
response is shown in Fig. 1. This review also synthesizes 
current knowledge regarding plant immune responses 
to microorganisms and insects, emphasizing molecular 
signaling integration, regulatory crosstalk, and plastic-
ity. By highlighting common regulatory nodes alongside 
context-dependent divergence, we aim to offer a coher-
ent framework capturing the complexity of plant–biotic 
interactions. Such an integrative approach is timely 
and essential for addressing emerging challenges in 
plant health, ecological resilience, and sustainable food 
production.

and engineering crops that target shared defense nodes 
have the potential to enhance broad-spectrum resistance 
without compromising plant fitness [36]. However, these 
approaches require a detailed understanding of the rela-
tionships between defense and signaling crosstalk to 
avoid unintended consequences. Therefore, the develop-
ment of a unified conceptual model of plant defense is 
required not only to advance our fundamental knowledge 
but also to translate molecular information into resilient 
agricultural strategies [33, 37].

Together, the reviews support the concept that plant 
defense mechanisms against pathogens and insect pests 
operate through interconnected systems rather than iso-
lated pathways. Key shared control points include dan-
ger detection, calcium signaling, reactive oxygen species 
bursts, MAPK activation, hormone-signaling interac-
tions, transcription factor cooperation, and changes in 
gene regulation. These components work collectively 
to translate external threat signals into an immune 
response. Although signaling pathways often overlap, 
plants still tailor specific defenses to situations. Varia-
tions in pathogen lifestyles, insect feeding behaviors, 

Fig. 1  Integrated plant biotic defense signaling network. Recognition of microbial and insect cues via PRRs activates Ca²⁺ signaling, ROS bursts, and MAPK 
cascades, which converge on SA–JA–ET–ABA hormonal crosstalk networks. These regulatory hubs coordinate transcriptional reprogramming through 
key immune regulators to drive structural, chemical, and cellular defense outputs, including cell wall reinforcement, specialized metabolite biosynthesis, 
hyper-sensitive response, and systemic resistance. Image created using the Biorender program
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Early perception of biotic signals: from microbial 
patterns to herbivore-derived cues
The first level of plant defense is initiated at the plasma 
membrane, where a variety of cell-surface receptors act 
as “molecular sentinels” to recognize external biotic sig-
nals. Upon recognition of biotically produced cues from 
microbes or insects by one of the many pattern recog-
nition receptors, the receptor rapidly activates down-
stream signaling through receptor complex formation 
and kinase activation. As a result of this rapid signal-
ing process, the initial recognition event triggers early 
immune responses, including changes in ion flux across 
the plasma membrane, activation of phosphokinase cas-
cades, and changes in the redox state. These changes are 
necessary to establish the fundamental basis for down-
stream defense programming. Therefore, the cellular 
interface can be considered the key regulatory check-
point where biotic information is converted into the 
plant immune signaling network [8, 38]. Unlike mamma-
lian immune systems, which use roaming immune cells 
to survey the body, plant immunity is inherently cell-
autonomous and contains plasma-membrane anchored 
surveillance machinery in every cell type. This surveil-
lance machinery comprises pattern recognition recep-
tors (PRRs) and co-receptors that associate with PRRs to 
form dynamic receptor complexes that continuously scan 
the extracellular environment for conserved microbial- 
and herbivore-derived molecular patterns, due to the 
stationary nature of these receptors but their organized 
spatial distribution they allow for very rapid signal gen-
eration upon detection of potential threats, a high degree 
of sensitivity to ligands and fine temporal regulation of 
immune response activation. The decentralized architec-
ture of this type provides an immediate local response to 
invading organisms at the site of invasion. It ensures that 
the intensity of the immune response is tightly controlled 
upon invasion [39, 40]. In plant immunity, early percep-
tion represents a dynamic layer of active signal interpre-
tation rather than a static layer of passive recognition. 
Plant cells interpret biochemical elicitors, mechanically 
induced damage cues, and context-dependent informa-
tion within the cellular environment to discriminate 
threat identity, intensity, and duration by quantitatively 
modulating early signaling outputs [41, 42]. Importantly, 
the perception layer already embodies the duality of plant 
defense; at the receptor level, specificities converge onto 
common downstream signaling modules [4]. An orga-
nization such as this enables plants to produce rapid, 
synchronized immune responses while providing the 
plasticity needed to develop appropriate defenses against 
diverse biotic challengers [3]. Microbial pathogens 
and insect herbivores interact with plant tissues using 
fundamentally different biological approaches, which 
impose distinct recognition demands [42]. For example, 

microbial pathogens tend to invade plant tissues through 
direct contact (surface colonization), apoplastic growth, 
or direct entry into plant cells. In contrast, herbivorous 
insects inflict mechanical damage and deposit a range 
of biochemically complex substances via oral secretions 
and regurgitation during feeding. Despite differences in 
the modes of interaction among microorganisms, insects, 
and plant tissue, plants have developed partially overlap-
ping sets of receptors and early signaling mechanisms 
to recognize both microbial- and herbivore-derived sig-
nals. This shared logic of perception reflects an evolu-
tionary bias towards integrating signals and building a 
robust network, thereby allowing plants to mount reli-
able immune responses without maintaining energeti-
cally expensive, entirely separate recognition pathways. 
The early perception of microbial-, herbivore-derived- 
and damage-associated molecular signals occurs at the 
plasma membrane through pattern recognition receptors 
that aggregate into dynamic signaling complexes to gen-
erate rapid intracellular defense signaling (See Fig. 2).

Pattern recognition receptors and damage-associated 
molecular signals
The innate immune response in plants does not involve 
an animal-type adaptive immune system with special-
ized cells; rather, it is based on an ancient, universal 
innate immune system. Plants utilize this innate immune 
response system to identify and respond to molecular 
patterns associated with invading pathogens and cel-
lular damage. Plants use pattern recognition receptors 
(PRRs) to recognize molecular patterns produced by 
pathogens, known as pathogen-associated molecular 
patterns (PAMPs), and molecules produced by damaged 
plant cells, known as damage-associated molecular pat-
terns (DAMPs). This enables an appropriate defensive 
response to protect the plant from pathogen infection. 
Unlike animals, whose cells can move throughout the 
body to perform immune functions, plants are stationary 
and have therefore developed mechanisms to recognize 
danger in their environment and respond appropri-
ately. Plants employ PRRs to recognize both PAMPs and 
DAMPs, and to activate downstream signaling path-
ways that lead to an immune response. Plant PRRs are 
primarily located on the plasma membrane, where they 
continually monitor the surrounding environment for 
pathogens and damaged tissues. PRRs include receptor-
like kinases (RLKs) and receptor-like proteins (RLPs). 
Because PRRs are located on the plasma membrane, they 
can quickly detect invasion-related cues and immedi-
ately activate downstream signaling pathways [43, 44]. 
Once PRRs recognize a ligand, they initiate various early 
defense responses, such as changes in the plasma mem-
brane’s electrical charge, transient increases in intracellu-
lar Ca2 + concentrations, rapid bursts of reactive oxygen 
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species (ROS), and activation of mitogen-activated pro-
tein kinase (MAPK) pathways. All of these initial events 
eventually lead to a dramatic alteration in plant gene 
expression and metabolism [45]. Since plants cannot 
move to avoid pathogens, they have evolved numer-
ous types of receptor kinases and receptor-like proteins 
to form a “border control” system on their cell surfaces. 
They can distinguish between self and non-self, and 
between intact and damaged tissue [46]. However, plant 
surveillance is not limited to identifying pathogens; it 
also detects endogenously produced signals resulting 
from cell wall disruption. Specifically, PRRs can identify 
both conserved microbe-associated molecular patterns 
(MAMPs) and DAMPs produced or synthesized after 
the pathogen attacks or mechanically damages plant tis-
sue. This allows plants to integrate the extent of invasion 
and tissue damage [47, 48]. The plant cell wall is a key 

component of this process. It serves as both a structural 
component providing mechanical support and a signal-
ing platform that communicates with the rest of the plant 
cell. Embedded in the cell wall are cell wall-associated 
kinases (WAKs) that detect structural disruptions and 
degradation products generated by pathogen-derived 
cell wall-modifying enzymes, thereby linking cell wall 
integrity to immune activation [43]. When a PRR binds 
a ligand, it recruits a co-receptor, such as a somatic 
embryogenesis receptor kinase (SERK), to form an acti-
vated receptor complex that phosphorylates receptor-like 
cytoplasmic kinases and amplifies downstream signaling 
[49]. This network of PRR-mediated signaling activates 
a variety of defense responses, including transcriptional 
reprogramming, phytohormone synthesis, callose for-
mation, and, in some cases, programmed cell death, 
all of which limit pathogen growth and spread [44, 49]. 

Fig. 2  Early perception and signal integration of microbial, damage-associated, and herbivore-derived cues at the plant cell surface. Microbial patterns, 
herbivore elicitors, and cell wall–derived damage signals are perceived by plasma membrane pattern recognition receptors (PRRs), including RLKs, RLPs, 
and WAKs that assemble with co-receptors such as BAK1/SERK within membrane nanodomains. Ligand perception activates early signaling events, 
including Ca²⁺ influx, ROS production, MAPK activation, and membrane depolarization. Integration of these signals generates systemic electrical and 
biochemical waves that coordinate the activation of downstream defense pathways. Image created using the Biorender program
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Calcium-dependent signaling modules interact closely 
with RLK-mediated pathways, underscoring the neces-
sity of integrating signals to execute immune responses 
[43] effectively. Different sub-families of PRRs recog-
nize different ligands. For example, leucine-rich repeat 
(LRR) RLKs such as FLAGELLIN SENSING 2 (FLS2) and 
ELONGATION FACTOR TU RECEPTOR (EFR) detect 
bacterial flagellin and elongation factor Tu, respectively. 
On the other hand, LRR RLPs, such as RLP23 and RLP30, 
recognize fungal elicitors and bacterial cold-shock pro-
teins, respectively [50, 51]. Similarly, WAKs detect oligo-
galacturonides (OGs), pectin-derived fragments released 
during cell wall damage, which serve as strong DAMPs 
that rapidly induce Ca2 + fluxes and immune signaling 
[51, 52]. OGs are among the well-studied DAMPs and 
demonstrate the close relationship between cell wall 
remodeling and immune activation. Perception of OGs 
by WAKs not only initiates signaling to activate defenses 
but also affects cell expansion and development, demon-
strating their pleiotropic roles [53]. In addition to OGs, 
there are several other oligosaccharides derived from 
plant cell walls, including β-1,3-glucans, β-1,2-glucans, 
cellodextrins, xyloglucan, mannan, and arabinoxylan 
fragments, that have been identified as potent immune 
elicitors, expanding the repertoire of DAMPs recognized 
by plants [54, 55]. Recent studies have demonstrated that 
a mixture of β-1,3/1,4-glucans and other hemicellulose-
derived oligosaccharides induces characteristic fea-
tures of pattern-triggered immunity, including cytosolic 
Ca2 + transients, ROS generation, and MAPK activation 
in multiple plant species [56, 57]. Partially-hydrolyzed 
pectin products were shown to increase resistance of 
Arabidopsis thaliana to Pseudomonas syringae pv. tomato 
DC3000 by increasing ROS levels, nitric oxide levels, 
and levels of PR1, PR2, and PR5 mRNAs [58]. Cell wall-
derived oligosaccharides are perceived by unique recep-
tor complexes in monocotyledons, such as rice, including 
OsCERK1 and OsCEBiP, which specifically bind certain 
β-glucan and cellulose-derived fragments. Activation 
of these receptor complexes triggers a series of immune 
responses, including ROS production, MAPK activa-
tion, and increased expression of defense genes, thereby 
increasing resistance to fungal pathogens [51, 59]. Impor-
tantly, OsCERK1 plays a major role in activating local 
immune responses and ROS production, whereas OsCE-
BiP plays a greater role in triggering systemic signaling, 
demonstrating that receptor complexes have specialized 
functions [60]. Overall, these results indicate the com-
plexity of plants’ ability to perceive disturbances to their 
structural integrity and microbial invasion through an 
interconnected network of PRRs and cell-wall structural-
integrity sensors. Simultaneous perception of DAMPs 
and PAMPs allows plants to obtain context-specific 
information about both damage severity and pathogen 

presence, thereby enabling them to modulate their 
immune response to achieve an optimal balance between 
defense efficacy and metabolic costs [61, 62]. Identifying 
how a wide array of molecular cues is integrated at the 
cell surface and transduced into coherent defense pro-
grams represents a major area of study in plant immu-
nity, with important implications for the development of 
durable and sustainable crop protection methods [59].

Herbivore-associated molecular patterns and oral 
secretion signaling
Early detection of herbivory, based on HAMP percep-
tion, and subsequent development of defense responses 
requires an understanding of how plants perceive these 
elicitors, how they process them, and what type of 
responses they elicit. This includes understanding the 
chemical nature of these elicitors and how they interact 
with plant receptors to trigger downstream signaling 
processes. As discussed previously, research has identi-
fied several types of elicitors that trigger plant defense 
responses, including fatty acid–amino acid conjugates, 
β-glucosidases, and other compounds found in insect oral 
secretions and oviposition fluids. These elicitors interact 
with plant receptors, primarily located on cell surfaces, 
to activate a signaling cascade that ultimately leads to the 
expression of defense-related genes [63, 64]. While this 
process provides a general mechanism for how plants 
respond to insect feeding, many questions remain about 
how different elicitors influence plant defense responses 
and how these responses vary depending on the type of 
insect causing the damage. For example, it is known that 
certain elicitors induce higher levels of gene expression 
than others, and that some may induce more defense-
related genes than others [65]. Furthermore, research has 
also shown that some elicitors can suppress or redirect 
plant immunity, allowing for sustained feeding by the 
insect [65]. Plants have evolved mechanisms to detect 
insect attacks and mount effective defense responses. 
However, it is equally apparent that the effectiveness 
of these defenses varies widely among plants and that 
insects have evolved mechanisms to counteract many of 
them. Further research is needed to understand better 
the mechanisms by which plants recognize insect attacks 
and to develop new strategies to improve the effective-
ness of plant defense responses. Insect oral secretions 
are rich in bioactive molecules that play crucial roles 
in facilitating successful herbivory and plant-pathogen 
interactions. For example, volatile organic compounds 
(VOCs) emitted by aphids can activate systemic defense 
responses in host plants, leading to the production of 
toxic secondary metabolites that negatively affect aphid 
populations [66]. Additionally, several insect-secreted 
proteins, including those from the cotton bollworm, 
Helicoverpa armigera, have been identified as potential 
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effectors that interact with plant cellular machinery to 
modulate host responses during herbivory [66]. Thus, 
understanding the biochemistry and molecular biology 
of insect oral secretions is essential for developing novel 
strategies to control agricultural pests and mitigate plant 
disease. Plants have evolved sophisticated mechanisms to 
recognize and respond to a wide variety of environmen-
tal stimuli, including insect herbivory. Upon detection 
of insect feeding, plants initiate a complex signaling net-
work that triggers a range of defense responses, including 
the production of secondary metabolites and the activa-
tion of defense-related genes [67]. This defense response 
is typically accompanied by changes in plant physiology, 
such as alterations in stomatal density, root architec-
ture, and photosynthetic activity [68]. These physiologi-
cal changes reflect the plant’s ability to allocate resources 
away from growth and towards defense. They are thought 
to be critical for limiting the impact of insect herbivory 
on plant fitness. Studies examining the effects of insect 
herbivory on plant physiology have employed a range 
of methodologies, including electrophysiology, imaging 
techniques, and biochemical assays [69]. One area of par-
ticular interest in recent years is the use of electrophysi-
ology to examine the effects of insect herbivory on plant 
membranes and electrical properties [70, 71]. Electro-
physiology has provided valuable insights into short-term 
changes in plant physiology following insect feeding. For 
example, researchers have used patch-clamp technology 
to demonstrate that insect herbivory causes significant 
depolarization of guard cells in Arabidopsis thaliana, 
which results in increased stomatal conductance and 
altered gas exchange [70]. Additionally, researchers have 
used techniques such as voltage-sensitive dye imaging 
(VSDI) and fluorescence microscopy to demonstrate that 
insect herbivory induces rapid changes in plant electrical 
activity, including depolarization of epidermal cells and 
generation of action potentials [69, 71]. The use of elec-
trophysiology to study the effects of insect herbivory on 
plant physiology has provided a unique window into the 
rapid and dynamic changes that occur following insect 
feeding. Future studies using these technologies should 
continue to explore the relationships between plant phys-
iology and various insect elicitors.

Intracellular signaling cascades orchestrating 
defense activation
Plant innate immunity begins when pattern recogni-
tion receptors (PRRs) recognize conserved microbe-
associated molecular patterns (MAMPs) and trigger an 
initial defense response [72]. Most plant PRRs are recep-
tors, such as kinases or other proteins. They are local-
ized to the plasma membrane, where, upon binding to 
their respective ligands (such as bacterial flagellin or 
fungal chitin), they rapidly elicit intracellular signaling 

via phosphorylation [73]. Upon recognition of micro-
bial elicitors, such as bacterial flagellin or fungal chitin, 
receptor complexes form and receptor-like cytoplasmic 
kinases are recruited, thereby translating the detection 
of extracellular signals into intracellular biochemical sig-
nals [49]. Immune signaling in plants is coordinated via 
the interaction of the surface-localized PRRs and the 
intracellular Nucleotide Binding Leucine Rich Repeats 
(NLRs) [49, 74]. Activation of PRRs induces Pattern-Trig-
gered Immunity (PTI), whereas activation of NLRs that 
recognize pathogen effectors induces Effector-Triggered 
Immunity (ETI). While PTI and ETI utilize different rec-
ognition mechanisms, they result in identical signaling 
outputs, such as increased levels of cytosolic Ca²⁺, pro-
duction of reactive oxygen species (ROS), activation of 
mitogen-activated protein kinase (MAPK) cascades, and 
widespread changes in transcription [73, 75]. The con-
vergence of PTI and ETI increases the strength of the 
immune response and enables a versatile response to 
various pathogens. Initial immune activation is charac-
terized by rapid ion fluxes across the plasma membrane, 
specifically, an increase in Ca²⁺ influx, which serves as a 
universal second messenger in plant defense [43]. Dif-
ferent pathogens elicit stimulus-specific Ca²⁺ signatures 
that define their amplitudes and durations, enabling dis-
crimination among immune stimuli [76]. These Ca²⁺ sig-
nals are interpreted by specific sensor proteins, such as 
calcium-dependent protein kinases (CDPKs), calmodu-
lins (CaMs), calmodulin-like proteins (CMLs), and calci-
neurin B-like proteins (CBLs) [77]. These sensor proteins 
decode Ca²⁺ signals into phosphorylation cascades and 
transcriptional responses [78, 79]. CDPKs serve as sen-
sor-kinases that link Ca²⁺ perception to phosphorylation 
cascades. For example, CPK5 responds to small Ca²⁺ 
fluctuation and controls PTI responses, whereas CPK4, 
CPK6, and CPK11 regulate early transcriptional activa-
tion and ROS production [43, 80]. CMLs further regulate 
immune specificity and can function either positively or 
negatively, depending on the pathogen context [81, 82]. 
Calcium signals can be transmitted from infected to 
uninfected cells, coordinating systemic acquired resis-
tance (SAR) throughout the organism [83]. Beyond this 
long-distance coordination of SAR, Ca²⁺ waves facili-
tate defense priming in distant tissues [83]. Moreover, 
Ca²⁺ fluxes among the cytosol and organelles (vacuole, 
chloroplasts, mitochondria, and endoplasmic reticu-
lum) determine the magnitude and the duration of 
immune signaling [76]. In addition to their roles in how 
things work, the amounts and patterns of immune sig-
nals are now seen as key to defense specificity. Changes 
in how strong, how long, where, and how signals like 
Ca²⁺ surges, ROS bursts, and MAPK activity spread can 
strongly shape which genes are turned on and which 
metabolic pathways are triggered. Different types of 
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threats can produce unique signal patterns that influence 
the strength and direction of defenses by changing signal 
flow and linking messages between parts of the cell and 
different tissues.

Mitogen-activated protein kinase networks and 
phosphorylation dynamics
Mitogen-activated protein kinase (MAPK) cascades rep-
resent the central signaling networks that convert Ca²⁺ 
and ROS signals into transcriptional responses dur-
ing plant immunity [77]. These cascades are composed 
of three sequentially activated kinases—MAPKKKs, 
MAPKKs, and MAPKs—that convey signals through 
phosphorylation cascades to transcription factors and 
defense regulators [84, 85]. Following the activation of 
PRRs, receptor-like cytoplasmic kinases such as Botrytis-
induced kinase 1 (BIK1) transduce signals to MAPK 
pathways, linking extracellular perception with intracel-
lular signaling [49, 86]. The Flg22-induced FLS2–BAK1 
receptor complex, for example, activates MAPK pathways 
including MPK3 and MPK6. These kinases phosphorylate 
transcription factors such as WRKY22 and WRKY29, 
thereby inducing defense-related gene expression [75, 
87]. There are two primary MAPK cascades involved in 
the activation of PTI in Arabidopsis: MEKK1–MKK1/2–
MPK4 and MAPKKK3/5–MKK4/5–MPK3/6 [88, 82]. 
The latter cascade plays a role in stomatal immunity, phy-
toalexin biosynthesis, and the regulation of the hyper-
sensitive response [89, 90]. In addition to regulating 
the intensity and duration of MAPK signaling, MAPK 
phosphatases prevent overactivation of the immune 
response [47]. Furthermore, MAPK signaling intersects 
with hormone pathways regulating salicylic acid, ethyl-
ene, and jasmonic acid biosynthesis [91]. Additionally, 
MAPK-mediated phosphorylation modifies auxin sig-
naling by altering the activities of AUX/IAA repressor 
proteins, ARF transcription factors, and PIN transport-
ers, thereby coordinating growth and defense responses 
[92]. The kinase hubs, including SnRK2s, CDPKs, and 
MAPKs, combine Ca²⁺ and ROS signals with abiotic 
stress responses to ensure the optimal utilization of cel-
lular resources under environmental and pathogenic 
stresses [92].

Hormonal crosstalk as a central regulatory hub in 
biotic stress responses
The plant’s use of phytohormones as part of an inte-
grated signaling language converts pathogen perception 
to a coordinated defense response. The four hormones 
involved, salicylic acid (SA), jasmonic acid (JA), ethyl-
ene (ET), and abscisic acid (ABA), form a highly interde-
pendent signaling network [93]. This network functions 
through coordinated regulation of hormone biosyn-
thesis, hormone receptor function, transcriptional and 

posttranscriptional regulation, enabling plants to deploy 
their immune response based on the type of pathogen 
they encounter and to minimize the growth costs asso-
ciated with their immune responses [94, 95]. One of the 
most well-studied features of this network is the SA-JA 
antagonism, which determines whether the plant will pri-
oritize resistance to biotrophic pathogens, necrotrophic 
pathogens, or herbivorous insects [96]. Beyond regulat-
ing the intensity of immune signaling, phytohormonal 
networks also exert major control over the qualitative 
composition of defense-associated metabolites. SA-
dominated responses are frequently associated with the 
accumulation of phenolics, phytoalexins, and antimicro-
bial pathogenesis-related compounds. In contrast, JA/
ET-associated pathways preferentially induce terpenoids, 
alkaloids, protease inhibitors, and volatile organic com-
pounds involved in anti-herbivore defense and indirect 
ecological interactions. Consequently, hormonal cross-
talk functions not only as a signaling coordination mech-
anism but also as a major determinant of downstream 
metabolic specialization during biotic stress adaptation.

While there is considerable antagonism between these 
two pathways, it is not absolute and can be influenced 
by factors such as developmental stage, tissue iden-
tity, and environmental conditions. ABA plays a critical 
role in connecting abiotic stress to immune signaling. 
For example, ABA signaling can inhibit SA-dependent 
immunity by down-regulating ISOCHORISMATE SYN-
THASE1 (ISOCHORISMATE SYNTHASE1) expres-
sion, thus providing a link between pathogen defense and 
responses to drought or salt stress [97]. Additionally, age-
dependent regulation adds further complexity to how 
ABA affects SA signaling; ABA can suppress SA signaling 
in older rosette leaves under abiotic stress, but can also 
enable younger tissues to retain SA signaling competence 
through PBS3-mediated buffering [93]. As such, crosstalk 
among the various phytohormones serves as a central 
regulatory node controlling the magnitude, timing, and 
quality of biotic stress responses.

Salicylic acid–mediated immunity against microbial 
pathogens
Salicylic acid (SA) regulates defense against biotro-
phic and hemibiotrophic pathogens and initiates local 
antimicrobial gene expression and systemic acquired 
resistance (SAR) [98]. The temporal pattern of SA accu-
mulation varies among different stress types. Early ROS 
bursts typically precede SA accumulation under various 
stress conditions. Simultaneous ROS and SA accumula-
tion can also be triggered in some abiotic stresses (heat/
light) [99]. These observations provide evidence for a 
model in which ROS serves as the initial warning signal. 
At the same time, SA is involved in long-term transcrip-
tional programming and the establishment of immune 
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memory. SA signaling is centered upon regulatory hubs 
containing NONEXPRESSOR OF PATHOGENESIS-
RELATED GENES1 (NPR1) and ENHANCED DISEASE 
SUSCEPTIBILITY1 (EDS1), which orchestrate the acti-
vation of pathogenesis-related (PR) genes and antimi-
crobial programs [100]. SA biosynthesis is subject to 
lineage-dependent plasticity via two distinct biochemi-
cal pathways, namely the isochorismate synthase (ICS) 
pathway and the phenylalanine ammonia-lyase (PAL) 
pathway [99, 101]. The plastidial ICS pathway is respon-
sible for the bulk of SA produced in response to patho-
gens in Arabidopsis thaliana. ICS mutants exhibit greatly 
reduced levels of both basal and pathogen-induced SA 
[76, 102]. PAL-derived pathways contribute significantly 
to SA biosynthesis in several crops, especially mono-
cots, where ICS mutations do not completely abolish SA 
accumulation [85]. More recent studies have identified a 
conserved phenylalanine-derived metabolic module that 
produces SA from benzoyl-CoA intermediates, includ-
ing benzylated derivatives, through sequential conver-
sions of these compounds [99, 85]. As such, SA formation 
involves enzymatic actions across peroxisomal, endoplas-
mic reticulum, and cytosolic compartments in a variety 
of crop systems. This illustrates the evolution of diverse 
SA biosynthetic strategies [103]. Redox-regulation of 
NPR1 controls its ability to perceive SA. Under unin-
duced conditions, NPR1 exists as an oligomer; however, 
redox changes associated with SA lead to monomeriza-
tion, nuclear translocation, and transcriptional coactiva-
tion with TGA transcription factors, thereby activating 
PR gene expression [76]. NPR1 activity is further regu-
lated by NPR3 and NPR4, which control NPR1 turnover 
via proteasome-dependent pathways, providing mecha-
nisms to tune the intensity of the immune response 
based on NPR1 levels [46, 104]. Independent branches 
of SA signaling exist outside of NPR1, including tran-
scriptional regulators such as WHIRLY and MYB30 that 
mediate PR gene expression and control of the hypersen-
sitive response, ensuring redundancy within SA-medi-
ated immune signaling [73].

Jasmonic acid and ethylene signaling in herbivore 
defense
JA and ET are the primary hormones involved in defense 
against necrotrophic pathogens and herbivorous insects 
[105]. JA perception occurs through the SCF^COI1-
JAZ receptor complex, in which the active conjugate 
JA-Ile promotes ubiquitin-mediated degradation of JAZ 
repressors, thereby enabling transcription factors such as 
MYC2 to induce defense gene expression [106, 107]. The 
responses generated include the synthesis of proteinase 
inhibitors, secondary metabolites, and structural bar-
riers that inhibit herbivory. JA biosynthesis arises from 
α-linolenic acid via the plastidial octadecanoid pathway, 

resulting in the production of 12-oxophytodienoic acid 
(OPDA); OPDA is then converted into JA in peroxisomes 
through a series of reduction and β-oxidation reactions, 
followed by the conversion to JA-Ile by JAR1 [108, 109]. 
MYC2 cooperates with the transcriptional co-regulator 
MED25 to coordinate defense gene expression and pro-
mote, thereby limiting excessive defense investment 
[110]. The extensive interaction networks formed by mul-
tiple JAZ proteins enable JA signaling to connect devel-
opmental processes with stress responses, rather than 
function as a single-purpose defense pathway [110]. ET 
signaling generally synergizes with JA-mediated defenses. 
ET perception occurs through receptors localized to 
the endoplasmic reticulum and regulates downstream 
signaling through EIN2 and the stabilization of EIN3/
EIL1 transcription factors [111]. These regulators acti-
vate AP2/ERF transcription factors that regulate defense 
genes such as chitinases and defensins [105]. The synergy 
between JA and ET signaling is mediated by ERF tran-
scription factors, such as ERF1 and ORA59, which bind 
GCC-box elements in the PDF1.2 promoter to activate 
antimicrobial responses [18]. MAPK-dependent phos-
phorylation of selected ERF proteins stabilizes them and 
strengthens transcriptional outputs during infection or 
herbivory [18]. In crops such as rice, rapid induction of 
JA biosynthesis and MYC-dependent transcriptional pro-
grams following herbivore attack leads to the accumula-
tion of protease inhibitors and enhanced resistance [67].

Antagonism, synergy, and context-dependent 
hormonal trade-offs
The interplay among plant hormones imposes a resource-
allocation framework on immune responses. Antagonism 
between SA- and JA-dominated pathways frequently 
biases the defense response toward either biotrophic or 
necrotrophic threats by suppressing the respective path-
way regulators and transcriptional hubs [107, 112, 113]. 
NPR1 often mediates SA-dependent repression of JA 
signaling, enhancing biotroph-specific immunity [114]. 
Increasingly, SA-JA interactions are context-dependent 
rather than strictly antagonistic. Under combined stress 
or specific pathogen encounters, simultaneous activa-
tion of both pathways can enhance PR gene expression, 
phytoalexin accumulation, and cell wall fortification [115, 
116]. In certain cases of effector-triggered immunity, SA-
regulated components, including NPR3/4, can facilitate 
JA-associated signaling, resulting in programmed cell 
death [96, 117]. Environmental conditions also affect hor-
mone integration. Several factors, including temperature, 
light regimes, and abiotic stresses, can alter hormone 
biosynthesis and receptor sensitivity, thereby producing 
varied immune responses and climate resilience [118]. 
Crosstalk among hormones often occurs through multi-
functional regulatory proteins; for example, JAZ proteins 
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interact with transcription factors from the JA, ET, and 
ABA pathways to integrate hormone signals to varying 
degrees rather than simply producing binary outcomes 
[110]. Therefore, hormone trade-offs should be viewed 
as dynamic equilibria determined by the timing, signal 
intensity, and cellular environment of the plant, allowing 
plants to continuously adjust their growth-defense bal-
ance in response to changing environmental and patho-
genic stresses [119].

Transcriptional reprogramming and regulatory network 
architecture
The plant’s ability to mount an appropriate immune 
response is directly linked to its capacity to repro-
gram its transcriptional profile in response to perceived 
threats rapidly. This is achieved through pattern recog-
nition receptors, which are activated upon perception 
of microbial or damage-associated molecular patterns. 
Once activated, these receptors initiate signaling cas-
cades that rapidly redirect cellular priorities to support 
the mobilization of immune functions in response to 
variable environmental conditions. Frequently, these 
signaling cascades result in the redeployment of basic 
metabolic processes to support the mobilization of 
immune resources. As a result, the resulting transcrip-
tional response is controlled by a wide array of tran-
scription factor families, including WRKY, TGA, NAC, 
CBP60/SARD1, AP2/ERF, bZIP, bHLH, MYB, CAMTA, 
and TCP regulators, each controlling the temporal, spa-
tial, and quantitative characteristics of the transcriptional 
activation of defense-related genes, and thus represent-
ing common targets of pathogen interference. Rather 
than functioning independently as isolated switches, 
these regulators act in concert with one another within 
integrated signaling frameworks. Nucleocytoplasmic 
immune receptors, kinases, and co-regulatory complexes 
modulate the stability and activity of transcription fac-
tors via phosphorylation, protein–protein interactions, 
and regulated turnover [120]. Immune transcription is 
thus the result of the coordinated interaction among 
DNA-binding regulators, Mediator complexes, tran-
scriptional co-activators or repressors, and chromatin 
remodeling enzymes, all of which ultimately determine 
promoter accessibility to the transcription machinery 
and the level of transcriptional output [121]. Pathogens 
exploit this architecture by using effectors that inhibit 
transcription factor activity, disrupt regulatory com-
plexes, or redirect host proteins to ubiquitin-proteasome 
degradation to suppress the host’s immune response 
[122]. Hormone-responsive regulators further modulate 
the transcriptional amplitude of immune transcription. 
WRKY proteins are often found at the center of immune 
coordination, while MYB and bHLH modules are often 
responsible for regulating the hypersensitive response 

and hormone-linked metabolic regulation [123]. WRKY 
proteins bind to W-box promoter elements to regu-
late defense genes. In contrast, bZIP proteins recognize 
TGACG motifs and interact with MYB, bHLH, and AP2/
ERF regulators to form combinatorial promoter logic that 
enables context-dependent transcription of defense genes 
[124]. Due to their role as central regulators of immune 
transcription, many pathogen effectors target transcrip-
tion factors or their associated co-regulators, such as 
NPR1 and the TOPLESS (TPL) corepressor complex, to 
destabilize the transcriptional competence of immune 
transcription [125]. WRKY proteins play a critical role in 
providing broad-spectrum resistance against fungi, bac-
teria, oomycetes, and viruses by integrating downstream 
immune signaling networks [85]. An example of this is 
WRKY33, which regulates hormone-associated meta-
bolic defense mechanisms during infection by Botrytis 
cinerea. At the same time, AP2/ERF factors such as 
ERF1 and ORA59 integrate jasmonate-ethylene signal-
ing to activate necrotroph-effective defense programs 
[89]. Thus, hormonal signals such as SA, JA, ET, and 
ABA serve as system-level inputs to immune transcrip-
tion. In contrast, transcription factor families act as the 
executive regulatory layer, translating these inputs into 
promoter-specific outputs [105]. The AP2/ERF family 
illustrates this integration particularly well: while some 
members of the family (e.g., ERF5 and ERF6) increase the 
expression of JA/ET-responsive genes, other members 
decrease the expression of the same promoter targets, 
showing antagonistic regulation within the same tran-
scription factor family [18]. The stability and transcrip-
tional activity of AP2/ERF proteins are also modulated 
by MAPK-dependent phosphorylation during immune 
escalation [18]. The evolutionary diversification of AP2/
ERF subfamilies has enabled them to selectively recog-
nize distinct promoter motifs and stress conditions, with 
ERF-type regulators frequently involved in the transcrip-
tional responses to pathogens [92].

The convergence of early immune signaling pathways 
ultimately reshapes plant defense metabolism through 
extensive transcriptional reprogramming. Shared sig-
naling components, including Ca²⁺ signaling, ROS 
accumulation, MAPK activation, and phytohormonal 
integration, regulate large transcription factor networks 
that selectively activate biosynthetic pathways associated 
with specialized metabolite production. The differen-
tial regulation of these transcriptional modules enables 
plants to generate distinct chemical defense repertoires 
despite utilizing partially conserved upstream signaling 
architectures.

Defense gene clusters and co-expression modules
Immune transcription is organized at both genomic and 
network levels. Many defense genes reside in physical 
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clusters formed through duplication events, allowing for 
the simultaneous induction and diversification of resis-
tance gene analogs and pathogenesis-related loci [126]. 
Shared promoter grammar and epigenetic environments 
allow for the synchronized activation of these clusters 
during infection, facilitating defense deployment [127]. 
Large-scale co-expression analysis reveals that co-expres-
sion modules are enriched in regulatory hubs, including 
ERF, MYB, bHLH, bZIP, and C2H2 zinc-finger transcrip-
tion factors [128]. WRKY, NAC, and AP2/ERF proteins 
often serve as anchors of these modules by binding to 
conserved promoter motifs and coordinating the sequen-
tial activation of groups of defense genes [129]. However, 
network topology differs significantly between resistant 
and susceptible genotypes. Typically, resistant cultivars 
have densely connected, modular regulatory architec-
tures that stabilize the host’s immune outputs, whereas 
susceptible cultivars have disrupted connectivity consis-
tent with decreased transcriptional coordination [130]. 
Hub genes within these modules often regulate ubiqui-
tination pathways, receptor signaling, cell wall modifica-
tion, RNA metabolism, redox homeostasis, and hormone 
responses [128, 131]. Large-scale co-expression analysis, 
such as WGCNA, also partitions immune transcription 
into early signaling modules and late reinforcement mod-
ules that support metabolic defense and structural bar-
riers. The delayed activation of early defense modules 
in susceptible genotypes results in kinetic mismatches 
between perception and response. It ultimately leads to 
attenuated resistance despite the presence of key immune 
components [133].

Integration of microbial and insect-induced transcriptional 
signatures
Diverse biotic cues often quickly converge on a general-
ized danger response during early transcriptional stages, 
which significantly overlaps with abiotic stress signaling 
[134]. In subsequent transcriptional phases, responses 
become highly specialized, adjusting regulatory modules 
according to the pathogen’s lifestyle and the specific tis-
sue type of the infected plant [121]. Generally, incompat-
ible interactions lead to faster and more robust activation 
of defense regulators compared to compatible interac-
tions, supporting the idea that rapid transcriptional 
responses help limit pathogen proliferation [120]. Com-
parative studies have also revealed distinct transcrip-
tional signatures linked to different insect feeding guilds. 
Chewing insects tend to induce jasmonate (JA)-domi-
nated transcriptional programs, whereas piercing–suck-
ing insects usually activate salicylate-biased responses, 
reflecting biotrophic-like interactions with the host [135]. 
Although there is considerable overlap in the pathways 
activated by chewing and cell-content feeding insects—
allowing plants to adapt their transcriptional responses 

to multiple attack strategies [134]—cross-guild compari-
sons show that cell-content feeders more severely disrupt 
circadian and light-related regulatory networks [135]. 
Systemic signaling further enhances transcriptional coor-
dination, with localized infections or herbivory poten-
tially triggering systemic defense priming through mobile 
signals like jasmonate waves and hydraulic cues, thus pre-
paring distant tissues with anticipatory transcriptional 
states [136]. Root responses also display guild-specific 
transcriptional profiles; for instance, roots respond to 
chewing herbivores with JA/ABA-associated signatures, 
while responses to piercing–sucking insects are char-
acterized by sustained SA-associated responses [136]. 
Attackers may manipulate plant transcriptional trade-
offs by altering hormonal balances—salivary effectors, 
for example, can shift signaling toward SA dominance, 
thereby diminishing the effectiveness of JA-mediated 
defenses [137]. Plants counter these manipulations by 
diversifying receptor systems and compartmentalizing JA 
signaling into distinct branches—such as ERF-driven JA/
ethylene responses against necrotrophs and MYC-depen-
dent JA/ABA responses to extensive tissue damage [138]. 
A conceptual model illustrating the hierarchical organi-
zation of transcription factors, co-regulatory complexes, 
and defense gene modules that orchestrate immune tran-
scriptional reprogramming is depicted in Fig. 3.

Epigenetic regulation and stress memory in plant defense
Stress memory in plants enables them to develop faster, 
stronger responses to future stress events based on prior 
stress experiences. Stress memory is primarily regulated 
by epigenetic mechanisms (DNA methylation, histone 
modifications, chromatin remodeling, and small RNA-
directed pathways), which lead to a more responsive 
transcriptional state in response to future stress without 
altering the plant’s genomic sequence [139, 140]. Plants 
have developed three types of memory: somatic memory 
(memory within an organism), intergenerational memory 
(memory transmitted from one generation to the next), 
and transgenerational memory (memory transmitted 
across generations). The combination of these memory 
types allows plants to retain a stress-induced transcrip-
tional state throughout their life cycle and even pass it 
on to their offspring [140]. An example of this type of 
memory is defense priming, in which a plant previously 
exposed to stress produces a transcriptionally poised 
chromatin structure that enables it to respond quickly 
to future stress by rapidly inducing defense-associated 
genes [141, 142]. Loci that are primed for defense tend 
to acquire permissive histone modifications, such as 
H3K4me2/3, which facilitate the rapid recruitment of 
transcriptional machinery when the plant responds to a 
pathogen [143, 144]. Chromatin remodeling complexes, 
which include components of the SWI/SNF and ISWI 
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families, regulate the position of nucleosomes on mem-
ory loci and can regulate the transcriptional competence 
of those loci [145]. Regulators of chromatin remodeling 
complexes, such as FORGETTER1 (FGT1), interact with 
chromatin remodelers, including BRAHMA, CHR11, 
and CHR17, to regulate the transcriptional competence 
of stress-responsive genes, such as HSP21 and HSA32 
[145]. Histone variants such as H2A.Z and H3.3 con-
fer chromatin plasticity, stabilize permissive chroma-
tin states, and reduce nucleosome turnover [146, 147]. 
DNA methylation in the CG, CHG, and CHH contexts 
also regulates transcription by limiting transcription fac-
tors’ binding to promoters or by recruiting chromatin 
compaction proteins, and environmental stress can alter 
DNA methylation landscapes through mechanisms such 
as RNA-directed DNA methylation (RdDM) mediated 
by small interfering RNAs [140, 148]. Small RNAs also 

regulate transcripts involved in hormone signaling, reac-
tive oxygen species balance, and metabolic adjustment 
[149]. The epigenetic memory that develops in plants in 
response to stress can extend beyond the lifespan of an 
individual plant, as the progeny of a previously stressed 
plant often exhibit increased salicylic acid-dependent 
defense gene expression and greater resistance to patho-
gens, along with the persistence of chromatin modifica-
tions associated with defense [143]. Similarly beneficial 
microbes, such as Trichoderma spp. and plant growth-
promoting rhizobacteria, induce long-lasting epigenomic 
changes that enable durable priming across generations 
[150]. Importantly, these epigenetically influenced states 
are reversible in the absence of stress, providing the plant 
with continued adaptive flexibility. In contrast, recent 
advances in epigenome editing technology demonstrate 
that direct modification of specific chromatin marks can 

Fig. 3  Transcriptional reprogramming and regulatory network architecture underlying plant immune responses. Perception of a pathogen or herbivore 
initiates the convergence of several different immune signal transduction pathways and relays information from these to the nucleus regarding hor-
mone, MAPK, and redox status. The nuclear signals converge on an interconnected network of transcription factors that activate one another, including 
bHLH, bZIP, AP2/ERF, NAC, MYB, WRKY, CAMTA, and TCP, which regulate the expression of all defense-associated genes. These transcriptional outputs are 
regulated by multiple complexes that modulate transcription factor activity and/or stability, including co-activators such as NPR1, co-repressors such as 
TPL, the ubiquitin-proteasome system, and the Mediator complex. Recognition of specific promoters by specific cis-regulatory motifs (such as W-box, 
GCC-box, and TGACG), and/or chromatin remodeling events, modulate the accessibility and specificity of transcriptional regulation. Coordinated activa-
tion of defense-related gene modules, involving antimicrobial proteins, pathogenesis-related responses, secondary metabolites, phytoalexins, and cell 
wall fortification, occurs as a result of these processes. In addition, at the network level, the transcriptional response is organized into early, intermediate, 
and late co-expression modules that progressively regulate signaling competency, metabolic reprogramming, and structural reinforcement of defenses. 
Additionally, the regulatory architecture of the immune system can be compromised by effector molecules produced by pathogens that target transcrip-
tion factors and/or co-regulatory components, and by systemic signals (such as pulses of jasmonate and long-distance stress signals) that coordinate 
transcriptional priming across distant tissues. Image created using the Biorender program
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significantly affect the inheritance of resistance traits, 
thereby providing a promising avenue for developing 
genetically engineered crops with durable resistance to 
pathogens [151].

Shared defense nodes and signaling convergence between 
microorganism and insect responses
Despite significant differences in their biology and physi-
ology, both insects and microorganisms utilize a subset of 
highly connected, broadly used signaling components to 
coordinate their defense responses to infections. Exam-
ples of such signaling components in insects include the 
Toll and IMD signaling pathways, which are extensively 
linked to other signaling networks, including MAPK/
JNK cascades, JAK-STAT signaling, autophagy path-
ways, RNA interference mechanisms, oxidative stress 
responses, and proteostasis-related processes such as the 
integrated stress response and unfolded protein response 
[152]. As in insect defense responses, many microorgan-
isms employ similar signaling architectures to integrate 
environmental stress sensing with the regulation of sur-
vival, competition, and virulence. Therefore, the concept 
of defense convergence between organisms of different 
kingdoms can be understood based on the presence of 
shared regulatory nodes and signaling interfaces, includ-
ing NF-κB-like transcriptional regulation, programmed 
cell death pathways, redox signaling networks, ubiquitin-
mediated protein degradation, and endoplasmic reticu-
lum stress responses [68]. These conserved modules 
serve as modular, reusable regulatory frameworks that 
guide resistance, tolerance, and fitness tradeoffs during 
infection (Suppl. Table 1). This system-level convergence 
can explain why diverse biological threats can trigger 
overlapping response programs and why the disruption 
of a single signaling node, such as TAK1, TRAF adaptor 
proteins, or JNK signaling, can affect multiple branches 
of an organism’s immunity [153].

Systems biology and multi-omics insights into plant biotic 
stress responses
Plant pathologists, previously focused on individual 
genes, now view plant immunity as an emergent prop-
erty of connected molecular networks and physiologi-
cal tradeoffs. While this integrated approach is useful 
for studying the trade-off between growth and defense, 
it also emphasizes the importance of regulatory proteins 
(e.g., AVRPPHB SUSCEPTIBLE 3 and XYLEM NAC 
DOMAIN 1) that coordinate signaling across multiple 
hormone pathways and respond to both biotic and abi-
otic stresses [154, 155]. For example, in Arabidopsis, 
phosphate starvation signaling via PHR1 activates jasmo-
nate- and salicylate-associated defense pathways, dem-
onstrating that plant immune responses are part of the 
larger stress response physiology [156]. Another example 

of spatial regulation of ROS involves NADPH oxidases 
such as RbohA and RbohC, which generate developmen-
tal and defensive trade-offs and require the coordinated 
regulation of gene expression that controls ROS local-
ization, cell wall dynamics, and immune signaling [93]. 
Together, these advances have fostered the use of holo-
omics approaches that combine plant molecular data 
with microbiome profiles to study how cross-kingdom 
interactions shape plant immunity and microbial com-
munity structure [156]. However, holo-omics studies 
also pose analytical challenges (such as integrating het-
erogeneous datasets and the need for robust statistical 
frameworks), so there is growing interest in developing 
new computational tools and experimental designs to 
support multi-omics analysis [156]. Metabolomics plays a 
key role in multi-omics research because metabolites are 
the end products of gene expression and protein activ-
ity, providing information about the biochemical states 
of organisms under different conditions [157]. Small 
metabolites (typically < 1.5 kDa) play a significant role in 
plant-microbiome communication and can alter micro-
bial community composition in response to stress [158]. 
However, metabolomics is still in its infancy in terms of 
technological capabilities, and several limitations exist, 
including incomplete metabolite identification, ambigu-
ous spectral data, and limited experimental replication 
[159]. Additionally, very few metabolite reference librar-
ies are available, particularly for fungal metabolites and 
compounds produced by non-model organisms [159]. 
Therefore, expanding standardized protocols and creat-
ing more comprehensive metabolite databases will be 
necessary to translate holo-omics data from descriptive 
maps into functional insights. Recent advances in AI, 
machine learning, and predictive computational biol-
ogy are transforming plant immunity research. These 
advances enable large-scale integration and interpreta-
tion of transcriptomic, proteomic, metabolomic, and 
microbiome-associated datasets. AI-assisted analytical 
systems can expose hidden regulatory relationships, pri-
oritize immune-associated hub genes, and predict key 
signaling interactions in complex plant–microbe–insect 
responses. Researchers use network-based modeling 
to reconstruct immune regulatory architectures and 
forecast defense outcomes under combined biotic and 
abiotic stresses. Meanwhile, digital phenotyping, image-
based diagnostics, and analytics-based tools support the 
development of precision crop protection strategies and 
climate-adaptive agriculture. Combining systems biol-
ogy with AI frameworks constitutes a new frontier for 
translating molecular immune findings into expandable, 
eco-friendly agricultural applications. As illustrated in 
Fig. 4, integrating transcriptomics, proteomics, metabo-
lomics, and computational modeling allow researchers 
to reconstruct regulatory frameworks that describe the 
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relationships between signaling networks and physiologi-
cal outcomes.

Transcriptomics, proteomics, and metabolomics 
approaches
Transcriptomics has been particularly important for 
identifying plant responses to biotic stress, especially 
through RNA sequencing technologies that measure 
the entire plant transcriptome during pathogen attack 
[76, 160]. When a plant recognizes microbial signals or 
undergoes cellular damage, it responds rapidly by activat-
ing pattern-triggered immunity, leading to widespread 
transcriptional reprogramming that upregulates defense 
genes while downregulating growth-related metabolic 
pathways [134, 159]. The interactions between hor-
mones, especially the antagonism between salicylic acid 
and jasmonic acid, further define which defense mecha-
nisms are used and when developmental processes are 
temporarily halted [156, 161]. Newer single-cell and 
spatial transcriptomics methods have demonstrated that 
immune responses vary by cell type and tissue location 
in the plant and have uncovered specific subpopulations 
of immune-active cells [162]. However, isolating single 
plant cells can cause stress, complicating the interpreta-
tion of rapid immune responses [163]. Spatial transcrip-
tomics preserves tissue context and mitigates some of the 
issues associated with single-cell studies, but achieving 
complete transcriptome coverage at single-cell resolution 

remains a technical challenge [164]. Despite these limita-
tions, single-cell studies in Arabidopsis leaves have iden-
tified clusters of immune-active, transitionally active, 
and susceptible cells during infection, and have shown, 
using pseudotime analyses, that progression occurs 
from the initial activation of defense to pathogen colo-
nization [165]. Reporter imaging has localized immune-
active cells near the stomata and at the site of bacterial 
colonization, indicating that early invasion leads to local-
ized transcriptional specialization [165]. Droplet-based 
sequencing technologies, such as Drop-seq and Chro-
mium 10x, have enabled cell-type classification across 
diverse plant tissues and species [109, 166] and have 
validated the spatial gene expression patterns observed 
in infected plants [166, 167]. Proteomics complements 
the information provided by transcriptomics by directly 
quantifying proteins involved in pathogen recognition, 
signaling, transport of antimicrobial compounds, and 
antimicrobial activities [134]. High-resolution liquid 
chromatography-mass spectrometry (LC-MS/MS) meth-
ods can detect thousands of proteins during infection 
and reveal discrepancies between transcript and protein 
abundances, often due to post-transcriptional regulation, 
protein turnover, and post-translational modifications 
[134]. Important regulatory processes in plant proteomes 
include receptor-like kinases and MAPKs, which mediate 
phosphorylation and ubiquitination, regulating protein 
degradation and signaling intensity [168, 169]. Targeted 

Fig. 4  System-level integration of multi-omics datasets for understanding plant responses to biotic stress. This conceptual figure was generated using 
the AI-assisted scientific illustration platform FigureLabs (figurelabs.ai) and the Bio render program and was manually curated and edited by the authors
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proteomics approaches, such as selected reaction moni-
toring and parallel reaction monitoring, provide higher 
sensitivity and specificity for detecting low-abundance 
immune regulators [170]. Spatial proteomics further 
enhances these analyses by determining how cell-to-cell 
interactions affect tissue-level immune responses. Prox-
imity labeling techniques, such as TurboID, enable the 
capture of transient protein–protein interactions and 
signaling complexes in live tissues [171]. These studies 
have identified kinase-associated protein networks that 
influence transcription, RNA processing, and intracellu-
lar trafficking [171, 172]. For example, in rice, proximity-
dependent labeling was used to identify protein–protein 
interactions of OsPUX8B.2 linked to immune suppres-
sion [173]; and in Arabidopsis, host proteins interacting 
with the HopF2b effector of Pseudomonas syringae were 
mapped [172]. Also, large-scale phosphoproteomic anal-
yses of Arabidopsis have identified tens of thousands of 
phosphorylation sites, supporting the concept of “phos-
phocodes” that determine signaling specificity in bio-
logical contexts [92]. The ubiquitin-proteasome system is 
crucial in limiting the effectiveness of immune responses 
while preventing excessive inflammation [173]. Metabo-
lomics provides additional insights into the biochemical 
outcomes of defense induction. Typically, infections lead 
to increased levels of phytoalexins, alkaloids, phenylpro-
panoids, and structural metabolites that either reinforce 
plant barriers or inhibit pathogens [128, 174]. These com-
pounds arise from reprogrammed primary metabolism 
and represent the dynamic metabolic changes needed 
for immune responses [128]. Secondary metabolites can 
function as antimicrobial compounds, signaling mole-
cules, or metal transporters involved in stress adaptation 
[175]. The recent advances in NMR and mass spectrom-
etry-based platforms (GC-MS and LC-MS) have enabled 
sensitive, comprehensive metabolite profiling. LC-MS/
MS is particularly effective for detecting complex and 
labile metabolites, whereas GC-MS is well-suited for vol-
atile and stable compounds involved in central metabo-
lism [176, 157]. Since plants can produce over 200,000 
metabolites, high-resolution chromatographic and mass-
spectrometric methods are necessary to achieve broad 
metabolomic coverage [177]. However, the vast chemical 
diversity of plant metabolites introduces technical chal-
lenges in extracting, identifying, and quantitatively com-
paring them, and requires optimized protocols capable 
of extracting both primary and secondary metabolites 
[178].

Network modeling and predictive defense frameworks
By integrating multi-omics datasets into regulatory net-
works and predictive models, mechanistic relationships 
among genes, proteins, metabolites, and phenotypic 
outcomes become more apparent. Therefore, systems 

biology approaches attempt to create signaling pathways 
and interaction networks that describe how individual 
molecules contribute to the collective response of plants 
to stress [179]. Gene regulatory network inference is one 
of the primary approaches for reconstructing such net-
works. Gene regulatory network inference analyzes gene 
expression patterns to identify relationships between 
transcription factors and their targets and to develop 
hierarchical regulatory structures that control plant 
immunity [180]. The construction of networks typically 
occurs through statistical methods, including correlation 
analysis, mutual information, and Bayesian inference. 
Additionally, prior biological knowledge is often used to 
increase the accuracy and interpretability of the network 
[180]. To distinguish direct regulatory relationships from 
indirect co-expression relationships, transcription factor 
binding information, chromatin accessibility profiles, and 
promoter motif analysis are added. However, static asso-
ciation networks do not effectively represent dynamic 
and nonlinear biological interactions. As a result, 
dynamic modeling approaches, such as Boolean net-
works and ODE models, have been developed to simulate 
the temporal transitions in signaling states during patho-
gen infection [179, 181]. These models enable researchers 
to understand how regulatory cascades evolve and to test 
hypotheses regarding signal transmission and defense 
activation [182]. Platforms such as NetAct enhance regu-
latory inference by estimating transcription factor activ-
ity from transcriptomic data and developing compact 
regulatory core representations that more accurately 
capture dynamic behavior [182]. Additionally, machine-
learning-based regression approaches, including Elastic-
Net, enable researchers to quantify regulatory influence 
and compare interaction networks across different envi-
ronmental conditions or pathogen pressures [183].

Metabolic flux analysis is a method that quantifies the 
flow of carbon and nitrogen through cellular networks. 
During an infection, this type of analysis reveals how 
metabolic resources are redistributed towards the biosyn-
thesis of defense compounds [184, 185]. The integration 
of flux analysis with transcriptomic and proteomic data 
enables researchers to develop predictive genotype-to-
phenotype frameworks to identify regulatory bottlenecks 
and key signaling nodes that govern stress adaptation [76, 
186]. Increasingly, predictive modeling also uses machine 
learning algorithms to predict disease progression based 
on molecular signatures and environmental variables, 
enabling early detection and precision crop management 
strategies [186, 187]. Evolutionarily informed model-
ing can also be used to simplify network complexity by 
focusing on conserved stress-responsive modules across 
plant species, improving gene-to-trait inference, and pro-
viding a basis for translating defense mechanisms across 
species [188]. These predictive frameworks are currently 
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being evaluated for use in crop improvement, in which 
simulation models predict the performance of untested 
genotypes under various pathogen pressures and envi-
ronmental conditions [189]. The successful deployment 
of such models will require standardized datasets, vali-
datable metrics, and assessments of predictive robustness 
across varying environmental and pathogen populations 
[190].

Emerging role of artificial intelligence and data-driven 
discovery
AI is transforming plant systems biology by enabling 
the discovery of complex patterns in high-dimensional 
omics and phenotyping data that cannot be interpreted 
with traditional statistical methods. Machine learning 
algorithms can detect molecular signatures of early-stage 
plant disease and predict infection before symptoms 
appear [191, 192]. Machine learning supports several 
applications in plant pathology, including resistance clas-
sification in germplasm collections, pathogen identifi-
cation, and early stress detection, ultimately enhancing 
the speed of breeding and crop protection strategies 
[128, 188, 193]. When combined with high-throughput 
phenotyping platforms and remote sensing technolo-
gies, AI can transform molecular and imaging data into 
real-time surveillance systems that monitor crop health 
at scale across large agricultural areas [194]. Convolu-
tional Neural Networks have shown exceptional per-
formance in image-based disease diagnosis and enable 
automated detection and classification of plant diseases 
without manual feature extraction [195–197]. Further-
more, integrative AI frameworks that combine genomic, 
transcriptomic, metabolomic, and environmental data 
are increasingly being used to predict disease suscep-
tibility and resistance phenotypes under different field 
conditions [198, 199]. Principal Component Analy-
sis and LASSO regression are commonly employed to 
reduce dimensionality and improve the interpretabil-
ity of high-dimensional data [188]. Automated machine 
learning platforms and ensemble algorithms, including 
LightGBM, Random Forest, and XGBoost, have proven 
effective for genomic prediction and trait selection in 
breeding programs due to their ability to process large 
genomic datasets and maintain predictive stability [200, 
201]. Similarly, models have been applied to predict plant 
disease outbreaks in climate-driven pathosystems, such 
as coffee rust, where environmental variables play a sig-
nificant role in pathogen development [202, 203]. These 
approaches are increasingly integrated into genomic-
enviromic prediction frameworks that extend traditional 
genomic selection by modeling genotype-by-environ-
ment interactions using multi-omics data and environ-
mental covariates [193, 204]. Such frameworks show the 
greatest potential for orphan crops, where the transfer of 

predictive knowledge from major crop species and appli-
cation of machine learning to conserved genetic elements 
can significantly accelerate breeding progress [205]. 
However, the effective utilization of AI in plant science 
requires proper governance. Large-scale genomic and 
environmental datasets raise concerns about data own-
ership and privacy, and algorithmic bias can arise when 
models are trained on non-representative datasets [128]. 
Maintaining the interpretability and transparency of 
predictive models is critical for biological validation and 
scientific trust, especially when predictive models influ-
ence decisions made in agriculture or breeding [206]. The 
regulatory framework for AI adoption often lags behind 
technological advances, creating gaps in ethical oversight 
and safety standards [207]. Emerging solutions such as 
blockchain-based data management and federated learn-
ing provide promising avenues for secure data sharing 
and decentralized model training, while maintaining data 
ownership and traceability [176, 208]. Collectively, these 
emerging developments demonstrate the transformative 
capabilities of AI-driven analytical tools to accelerate the 
discovery of plant defense mechanisms and develop pre-
dictive, data-informed crop management systems, as dis-
played in Fig. 4.

Adaptive plasticity and context-dependent defense 
outcomes
The trade-off between how much you spend on defense 
and how much you spend on other parts of your life 
(like growing) is a key part of plant defense theory, and 
it helps explain why different species (and even indi-
vidual plants) use different strategies to resist pests and 
diseases. Many researchers think defense and growth 
are completely opposed. Still, in reality, many plants will 
grow and defend themselves simultaneously, especially in 
long-lived plants like trees, which can use chemical and 
structural defenses to protect themselves from harm, and 
these two types of defense can work together depending 
on the conditions around the plant [93, 209]. Conifers are 
a good example of this. While there is a growth–oleo-
resin trade-off in pines, and we see this trade-off clearly 
when plants are stressed, it appears that the genetic cor-
relation between growth and resistance is expressed only 
when environmental constraints limit a plant’s ability 
to allocate its limited resources [93, 210]. As such, abi-
otic factors (e.g., drought, nutrient limitation, tempera-
ture stress) can shape plant resistance both directly (by 
altering host physiology and defense allocation) and 
indirectly (by altering pest/pathogen pressure) [210]. 
Induced defense mechanisms, used by plants to conserve 
resources when no threats are present, come with a cost: 
activating them imposes a metabolic burden, so their 
adaptive value will depend heavily on the environmen-
tal conditions a plant experiences and the likelihood of 
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encountering a threat [93, 209]. Epigenetic mechanisms, 
including DNA methylation, may enable longer-lasting 
induced resistance [210], as seen in conifers such as 
Norway spruce. At all ecological scales, constitutive and 
induced defense strategies are generally negatively cor-
related due to shifts in allocation strategies in response 
to biotic pressures and habitat quality, which can affect 
population divergence [93, 209]. For example, environ-
ments that experience high levels of competition may 
favor rapid growth at the expense of resistance and, over 
time, alter a population’s genetic composition [93, 210]. 
The Resource Availability Hypothesis provides a theoreti-
cal basis for this idea, stating that under resource-limited 
environments, plants will invest more in defense than in 
growth. Conversely, under resource-rich environments, 
plants will invest less in defense and more in growth. 
Data collected from Pinus pinaster demonstrate that this 
is true, with fast-growing families being more suscep-
tible to Hylobius abietis, and populations from favorable 
habitats being more susceptible to Matsucoccus feytaudi 
than those from more extreme environments [93]. Car-
bon-based defensive metabolites, produced through bio-
synthetic pathways, require carbon and energy and can 
be constrained by resource limitations from drought or 
intraspecific competition, thereby increasing a tree’s risk 
of bark beetle attacks and demonstrating that defense 
capability depends on the availability of carbon and 
energy [211]. Sustained defense investment can also 
divert resources away from growth and reproduction 
[93, 212]. Additionally, defense activation is also subject 
to signaling thresholds. Weak signals may fail to elicit a 
response, and abiotic stress can disrupt the hormone 
crosstalk necessary for proper defense induction, thereby 
weakening resistance when the plant is physiologically 
stressed [213, 214]. Shade avoidance strategies can also 
affect defense outcomes by redirecting resources toward 
growth-related traits (such as rapid stem elongation), 
which can decrease structural resistance and chemical 
defenses [215]. These relationships have important impli-
cations for forest management and breeding programs, as 
selecting for growth may indirectly select for resistance if 
a trade-off exists between the two [93, 209]. Furthermore, 
ecological factors (such as pheromone-mediated mass 
attacks by bark beetles) can overwhelm even resistant 
trees when they surround highly susceptible individuals, 
reinforcing the need to combine genetic improvement 
with landscape-scale management strategies [93, 210]. 
Plant defense is increasingly viewed as an ecosystem 
property shaped by interactions among plants, insects, 
and associated microbiomes. The phyllosphere and rhi-
zosphere microbiomes can directly suppress pathogens/
herbivores and indirectly modify host chemistry/induc-
ible defenses [216]. Fungal endophytes, for example, can 
reduce herbivory through entomopathogenic activity or 

secondary metabolite production, suggesting that forest 
management strategies that affect microbial communities 
could enhance resistance [216]. This perspective is con-
sistent with the phytobiome concept, which views plants, 
pests, and their microbiomes as interconnected ecologi-
cal units whose health can be modified through breeding, 
ecosystem management, or microbial inoculations [216]. 
However, most studies continue to investigate simple 
host–insect systems, indicating a need for experimental 
investigations that include the dynamic nature of micro-
bial community structure across ecological scales. To 
maintain defense effectiveness without excessive fitness 
costs, constitutive and inducible defense mechanisms 
must be carefully regulated, particularly in long-lived 
conifers experiencing rapid climate change and evolv-
ing pest pressures [210, 217]. Microbiome engineering 
may provide a scalable means of improving plant resil-
ience, but additional challenges related to establishing, 
maintaining, and predicting microbial behavior in peren-
nial systems must be addressed [218]. Understanding 
microbial transmission dynamics (including horizontal 
transmission via insects and air, as well as vertical trans-
mission through seeds) may provide the information 
needed to develop microbiome-informed management 
strategies from seed orchards to plantation systems [216]. 
Therefore, future research should emphasize commu-
nity-level approaches examining microbial assemblages 
rather than beneficial microbial strains alone, to identify 
network properties that confer robust protection while 
minimizing trade-offs with forest productivity [216, 219].

Knowledge gaps, experimental challenges, and future 
research directions
Many plants are exposed to an array of biotic and abiotic 
factors simultaneously throughout their development 
and lifespan. These include the presence of pathogens 
and herbivorous insects, as well as various environmen-
tal changes. The combination of these stressors dictates 
the ultimate level of immune response, energy allocated 
to survival versus reproduction, and ultimately fitness. 
Although plants have been extensively studied in both 
natural and agricultural ecosystems, many studies con-
tinue to rely on a single biotic or abiotic factor, result-
ing in an inadequate representation of the complex 
interactions among genotype, environment, and man-
agement [212, 220, 221]. Furthermore, because plants 
often respond to multiple stimuli simultaneously, many 
researchers do not understand how plants decide which 
response pathway to use when faced with competing 
DAMPs, MAPK cascades, and jasmonic acid-depen-
dent pathways [93]. In addition, abiotic stresses such as 
drought and salinity add another layer of complexity to 
the hierarchy of immune response by altering the abil-
ity of plants to mount an effective immune response 



Page 19 of 27Vasantha-Srinivasan et al. Chemical and Biological Technologies in Agriculture           (2026) 13:91 

through hormonal antagonisms and limitations on avail-
able resources, thereby obscuring the full range of resis-
tance capacity of the genotypes tested under less complex 
conditions [97]. Finally, current models of plant defense 
cannot adequately describe the emergent properties of 
co-infected plants with microbes and insects fed upon 
concurrently, since the regulation of plant hormone net-
works, including salicylic acid, jasmonic acid, auxins, 
gibberellins, and cytokinin, occurs in a dynamic regula-
tory network whose directionality changes depending 
on the multi-stress regime [212]. For example, vector-
borne pathogens, such as those transmitted by Hemip-
tera, exemplify this complexity. Hemiptera feeding can 
increase salicylic acid levels in the plant, but viruses can 
also modulate the same hormonal circuitry to down-
regulate the plant’s immune system and upregulate 
transmission efficiency; however, the molecular basis of 
these three-way interactions remains poorly understood 
[46]. Another limitation of current studies is that con-
trolled experiments lack the temporal ordering and envi-
ronmental heterogeneity found in field environments, 
where the sequence, magnitude, and duration of stress 
events determine whether plants prime, antagonize, or 
become metabolically exhausted after each stress event 
[93, 222]. This is particularly important for long-lived 
tree species, where breeding cycles can take decades, 
and pest complexes and climate variability can change in 
just a few years. For example, in Pinus pinaster, breed-
ing lines selected for growth rate were more susceptible 
to herbivores and scale insects than slower-growing 
lines, indicating that selective pressure on growth can 
alter multi-pest resistance architectures [93]. Therefore, 
understanding the genetic basis of plant multi-stress 
resilience is a major next frontier, particularly to deter-
mine whether plant tolerance to multiple stresses is due 
to a small number of high-effect regulators or to distrib-
uted polygenic networks that interact with environmental 
variance [222]. Additionally, epigenetic memory mecha-
nisms may enable some degree of acclimation in plants 
subjected to repeated or overlapping stresses. Still, the 
causal relationships between specific chromatin states 
and durable field resistance in perennial systems remain 
poorly characterized [212]. Overcoming these challenges 
will require ecologically valid experimental designs that 
incorporate spatial heterogeneity, community interac-
tions, and time-course phenotyping combined with lon-
gitudinal molecular profiling [36, 223]. Systems-based 
multi-omics approaches that integrate transcriptomics, 
proteomics, and metabolomics are powerful methods for 
identifying regulatory nodes controlling cross-tolerance 
responses, particularly when combined with predictive 
modeling and environmental parameterization [212, 
224]. Ultimately, developing models of plant defense that 
bridge laboratory reductionism and field realism will 

require systems-driven approaches that use ecological 
niche modeling, process-based simulation, and advanced 
sensing technologies to predict plant performance under 
climate variability [160,225,226]. The use of systems-
based modeling of plant defense, coupled with emerg-
ing tools for modifying plant genomes such as genome 
editing, multigene engineering, and synthetic regulatory 
circuits, offers new and unparalleled opportunities for 
reconfiguring defense networks into climate-resilient 
crops, provided that standard evaluation pipelines and 
coordinated breeding strategies are developed across all 
agroecological environments [190]. The development of 
integrated systems-based models of multi-stress defense 
biology will be essential to providing the framework 
needed to improve the climate resilience of crops (Fig. 5).

Concluding remarks: toward durable and sustainable plant 
defense strategies
Plants function within ecological environments in which 
various types of stresses (such as infection by a patho-
gen, herbivory, and environmental variations) interact 
and force the plant’s immune system to make decisions 
constantly regarding whether to activate an immune 
response, allocate resources to growth and develop-
ment, and support an appropriate level of metabolism. 
Although there has been significant progress in under-
standing the mechanisms underlying plant immune 
responses, much of our current knowledge was derived 
from studies using reductionist, single-stressor models. 
These single-stressor models do not adequately capture 
the converging signals that occur in the real world, lead-
ing to a major unresolved question: How do plants pri-
oritize their defense responses when competing cues are 
directed at shared regulatory networks that involve dam-
age perception, kinase cascades, and hormone-mediated 
transcriptional regulation? The difficulty of making prior-
itization-based decisions is further compounded under 
abiotic stress conditions such as drought or salinity; these 
conditions have been shown to alter the plant’s hormonal 
equilibrium and limit resource availability, which may 
mask the plant’s intrinsic resistance capacity. In addition, 
the study of interactions among microbial pathogens, 
insect herbivores, and host physiology shows that defense 
signaling occurs in a networked rather than linear man-
ner. Hormonal circuits, including those involving salicylic 
acid, jasmonate, and auxin, form a dynamic regulatory 
lattice that reconfigures its structure in response to mul-
tiple stresses. Vector-borne pathosystems serve as a para-
digmatic example of the complexity of defense signaling 
in networked systems. As insect feeding can stimulate 
the plant’s immune response, which pathogens can then 
exploit to enhance their ability to infect and transmit via 
the vector, this raises fundamental questions about the 
molecular logic governing these tripartite relationships. 
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Answers to these questions will likely be determined by 
developing experimental systems that capture the tem-
poral sequencing of events, the heterogeneity of envi-
ronmental factors, and the interactions among members 
of plant communities in natural ecosystems. However, 
these conditions are difficult to reproduce in controlled 
laboratory settings. The challenges of studying perennial 
crops are exacerbated by long generation times, the rapid 
evolution of pest pressure, climate instability, and the 
potential for selection for growth traits that can reduce 
resistance. Equally unresolved is the genetic basis of plant 
resistance to multiple stresses: does adaptive robustness 
arise from a few regulatory centers, from many poly-
genes, or from environmentally responsive epigenetic 
memory? The answers to these questions will depend on 
the use of methodological advancements, including time-
resolved phenotyping, longitudinal molecular profiling, 
and multi-omics analyses, to identify regulatory nodes 
that govern cross-tolerance and stress memory. From a 
forward-looking perspective, the convergence of systems 
biology, predictive modeling, and molecular engineering 
provides a pathway toward anticipatory plant defense sci-
ence. Using computational frameworks to simulate envi-
ronmental complexity enables ideotype prediction, while 
genome editing and synthetic regulatory circuits enable 
the directed reorganization of defense networks. When 
used in conjunction with high-throughput phenotyping 
and coordinated breeding programs, these approaches 
may allow for the transformation of crop protection from 
reactive management to predictive design. Ultimately, 
resilient plants will not be developed by maximizing indi-
vidual resistance traits, but by balancing immunity with 

growth, metabolism, and ecological adaptation. From 
an applied agricultural perspective, understanding the 
interconnected regulatory architecture underlying plant 
immune signaling offers significant opportunities. These 
opportunities support the development of resilient and 
sustainable crop protection strategies. Identifying shared 
defense regulatory nodes—such as PRR-associated sig-
naling components, MAPK cascades, hormone inte-
gration hubs, and transcriptional regulators—may help 
engineer or breed crops with broad-spectrum resistance 
against multiple biotic stressors. Advances in immune 
priming, microbiome-assisted crop protection, RNA-
based technologies, and precision biocontrol offer prom-
ising alternatives to conventional, chemical-dependent 
pest management. Integrating multi-omics platforms, 
predictive modeling, and AI-assisted decision-support 
systems could speed up climate-resilient crop improve-
ment programs. These programs can optimize defense 
activation while minimizing growth penalties. Altogether, 
these emerging strategies underscore the translational 
potential of integrated plant immunity research. They 
can support agricultural sustainability, ecological resil-
ience, and long-term food security under rapidly chang-
ing environmental conditions. Future advances in plant 
immunity research will increasingly depend on quanti-
tative and spatiotemporal approaches capable of experi-
mentally resolving dynamic immune signaling processes. 
Integrating live-cell imaging, spatial metabolomics, iso-
tope tracing, time-resolved multi-omics, and computa-
tional flux modeling may provide deeper insight into how 
signal amplitude, localization, and pathway kinetics col-
lectively determine downstream metabolic specialization 

Fig. 5  Conceptual overview of major knowledge gaps and experimental limitations in multi-stress plant immunity research and emerging integrative 
strategies, including systems biology, predictive modeling, and genome engineering to advance climate-resilient crop protection. This conceptual figure 
was generated using the AI-assisted scientific illustration platform FigureLabs (figurelabs.ai) and the Bio render program and was manually curated and 
edited by the authors
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and defense outcomes under complex biotic stress condi-
tions. Developing this balance requires a systems-based 
approach that combines molecular genetics, ecology, and 
computational biology to build predictive frameworks 
that sustain crop productivity amid increasing rates of 
climatic and biotic change.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​1​8​6​/​s​4​0​5​3​8​-​0​2​6​-​0​0​9​9​0​-​4​​​​​.​​

Supplementary Material 1

Acknowledgements
During the preparation of this manuscript, the authors used BioRender 
(BioRender.com) and Figures Lab (https://www.figurelabs.ai/) to create 
schematic illustrations and graphical representations of conceptual 
frameworks. In addition, Grammarly (Grammarly Inc.) was used exclusively 
for grammar checking and minor language editing. All scientific concepts, 
interpretations, data analysis, and the final intellectual content of the 
manuscript were independently developed, verified, and revised by the 
authors.

Author contributions
Conceptualization, P.V., A.J., and S.S.; methodology, P.V.; validation, P.V., R.S., 
and S.K.; formal analysis, P.V., R.S., Y.S.H., S.K., and K.B.P.; investigation, P.V., R.S., 
A.J., S.S., Y.S.H., S.K., and K.B.P.; resources, A.J. and S.S.; data curation, P.V., R.S., 
Y.S.H., S.K., and K.B.P.; writing—original draft preparation, P.V.; writing—review 
and editing, R.S., A.J., S.S., Y.S.H., S.K., and K.B.P.; visualization, R.S., A.J., S.S., Y.S.H., 
S.K., and K.B.P.; supervision, A.J., S.S., and Y.S.H.; project administration, A.J. and 
S.S.; funding acquisition, A.J. and S.S. All authors have read and agreed to the 
published version of the manuscript.

Funding
Not applicable.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Clinical trial number
Not applicable.

Author details
1Department of Integrative Agriculture, College of Agriculture and 
Veterinary Medicine, United Arab Emirates University, P.O. Box 15551, Al 
Ain, United Arab Emirates
2ASPIRE Research Institute for Food Security in the Drylands (ARIFSID), 
United Arab Emirates University, P.O. Box 15551, Al Ain, United Arab 
Emirates
3Division of Bio-pesticides and Environmental Toxicology, Sri 
Paramakalyani Center for Excellence in Environmental Sciences, 
Manomaniam Sundaranar University, Alwarkurichi, Tirunelveli,  
Tamil Nadu 627412, India
4Department of Applied Biology, Institute of Environmentally Friendly 
Agriculture (IEFA), College of Agriculture and Life Sciences, Chonnam 
National University, Gwangju 61186, Republic of Korea

5Department of Entomology, University of Kentucky, Lexington  
40503, USA
6Research & Development Center, Invirustech Co., Inc, Gwangju  
61222, Korea

Received: 16 April 2026 / Accepted: 24 May 2026

References
1.	 Berg G, Rybakova D, Fischer D, Cernava T, Vergès MCC, Charles T, Chen X, 

Cocolin L, Eversole K, Corral GH, Kazou M. Microbiome definition re-visited: 
old concepts and new challenges. Microbiome. 2020;8(1):103. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​
/​1​0​.​1​1​8​6​/​s​4​0​1​6​8​-​0​2​0​-​0​0​8​7​5​-​0​​​​​.​​​

2.	 Wang L, Li X. Steering soil microbiome to enhance soil system resilience. Crit 
Rev Microbiol. 2019;45(6):743–53. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​8​0​/​1​0​4​0​8​4​1​X​.​2​0​1​9​.​1​7​
0​0​0​0​0​​​​​.​​​

3.	 Bigeard J, Colcombet J, Hirt H. Signaling mechanisms in pattern-triggered 
immunity (PTI). Mol Plant. 2015;8(4):521–39. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​m​o​l​p​.​2​0​
1​4​.​1​2​.​0​2​2​​​​​.​​​

4.	 Ngou BPM, Ahn HK, Ding P, Jones JDG. Mutual potentiation of plant immu-
nity by cell-surface and intracellular receptors. Nature. 2021;592(7852):110–5. 
https:/​/doi.or​g/10.10​38/s​41586-021-03315-7.

5.	 Cook DE, Mesarich CH, Thomma BPHJ. Understanding plant immunity as a 
surveillance system to detect invasion. Annu Rev Phytopathol. 2015;53:541–
63. https:/​/doi.or​g/10.11​46/a​nnurev-phyto-080614-120114.

6.	 Dodds PN, Rathjen JP. Plant immunity: Towards an integrated view of plant–
pathogen interactions. Nat Rev Genet. 2010;11(8):539–48. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​0​3​8​/​n​r​g​2​8​1​2​​​​​.​​​

7.	 Ngou BPM, Ding P, Jones JDG. Thirty years of resistance: Zig-zag through the 
plant immune system. Plant Cell. 2022;34(5):1447–78. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​9​3​
/​p​l​c​e​l​l​/​k​o​a​c​0​4​1​​​​​.​​​

8.	 Couto D, Zipfel C. Regulation of pattern recognition receptor signaling in 
plants. Nat Rev Immunol. 2016;16(9):537–52. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​n​r​i​.​2​0​1​6​.​
7​7​​​​​.​​​

9.	 Tsuda K, Somssich IE. Transcriptional networks in plant immunity. New Phytol. 
2015;206(3):932–47. https:/​/doi.or​g/10.11​11/n​ph.13244.

10.	 Pieterse CMJ, Van der Does D, Zamioudis C, Leon-Reyes A, Van Wees 
SCM. Hormonal modulation of plant immunity. Annu Rev Cell Dev Biol. 
2012;28:489–521. https:/​/doi.or​g/10.11​46/a​nnurev-cellbio-092910-154055.

11.	 Wu J, Baldwin IT. New insights into plant responses to the attack from insect 
herbivores. Annu Rev Genet. 2010;44:1–24. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​4​6​/​a​n​n​u​r​e​
v​-​g​e​n​e​t​-​1​0​2​2​0​9​-​1​6​3​5​0​0​​​​​.​​​

12.	 Mine A, Seyfferth C, Kracher B, Berens ML, Becker D, Tsuda K. The defense 
phytohormone signaling network enables rapid, high-amplitude tran-
scriptional reprogramming during effector-triggered immunity. Plant Cell. 
2018;30(6):1199–219. https:/​/doi.or​g/10.11​05/t​pc.17.00970.

13.	 Schwessinger B, Ronald PC. Plant innate immunity: perception of conserved 
microbial signatures. Annu Rev Plant Biol. 2012;63:451–82. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​1​4​6​/​a​n​n​u​r​e​v​-​a​r​p​l​a​n​t​-​0​4​2​8​1​1​-​1​0​5​5​1​8​​​​​.​​​

14.	 Kalaivani K, Kalaiselvi MM, Senthil-Nathan S. Effect of methyl salicylate 
(MeSA), an elicitor on growth, physiology and pathology of resistant and 
susceptible rice varieties. Sci Rep. 2016;6(1):34498. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​r​e​
p​3​4​4​9​8​​​​​.​​​

15.	 Robert-Seilaniantz A, Grant M, Jones JDG. Hormone crosstalk in plant disease 
and defense: more than just jasmonate-salicylate antagonism. Annu Rev 
Phytopathol. 2011;49:317–43. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​4​6​/​a​n​n​u​r​e​v​-​p​h​y​t​o​-​0​7​3​0​0​
9​-​1​1​4​4​4​7​​​​​.​​​

16.	 Eulgem T, Somssich IE. Networks of WRKY transcription factors in defense 
signaling. Curr Opin Plant Biol. 2007;10(4):366–71. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​p​
b​i​.​2​0​0​7​.​0​4​.​0​2​0​​​​​.​​​

17.	 Song C, Cao Y, Dai J, Li G, Manzoor MA, Chen C, Deng H. The multifaceted 
roles of MYC2 in plants: toward transcriptional reprogramming and stress 
tolerance by jasmonate signaling. Front Plant Sci. 2022;13:868874. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​
o​r​g​/​1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​2​2​.​8​6​8​8​7​4​​​​​.​​​

18.	 Ma N, Sun P, Li ZY, Zhang FJ, Wang XF, You CX, Zhang CL, Zhang Z. Plant 
disease resistance outputs regulated by AP2/ERF transcription factor family. 
Stress Biol. 2024;4:2. https:/​/doi.or​g/10.10​07/s​44154-023-000xx-x.

19.	 Dong B, Liu Y, Huang G, Song A, Chen S, Jiang J, Chen F, Fang W. Plant 
NAC transcription factors in the battle against pathogens. BMC Plant Biol. 
2024;24:958. https:/​/doi.or​g/10.11​86/s​12870-024-xxxxx.

https://doi.org/10.1186/s40538-026-00990-4
https://doi.org/10.1186/s40538-026-00990-4
https://www.figurelabs.ai
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1080/1040841X.2019.1700000
https://doi.org/10.1080/1040841X.2019.1700000
https://doi.org/10.1016/j.molp.2014.12.022
https://doi.org/10.1016/j.molp.2014.12.022
https://doi.org/10.1038/s41586-021-03315-7
https://doi.org/10.1146/annurev-phyto-080614-120114
https://doi.org/10.1038/nrg2812
https://doi.org/10.1038/nrg2812
https://doi.org/10.1093/plcell/koac041
https://doi.org/10.1093/plcell/koac041
https://doi.org/10.1038/nri.2016.77
https://doi.org/10.1038/nri.2016.77
https://doi.org/10.1111/nph.13244
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1146/annurev-genet-102209-163500
https://doi.org/10.1146/annurev-genet-102209-163500
https://doi.org/10.1105/tpc.17.00970
https://doi.org/10.1146/annurev-arplant-042811-105518
https://doi.org/10.1146/annurev-arplant-042811-105518
https://doi.org/10.1038/srep34498
https://doi.org/10.1038/srep34498
https://doi.org/10.1146/annurev-phyto-073009-114447
https://doi.org/10.1146/annurev-phyto-073009-114447
https://doi.org/10.1016/j.pbi.2007.04.020
https://doi.org/10.1016/j.pbi.2007.04.020
https://doi.org/10.3389/fpls.2022.868874
https://doi.org/10.3389/fpls.2022.868874
https://doi.org/10.1007/s44154-023-000xx-x
https://doi.org/10.1186/s12870-024-xxxxx


Page 22 of 27Vasantha-Srinivasan et al. Chemical and Biological Technologies in Agriculture           (2026) 13:91 

20.	 Coolen S, Proietti S, Hickman R, Dávila Olivas NH, Huang PP, Van Verk MC, 
Van Pelt JA, Wittenberg AHJ, De Vos M, Prins M, Van Loon JJA. Transcriptome 
dynamics of Arabidopsis during sequential biotic and abiotic stresses. Plant J. 
2016;86(3):249–67. https:/​/doi.or​g/10.11​11/t​pj.13167.

21.	 Parker AH, Wilkinson SW, Ton J, Epigenetics. A catalyst of plant immunity 
against pathogens. New Phytol. 2021;233(1):66–xx. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​/​n​
p​h​.​x​x​x​x​x​​​​​.​​​

22.	 Qiao Y, Xia R, Zhai J, Hou Y, Feng L, Zhai Y, Ma W. Small RNAs in plant 
immunity and virulence of filamentous pathogens. Annu Rev Phytopathol. 
2021;59:265–88. https:/​/doi.or​g/10.11​46/a​nnurev-phyto-020620-121742.

23.	 Conrath U, Beckers GJM, Langenbach CJG, Jaskiewicz MR. Priming for 
enhanced defense. Annu Rev Phytopathol. 2015;53:97–119. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​
0​.​1​1​4​6​/​a​n​n​u​r​e​v​-​p​h​y​t​o​-​0​8​0​6​1​4​-​1​2​0​1​3​2​​​​​.​​​

24.	 Yu A, Lepère G, Jay F, Wang J, Bapaume L, Wang Y, Abraham AL, Penterman J, 
Fischer RL, Voinnet O, Navarro L. Dynamics and biological relevance of DNA 
demethylation in Arabidopsis antibacterial defense. Proc Natl Acad Sci USA. 
2013;110(6):2389–94. https:/​/doi.or​g/10.10​73/p​nas.1211757110.

25.	 Anderson JC, Peck SC. Primary metabolism: It’s more than what’s for dinner. 
Mol Plant. 2021;14(8):1219–20. https:/​/doi.or​g/10.10​16/j​.molp.2021.06.012.

26.	 Erb M, Kliebenstein DJ. Plant secondary metabolites as defenses, regulators, 
and primary metabolites: the blurred functional trichotomy. Plant Physiol. 
2020;184(1):39–52. https:/​/doi.or​g/10.11​04/p​p.20.00433.

27.	 Huot B, Yao J, Montgomery BL, He SY. Growth–defense tradeoffs in plants: a 
balancing act to optimize fitness. Mol Plant. 2014;7(8):1267–87. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​0​9​3​/​m​p​/​s​s​u​0​4​9​​​​​.​​​

28.	 Berens ML, Berry HM, Mine A, Argueso CT, Tsuda K. Evolution of hormone 
signaling networks in plant defense. Annu Rev Phytopathol. 2017;55:401–25. 
https:/​/doi.or​g/10.11​46/a​nnurev-phyto-080516-035544.

29.	 Lämke J, Bäurle I. Epigenetic and chromatin-based mechanisms in envi-
ronmental stress adaptation and stress memory in plants. Genome Biol. 
2017;18:124. https:/​/doi.or​g/10.11​86/s​13059-017-1263-6.

30.	 Luo F, Yu Z, Zhou Q, Huang A. Multi-omics-based discovery of plant signaling 
molecules. Metabolites. 2022;12(1):76. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​9​0​/​m​e​t​a​b​o​1​2​0​1​0​
0​7​6​​​​​.​​​

31.	 Pang Q, Zhang T, Zhang A, Lin C, Kong W, Chen S. Proteomics and phospho-
proteomics revealed molecular networks of stomatal immune responses. 
Planta. 2020;252:66. https:/​/doi.or​g/10.10​07/s​00425-020-03474-3.

32.	 Yu J, Gonzalez JM, Dong Z, Shan Q, Tan B, Koh J, Zhang T, Zhu N, Dufresne C, 
Martin GB, Chen S. Integrative proteomic and phosphoproteomic analyses 
of pattern- and effector-triggered immunity in tomato. Front Plant Sci. 
2021;12:768693. https:/​/doi.or​g/10.33​89/f​pls.2021.768693.

33.	 Windram O, Denby KJ. Modeling signaling networks underlying plant 
defense. Curr Opin Plant Biol. 2015;27:165–71. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​p​b​i​.​2​
0​1​5​.​0​7​.​0​0​7​​​​​.​​​

34.	 Marshall-Colón A, Kliebenstein DJ. Plant networks as traits and hypotheses: 
moving beyond description. Trends Plant Sci. 2019;24(9):840–52. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​
r​g​/​1​0​.​1​0​1​6​/​j​.​t​p​l​a​n​t​s​.​2​0​1​9​.​0​6​.​0​0​3​​​​​.​​​

35.	 Brabham HJ, Hernández-Pinzón I, Yanagihara C, Ishikawa N, Komori T, 
Matny ON, Hubbard A, Witek K, Feist A, Numazawa H, Green P. Discovery of 
functional NLRs using expression level, high-throughput transformation and 
large-scale phenotyping. Nat Plants. 2025;1–15. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​4​
7​7​-​0​2​5​-​0​2​1​1​0​-​w​​​​​.​​​

36.	 Cheng X, Zhou G, Chen W, Tan L, Long Q, Cui F, Tan L, Zou G, Tan Y. Current 
status of molecular rice breeding for durable and broad-spectrum resistance 
to major diseases and insect pests. Theor Appl Genet. 2024;137:219. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​1​2​2​-​0​2​4​-​0​4​7​2​9​-​3​​​​​.​​​

37.	 Akter T, Maqsood H, Castilla N, Song W, Chen S. Systems biology applications 
in revealing plant defense mechanisms in the disease triangle. Int J Mol Sci. 
2025;26:7318. https:/​/doi.or​g/10.33​90/i​jms26157318.

38.	 Zipfel C. Plant pattern-recognition receptors. Trends Immunol. 
2014;35(7):345–51. https:/​/doi.or​g/10.10​16/j​.it.2014.05.004.

39.	 Albert I, Hua C, Nürnberger T, Pruitt RN, Zhang L. Surface sensor systems in 
plant immunity. Plant Physiol. 2020;182(3):1582–96. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​0​4​/​p​
p​.​1​9​.​0​1​2​9​9​​​​​.​​​

40.	 Böhm H, Albert I, Fan L, Reinhard A, Nürnberger T. Immune receptor com-
plexes at the plant cell surface. Curr Opin Plant Biol. 2014;20:47–54. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​p​b​i​.​2​0​1​4​.​0​4​.​0​0​7​​​​​.​​​

41.	 Boller T, Felix G. A renaissance of elicitors: perception of microbe-associated 
molecular patterns and danger signals by pattern-recognition receptors. 
Annu Rev Plant Biol. 2009;60:379–406. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​4​6​/​a​n​n​u​r​e​v​.​a​r​p​l​a​
n​t​.​5​7​.​0​3​2​9​0​5​.​1​0​5​3​4​6​​​​​.​​​

42.	 Dodds PN, Rathjen JP. Plant immunity: towards an integrated view of plant–
pathogen interactions. Nat Rev Genet. 2010;11(8):539–48. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​0​3​8​/​n​r​g​2​8​1​2​​​​​.​​​

43.	 Guerreiro J, Marhavý P. Unveiling the intricate mechanisms of plant defense. 
Front Plant Physiol. 2023;1:1285373. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​p​h​g​y​.​2​0​2​3​.​1​2​8​5​
3​7​3​​​​​.​​​

44.	 Jian Y, Gong D, Wang Z, Liu L, He J, Han X, Tsuda K. How plants manage 
pathogen infection. EMBO Rep. 2023;25:e31. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​4​3​1​
9​-​0​2​3​-​0​0​0​2​3​-​3​​​​​.​​​

45.	 Molisso D, Coppola M, Buonanno M, Di Lelio I, Aprile AM, Langella E, Rigano 
MM, Francesca S, Chiaiese P, Palmieri G, Tatè R, Sinno M, Barra E, Becchi-
manzi A, Monti SM, Pennacchio F, Rao R. Not only systemin: prosystemin 
harbors other active regions able to protect tomato plants. Front Plant Sci. 
2022;13:887674. https:/​/doi.or​g/10.33​89/f​pls.2022.887674.

46.	 Zhang C, Xie Y, He P, Shan L. Unlocking nature’s defense: plant pattern recog-
nition receptors as guardians against pathogenic threats. Mol Plant Microbe 
Interact. 2024;37:73. https:/​/doi.or​g/10.10​94/M​PMI-10-23-0177-HH.

47.	 Berlanga DJ, Molina A, Torres MÁM. Mitogen-activated protein kinase 
phosphatase 1 controls broad-spectrum disease resistance in Arabidopsis 
thaliana through diverse mechanisms of immune activation. Front Plant Sci. 
2024;15:1374194. https:/​/doi.or​g/10.33​89/f​pls.2024.1374194.

48.	 Hou S, Liu D, He P. Phytocytokines function as immunological modulators of 
plant immunity. Stress Biol. 2021;1:8. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​4​4​1​5​4​-​0​2​1​-​0​0​0​
0​9​-​y​​​​​.​​​

49.	 Yuan M, Cai B, Xin X. Plant immune receptor pathways as a united front 
against pathogens. PLoS Pathog. 2023;19:e1011106. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​3​7​1​/​j​
o​u​r​n​a​l​.​p​p​a​t​.​1​0​1​1​1​0​6​​​​​.​​​

50.	 Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JDG, Boller T, Felix G. Percep-
tion of the bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-
mediated transformation. Cell. 2006;125(4):749–60. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​
c​e​l​l​.​2​0​0​6​.​0​3​.​0​3​7​​​​​.​​​

51.	 Wan J, He M, Hou Q, Zou L, Yang Y, Wei Y, Chen X. Cell wall-associated immu-
nity in plants. Stress Biol. 2021;1:3. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​4​4​1​5​4​-​0​2​1​-​0​0​0​0​
3​-​4​​​​​.​​​

52.	 Zhao N, Zhou Z, Cui S, Zhang X, Zhu S, Wang Y, Zenda T, Li W. Advanced 
imaging-enabled understanding of cell wall remodeling mechanisms medi-
ating plant drought stress tolerance. Front Plant Sci. 2025;16:1635078. ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​2​5​.​1​6​3​5​0​7​8​​​​​.​​​

53.	 Esposti CD, Guerrisi L, Peruzzi G, Giulietti S, Pontiggia D. Cell wall bricks 
of defense: the case study of oligogalacturonides. Front Plant Sci. 
2025;16:1552926. https:/​/doi.or​g/10.33​89/f​pls.2025.1552926.

54.	 Oelmüller R, Tseng YH, Gandhi A. Signals and their perception for remodel-
ing, adjustment, and repair of the plant cell wall. Int J Mol Sci. 2023;24:7417. 
https:/​/doi.or​g/10.33​90/i​jms24087417.

55.	 Barghahn S, Arnal G, Jain N, Petutschnig E, Brumer H, Lipka V. Mixed linkage 
β-1,3/1,4-glucan oligosaccharides induce defense responses in Hordeum 
vulgare and Arabidopsis thaliana. Front Plant Sci. 2021;12:682439. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​
o​r​g​/​1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​2​1​.​6​8​2​4​3​9​​​​​.​​​

56.	 Rebaque D, del Hierro I, López G, Bacete L, Vilaplana F, Dallabernardina P, 
Pfrengle F, Jordá L, Sánchez-Vallet A, Pérez R, Brunner F, Molina A, Mélida H. 
Cell wall-derived mixed-linked β-1,3/1,4-glucans trigger immune responses 
and disease resistance in plants. Plant J. 2021;106:601. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​
/​t​p​j​.​1​5​1​8​5​​​​​.​​​

57.	 Dewangan BP, Gupta A, Sah RK, Das S, Kumar S, Bhattacharjee S, Pawar PA. 
Xylobiose treatment triggers a defense-related response and alters cell wall 
composition. Plant Mol Biol. 2023;113:383. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​1​1​1​0​3​-​0​2​
3​-​0​1​3​9​1​-​z​​​​​.​​​

58.	 Narváez-Barragán DA, Tovar-Herrera OE, Guevara-García A, Serrano M, 
Martinez-Anaya C. Mechanisms of plant cell wall surveillance in response to 
pathogens, cell wall-derived ligands, and the effect of expansins on infection 
resistance or susceptibility. Front Plant Sci. 2022;13:969343. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​
.​3​3​8​9​/​f​p​l​s​.​2​0​2​2​.​9​6​9​3​4​3​​​​​.​​​

59.	 Yang C, Liu R, Pang J, Ren B, Zhou H, Wang G, Wang E, Liu J. Poaceae-specific 
cell wall-derived oligosaccharides activate plant immunity via OsCERK1 dur-
ing Magnaporthe oryzae infection in rice. Nat Commun. 2021;12:2178. https:/​
/doi.or​g/10.10​38/s​41467-021-22456-x.

60.	 Takagi M, Hotamori K, Naito K, Matsukawa S, Egusa M, Nishizawa Y, Kanno Y, 
Seo M, Ifuku S, Mine A, Kaminaka H. Chitin-induced systemic disease resis-
tance in rice requires both OsCERK1 and OsCEBiP and is mediated via per-
turbation of cell-wall biogenesis in leaves. Front Plant Sci. 2022;13:1064628. 
https:/​/doi.or​g/10.33​89/f​pls.2022.1064628.

https://doi.org/10.1111/tpj.13167
https://doi.org/10.1111/nph.xxxxx
https://doi.org/10.1111/nph.xxxxx
https://doi.org/10.1146/annurev-phyto-020620-121742
https://doi.org/10.1146/annurev-phyto-080614-120132
https://doi.org/10.1146/annurev-phyto-080614-120132
https://doi.org/10.1073/pnas.1211757110
https://doi.org/10.1016/j.molp.2021.06.012
https://doi.org/10.1104/pp.20.00433
https://doi.org/10.1093/mp/ssu049
https://doi.org/10.1093/mp/ssu049
https://doi.org/10.1146/annurev-phyto-080516-035544
https://doi.org/10.1186/s13059-017-1263-6
https://doi.org/10.3390/metabo12010076
https://doi.org/10.3390/metabo12010076
https://doi.org/10.1007/s00425-020-03474-3
https://doi.org/10.3389/fpls.2021.768693
https://doi.org/10.1016/j.pbi.2015.07.007
https://doi.org/10.1016/j.pbi.2015.07.007
https://doi.org/10.1016/j.tplants.2019.06.003
https://doi.org/10.1016/j.tplants.2019.06.003
https://doi.org/10.1038/s41477-025-02110-w
https://doi.org/10.1038/s41477-025-02110-w
https://doi.org/10.1007/s00122-024-04729-3
https://doi.org/10.1007/s00122-024-04729-3
https://doi.org/10.3390/ijms26157318
https://doi.org/10.1016/j.it.2014.05.004
https://doi.org/10.1104/pp.19.01299
https://doi.org/10.1104/pp.19.01299
https://doi.org/10.1016/j.pbi.2014.04.007
https://doi.org/10.1016/j.pbi.2014.04.007
https://doi.org/10.1146/annurev.arplant.57.032905.105346
https://doi.org/10.1146/annurev.arplant.57.032905.105346
https://doi.org/10.1038/nrg2812
https://doi.org/10.1038/nrg2812
https://doi.org/10.3389/fphgy.2023.1285373
https://doi.org/10.3389/fphgy.2023.1285373
https://doi.org/10.1038/s44319-023-00023-3
https://doi.org/10.1038/s44319-023-00023-3
https://doi.org/10.3389/fpls.2022.887674
https://doi.org/10.1094/MPMI-10-23-0177-HH
https://doi.org/10.3389/fpls.2024.1374194
https://doi.org/10.1007/s44154-021-00009-y
https://doi.org/10.1007/s44154-021-00009-y
https://doi.org/10.1371/journal.ppat.1011106
https://doi.org/10.1371/journal.ppat.1011106
https://doi.org/10.1016/j.cell.2006.03.037
https://doi.org/10.1016/j.cell.2006.03.037
https://doi.org/10.1007/s44154-021-00003-4
https://doi.org/10.1007/s44154-021-00003-4
https://doi.org/10.3389/fpls.2025.1635078
https://doi.org/10.3389/fpls.2025.1635078
https://doi.org/10.3389/fpls.2025.1552926
https://doi.org/10.3390/ijms24087417
https://doi.org/10.3389/fpls.2021.682439
https://doi.org/10.3389/fpls.2021.682439
https://doi.org/10.1111/tpj.15185
https://doi.org/10.1111/tpj.15185
https://doi.org/10.1007/s11103-023-01391-z
https://doi.org/10.1007/s11103-023-01391-z
https://doi.org/10.3389/fpls.2022.969343
https://doi.org/10.3389/fpls.2022.969343
https://doi.org/10.1038/s41467-021-22456-x
https://doi.org/10.1038/s41467-021-22456-x
https://doi.org/10.3389/fpls.2022.1064628


Page 23 of 27Vasantha-Srinivasan et al. Chemical and Biological Technologies in Agriculture           (2026) 13:91 

61.	 Pastor V, Cervero R, Gamir J. The simultaneous perception of self- and non-
self-danger signals potentiates plant innate immunity responses. Planta. 
2022;256:10. https:/​/doi.or​g/10.10​07/s​00425-022-03918-y.

62.	 Bacete L, Mélida H. Dynamics and mechanics of plant cell walls: Insights into 
plant growth, defense, and stress response. Plant Mol Biol. 2023;113:329. 
https:/​/doi.or​g/10.10​07/s​11103-023-01395-9.

63.	 Malook SU, Maqbool S, Hafeez M, Karunarathna SC, Suwannarach N. 
Molecular and biochemical mechanisms of elicitors in pest resistance. Life. 
2022;12:844. https:/​/doi.or​g/10.33​90/l​ife12060844.

64.	 Leclerc L, Nguyen TH, Duval P, Mariotti V, Petitot A, Orjuela J, Ogier JC, Gaudri-
ault S, Champion A, Nègre N. Early transcriptomic responses of rice leaves to 
herbivory by Spodoptera frugiperda. Sci Rep. 2024;14:1. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​
3​8​/​s​4​1​5​9​8​-​0​2​4​-​5​3​3​4​8​-​x​​​​​.​​​

65.	 Wang W, Zhou Z, Noman A, Kadota Y. Regulation of plant immunity by 
immune receptors. Front Plant Sci. 2023;14:1320509. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​
f​p​l​s​.​2​0​2​3​.​1​3​2​0​5​0​9​​​​​.​​​

66.	 Dong Y, Huang X, Yang Y, Li J, Zhang M, Shen H, Ren Y, Li X, Tian J, Shen D, Dou 
D. Characterization of salivary secreted proteins that induce cell death from 
Riptortus pedestris and their roles in insect–plant interactions. Front Plant Sci. 
2022;13:912603. https:/​/doi.or​g/10.33​89/f​pls.2022.912603.

67.	 Tan X, Wang H, Li J, Zhang S, Zheng S, Zhao Z, Zhang B, Wu Y, Zhao C, Li S, Ji R. 
Electrophysiological signatures decode herbivore-specific defense dynamics 
and elicitor-induced immune activation in rice. Crop Health. 2025;3:19. https:/​
/doi.or​g/10.10​07/s​44297-025-00058-z.

68.	 Li L, Wei S, Shen W. The role of methane in plant physiology: a review. Plant 
Cell Rep. 2020;39(2):171–9. https:/​/doi.or​g/10.10​07/s​00299-019-02478-y.

69.	 Kutty NN, Mishra M. Dynamic distress calls: volatile info chemicals 
induce and regulate defense responses during herbivory. Front Plant Sci. 
2023;14:1135000. https:/​/doi.or​g/10.33​89/f​pls.2023.1135000.

70.	 Mostafa S, Wang Y, Zeng W, Jin B. Plant responses to herbivory, wounding, 
and infection. Int J Mol Sci. 2022;23:7031. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​9​0​/​i​j​m​s​2​3​1​3​7​0​
3​1​​​​​.​​​

71.	 Gandhi A, Kariyat R, Harikishore A, Ayati M, Bhunia A, Sahoo N. Decipher-
ing the role of ion channels in early defense signaling against herbivorous 
insects. Cells. 2021;10:2219. https:/​/doi.or​g/10.33​90/c​ells10092219.

72.	 Tena G, Boudsocq M, Sheen J. Protein kinase signaling networks in plant 
innate immunity. Curr Opin Plant Biol. 2011;14:519. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​
p​b​i​.​2​0​1​1​.​0​5​.​0​0​6​​​​​.​​​

73.	 Ali J, Tonğa A, Islam T, Mir S, Mukarram M, Konôpková AS, Chen R. 
Defense strategies and associated phytohormonal regulation in Brassica 
plants in response to chewing and sap-sucking insects. Front Plant Sci. 
2024;15:1376917. https:/​/doi.or​g/10.33​89/f​pls.2024.1376917.

74.	 Bernoux M, Zetzsche H, Stuttmann J. Connecting the dots between cell 
surface- and intracellular-triggered immune pathways in plants. Curr Opin 
Plant Biol. 2022;69:102276. https:/​/doi.or​g/10.10​16/j​.pbi.2022.102276.

75.	 Ahmad S, Chen G, Huang J, Yang K, Hao Y, Zhou Y, Zhao K, Lan S, Liu Z, Peng 
D. Beauty and the pathogens: a leaf-less control presents a better image of 
Cymbidium orchids defense strategy. Front Plant Sci. 2022;13:1001427. https:/​
/doi.or​g/10.33​89/f​pls.2022.1001427.

76.	 Wang Q, Cang X, Yan H, Zhang Z, Li W, He J, Zhang M, Lou L, Wang R, Chang 
M. Activating plant immunity: the hidden dance of intracellular Ca²⁺ stores. 
New Phytol. 2024;242:2430–9.

77.	 Bhar A, Chakraborty A, Roy A. The captivating role of calcium in plant–
microbe interaction. Front Plant Sci. 2023;14:1138252. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​
/​f​p​l​s​.​2​0​2​3​.​1​1​3​8​2​5​2​​​​​.​​​

78.	 Patra N, Hariharan S, Gain H, Maiti MK, Das A, Banerjee J. Typical but delicate 
Ca²⁺: dissecting the essence of calcium signaling network as a robust 
response coordinator of versatile abiotic and biotic stimuli in plants. Front 
Plant Sci. 2021;12:752246. https:/​/doi.or​g/10.33​89/f​pls.2021.752246.

79.	 Singhal RK, Saha D, Skalicky M, Mishra UN, Chauhan J, Behera LP, Lenka D, 
Chand S, Kumar V, Dey P. Indu. Crucial cell signaling compounds crosstalk and 
integrative multi-omics techniques for salinity stress tolerance in plants. Front 
Plant Sci. 2021;12:670369. https:/​/doi.or​g/10.33​89/f​pls.2021.670369.

80.	 Eichstädt B, Lederer S, Trempel F, Jiang X, Guerra T, Waadt R, Lee J, Liese A, 
Romeis T. Plant immune memory in systemic tissue does not involve changes 
in rapid calcium signaling. Front Plant Sci. 2021;12:798230. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
3​3​8​9​/​f​p​l​s​.​2​0​2​1​.​7​9​8​2​3​0​​​​​.​​​

81.	 Carpentier S, Aldon D, Berthomé R, Galaud JP. Is there a specific calcium sig-
nal out there to decode combined biotic stress and temperature elevation? 
Front Plant Sci. 2022;13:1004406. https:/​/doi.or​g/10.33​89/f​pls.2022.1004406.

82.	 Yang Y, Chen T, Dai X, Yang D, Wu Y, Chen H, Zheng Y, Zhi Q, Wan X, Tan X. 
Comparative transcriptome analysis revealed molecular mechanisms of 

peanut leaves responding to Ralstonia solanacearum and its type III secretion 
system mutant. Front Microbiol. 2022;13:998817. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​m​i​
c​b​.​2​0​2​2​.​9​9​8​8​1​7​​​​​.​​​

83.	 Parmagnani AS, Maffei ME. Calcium signaling in plant–insect interactions. 
Plants. 2022;11:2689. https:/​/doi.or​g/10.33​90/p​lants11202689.

84.	 Mapuranga J, Zhang N, Zhang L, Liu W, Chang J, Yang W. Harnessing genetic 
resistance to rusts in wheat and integrated rust management methods to 
develop more durable resistant cultivars. Front Plant Sci. 2022;13:951095. 
https:/​/doi.or​g/10.33​89/f​pls.2022.951095.

85.	 Wang J, Bai L, Xu Y, Zheng X, Shan W, Shi X, Ma S, Fan J. Receptor-like cyto-
plasmic kinases mediated signaling in plant immunity: convergence and 
divergence. Stress Biol. 2025;5:43. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​4​4​1​5​4​-​0​2​5​-​0​0​2​1​
9​-​8​​​​​.​​​

86.	 Erickson JL, Weckwerth P, Romeis T, Lee J. What’s new in protein kinase/
phosphatase signalling in the control of plant immunity. Essays Biochem. 
2022;66:621. https:/​/doi.or​g/10.10​42/E​BC20210088.

87.	 Chen Y, Zhang X, Fan Y, Sui D, Jiang J, Wang L. The role of WRKY transcrip-
tion factors in exogenous potassium (K⁺) response to NaCl stress in Tamarix 
ramosissima. Front Genet. 2023;14:1274288. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​g​e​n​e​.​2​0​
2​3​.​1​2​7​4​2​8​8​​​​​.​​​

88.	 Thulasi Devendrakumar K, Li X, Zhang Y. MAP kinase signalling: interplays 
between plant PAMP- and effector-triggered immunity. Cell Mol Life Sci. 
2018;75:2981–9. https:/​/doi.or​g/10.10​07/s​00018-018-2839-3.

89.	 Liu T, Li C, Cheng Y, Ji J, Wei Y, Wang C, Duan K. MKK4/5–MPK3/6 cascade 
regulates agrobacterium-mediated transformation by modulating plant 
immunity in arabidopsis. Front Plant Sci. 2021;12:731568. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​
3​8​9​/​f​p​l​s​.​2​0​2​1​.​7​3​1​6​9​0​​​​​.​​​

90.	 Zou M, Guo M, Zhou Z, Wang B, Pan Q, Li J, Zhou JM, Li J. MPK3- and MPK6-
mediated VLN3 phosphorylation regulates actin dynamics during stomatal 
immunity in arabidopsis. Nat Commun. 2021;12:6474. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​
/​s​4​1​4​6​7​-​0​2​1​-​2​6​8​2​7​-​2​​​​​.​​​

91.	 Iqbal Z, Iqbal MS, Hashem A, Allah EFA, Ansari MI. Plant defense responses 
to biotic stress and its interplay with fluctuating dark/light conditions. Front 
Plant Sci. 2021;12:631954. https:/​/doi.or​g/10.33​89/f​pls.2021.631810.

92.	 Zhang WJ, Zhou Y, Zhang Y, Su YH, Xu T. Protein phosphorylation: a molecular 
switch in plant signaling. Cell Rep. 2023;42:112746. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​
e​l​r​e​p​.​2​0​2​3​.​1​1​2​7​2​9​​​​​.​​​

93.	 Climent J, Aliia R, Kärkkäinen K, Bastien C, Garzón MB, Bouffier L, de Dato G, 
Delzon S, Dowkiw A, Elvira-Recuenco M, Grivet D, González-Martínez SC, Hay-
atgheibi H, Kujala ST, Leplé J, Martín-Sanz RC, de Miguel M, Monteverdi MC, 
Mutke S, Cavers S. Trade-offs and trait integration in tree phenotypes: Conse-
quences for the sustainable use of genetic resources. Curr Rep. 2024;10:196.

94.	 Zhang JR, Liu Y, Li D, Wu Y, Zhao SX, Wang X, Liu S, Walling LL, Pan L. Viral 
proteins resolve the virus–vector conundrum during hemipteran-mediated 
transmission by subverting salicylic acid signaling pathway. Nat Commun. 
2024;15:1876. https:/​/doi.or​g/10.10​38/s​41467-024-53894-y.

95.	 Zhang P, Jiang Y, Schwab F, Monikh FA, Grillo R, White JC, Guo Z, Lynch I. 
Strategies for enhancing plant immunity and resilience using nanomaterials 
for sustainable agriculture. Environ Sci Technol. 2024;58:9051. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​
1​0​.​1​0​2​1​/​a​c​s​.​e​s​t​.​4​c​0​3​5​2​2​​​​​.​​​

96.	 Ding M, Zhou Y, Becker D, Yang SF, Krischke M, Scherzer S, Yu-Strzelczyk 
J, Mueller MJ, Hedrich R, Nagel G, Gao S, Konrad KR. Probing plant signal 
processing optogenetically by two channelrhodopsins. Nature. 2024;633:872. 
https:/​/doi.or​g/10.10​38/s​41586-024-07884-1.

97.	 Getzke F, Wang L, Chesneau G, Böhringer N, Mesny F, Denissen N, Wesseler 
H, Adisa PT, Marner M, Schulze-Lefert P, Schäberle TF. Physiochemical interac-
tion between osmotic stress and a bacterial exometabolite promotes plant 
disease. Nat Commun. 2024;15:4438. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​4​6​7​-​0​2​4​-​4​8​5​
1​7​-​5​​​​​.​​​

98.	 Roychowdhury R, Hada A, Biswas S, Mishra S, Prusty MR, Das SP, Ray S, Kumar 
A, Sarker U. Jasmonic acid (JA) in plant immune response: Unravelling com-
plex molecular mechanisms and networking of defence signalling against 
pathogens. J Plant Growth Regul. 2024;44:89. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​3​4​
4​-​0​2​4​-​1​1​2​6​4​-​4​​​​​.​​​

99.	 Ang MC, Saju JM, Porter T, Mohaideen S, Sarangapani S, Khong DT, Wang S, 
Cui J, Loh SI, Singh G, Chua NH, Strano MS, Sarojam R. Decoding early stress 
signaling waves in living plants using nanosensor multiplexing. Nat Com-
mun. 2024;15:5123. https:/​/doi.or​g/10.10​38/s​41467-024-47082-1.

100.	 Mishra S, Roychowdhury R, Ray S, Hada A, Kumar A, Sarker U, Aftab T, Das R. 
Salicylic acid (SA)-mediated plant immunity against biotic stresses: An insight 
on molecular components and signaling mechanism. Plant Stress., Zhang 
Z, Gao Y, Wu R, Zhang Z, Zhang W, Zhang C, Ye P, Yao C, Jin L, Mao Y, Tou H, 

https://doi.org/10.1007/s00425-022-03918-y
https://doi.org/10.1007/s11103-023-01395-9
https://doi.org/10.3390/life12060844
https://doi.org/10.1038/s41598-024-53348-x
https://doi.org/10.1038/s41598-024-53348-x
https://doi.org/10.3389/fpls.2023.1320509
https://doi.org/10.3389/fpls.2023.1320509
https://doi.org/10.3389/fpls.2022.912603
https://doi.org/10.1007/s44297-025-00058-z
https://doi.org/10.1007/s44297-025-00058-z
https://doi.org/10.1007/s00299-019-02478-y
https://doi.org/10.3389/fpls.2023.1135000
https://doi.org/10.3390/ijms23137031
https://doi.org/10.3390/ijms23137031
https://doi.org/10.3390/cells10092219
https://doi.org/10.1016/j.pbi.2011.05.006
https://doi.org/10.1016/j.pbi.2011.05.006
https://doi.org/10.3389/fpls.2024.1376917
https://doi.org/10.1016/j.pbi.2022.102276
https://doi.org/10.3389/fpls.2022.1001427
https://doi.org/10.3389/fpls.2022.1001427
https://doi.org/10.3389/fpls.2023.1138252
https://doi.org/10.3389/fpls.2023.1138252
https://doi.org/10.3389/fpls.2021.752246
https://doi.org/10.3389/fpls.2021.670369
https://doi.org/10.3389/fpls.2021.798230
https://doi.org/10.3389/fpls.2021.798230
https://doi.org/10.3389/fpls.2022.1004406
https://doi.org/10.3389/fmicb.2022.998817
https://doi.org/10.3389/fmicb.2022.998817
https://doi.org/10.3390/plants11202689
https://doi.org/10.3389/fpls.2022.951095
https://doi.org/10.1007/s44154-025-00219-8
https://doi.org/10.1007/s44154-025-00219-8
https://doi.org/10.1042/EBC20210088
https://doi.org/10.3389/fgene.2023.1274288
https://doi.org/10.3389/fgene.2023.1274288
https://doi.org/10.1007/s00018-018-2839-3
https://doi.org/10.3389/fpls.2021.731690
https://doi.org/10.3389/fpls.2021.731690
https://doi.org/10.1038/s41467-021-26827-2
https://doi.org/10.1038/s41467-021-26827-2
https://doi.org/10.3389/fpls.2021.631810
https://doi.org/10.1016/j.celrep.2023.112729
https://doi.org/10.1016/j.celrep.2023.112729
https://doi.org/10.1038/s41467-024-53894-y
https://doi.org/10.1021/acs.est.4c03522
https://doi.org/10.1021/acs.est.4c03522
https://doi.org/10.1038/s41586-024-07884-1
https://doi.org/10.1038/s41467-024-48517-5
https://doi.org/10.1038/s41467-024-48517-5
https://doi.org/10.1007/s00344-024-11264-4
https://doi.org/10.1007/s00344-024-11264-4
https://doi.org/10.1038/s41467-024-47082-1


Page 24 of 27Vasantha-Srinivasan et al. Chemical and Biological Technologies in Agriculture           (2026) 13:91 

Huang P, Zhao P, Zhao J, Liu Q, Zhang C. K. Complete biosynthesis of salicylic 
acid from phenylalanine in plants. Nature 2025, 645, 218. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​
0​3​8​/​s​4​1​5​8​6​-​0​2​5​-​0​9​1​7​5​-​9​.​​​​​​​

101.	 Lan L, Cao L, Zhang L, Fu W, Luo C, Wu C, Zeng X, Qu S, Yu X, Deng W, Xu X. A 
novel mode of WRKY1 regulating PR1-mediated immune balance to defend 
against powdery mildew in apple. Mol Hortic. 2025;5:17. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​
8​6​/​s​4​3​8​9​7​-​0​2​4​-​0​0​1​4​1​-​z​​​​​.​​​

102.	 Liu Y, Xu L, Wu M, Wang J, Qiu D, Lan J, Lu J, Zhang Y, Li X, Zhang Y. Three-
step biosynthesis of salicylic acid from benzoyl-CoA in plants. Nature. 
2025;645:201. https:/​/doi.or​g/10.10​38/s​41586-025-09185-7.

103.	 Elsisi M, Elshiekh M, Sabry N, Aziz M, Attia KA, Islam F, Chen J, Abdelrahman M. 
The genetic orchestra of salicylic acid in plant resilience to climate change-
induced abiotic stress. Crit Rev Stress Biol. 2024;4:31. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​
s​4​4​1​5​4​-​0​2​4​-​0​0​1​6​0​-​2​​​​​.​​​

104.	 Thilakarathne AS, Liu F, Zou Z. Plant signaling hormones and transcription 
factors: key regulators of plant responses to growth, development, and stress. 
Plants. 2025;14:1070. https:/​/doi.or​g/10.33​90/p​lants14071070.

105.	 Verma K, Kumari K, Rawat M, Devi K, Joshi R. Crosstalk of jasmonic acid and 
salicylic acid with other phytohormones alleviates abiotic and biotic stresses 
in plants. J Soil Sci Plant Nutr. 2025;25:4997. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​4​2​7​2​9​-​0​
2​5​-​0​2​4​4​3​-​7​​​​​.​​​

106.	 Pandey E, Kumari R, Faizan S, Pandey S. Linking the interaction of salicylates 
and jasmonates for stress resilience in plants. Stress Biol. 2025;5:64. ​h​t​t​​p​s​:​/​​/​d​o​​i​
.​​o​r​g​/​1​0​.​1​0​0​7​/​s​4​4​1​5​4​-​0​2​5​-​0​0​2​5​0​-​9​​​​​.​​​

107.	 Marqués-Gálvez JE, Weston DJ, Veneault-Fourrey C. To immunity and beyond: 
the central role of jasmonate signalling in beneficial root–microbe–environ-
ment interactions. New Phytol. 2025;247:2564. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​/​n​p​h​.​7​
0​4​4​6​​​​​.​​​

108.	 Li H, Fotouhi N, Liu F, Ji H, Wu Q. Early detection of dark-affected plant 
mechanical responses using enhanced electrical signals. Plant Methods. 
2024;20:49. https:/​/doi.or​g/10.11​86/s​13007-024-01169-4.

109.	 Zhou K, Han T, Pan B, Hu X, Chen X, Liu X, Fei S, Yang Y, Li W, Du M. Robustness 
in jasmonate signaling: mechanisms of concerted regulation and implica-
tions for crop improvement. Abiotech. 2025;6:618–37. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​
7​/​s​4​2​9​9​4​-​0​2​5​-​0​0​2​4​4​-​1​​​​​.​​​

110.	 Pradhan N, Singh S, Saxena G, Pradhan N, Koul M, Kharkwal AC, Sayyed R. 
A review on microbe–mineral transformations and their impact on plant 
growth. Front Microbiol. 2025;16:1549022. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​m​i​c​b​.​2​0​2​
5​.​1​5​4​9​0​2​2​​​​​.​​​

111.	 Kanwal B, Tanwir S, Ahmad F, Ahmad JN. Jasmonic acid and salicylic 
acid improved resistance against Spodoptera frugiperda infestation in 
maize by modulating growth and regulating redox homeostasis. Sci Rep. 
2024;14:16823. https:/​/doi.or​g/10.10​38/s​41598-024-67151-1.

112.	 Yu B, Geng M, Xue Y, Yu Q, Lu B, Liu M, Shao Y, Li C, Xu J, Li J, Hu W. Combined 
miRNA and mRNA sequencing reveals the defensive strategies of resistant 
YHY15 rice against differentially virulent brown planthoppers. Front Plant Sci. 
2024;15:1366515. https:/​/doi.or​g/10.33​89/f​pls.2024.1366515.

113.	 Leiva-Mora M, Capdesuñer Y, Villalobos-Olivera A, Moya-Jiménez R, Saa LR, 
Martínez-Montero ME. Uncovering the mechanisms: the role of biotro-
phic fungi in activating or suppressing plant defense responses. J Fungi. 
2024;10:635. https:/​/doi.or​g/10.33​90/j​of10090635.

114.	 Spoel SH, Dong X. Salicylic acid in plant immunity and beyond. Plant Cell. 
2024;36:1451. https:/​/doi.or​g/10.10​93/p​lcell/koad329.

115.	 Munir S, Shahzad AN, Rai A, Petrov V, Gechev T, Shokat S, Qureshi MK. Reac-
tive oxygen species production and signal transduction in response to stress 
triggered by Alternaria elicitors in Brassicaceae. Plant Mol Biol. 2025;115:113. 
https:/​/doi.or​g/10.10​07/s​11103-025-01639-w.

116.	 Yang R, Zhang D, Wang D, Chen H, Jin Z, Fang Y, Huang Y, Lin H. Infection 
mechanism of Botryosphaeria dothidea and the disease resistance strategies 
of Chinese hickory (Carya cathayensis). BMC Plant Biol. 2024;24:938. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​1​2​8​7​0​-​0​2​4​-​0​5​6​6​4​-​7​​​​​.​​​

117.	 Mir ZA, Ali S, Manzoor S, Sharma D, Sharma D, Tyagi A, Wani AW, Kumar S, 
Ayele BT. Plant defense hormones: thermoregulation and their role in plant 
adaptive immunity. J Plant Growth Regul. 2025;44:2689. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​
0​7​/​s​0​0​3​4​4​-​0​2​4​-​1​1​6​2​0​-​4​​​​​.​​​

118.	 Das S, Shil S, Rime J, Alice AK, Yumkhaibam T, Mounika V, Singh AP, Kundu 
M, Lalhmangaihzuali HP, Hazarika TK, Singh AK. Phytohormonal signaling in 
plant resilience: Advances and strategies for enhancing abiotic stress toler-
ance. Plant Growth Regul. 2025;105:329–60. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​1​0​7​2​5​-​0​
2​5​-​0​1​2​7​9​-​6​​​​​.​​​

119.	 Hale B, Ratnayake S, Flory A, Wijeratne R, Schmidt C, Robertson AE, Wijeratne 
AJ. Gene regulatory network inference in soybean upon infection by 

Phytophthora sojae. PLoS ONE. 2023;18:e0287590. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​3​7​1​/​j​o​
u​r​n​a​l​.​p​o​n​e​.​0​2​8​7​5​9​0​​​​​.​​​

120.	 Aerts N, Chhillar H, Ding P, Van Wees SCM. Transcriptional regulation of plant 
innate immunity. Essays Biochem. 2022;66:607. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​4​2​/​E​B​C​2​
0​2​1​0​1​0​0​​​​​.​​​

121.	 Xiang H, Stojilkovic B, Gheysen G. Decoding plant–pathogen interactions: a 
comprehensive exploration of effector–plant transcription factor dynamics. 
Mol Plant Pathol. 2025;26:e70057. https:/​/doi.or​g/10.11​11/m​pp.70057.

122.	 Soltani Z, Moghadam A, Tahmasebi A, Niazi A. Integrative systems biology 
analysis of barley transcriptome—hormonal signaling against biotic stress. 
PLoS ONE. 2023;18:e0281470. https:/​/doi.or​g/10.13​71/j​ournal.pone.0281470.

123.	 Ye D, Zhang S, Gao X, Li X, Jin X, Shi M, Kai G, Zhou W. Mining of disease-
resistance genes in Crocus sativus based on transcriptome sequencing. Front 
Genet. 2024;15:1349626. https:/​/doi.or​g/10.33​89/f​gene.2024.1349626.

124.	 Hussain A, Qayyum A, Farooq S, Almutairi SM, Rasheed RA, Qadir M, Vyhnánek 
T, Sun Y. Pepper immunity against Ralstonia solanacearum is positively 
regulated by CaWRKY3 through modulation of different WRKY transcription 
factors. BMC Plant Biol. 2024;24:522. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​1​2​8​7​0​-​0​2​4​-​0​5​1​
4​3​-​z​​​​​.​​​

125.	 Han Z, Li F, Qiao W, Zheng X, Cheng Y, Zhang L, Huang J, Wang Y, Lou D, 
Xing M, Fan W. Global whole-genome comparison and analysis to classify 
subpopulations and identify resistance genes in weedy rice relevant for 
improving crops. Front Plant Sci. 2023;13:1089445. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​p​l​
s​.​2​0​2​2​.​1​0​8​9​4​4​5​​​​​.​​​

126.	 Goyal N, Bhatia G, Garewal N, Upadhyay A, Singh K. Identification of defense 
related gene families and their response against powdery and downy mil-
dew infections in Vitis vinifera. BMC Genomics. 2021;22:776. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​
0​.​1​1​8​6​/​s​1​2​8​6​4​-​0​2​1​-​0​8​0​8​1​-​4​​​​​.​​​

127.	 Hazra A, Ghosh S, Naskar S, Rahaman P, Roy C, Kundu A, Chaudhuri RK, 
Chakraborti D. Global transcriptome analysis reveals fungal disease respon-
sive core gene regulatory landscape in tea. Sci Rep. 2023;13:17186. https:/​/
doi.or​g/10.10​38/s​41598-023-44163-x.

128.	 Kajla M, Roy A, Singh IK, Singh A. Regulation of the regulators: Transcription 
factors controlling biosynthesis of plant secondary metabolites during biotic 
stresses and their regulation by miRNAs. Front Plant Sci. 2023;14:1126567. 
https:/​/doi.or​g/10.33​89/f​pls.2023.1126567.

129.	 Jaemthaworn T, Kalapanulak S, Saithong T. Topological clustering of regula-
tory genes confers pathogenic tolerance to cassava brown streak virus 
(CBSV) in cassava. Sci Rep. 2021;11:7872. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​
1​-​8​6​8​0​6​-​x​​​​​.​​​

130.	 Li G, An L, Yang W, Yang L, Wei T, Shi J, Wang J, Doonan JH, Xie K, Fernie AR, 
Lagudah E, Wing RA, Gao C. Integrated biotechnological and AI innovations 
for crop improvement. Nature. 2025;643:925. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​8​
6​-​0​2​5​-​0​9​1​2​2​-​8​​​​​.​​​

131.	 Nie S, Gu H, Li Z, Zhou L, Cui L, Wang R, Liu Q, Qin B, Chen J, Zhao J. GWAS 
and multi-omics study reveal OsJAR2 associated jasmonate biosynthesis 
contributes to Southern rice black-streaked dwarf virus resistance in rice. 
BMC Genomics. 2025;26:971. https:/​/doi.or​g/10.11​86/s​12864-025-12159-8.

132.	 Aci MM, Tsalgatidou PC, Boutsika A, Dalianis A, Michaliou M, Delis C, Tsitsigi-
annis DI, Paplomatas E, Malacrinò A, Schena L, Zambounis A. Comparative 
transcriptome profiling and co-expression network analysis uncover the key 
genes associated with pear petal defense responses against Monilinia laxa 
infection. Front Plant Sci. 2024;15:1377937. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​2​4​.​
1​3​7​7​9​3​7​​​​​.​​​

133.	 Bjornson M, Pimprikar P, Nürnberger T, Zipfel C. The transcriptional landscape 
of Arabidopsis thaliana pattern-triggered immunity. Nat Plants. 2021;7:579. 
https:/​/doi.or​g/10.10​38/s​41477-021-00874-5.

134.	 Garcia A, Santamaria ME, Diaz I, Martinez M. Disentangling transcrip-
tional responses in plant defense against arthropod herbivores. Sci Rep. 
2021;11:12996. https:/​/doi.or​g/10.10​38/s​41598-021-92468-6.

135.	 Montesinos Á, Sacristán S, del Prado-Polonio P, Arnaiz A, Díaz-González S, 
Diaz I, Santamaria ME. Contrasting plant transcriptome responses between a 
pierce-sucking and a chewing herbivore go beyond the infestation site. BMC 
Plant Biol. 2024;24:120. https:/​/doi.or​g/10.11​86/s​12870-024-04806-1.

136.	 Hu X, Hereward J, Wang D, Yang Q, Wang Y. A host-specialized aphid lineage 
helps another conspecific lineage utilize a new host by disrupting the plant 
defenses. J Pest Sci. 2023;97:1525. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​1​0​3​4​0​-​0​2​3​-​0​1​7​1​
7​-​2​​​​​.​​​

137.	 Stroud EA, Jayaraman J, Templeton MD, Rikkerink EHA. Comparison of 
the pathway structures influencing the temporal response of salicylate 
and jasmonate defence hormones in Arabidopsis thaliana. Front Plant Sci. 
2022;13:952301. https:/​/doi.or​g/10.33​89/f​pls.2022.952301.

https://doi.org/10.1038/s41586-025-09175-9.
https://doi.org/10.1038/s41586-025-09175-9.
https://doi.org/10.1186/s43897-024-00141-z
https://doi.org/10.1186/s43897-024-00141-z
https://doi.org/10.1038/s41586-025-09185-7
https://doi.org/10.1007/s44154-024-00160-2
https://doi.org/10.1007/s44154-024-00160-2
https://doi.org/10.3390/plants14071070
https://doi.org/10.1007/s42729-025-02443-7
https://doi.org/10.1007/s42729-025-02443-7
https://doi.org/10.1007/s44154-025-00250-9
https://doi.org/10.1007/s44154-025-00250-9
https://doi.org/10.1111/nph.70446
https://doi.org/10.1111/nph.70446
https://doi.org/10.1186/s13007-024-01169-4
https://doi.org/10.1007/s42994-025-00244-1
https://doi.org/10.1007/s42994-025-00244-1
https://doi.org/10.3389/fmicb.2025.1549022
https://doi.org/10.3389/fmicb.2025.1549022
https://doi.org/10.1038/s41598-024-67151-1
https://doi.org/10.3389/fpls.2024.1366515
https://doi.org/10.3390/jof10090635
https://doi.org/10.1093/plcell/koad329
https://doi.org/10.1007/s11103-025-01639-w
https://doi.org/10.1186/s12870-024-05664-7
https://doi.org/10.1186/s12870-024-05664-7
https://doi.org/10.1007/s00344-024-11620-4
https://doi.org/10.1007/s00344-024-11620-4
https://doi.org/10.1007/s10725-025-01279-6
https://doi.org/10.1007/s10725-025-01279-6
https://doi.org/10.1371/journal.pone.0287590
https://doi.org/10.1371/journal.pone.0287590
https://doi.org/10.1042/EBC20210100
https://doi.org/10.1042/EBC20210100
https://doi.org/10.1111/mpp.70057
https://doi.org/10.1371/journal.pone.0281470
https://doi.org/10.3389/fgene.2024.1349626
https://doi.org/10.1186/s12870-024-05143-z
https://doi.org/10.1186/s12870-024-05143-z
https://doi.org/10.3389/fpls.2022.1089445
https://doi.org/10.3389/fpls.2022.1089445
https://doi.org/10.1186/s12864-021-08081-4
https://doi.org/10.1186/s12864-021-08081-4
https://doi.org/10.1038/s41598-023-44163-x
https://doi.org/10.1038/s41598-023-44163-x
https://doi.org/10.3389/fpls.2023.1126567
https://doi.org/10.1038/s41598-021-86806-x
https://doi.org/10.1038/s41598-021-86806-x
https://doi.org/10.1038/s41586-025-09122-8
https://doi.org/10.1038/s41586-025-09122-8
https://doi.org/10.1186/s12864-025-12159-8
https://doi.org/10.3389/fpls.2024.1377937
https://doi.org/10.3389/fpls.2024.1377937
https://doi.org/10.1038/s41477-021-00874-5
https://doi.org/10.1038/s41598-021-92468-6
https://doi.org/10.1186/s12870-024-04806-1
https://doi.org/10.1007/s10340-023-01717-2
https://doi.org/10.1007/s10340-023-01717-2
https://doi.org/10.3389/fpls.2022.952301


Page 25 of 27Vasantha-Srinivasan et al. Chemical and Biological Technologies in Agriculture           (2026) 13:91 

138.	 Siddique A, Parveen S, Rahman MZ, Rahman J. Revisiting plant stress 
memory: mechanisms and contribution to stress adaptation. Physiol Mol Biol 
Plants. 2024;30:349. https:/​/doi.or​g/10.10​07/s​12298-024-01422-z.

139.	 Gallusci P, Agius DR, Moschou PN, Dobránszki J, Kaiserli E, Martinelli F. 
Deep inside the epigenetic memories of stressed plants. Trends Plant Sci. 
2023;28:142–53. https:/​/doi.or​g/10.10​16/j​.tplants.2022.09.004.

140.	 Noh SW, Seo RR, Park HJ, Jung HW. Two Arabidopsis homologs of human 
lysine-specific demethylase function in epigenetic regulation of plant 
defense responses. Front Plant Sci. 2021;12:688003. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​
p​l​s​.​2​0​2​1​.​6​8​8​0​0​3​​​​​.​​​

141.	 Xie S, Duan C. Epigenetic regulation of plant immunity: from chromatin 
codes to plant disease resistance. Abiotech. 2023;4:124. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​
0​7​/​s​4​2​9​9​4​-​0​2​3​-​0​0​1​0​1​-​z​​​​​.​​​

142.	 Zhi P, Chang C. Exploiting epigenetic variations for crop disease resistance 
improvement. Front Plant Sci. 2021;12:692328. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​
2​1​.​6​9​2​3​2​8​​​​​.​​​

143.	 Huang C, Jin H. Coordinated epigenetic regulation in plants: a potent mana-
gerial tool to conquer biotic stress. Front Plant Sci. 2022;12:795274.

144.	 Xie W, Tang Q, Yan F, Zeng T. Transcriptional memory and response to adverse 
temperatures in plants. J Zhejiang Univ Sci B. 2021;22:791. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​6​3​1​/​j​z​u​s​.​B​2​1​0​0​2​8​7​​​​​.​​​

145.	 Zhao Y, Liu G, Yang F, Liang Y, Gao Q, Xiang C, Li X, Yang R, Zhang G, Jiang H, 
Yu L. Multilayered regulation of secondary metabolism in medicinal plants. 
Mol Hortic. 2023;3:11. https:/​/doi.or​g/10.11​86/s​43897-023-00059-y.

146.	 Pratx L, Wendering P, Kappel C, Nikoloski Z, Bäurle I. Histone retention pre-
serves epigenetic marks during heat stress-induced transcriptional memory 
in plants. EMBO J. 2023;42:e113595. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​5​2​5​2​/​e​m​b​j​.​2​0​2​3​1​1​3​5​
9​5​​​​​.​​​

147.	 Kumar M, Rani K. Epigenomics in stress tolerance of plants under the climate 
change. Mol Biol Rep. 2023;50:6201. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​1​1​0​3​3​-​0​2​3​-​0​8​5​
3​9​-​6​​​​​.​​​

148.	 Xu W, Cao F, Liu P, Yan K, Guo Q. The multifaceted role of RNA-based regula-
tion in plant stress memory. Front Plant Sci. 2024;15:1387575. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​
1​0​.​3​3​8​9​/​f​p​l​s​.​2​0​2​4​.​1​3​8​7​5​7​5​​​​​.​​​

149.	 Tiwari M, Singh R, Jha R, Singh P. Heritable priming by Trichoderma: a sustain-
able approach for wheat protection against Bipolaris sorokiniana. Front Plant 
Sci. 2022;13:1050765. https:/​/doi.or​g/10.33​89/f​pls.2022.1050765.

150.	 Harris CJ, Amtmann A, Ton J. Epigenetic processes in plant stress priming: 
open questions and new approaches. Curr Opin Plant Biol., Bigeard J, Col-
combet J, Hirt H. Signaling mechanisms in pattern-triggered immunity (PTI). 
Mol Plant 2015, 8:521–539. https:/​/doi.or​g/10.10​16/j​.molp.2014.12.022

151.	 Ray M, Burman S, Meshram S. A mini review on plant immune sys-
tem dynamics: modern insights into biotic and abiotic stress. Phyton. 
2025;94:2285. https:/​/doi.or​g/10.32​604/​phyton.2025.067814.

152.	 Liu Q. Reviews in insect immune responses: 2022. Front Immunol. 
2024;15:1414382. https:/​/doi.or​g/10.33​89/f​immu.2024.1414382.

153.	 Rekhter D, Ding Y, Lüdke D, Feussner K, Wiermer M, Zhang Y, Feussner I. From 
isochorismate to salicylate: a new reaction mechanism for salicylic acid 
biosynthesis. bioRxiv. 2019;600692. https:/​/doi.or​g/10.11​01/6​00692.

154.	 Gu X, Si F, Feng Z, Li S, Liang D, Yang P, Yang C, Yan B, Tang J, Yang Y, Li T. The 
OsSGS3-tasiRNA-OsARF3 module orchestrates abiotic-biotic stress response 
trade-off in rice. Nat Commun. 2023;14:4441. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​4​6​
7​-​0​2​3​-​4​0​1​7​6​-​2​​​​​.​​​

155.	 Xu L, Pierroz G, Wipf HML, Gao C, Taylor JW, Lemaux PG, Coleman-Derr D. 
Holo-omics for deciphering plant-microbiome interactions. Microbiome. 
2021;9:69. https:/​/doi.or​g/10.11​86/s​40168-021-01014-z.

156.	 Famurewa OJ, Istifanus YC, Auwal AM. Comprehensive liquid chromatog-
raphy-mass spectrometry-based metabolomic analysis of Moringa oleifera 
seeds. J Med Plants Res. 2023;17:258. https:/​/doi.or​g/10.58​97/J​MPR2023.7318.

157.	 Ilyaskina D, Altveş S, Dong L, Bouwmeester HJ, Aidy SE. Adaptive and 
metabolic convergence in rhizosphere and gut microbiomes. Microbiome. 
2025;13:173. https:/​/doi.or​g/10.11​86/s​40168-025-02179-7.

158.	 Kelliher JM, Robinson AJ, Longley R, Johnson LY, Hanson BT, Morales DP, 
Cailleau G, Junier P, Bonito G, Chain PS. The endohyphal microbiome: current 
progress and challenges for scaling down integrative multi-omic microbiome 
research. Microbiome. 2023;11:192. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​4​0​1​6​8​-​0​2​3​-​0​1​6​3​
4​-​7​​​​​.​​​

159.	 Sanchez-Muñoz R, Depaepe T, Samalova M, Hejátko J, Zaplana I, Van Der 
Straeten D. Machine-learning meta-analysis reveals ethylene as a central 
component of the molecular core in abiotic stress responses in Arabidopsis. 
Nat Commun. 2025;16:4778. https:/​/doi.or​g/10.10​38/s​41467-025-59542-3.

160.	 Jin X, Jia H, Ran L, Wu F, Liu J, Schlaeppi K, Dini-Andreote F, Wei Z, Zhou X. 
Fusaric acid mediates the assembly of disease-suppressive rhizosphere 
microbiota via induced shifts in plant root exudates. Nat Commun. 
2024;15:5125. https:/​/doi.or​g/10.10​38/s​41467-024-49218-9.

161.	 Yu X, Liu Z, Sun X. Single-cell and spatial multi-omics in the plant sci-
ences: technical advances, applications, and perspectives. Plant Commun. 
2022;4:100508. https:/​/doi.or​g/10.10​16/j​.xplc.2022.100508.

162.	 Yang Q, Li Z, Guan K, Wang Z, Tang X, Hong Y, Liu Z, Zhai J, Huang AC, Long 
Y, Song Y. Comparative single-nucleus RNA-seq analysis revealed localized 
and cell type-specific pathways governing root-microbiome interactions. Nat 
Commun. 2025;16:3169. https:/​/doi.or​g/10.10​38/s​41467-025-58395-0.

163.	 Sang Q, Kong F. Applications for single-cell and spatial transcriptomics in 
plant research. New Crops. 2024;1:100025. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​n​c​r​o​p​s​.​2​0​
2​4​.​1​0​0​0​2​5​​​​​.​​​

164.	 Zhu J, Lolle S, Tang A, Guel B, Kvitko BH, Cole B, Coaker G. Single-cell profil-
ing of Arabidopsis leaves to Pseudomonas syringae infection. Cell Rep. 
2023;42:112676. https:/​/doi.or​g/10.10​16/j​.celrep.2023.112676.

165.	 Nobori T, Oliva M, Lister R, Ecker JR. Multiplexed single-cell 3D spatial gene 
expression analysis in plant tissue using PHYTOMap. Nat Plants. 2023;9:1026. 
https:/​/doi.or​g/10.10​38/s​41477-023-01439-4.

166.	 Lee TA, Illouz-Eliaz N, Nobori T, Xu J, Jow B, Nery JR, Ecker JR. A single-
cell, spatial transcriptomic atlas of the Arabidopsis life cycle. Nat Plants. 
2025;11:1960–75. https:/​/doi.or​g/10.10​38/s​41477-025-02072-z.

167.	 Liu X, Peng T, Xu M, Lin S, Hu B, Chu T, Liu B, Xu Y, Ding W, Li L, Cao C. Spatial 
multi-omics: deciphering technological landscape of integration of multi-
omics and its applications. J Hematol Oncol. 2024;17:72. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​
8​6​/​s​1​3​0​4​5​-​0​2​4​-​0​1​5​9​6​-​9​​​​​.​​​

168.	 Wang T, Shao W, Huang Z, Tang H, Zhang J, Ding Z, Huang K. MOGONET inte-
grates multi-omics data using graph convolutional networks allowing patient 
classification and biomarker identification. Nat Commun. 2021;12:3445. 
https:/​/doi.or​g/10.10​38/s​41467-021-23774-w.

169.	 Saarenpää S, Shalev O, Ashkenazy H, Carlos V, Lundberg DS, Weigel D, 
Giacomello S. Spatial metatranscriptomics resolves host-bacteria-fungi 
interactomes. Nat Biotechnol. 2024;42:1384–93. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​
8​7​-​0​2​3​-​0​1​9​7​9​-​2​​​​​.​​​

170.	 Guo J, Guo S, Lu S, Gong J, Wang L, Ding L, Chen Q, Liu W. The development 
of proximity labeling technology and its applications in mammals, plants, 
and microorganisms. Cell Commun Signal. 2023;21:269. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​
8​6​/​s​1​2​9​6​4​-​0​2​3​-​0​1​3​1​0​-​1​​​​​.​​​

171.	 Kim T, Park CH, Hsu C, Kim YW, Ko Y, Zhang Z, Zhu J, Hsiao Y, Branon TC, Kaasik 
K, Saldivar E, Li K, Pasha A, Provart NJ, Burlingame AL, Xu S, Ting AY, Wang 
Z. Mapping the signaling network of BIN2 kinase using TurboID-mediated 
biotin labeling and phosphoproteomics. Plant Cell. 2023;35:975. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​0​9​3​/​p​l​c​e​l​l​/​k​o​a​d​0​1​3​​​​​.​​​

172.	 Escaray F, Felipo-Benavent A, Vera P. Linking plant metabolism and immunity 
through methionine biosynthesis. Mol Plant. 2022;15:6–8. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​0​1​6​/​j​.​m​o​l​p​.​2​0​2​1​.​1​2​.​0​0​7​​​​​.​​​

173.	 Mecha E, Erny GL, Guerreiro ACL, Feliciano RP, Barbosa I, Bento-Silva A, Leitão 
ST, Veloso M, Rubiales D, Rodríguez-Mateos A, Figueira ME, Patto MCV, 
Bronze MR. Metabolomics profile responses to changing environments in 
a common bean (Phaseolus vulgaris L.) germplasm collection. Food Chem. 
2021;370:131003. https:/​/doi.or​g/10.10​16/j​.foodchem.2021.131003.

174.	 Zhang F, Wu J, Sade N, Wu S, Egbaria A, Fernie AR, Yan J, Qin F, Chen W, Brot-
man Y, Dai M. Genomic basis underlying the metabolome-mediated drought 
adaptation of maize. Genome Biol. 2021;22:260. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​1​3​0​
5​9​-​0​2​1​-​0​2​4​8​1​-​1​​​​​.​​​

175.	 Kirupanatha-Rajan P, Chanthini KM, Deepthi R, Manju R, Pavithra GS, Murugan 
P, Deva-Andrews A, Balasubramanian B, Rajagopal R, Senthil-Nathan S. 
Enhanced secondary metabolite accumulation in tomato roots mediated 
by colonization of Paenibacillus dendritiformis confers crop protection 
against foot rot caused by Rhizoctonia solani. Physiol Mol Plant Pathol. 
2025;1:139102721. https:/​/doi.or​g/10.10​16/j​.pmpp.2025.102721.

176.	 Mastellone G, Marengo A, Sgorbini B, Rubiolo P, Cagliero C. New phases for 
analytical scale extraction from plants: current and future trends. Trends Anal 
Chem. 2021;141:116288. https:/​/doi.or​g/10.10​16/j​.trac.2021.116288.

177.	 Ali AM, Mohammed MA. A comprehensive review of artificial intelligence 
approaches in omics data processing: Evaluating progress and challenges. Int 
J Math Stat Comput Sci. 2023;2:114. https:/​/doi.or​g/10.59​543/​ijmscs.v2i.8703.

178.	 Tarazona S, Arzalluz-Luque Á, Conesa A. Undisclosed, unmet and neglected 
challenges in multi-omics studies. Nat Comput Sci. 2021;1:395. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​0​3​8​/​s​4​3​5​8​8​-​0​2​1​-​0​0​0​8​6​-​z​​​​​.​​​

https://doi.org/10.1007/s12298-024-01422-z
https://doi.org/10.1016/j.tplants.2022.09.004
https://doi.org/10.3389/fpls.2021.688003
https://doi.org/10.3389/fpls.2021.688003
https://doi.org/10.1007/s42994-023-00101-z
https://doi.org/10.1007/s42994-023-00101-z
https://doi.org/10.3389/fpls.2021.692328
https://doi.org/10.3389/fpls.2021.692328
https://doi.org/10.1631/jzus.B2100287
https://doi.org/10.1631/jzus.B2100287
https://doi.org/10.1186/s43897-023-00059-y
https://doi.org/10.15252/embj.2023113595
https://doi.org/10.15252/embj.2023113595
https://doi.org/10.1007/s11033-023-08539-6
https://doi.org/10.1007/s11033-023-08539-6
https://doi.org/10.3389/fpls.2024.1387575
https://doi.org/10.3389/fpls.2024.1387575
https://doi.org/10.3389/fpls.2022.1050765
https://doi.org/10.1016/j.molp.2014.12.022
https://doi.org/10.32604/phyton.2025.067814
https://doi.org/10.3389/fimmu.2024.1414382
https://doi.org/10.1101/600692
https://doi.org/10.1038/s41467-023-40176-2
https://doi.org/10.1038/s41467-023-40176-2
https://doi.org/10.1186/s40168-021-01014-z
https://doi.org/10.5897/JMPR2023.7318
https://doi.org/10.1186/s40168-025-02179-7
https://doi.org/10.1186/s40168-023-01634-7
https://doi.org/10.1186/s40168-023-01634-7
https://doi.org/10.1038/s41467-025-59542-3
https://doi.org/10.1038/s41467-024-49218-9
https://doi.org/10.1016/j.xplc.2022.100508
https://doi.org/10.1038/s41467-025-58395-0
https://doi.org/10.1016/j.ncrops.2024.100025
https://doi.org/10.1016/j.ncrops.2024.100025
https://doi.org/10.1016/j.celrep.2023.112676
https://doi.org/10.1038/s41477-023-01439-4
https://doi.org/10.1038/s41477-025-02072-z
https://doi.org/10.1186/s13045-024-01596-9
https://doi.org/10.1186/s13045-024-01596-9
https://doi.org/10.1038/s41467-021-23774-w
https://doi.org/10.1038/s41587-023-01979-2
https://doi.org/10.1038/s41587-023-01979-2
https://doi.org/10.1186/s12964-023-01310-1
https://doi.org/10.1186/s12964-023-01310-1
https://doi.org/10.1093/plcell/koad013
https://doi.org/10.1093/plcell/koad013
https://doi.org/10.1016/j.molp.2021.12.007
https://doi.org/10.1016/j.molp.2021.12.007
https://doi.org/10.1016/j.foodchem.2021.131003
https://doi.org/10.1186/s13059-021-02481-1
https://doi.org/10.1186/s13059-021-02481-1
https://doi.org/10.1016/j.pmpp.2025.102721
https://doi.org/10.1016/j.trac.2021.116288
https://doi.org/10.59543/ijmscs.v2i.8703
https://doi.org/10.1038/s43588-021-00086-z
https://doi.org/10.1038/s43588-021-00086-z


Page 26 of 27Vasantha-Srinivasan et al. Chemical and Biological Technologies in Agriculture           (2026) 13:91 

179.	 Bodein A, Scott-Boyer MP, Perin O, Lê Cao KA, Droit A. Interpretation of 
network-based integration from multi-omics longitudinal data. Nucleic Acids 
Res. 2022;50:e27. https:/​/doi.or​g/10.10​93/n​ar/gkab1200.

180.	 Su K, Katebi A, Kohar V, Clauss B, Gordin D, Qin ZS, Karuturi RKM, Li S, Lu M. 
NetAct: a computational platform to construct core transcription factor 
regulatory networks using gene activity. Genome Biol. 2022;23:270. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​1​3​0​5​9​-​0​2​2​-​0​2​8​3​5​-​3​​​​​.​​​

181.	 Tan QW, Lim PK, Chen Z, Pasha A, Provart N, Arend M, Nikoloski Z, Mutwil 
M. Cross-stress gene expression atlas of Marchantia polymorpha reveals the 
hierarchy and regulatory principles of abiotic stress responses. Nat Commun. 
2023;14:986. https:/​/doi.or​g/10.10​38/s​41467-023-36517-w.

182.	 Clercq ID, de Velde JV, Luo X, Liu L, Storme V, Bel MV, Pottie R, Vaneechoutte 
D, Breusegem FV, Vandepoele K. Integrative inference of transcriptional 
networks in Arabidopsis yields novel ROS signalling regulators. Nat Plants. 
2021;7:500. https:/​/doi.or​g/10.10​38/s​41477-021-00894-1.

183.	 Ali SIM, Alrashid SZ. A review of methods for gene regulatory networks 
reconstruction and analysis. Artif Intell Rev. 2025;58:256. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​
0​7​/​s​1​0​4​6​2​-​0​2​5​-​1​1​2​5​7​-​z​​​​​.​​​

184.	 Leong R, Xin H, Beijen BS, Sakai T, Gonçalves J, Ding P. Unlocking gene regula-
tory networks for crop resilience and sustainable agriculture. Nat Biotechnol. 
2025;43:1254. https:/​/doi.or​g/10.10​38/s​41587-025-02727-4.

185.	 Qin K, Liu F, Zhang C, Deng R, Fernie AR, Zhang Y. Systems and synthetic biol-
ogy for plant natural product pathway elucidation. Cell Rep. 2025;44:115715. 
https:/​/doi.or​g/10.10​16/j​.celrep.2025.115715.

186.	 Cheng CY, Li Y, Varala K, Bubert J, Huang J, Kim GJ, Halim J, Arp J, Shih HJS, 
Levinson G, Park SH. Evolutionarily informed machine learning enhances 
the power of predictive gene-to-phenotype relationships. Nat Commun. 
2021;12:5627. https:/​/doi.or​g/10.10​38/s​41467-021-25893-w.

187.	 Shabbir R, Javed T, Wang W, Yating C, Yang B, Linbo S, Sun TT, Zhang S, Chen 
P. Insights into recent advances in secondary metabolites (SMs)-mediated 
defense responses in plants. Crit Rev Biotechnol. 2025;45:1399. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​
/​1​0​.​1​0​8​0​/​0​7​3​8​8​5​5​1​.​2​0​2​5​.​2​4​8​4​5​9​8​​​​​.​​​

188.	 Tuggle CK, Clarke JL, Murdoch BM, Lyons E, Scott NM, Beneš B, Campbell 
JD, Chung H, Daigle CL, Das Choudhury S, Dekkers JC. Current challenges 
and future of agricultural genomes to phenomes in the USA. Genome Biol. 
2024;25:8. https:/​/doi.or​g/10.11​86/s​13059-023-03155-w.

189.	 Hayes BJ, Chen C, Powell O, Dinglasan E, Villiers K, Kemper KE, Hickey LT. 
Advancing artificial intelligence to help feed the world. Nat Biotechnol. 
2023;41:1188. https:/​/doi.or​g/10.10​38/s​41587-023-01898-2.

190.	 Udegbe FC, Ebulue OR, Ebulue CC, Ekesiobi CS. Synthetic biology and its 
potential in US medical therapeutics: A comprehensive review. Eng Sci Tech-
nol J. 2024;5:1395–414. https:/​/api.se​mantics​chol​ar.org/CorpusID:269226965.

191.	 Xu Y, Zhang X, Li H, Zheng H, Zhang J, Olsen M, Varshney RK, Prasanna BM, 
Qian Q. Smart breeding driven by big data, artificial intelligence, and inte-
grated genomic-enviromic prediction. Mol Plant. 2022;15:1664. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​0​1​6​/​j​.​m​o​l​p​.​2​0​2​2​.​0​9​.​0​0​1​​​​​.​​​

192.	 Bradbury AW, Clapp O, Biacsi AS, Kuo P, Gaju O, Hayta Ş, Zhu J, Lambing C. 
Integrating genome editing with omics, artificial intelligence, and advanced 
farming technologies to increase crop productivity. Plant Commun. 
2025;6:101386. https:/​/doi.or​g/10.10​16/j​.xplc.2025.101386.

193.	 Khalid MM, Karan O. Deep learning for plant disease detection. Int J Math Stat 
Comput Sci. 2024;2:75–84. https:/​/doi.or​g/10.59​543/​ijmscs.v2i.8343.

194.	 Garrett KA, Bebber DP, Etherton BA, Gold KM, Plex Sulá AI, Selvaraj MG. 
Climate change effects on pathogen emergence: artificial intelligence to 
translate big data for mitigation. Annu Rev Phytopathol. 2022;60:357–78. 
https:/​/doi.or​g/10.11​46/a​nnurev-phyto-021021-042636.

195.	 Pacal I, Kunduracioglu I, Alma MH, Deveci M, Kadry S, Nedoma J, Slany V, Mar-
tinek R. A systematic review of deep learning techniques for plant diseases. 
Artif Intell Rev. 2024;57:304. https:/​/doi.or​g/10.10​07/s​10462-024-10944-7.

196.	 Lopez-Cruz M, Aguate FM, Washburn JD, De Leon N, Kaeppler SM, Lima DC, 
Tan R, Thompson A, De La Bretonne LW, de Los Campos G. Leveraging data 
from the Genomes-to-Fields Initiative to investigate genotype-by-environ-
ment interactions in maize in North America. Nat Commun. 2023;14:6904. 
https:/​/doi.or​g/10.10​38/s​41467-023-42687-4.

197.	 Gogna A, Kamali B, Wimmer V, Schmidt RH, Rezaei EE, Eckhoff WM, Reif JC, 
Zhao Y. Predicting enviromically adapted varieties with big data. Genome 
Biol. 2026;27:3. https:/​/doi.or​g/10.11​86/s​13059-025-03914-x.

198.	 He K, Yu T, Gao S, Chen S, Li L, Zhang X, Huang C, Xu Y, Wang J, Prasanna BM, 
Hearne S. Leveraging automated machine learning for environmental data-
driven genetic analysis and genomic prediction in maize hybrids. Adv Sci. 
2025;12:2412423. https:/​/doi.or​g/10.10​02/a​dvs.202412423.

199.	 Yan J, Xu Y, Cheng Q, Jiang S, Wang Q, Xiao Y, Ma C, Yan J, Wang X. LightGBM: 
accelerated genomically designed crop breeding through ensemble learn-
ing. Genome Biol. 2021;22:271. https:/​/doi.or​g/10.11​86/s​13059-021-02492-y.

200.	 Zidan F, Febriyanti DE. Optimizing agricultural yields with artificial intelli-
gence-based climate adaptation strategies. IAIC Trans Sustain Digit Innov. 
2024;5:136–47. https:/​/doi.or​g/10.34​306/​itsdi.v5i2.663.

201.	 Motta IV, Vuillerme N, Pham HH, de Figueiredo FA. Machine learning tech-
niques for coffee classification: a comprehensive review of scientific research. 
Artif Intell Rev. 2024;58:15. https:/​/doi.or​g/10.10​07/s​10462-024-11004-w.

202.	 Yoosefzadeh-Najafabadi M, Xavier A, Eskandari M, Hesami M. Machine 
learning after a decade: is it still a missing keystone in genomic-based plant 
breeding? Artif Intell Rev. 2025;58:260. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​1​0​4​6​2​-​0​2​5​-​1​1​
2​7​4​-​y​​​​​.​​​

203.	 MacNish TR, Danilevicz MF, Bayer PE, Bestry MS, Edwards D. Application of 
machine learning and genomics for orphan crop improvement. Nat Com-
mun. 2025;16:982. https:/​/doi.or​g/10.10​38/s​41467-025-56330-x.

204.	 Newman S, Furbank RT. Explainable machine learning models of major crop 
traits from satellite-monitored continent-wide field trial data. Nat Plants. 
2021;7:1354. https:/​/doi.or​g/10.10​38/s​41477-021-01001-0.

205.	 Tzachor A, Devare M, King BR, Avin S, Ó hÉigeartaigh S. Responsible artificial 
intelligence in agriculture requires systemic understanding of risks and exter-
nalities. Nat Mach Intell. 2022;4:104. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​8​/​s​4​2​2​5​6​-​0​2​2​-​0​0​4​4​
0​-​4​​​​​.​​​

206.	 Kebede EA, Abou Ali H, Clavelle T, Froehlich HE, Gephart JA, Hartman S, Her-
rero M, Kerner H, Mehta P, Nakalembe C, Ray DK. Assessing and addressing 
the global state of food production data scarcity. Nat Rev Earth Environ. 
2024;5:295–311. https:/​/doi.or​g/10.10​38/s​43017-024-00516-2.

207.	 Cope OL, Keefover-Ring K, Kruger EL, Lindroth RL. Growth–defense trade-offs 
shape population genetic composition in an iconic forest tree species. Proc 
Natl Acad Sci USA. 2021;118:e2103162118. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​7​3​/​p​n​a​s​.​2​1​0​3​
1​6​2​1​1​8​​​​​.​​​

208.	 Mageroy MH, Nagy NE, Steffenrem A, Krokene P, Hietala AM. Conifer defences 
against pathogens and pests—mechanisms, breeding, and management. 
Curr Rep. 2023;9:429–43. https:/​/doi.or​g/10.10​07/s​40725-023-00201-5.

209.	 Singh VV, Naseer A, Mogilicherla K, Trubin A, Zabihi K, Roy A, Jakuš R, Erbilgin 
N. Understanding bark beetle outbreaks: Exploring the impact of changing 
temperature regimes, droughts, forest structure, and prospects for future 
forest pest management. Rev Environ Sci Biotechnol. 2024;23:257–90. ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​1​1​1​5​7​-​0​2​4​-​0​9​6​9​2​-​5​​​​​.​​​

210.	 Chanthini KM-P, Senthil-Nathan S. Peptide Hormone signaling in photopro-
tection: integrating developmental and stress pathways to enhance photo-
synthetic resilience. Pept Horm Plant Dev Stress Responses. 2026;13:279–311. 
https:/​/doi.or​g/10.10​02/9​781394338238.ch12.

211.	 Dorey T, Schiestl FP. Bee-pollination promotes rapid divergent evolution in 
plants growing in different soils. Nat Commun. 2024;15:2703. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​
1​0​.​1​0​3​8​/​s​4​1​4​6​7​-​0​2​4​-​4​6​8​4​1​-​4​​​​​.​​​

212.	 Lee S, Choi J, Park J, Hong CP, Choi D, Han S, Choi K, Roh TY, Hwang D, Hwang 
I. DDM1-mediated gene body DNA methylation is associated with inducible 
activation of defense-related genes in Arabidopsis. Genome Biol. 2023;24:106. 
https:/​/doi.or​g/10.11​86/s​13059-023-02952-7.

213.	 Pierik R, Ballaré CL. Control of plant growth and defense by photoreceptors: 
from mechanisms to opportunities in agriculture. Mol Plant. 2021;14:61–76. 
https:/​/doi.or​g/10.10​16/j​.molp.2020.11.021.

214.	 Vacher C, Castagneyrol B, Jousselin E, Schimann H. Trees and insects have 
microbiomes: consequences for forest health and management. Curr Rep. 
2021;7:81–96. https:/​/doi.or​g/10.10​07/s​40725-021-00136-9.

215.	 McMillan HM. Plants target gut microbes to reduce insect herbivore damage. 
Proc Natl Acad Sci USA. 2023;120:e2308568120. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​7​3​/​p​n​a​s​.​
2​3​0​8​5​6​8​1​2​0​​​​​.​​​

216.	 Cambon MC, Xu X, Kovács ÁT, Gomes SI, McDonald JE. Synthetic microbial 
communities for studying and engineering the tree microbiome: challenges 
and opportunities. Curr Opin Microbiol. 2025;87:102636. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​m​i​b​.​2​0​2​5​.​1​0​2​6​3​6​​​​​.​​​

217.	 Lebreton A, Zeng Q, Miyauchi S, Kohler A, Dai YC, Martin FM. Evolution of the 
mode of nutrition in symbiotic and saprotrophic fungi in forest ecosystems. 
Annu Rev Ecol Evol Syst. 2021;52:385–404. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​4​6​/​a​n​n​u​r​e​v​-​e​
c​o​l​s​y​s​-​0​1​2​0​2​1​-​1​1​4​9​0​2​​​​​.​​​

218.	 Joseph R, Apollon W, Oliveira AC. The stressing point: how plants respond to 
environmental stimuli. Biotechnol Adv. 2025;84:108691. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​b​i​o​t​e​c​h​a​d​v​.​2​0​2​5​.​1​0​8​6​9​1​​​​​.​​​

219.	 Nawaz M, Sun J, Shabbir S, Khattak WA, Ren G, Nie X, Bo Y, Javed Q, Du 
D, Sonne C. A review of plants strategies to resist biotic and abiotic 

https://doi.org/10.1093/nar/gkab1200
https://doi.org/10.1186/s13059-022-02835-3
https://doi.org/10.1186/s13059-022-02835-3
https://doi.org/10.1038/s41467-023-36517-w
https://doi.org/10.1038/s41477-021-00894-1
https://doi.org/10.1007/s10462-025-11257-z
https://doi.org/10.1007/s10462-025-11257-z
https://doi.org/10.1038/s41587-025-02727-4
https://doi.org/10.1016/j.celrep.2025.115715
https://doi.org/10.1038/s41467-021-25893-w
https://doi.org/10.1080/07388551.2025.2484598
https://doi.org/10.1080/07388551.2025.2484598
https://doi.org/10.1186/s13059-023-03155-w
https://doi.org/10.1038/s41587-023-01898-2
https://api.semanticscholar.org/CorpusID:269226965
https://doi.org/10.1016/j.molp.2022.09.001
https://doi.org/10.1016/j.molp.2022.09.001
https://doi.org/10.1016/j.xplc.2025.101386
https://doi.org/10.59543/ijmscs.v2i.8343
https://doi.org/10.1146/annurev-phyto-021021-042636
https://doi.org/10.1007/s10462-024-10944-7
https://doi.org/10.1038/s41467-023-42687-4
https://doi.org/10.1186/s13059-025-03914-x
https://doi.org/10.1002/advs.202412423
https://doi.org/10.1186/s13059-021-02492-y
https://doi.org/10.34306/itsdi.v5i2.663
https://doi.org/10.1007/s10462-024-11004-w
https://doi.org/10.1007/s10462-025-11274-y
https://doi.org/10.1007/s10462-025-11274-y
https://doi.org/10.1038/s41467-025-56330-x
https://doi.org/10.1038/s41477-021-01001-0
https://doi.org/10.1038/s42256-022-00440-4
https://doi.org/10.1038/s42256-022-00440-4
https://doi.org/10.1038/s43017-024-00516-2
https://doi.org/10.1073/pnas.2103162118
https://doi.org/10.1073/pnas.2103162118
https://doi.org/10.1007/s40725-023-00201-5
https://doi.org/10.1007/s11157-024-09692-5
https://doi.org/10.1007/s11157-024-09692-5
https://doi.org/10.1002/9781394338238.ch12
https://doi.org/10.1038/s41467-024-46841-4
https://doi.org/10.1038/s41467-024-46841-4
https://doi.org/10.1186/s13059-023-02952-7
https://doi.org/10.1016/j.molp.2020.11.021
https://doi.org/10.1007/s40725-021-00136-9
https://doi.org/10.1073/pnas.2308568120
https://doi.org/10.1073/pnas.2308568120
https://doi.org/10.1016/j.mib.2025.102636
https://doi.org/10.1016/j.mib.2025.102636
https://doi.org/10.1146/annurev-ecolsys-012021-114902
https://doi.org/10.1146/annurev-ecolsys-012021-114902
https://doi.org/10.1016/j.biotechadv.2025.108691
https://doi.org/10.1016/j.biotechadv.2025.108691


Page 27 of 27Vasantha-Srinivasan et al. Chemical and Biological Technologies in Agriculture           (2026) 13:91 

environmental stressors. Sci Total Environ. 2023;900:165832. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​
0​.​1​0​1​6​/​j​.​s​c​i​t​o​t​e​n​v​.​2​0​2​3​.​1​6​5​8​3​2​​​​​.​​​

220.	 Dorey T, Frachon L, Rieseberg LH, Kreiner JM, Schiestl FP. Biotic interactions 
promote local adaptation to soil in plants. Nat Commun. 2024;15:5186. 
https:/​/doi.or​g/10.10​38/s​41467-024-49383-x.

221.	 Smith T, Clegg T, Ransome E, Martin-Lilley T, Rosindell J, Woodward G, Pawar 
S, Bell T. High-throughput characterization of bacterial responses to complex 
mixtures of chemical pollutants. Nat Microbiol. 2024;9:938. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​
1​0​3​8​/​s​4​1​5​6​4​-​0​2​4​-​0​1​6​2​6​-​9​​​​​.​​​

222.	 Alseekh S, Klemmer A, Yan J, Guo T, Fernie AR. Embracing plant plasticity or 
robustness as a means of ensuring food security. Nat Commun. 2025;16:461. 
https:/​/doi.or​g/10.10​38/s​41467-025-55872-4.

223.	 Hoffmann M, Chen C, Butterbach-Bahl K, Ewert F, Holz M, Kiese R, Augustin 
J, Dubbert M Advancing sustainable agricultural transformation through the 

synergy of automated experimental platforms and living labs. Nat Commun. 
2025. https:/​/doi.or​g/10.10​38/s​41467-025-64450-7.

224.	 Hyde KD, Baldrián P, Chen Y, Chethana KWT, de Hoog S, Doilom M, de Farias 
ARG, Gonçalves MFM, Gonkhom D, Gui H, Hilário S, Hu Y, Jayawardena RS, 
Khyaju S, Kirk PM, Kohout P, Luangharn T, Maharachchikumbura SSN, Mana-
wasinghe IS, Walker A. Current trends, limitations and future research in fungi. 
Fungal Divers. 2024;125:1. https:​​​//d​oi.​or​g/10​.10​07/​s13​225-0​23-00532-5.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1016/j.scitotenv.2023.165832
https://doi.org/10.1016/j.scitotenv.2023.165832
https://doi.org/10.1038/s41467-024-49383-x
https://doi.org/10.1038/s41564-024-01626-9
https://doi.org/10.1038/s41564-024-01626-9
https://doi.org/10.1038/s41467-025-55872-4
https://doi.org/10.1038/s41467-025-64450-7
https://doi.org/10.1007/s13225-023-00532-5

	﻿Plant immune and defense responses to microorganisms and insects: molecular signaling, crosstalk, and adaptive plasticity
	﻿Abstract
	﻿Introduction: convergent and divergent plant responses to microorganisms and insects
	﻿Early perception of biotic signals: from microbial patterns to herbivore-derived cues
	﻿Pattern recognition receptors and damage-associated molecular signals

	﻿Herbivore-associated molecular patterns and oral secretion signaling
	﻿Intracellular signaling cascades orchestrating defense activation
	﻿Mitogen-activated protein kinase networks and phosphorylation dynamics
	﻿Hormonal crosstalk as a central regulatory hub in biotic stress responses
	﻿Salicylic acid–mediated immunity against microbial pathogens

	﻿Jasmonic acid and ethylene signaling in herbivore defense
	﻿Antagonism, synergy, and context-dependent hormonal trade-offs
	﻿Transcriptional reprogramming and regulatory network architecture
	﻿Defense gene clusters and co-expression modules
	﻿Integration of microbial and insect-induced transcriptional signatures
	﻿Epigenetic regulation and stress memory in plant defense
	﻿Shared defense nodes and signaling convergence between microorganism and insect responses
	﻿Systems biology and multi-omics insights into plant biotic stress responses
	﻿Transcriptomics, proteomics, and metabolomics approaches
	﻿Network modeling and predictive defense frameworks
	﻿Emerging role of artificial intelligence and data-driven discovery
	﻿Adaptive plasticity and context-dependent defense outcomes
	﻿Knowledge gaps, experimental challenges, and future research directions
	﻿Concluding remarks: toward durable and sustainable plant defense strategies

	﻿References


