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ABSTRACT: Plants are under constant exposure to varied biotic and abiotic stresses, which significantly affect
their growth, productivity, and survival. Biotic stress, caused by pathogens, and abiotic stress, including drought,
salinity, extreme temperatures, and heavy metals, activate overlapping yet distinct immune pathways. These are
comprised of morphological barriers, hormonal signaling, and the induction of stress-responsive genes through
complex pathways mediated by reactive oxygen species (ROS), phytohormones, and secondary metabolites. Abiotic
stress triggers organelle-mediated retrograde signaling from organelles like chloroplasts and mitochondria, which
causes unfolded protein responses and the regulation of cellular homeostasis. Simultaneously, biotic stress activates
both PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI), mediated by salicylic acid (SA), jasmonic
acid (JA), and ethylene (ET). This review aims to provide an integrated overview of plant immune responses to multiple
stressors, with emphasis on molecular crosstalk and recent technological interventions. A systematic literature search
was conducted using the Scopus database, covering studies published between 2010 and 2025. Advances in CRISPR-Cas
genome editing, RNA interference, omics technologies, nanotechnology, and artificial intelligence have improved our
knowledge of plant stress physiology and facilitated the design of resilient crop varieties. Despite these advances, the
integration of immune signals under simultaneous biotic and abiotic stress remains poorly understood, particularly
at tissue-specific and cellular levels. Additionally, practical challenges persist in delivery methods, regulatory hurdles,
and long-term field validation. With the escalation of climate change, understanding the complex crosstalk between
stress signalling pathways is essential for maintaining sustainable agriculture and global food security. Future directions
point toward real-time monitoring tools, such as single-cell omics and spatial transcriptomics, to fine-tune immune
responses and support precision crop improvement.

KEYWORDS: Plant stress responses; defense mechanisms; signaling pathways; biotic stress; abiotic stress; sustainable
agriculture

1 Introduction
Plants are exposed to a range of biotic and abiotic stresses throughout their life cycle. Biotic stresses,

such as pathogens, and competition for resources from other organisms are, whereas abiotic stresses include
drought, salinity, high temperature, and starvation for nutrients. Plants have developed a range of signalling
pathways and behavioural changes to counteract these stresses so that they may survive and reproduce
under hostile conditions. The plant immune system, which is activated upon perception of pathogen-
associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), is one of the
primary signalling pathways that are involved in plant defence against biotic stress. The plant immune system
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consists of a network of receptor proteins, signalling pathways, and defence responses such as biosynthesis
of reactive oxygen species (ROS), phytohormones, and secondary metabolites. These defence mechanisms
can help plants resist pathogens [1,2]. Besides biotic stress, plants also encounter abiotic stresses such as
Drought stress. For instance, it can create water deficits in plant tissues, leading to reduced photosynthesis,
wilting, and ultimately plant death. Plants have evolved several mechanisms of adaptation to drought stress,
such as stomatal closure, osmo-protectantsynthesis, and root architecture modification for enhanced water
uptake [3,4].

Plants, however, respond through signalling pathways, undergo behavioural modifications against the
stress. For example, during drought stress, some plants show alterations in their growth habits, like reduced
stem elongation and enhanced root development [1]. Likewise, in response to nutrient deficiency, some plants
alter their root architecture, like increased root branching [2]. The study of plant signalling and behaviour
under biotic and abiotic stress is a fast-emerging topic with substantial implications for crop improvement
and sustainable agriculture [1,5].

In this review, we aim to systematically synthesize and critically evaluate recent advances in understand-
ing plant immunity and its responses against biotic and abiotic stresses, using a comprehensive bibliometric
analysis. The key objectives in this study include (i) research landscape surrounding plant stresses and their
immunity through literature network visualization, (ii) highlight the structural and physiological adaptations
in plants that mediate stress tolerance, (iii) dissect the biochemical and molecular mechanisms underlying
plant responses to different stresses, and (iv) to explore the intersection of cutting-edge developments such
as CRISPR-Cas, microRNAs (miRNAs), omics, artificial intelligence (AI), and nanotechnology in enhancing
plant immunity. This review intends to provide a holistic and updated view on how plants orchestrate
multi-layered defense strategies in the face of complex environmental challenges.

Bibliometric Survey
The systemic literature survey using key words “Plant Immune System” and “Biotic and Abiotic Stress”

was performed using the Scopus database to assess the significance of current research in this field (Figs. 1
and 2). The literature search provided 230 findings in the last fifteen years, spanning from 2010 to 2025. This
includes 103 (44.78%) research articles, 84 (36.52%) review articles, 33 (14.34%) book chapters, 3 (1.30%)
books, and 7 (3.04%) others. Among all the papers published thus far, 10 were published in 2025, with 6
originating from India. The recent articles underscore the evolving and dynamic nature of research in Plant
stress responses and defence mechanisms. Interestingly, Hossain et al. [6] documented the application of
non-immunogenic circular RNA (circRNA) as a targeted gene regulatory tool in plants, whereas Mir et al. [7]
emphasized information regarding functions of Salicylic acid (SA), Jasmonic Acid (JA), and ethylene (ET)
in Plant-Pathogen interactions. A notable increase in publications between 2017 and 2018 was noted, with an
increase from 7 to 25 documents. This trend was maintained year after year and peaked at a remarkable level
of 39 documents being published in the year 2024. This consistent increase not only indicates the heightened
scientific and academic interest in plant immunity but also the worldwide desperation to comprehend and
counteract the effects of biotic and abiotic stress agents on plant systems.

The graphical analysis of keyword-specific publication trends between the years 2010 and 2025 (Fig. 3)
provides useful information regarding research priorities in the “Agricultural and Biological Sciences” disci-
pline. As illustrated in Fig. 3, Abiotic Stress and Biotic Stress are the study areas that dominate the literature,
together representing the highest number of publications globally (44,181 and 20,333, respectively) and in
India (8042 and 4689, respectively). Terms like Secondary Metabolites, Stress Signalling, and Nanoparticles
also express intense global research activity, implying their pivotal position in plant biology and mechanisms
of stress responses. India’s contribution, while proportionally smaller, follows the global trend of emerging
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topics like CRISPR-Cas, miRNA, Multi-omics, and Artificial Intelligence, reflecting a growing interest in
advanced molecular and computational technologies in plant science. Notably, subdomains like Hormonal
Cross-talk and Stomatal Closure have comparatively small publication numbers, perhaps indicating niche
or underdeveloped subdomains. This distribution reflects both India’s increasing scientific presence and
the thematic shift towards incorporating molecular and computational tools in plant stress studies. Relying
on the published documents shown above (Figs. 2 and 3), the subsequent data (Table 1) identifies the
contributions of prime sources and fields of research, as well as their thematic visibility within the discipline.

Figure 1: Methodological framework for bibliometric analysis of literature related to the Plant Immune System and
associated stress responses. This flowchart illustrates the comprehensive two-phase methodology adopted in the study
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Figure 2: A bibliometric analysis of publications related to plant immunity under biotic and abiotic stress (2010–2025),
showing trends in research volume, publication types, and regional contributions. A significant increase was observed
after 2017, reflecting the growing interest in stress physiology

Figure 3: Comparative analysis of Scopus-indexed publications (2010–2025) in the field of Agricultural and Biological
Sciences, highlighting keyword-specific research trends globally and in India. Keywords are arranged in descending
order based on total publications (World + India)
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Table 1: Quantitative and signalling-based mechanisms Enhancing Plant Immune Responses under Biotic and Abiotic
Stress, with reference to the key publications discussed above, reflecting major contributions from 2010 to 2025

Mechanism/Pathway Description Reference
Root hydraulic adaptation

under drought
Drought-tolerant genotypes exhibited 41%

deeper roots and 13% higher leaf water potential,
enhancing water acquisition and stress

resilience.

[3,8]

GST complex in pathogen
resistance

The TaGSTU6–TaCBSX3 complex boosted
antioxidant enzyme activity and provided

effective powdery mildew resistance in wheat.

[9,10]

ZnO nanoparticle-induced
combined stress relief

Foliar ZnO-NPs increased SOD activity by 37%,
enhanced drought tolerance index by 1.4-fold,
reduced biotic stress symptoms in maize, and

contributed to phytoremediation through
improved detoxification and stress mitigation.

[11,12]

Crosstalk of SA, JA, and ET
hormonal axes

SA improved resistance to biotrophs, while JA
and ET were dominant against necrotrophs;

SA-JA antagonism fine-tuned defense
prioritization.

[13,14]

MAPK & calcium signaling in
PTI and ETI

Both PTI and ETI triggered calcium influx and
MAPK cascades, leading to defense gene

expression and resistosome formation during
pathogen recognition.

[15,16]

DREB and WRKY TF-mediated
responses

Under drought and pathogen stress, DREB and
WRKY transcription factors increased

expression levels by 1.7–2.5-fold, promoting
downstream defense genes.

[17,18]

2 Abiotic Stresses
Abiotic stress in plants results from abrupt environmental changes like high or low temperatures,

drought, salinity, radiation, and heavy metal toxicity, which severely affect plant growth and productivity [19].
It is widely accepted that such stress inhibits the internal metabolism of plant constituents, hampering
critical physiological and biochemical processes. These interruptions may give rise to detectable development
hindrances, primarily in delicate crop plants, displaying inhibited flowering, seed production inhibition,
or senescence leading to premature flowering [20]. The stress-resistant crop species adjust sequentially by
invoking a series of defence techniques. The crop plants counter adversity by the promotion of antioxidant
enzymes, adjusting the hormone signaling system, and enforcing stress-regulating genes and cascades of
molecular signal pathways. These tightly coordinated mechanisms aid in restoring cellular homeostasis
and preserving metabolic stability under stress [21,22]. It is essential to understand these coordinated
physiological and morphological responses, especially when plants encounter superimposing abiotic and
biotic stress conditions. These stress leads to various cellular, physiological, and morphological changes in
plants mediated by an array of signalling systems (Fig. 4) [23].
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Figure 4: Schematic representation of organelle specific sensing and signaling pathways in plants under abiotic stress.
The diagram highlights how chloroplasts, mitochondria, peroxisomes, and the nucleus coordinate to perceive stress
signals and activate appropriate gene expression responses through integrated signaling networks

2.1 Intra Cellular Stress Signalling
Organelle stress perception and signaling in plants entails complex communication between different

cellular compartments. Although stress signals tend to be sensed at the cell membrane, they may also arise
from internal structures such as the endoplasmic reticulum (ER), chloroplasts, mitochondria, peroxisomes,
and the cell wall. Stress induces protein misfolding in the ER, which elicits unfolded protein responses (UPR)
through membrane-associated transcription factors (bZIP17, bZIP28) and RNA splicing processes regulated
by IRE1 and bZIP60 [24]. Autophagy can be induced by short-term stress; However, prolong stress can
cause cell death and necrosis [25]. Mitochondria and peroxisomes, aside from their metabolic functions, are
involved in retrograde signalling through reactive oxygen species (ROS) and stress-related metabolites [26].
Mitochondrial component mutations, such as that of the DEXH box RNA helicase or complex I, cause ROS
accumulation and defective ABA and cold stresses [14]. Chloroplasts also perceive environmental changes,
emitting ROS and phytohormones, and interact with the nucleus through retrograde signals to modulate
gene expression and ensure cellular homeostasis [27,28].

Recent studies have shown that coordination between organelle-specific and systemic responses is
mediated by shared signaling molecules and transcriptional regulators. For example, transcription factors
like ANAC017 and ABI4 are mobilized downstream of mitochondrial and chloroplast signals, respectively,
to control nuclear stress-responsive genes [26]. Additionally, ROS generated in chloroplasts or mitochondria
can trigger systemic acquired acclimation (SAA), a process involving calcium waves, redox signals, and
mobile peptides such as SAL1-PAP (3′-phosphoadenosine 5′-phosphate), which integrates chloroplast stress
signals with nuclear responses [14]. These overlapping signaling networks ensure integrated stress perception,
response fine-tuning, and maintenance of cellular homeostasis under abiotic stress.
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2.2 Abiotic Stress and Disease Triangle Interaction
Plant interactions mediated by abiotic stress involve complex cross-talk among various physiological,

biochemical, and molecular processes. Abiotic stress in the form of drought, salinity, or temperature can
influence overall plant metabolism, hormonal balance alterations, and weaken defense responses, altering
the ability of plants to cope with pathogens as well as other components of the environment [29,30]. These
interactions, however, result in either increased susceptibility or increased defence depending on stress
intensity and duration. These dynamic responses are essential to understand in deciphering plant adaptability
under conditions of multifactorial stress [31,32].

2.2.1 Drought
Plant defence against drought stress involves complex cellular responses and adaptations to reduce

damage and maintain water balance. Stomatal closure reduces transpiration, while osmo-protectants like
proline and glycine betaine aid in osmotic adjustment [33]. Antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) detoxify reactive oxygen species (ROS).
Abscisic acid (ABA) regulates stomatal closure and expression of stress responsive genes [34]. Transcription
factors like Drought Responsive Element Binding (DREB) proteins and ABA-Responsive Element Binding
Proteins (AREBs) activate drought-related genes. Root architecture changes, including deeper rooting,
improve water uptake. Aquaporins (AQPs) enhance water transport across membranes [35]. Stress from
drought mediated exacerbation of infection is best described by Macrophominaphaseolina pathogenesis,
the etiologic agent of charcoal rot in common bean. Drought was reported to have a greater severe impact
on certain wilt and root-rot diseases [34]. Epigenetic changes like DNA methylation influence drought
memory. Protective proteins such as Late Embryogenesis Abundant (LEA) proteins and Heat Shock Proteins
(HSPs) stabilize cellular structures [29,36]. These responses collectively increase plant resilience under
drought stress.

2.2.2 Temperature and Pathogen Behaviour
Temperature stress alters pathogen activities, for example, activating dormant pathogens and shifting

disease distribution. High temperatures may weaken resistance (R) gene-mediated defences and hypersen-
sitive response (HR), increasing disease susceptibility [37]. However, certain R genes like Sr21, Sr13, and
Yr36 retain or enhance resistance under heat. Temperature-induced alternative splicing of R genes can
influence defence outcomes [38]. Salicylic acid (SA) responses can be suppressed by abscisic acid (ABA)
during heat stress but are maintained in young tissues via GH3.12 regulation [39,40]. Cold stress sometimes
boosts resistance through SA pathways, as seen in Arabidopsis. Heat may enhance susceptibility to viruses
like TYLCV in tomato, but in some cases, it improves resistance, such as in tobacco against TSWV [41].
The receptor-like kinase TaXa21 and transcription factors like TaWRKY76 mediate heat-induced resistance
in wheat [29]. Pathogen behaviour and host defence often depend on stress severity, duration, and plant
development stage; therefore, temperature is a crucial factor in the disease triangle and serves link between
abiotic and biotic stress.

2.2.3 Salinity
Salinity stress impacts plant physiology by promoting salt accumulation, especially in leaves, through

transpiration. It predisposes roots to higher colonization by pathogens like Phytophthora spp. [42]. Studies
show abscisic acid (ABA) marker genes are consistently activated in all root cell layers under salt stress,
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indicating a universal stress response [43]. While the ABA response appears to be conserved, studies in salt-
tolerant halophytes indicate a more balanced interaction between ABA and CK, suggesting species-specific
adaptations that could guide genetic improvement [44]. The ABA-CK balance is key in modulating plant
adaptation to salinity and pathogen resistance [29]. Experimental setups separate stress and infection phases
to better study their effects. Similar kinase and ABA signalling mechanisms are activated under salinity, heat,
and drought stresses. While field data is lacking, controlled studies reveal that salinity stress dynamically
interacts with plant immune responses, especially in root–pathogen systems.

3 Biotic Stress Mitigation
Biotic stresses are often included living organisms like different microbes—fungi, bacteria, viruses, and

nematodes which attack the plants and also cause yield loss by reducing plant health and productivity [45,46].
For instance, Fusarium wilt, aphid and mite infestation, and root-knot nematodes, all of which cause
several challenges by stunting growth, yellowing, reduced photosynthesis, and sap loss, lead to the death
of the plant [46]. These biotic stresses are responsible for 20%–40% of annual crop yield losses worldwide,
especially by the fungal pathogens, being highly destructive [45,46]. The emergence of new pathogen races
and pesticide-resistant pests, climate change, and human activities pose current threats to agriculture [47].
In response, plants exert defense strategies such as hypersensitive responses (HR), hormonal cross-talk, and
systemic acquired resistance (SAR) to resist invasion [45,47].

3.1 Double-Layer Immune System in Plants
In nature, plants exhibit a two-tiered immune system, which is Pattern-Triggered Immunity (PTI)

and Effector-Triggered Immunity (ETI), that coordinately operate to protect themselves against invading
pathogens [16]. PTI serves as the first line of defence and is triggered when plasma membrane-localized
Pattern Recognition Receptors (PRRs), along with co-receptors mainly receptor-like kinases (RLKs) and
receptor-like proteins (RLPs) that detect pathogen-associated molecular patterns (PAMPs), microbe asso-
ciated molecular patterns (MAMPs), or damage associated molecular patterns (DAMPs) [48,49]. Within
the cell, resistance proteins such as NLRs (Nucleotide-binding domain and Leucine-rich Repeat proteins)
detect pathogen-derived effectors, prompting a cascade of defence reactions, often more intense than those
seen in the initial immune phase [15]. This interaction will lead to the downstream reactions, including
resistosome formation, calcium influx, MAPK cascades, and programmed cell death [15,16]. Although the
zigzag model has historically portrayed PTI and ETI as distinct, emerging research reveals significant overlap
and integration between the two, with ETI often reinforcing PTI when it is compromised [50,51].

Recent research has shifted away from the traditional linear perspective, uncovering a complex web of
interactions and signaling overlaps between PTI and ETI [16]. These two immune layers, once considered
separate, are now understood to be deeply interconnected—both activating shared downstream responses
like MAPK signalling, ROS burst, and defense gene expression [16]. Recent evidence suggests that ETI often
enhances PTI responses, especially in cases in which PAMP detection is inhibited by pathogenic effectors,
while PTI lays the groundwork for a stronger and more rapid ETI response, blurring the boundary and
suggesting a more integrated immune network [16,52]. At the molecular level, both PTI and ETI converge
on shared signaling components such as MPK3, MPK6, and MPK4, and co-activate transcription factors
like WRKYs, CBP60g, and SARD1, creating a positive feedback loop that reinforces defense signaling [16].
Additionally, EDS1-PAD4-ADR1 and NDR1-dependent modules serve as key integration hubs facilitating
signal relay from both PRRs and NLRs, especially in dicot plants like Arabidopsis thaliana [53]. Though core
signaling elements are conserved, species-specific variations exist—e.g., in rice, PTI and ETI appear more
modular, with less crosstalk between PRR and NLR networks than in Arabidopsis [24]. This evolving view
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paints a more unified and dynamic picture of plant immunity—one that challenges the stepwise “zigzag”
model and instead highlights the importance of coordinated activation for effective pathogen resistance [16].

3.2 Different Mitigation Strategies Plants Adapted
3.2.1 Apoplastic Pathway
a. Ascorbate and Glutathione

Ascorbate (ASC), the most abundant water-soluble antioxidant present in the apoplast, the space outside
the cell membrane, which helps in mitigating the biotic and abiotic stress [38,54,55]. This ASC efficiently
scavenges ROS generated by enzymatic and non-enzymatic reactions under stress conditions (Fig. 5) [55].
Under biotic stress, antioxidants fine-tune ROS levels to support defense signaling and localized cell death,
whereas under abiotic stress, they act mainly to detoxify excess ROS and protect against widespread oxidative
damage. Their function varies by tissue, with heightened roles in sensitive sites like leaves and reproductive
organs [56,57].

Figure 5: Coordination of apoplastic and symplastic pathways in plant defense through reactive oxygen species (ROS).
In the apoplast, ROS, antioxidants, phenolics, and defensins reinforce cell walls and inhibit pathogens. In the symplast,
organelles generate ROS that trigger MAPK cascades, redox, and hormone signaling, leading to defense gene activation
and hypersensitive response

In one study, it was found that tomato seed priming with ASC has improved germination rates as well as
triggered defence mechanisms against wilt disease [45]. Similarly, in Arassbidopsis thaliana, a lack of ASC has
been linked to increased resistance against Pseudomonas syringae infections and aphid attacks, emphasizing
a complex role for this antioxidant in plant-pathogen interactions [51]. It is mostly found in an oxidised form,
and its redox state depends mostly on the cytoplasmic ASC-dehydroascorbate (DHA) balance [58]. Within
the cell, ASC is regulated through a combination of biosynthesis of several key enzymes, including ascorbate
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peroxidase (APx), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and
glutathione reductase (GR), and recycling, primarily via the ASC–glutathione cycle [55].

Another key antioxidant found in apoplastic space of plant cells is Glutathione (GSH), but in less
amounts [58]. GSH is crucial to strengthening the defence against biotrophic fungi [59]. When oxidised
to GSSG, glutathione is transported back into the cytoplasm, where it is returned to its reduced form by
GR using NADPH as a reducing agent [59,60]. Together, ASC and GSH work to maintain cellular redox
homeostasis and help initiate immune responses. However, much remains to be discovered about how these
molecules are transported and regulated within plant tissues [60].

b. Defensins & Small Peptides

In addition to the ASC and GSH, to combat against different biotic stresses, plants have produced
defensins and defensin-like proteins, small cysteine-rich peptides [61,62]. In the apoplastic space, these Class
I defensins are synthesised in the cytoplasm and interact with negatively charged microbial membranes,
inducing ROS accumulation and disrupting pathogen cell membranes [63].

Moreover, defensins and related peptides like systemin enhance the local and systemic defence
responses by acting as endogenous danger signals, released upon stress [64]. These peptides also function
as novel messengers in intercellular and long-distance signalling [61,65,66]. Thus, as a part of plant defence
strategies through membrane-targeted action, signalling roles, and activation of defence pathways, defensins
and related peptides form a key part of it.

c. Secondary Metabolites

Plants produce a wide range of secondary metabolites like phenolic compounds, polyphenols, and
volatile organic compounds (VOCs) to defend against microbial pathogens [58,67,68]. These compounds
are both free phenolics and polymeric forms such as lignin and sporopollenin, which strengthen physical
barriers and resist enzymatic degradation [69–71].

The most abundant polyphenol in nature is Lignin, which crosslinks with cell wall carbohydrates to form
rigid structures that hinder pathogen invasion and support antioxidant activity [67]. Enhanced lignification,
along with cutin, suberin, and Casparian strip formation, has been linked to strengthening resistance against
biotic invaders [15,72,73]. The thickness of the cell wall also depends on silicic acid, which stops the infection
from spreading farther. For example, in potatoes and paddy, the lignification and silicification of epidermal
cells provide defence against Streptomyces scabies and Pyricularia oryzae, respectively. This kind of cutinolytic
enzyme’s activity in Fusarium solani isolates and the aggressiveness of Fusarium oxysporum f. sp. pisi on pea
stems are directly correlated with this, suggesting that pathogens that are unable to break down the cuticle
at the site of penetration are excluded [74].

Moreover, VOCs in the apoplast can mitigate oxidative stress by scavenging reactive gases like ozone,
protecting internal tissues from oxidative damage [75,76]. Although the multi-functional secondary metabo-
lites can develop stress responses more cost-effectively, their synthesis and limited regeneration capacity,
especially for wall-bound polymers like lignin, may divert energy from growth [71,77]. However, their pre-
existing presence in the apoplast allows plants to rapidly counteract biotic stress, minimising cellular damage
without immediate dependence on new biosynthesis [68,71].

d. Enzymatic Activities

To mitigate different biotic stresses, several enzymes are produced to act in the plant defence system,
among which class III apoplastic peroxidases form a prominent family. These enzymes facilitate a range of
redox reactions through hydroxylic and peroxidative cycles. These are synthesised in the cell, glycosylated
via the ER–Golgi pathway, and secreted into the apoplast through N-terminal signal peptides [61,78]. The
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diverse members of this enzyme family have multifunctionality, with roles spanning cell wall modification,
involvement in hormone-mediated development, and detoxification of reactive compounds [78].

Peroxidases (Prxs) play a vital role in helping plants fend off pathogens and cope with oxidative stress,
acting as a frontline defence in various stress conditions [78]. One of their key functions is the detoxification
of harmful compounds like ozone and sulfite, particularly within the apoplastic space where such molecules
often accumulate [78].

Working alongside NADPH oxidase, which is embedded in the plasma membrane, Prxs participate in
generating reactive oxygen species (ROS), including superoxide radicals (O2

−). These radicals are swiftly
converted into hydrogen peroxide (H2O2) by the enzyme superoxide dismutase (SOD), a process crucial
for oxidative signalling and antimicrobial action [61]. Beyond their toxic effects on pathogens, these ROS
are central to broader signalling networks that coordinate plant-wide responses to stress [79,80]. Notably,
NADPH oxidase has recently been found to play a role in maintaining a balanced microbial population on
leaves in Arabidopsis thaliana, highlighting its dual function in immunity and homeostasis [80,81].

Some case studies reinforce this importance. In sweet potato, Prx activity spikes in response to sulfur
dioxide exposure, suggesting a protective role against airborne pollutants [82]. Similarly, in Arabidopsis
thaliana, peroxidase 34 (At3G49120) is strongly induced under sulfite stress, indicating gene-level regulation
during stress adaptation [83]. Another interesting finding comes from Baillie et al. [84], who showed that
apoplastic Prxs can oxidize sulfite into sulfate when H2O2 and phenolic compounds are present—creating
a chemical shield that protects plant tissues. Despite this growing body of knowledge, we still lack a full
understanding of the genetic and molecular controls that govern how peroxidases and NADPH oxidase
function under diverse stress conditions [78,79].

3.2.2 Symplastic Pathway
a. Chemical Antioxidants

When apoplastic defenses fail, intracellular ROS produced in organelles like chloroplasts, mitochondria,
peroxisomes, and the cytosol must be detoxified to prevent cellular damage [58,85]. H2O2 is neutralized
without depleting ASC/GSH, as their oxidized forms (DHA and GSSG) are regenerated enzymatically
(Fig. 5) [55]. ASC is primarily synthesized via the D-mannose/L-galactose pathway, which is light and
phosphate-dependent [55]. GSH is produced in the cytosol and chloroplasts and requires sulfur, nitrogen,
and ATP [59], with limited knowledge on its transporters [86]. GSSG is also sequestered into vacuoles via
ABC transporters to maintain redox balance [87].

Subcellular detoxification of ROS is primarily carried out by enzymes such as superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APx), glutathione peroxidase (GPx), peroxiredoxins (Prrxs),
and thioredoxins (Trx), which neutralize ROS directly at their sites of production [59,85]. This imme-
diate detoxification minimises oxidative damage. However, these processes demand significant metabolic
resources and energy for enzyme and metabolite synthesis. Additionally, excessive ROS removal can disrupt
the cellular redox homeostasis, potentially affecting the function and regulation of redox-sensitive proteins
involved in vital metabolic pathways [88,89]. Although SOD efficiently converts superoxide radicals (O2•−)
into less reactive forms, it simultaneously generates hydrogen peroxide (H2O2), which itself is a harmful [85].

b. Secondary Metabolite Production

Plants yield an enormous diversity of secondary metabolites that are crucial components of resistance
against biotic as well as abiotic stresses. Among these, the most common ones are phenolic compounds,
which have a multifunctional role owing to their antioxidant and antimicrobial activities [85]. Apart from
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immediate alleviation of stress, most of these compounds act as attractants or repellents, which affect plant
interactions with a wide variety of organisms [90].

Other secondary metabolite classes, such as the alkaloids, cyanogenic glucosides, sulfur amino acids,
and unsaturated fatty acids, are involved in stress alleviation via various mechanisms. These are the mitigation
of reactive oxygen species (ROS), regulation of membrane dynamics, and involvement in signalling pathways
like oxylipin and jasmonate biosynthesis [91,92].

Although secondary metabolite production is a powerful plant defence strategy, it is metabolically
expensive. Unlike enzymatic antioxidants like ASC and GSH, the polymerisation of phenolic compounds
following oxidation often renders them biologically inactive, making their use less reversible and energeti-
cally more demanding [93]. Plant vacuoles serve as key storage compartments for these defence metabolites,
allowing for regulated release during stress responses [94]. A brief summary of these compounds and their
stress-related functions is presented in Table 2.

Table 2: Classification and functional roles of key secondary metabolites in responses of plant stress, showing how
different compounds (alkaloids, phenolics, etc.) contribute to pathogen deterrence, antioxidant activity, and stress
signaling under biotic and abiotic conditions

Class Examples Functions References
Phenolic

compounds
Stilbenes, flavonoids,

vanilloids, hydroxycinnamic
acids, lignans, tannins,

glucosinolates

Antioxidant, antimicrobial,
attractant/repellent

properties

[85,90]

Alkaloids Various types across vascular
plants

Defense against pathogens [95]

Cyanogenic
compounds

Cyanides, cyanogenic
glucosides

Toxic deterrents against
biotic stress

[92]

Sulfur-containing
amino acids

Methiin, alliin, isoalliin Antioxidative and
antibacterial activity

[96]

Unsaturated fatty
acids

Linolenic acid, linoleic acid Membrane stabilization,
signaling

(oxylipin/jasmonate), ROS
buffering, molecular

chaperoning

[91]

c. Defensins and Small Peptides

Defensins and related peptides act in the symplast to counter a broad range of biotic and abiotic
stresses [97]. They are expressed across plant tissues and stages, with roles in antimicrobial defence and
heavy metal tolerance [98,99]. Class II defensins possess C-terminal prodomains enabling vacuolar targeting
through energy-dependent endocytosis [74]. Other peptides like cyclotides, thionins, and snakins also
contribute to pathogen defence [65].

While generally non-toxic, overexpression can impair cell growth, fertility, and morphology [100].
Regeneration and trafficking of oxidised defensins remain poorly understood, especially in woody
species [99]. Some microbes, including Sinorhizobium meliloti, can evade edefensin activity, highlighting
potential limitations [99,100].
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d. Defence Proteins

Plants produce small cysteine-rich peptides known as plant defensins that play a crucial antimicrobial
role, showing activity against fungi, bacteria, and viruses by functioning as proteinase inhibitors, poly-
galacturonase inhibitors, ribosome-inactivating proteins, and lectins [58]. Certain defense-related proteins
interfere with the nutrition and development of invading pathogens, effectively boosting the plant’s resistance
to infection [74]. Among these, defensins are particularly noteworthy. During seed germination, their
concentrations surge; although they make up just 0.5% of the total protein content in ungerminated radish
seeds, they account for as much as 30% of the secreted proteins once germination begins, forming a protective
antimicrobial barrier around the emerging radicle [74]. Defensins are also widely distributed across a range of
plant species and tissues, including seeds of cereals, legumes, and solanaceous crops, as well as in outer layers
of flowers, leaves, and tubers [74]. Lectins, first identified in seeds, have since been found throughout many
plant organs. These proteins bind to carbohydrates inside vacuoles and play multiple roles, from defence
and development to stress signalling and gene regulation [101]. Heat Shock Proteins (HSPs) form another
essential group. These molecular chaperones assist in protein folding and protection under stress and show
variation based on tissue type and plant genotype. Still, their full range of actions, particularly in sensing
stress and relocating within cells, is not fully understood [102]. Recently, researchers have uncovered a novel
signalling pathway where certain viral proteins relocate from the plasma membrane to the chloroplasts
when a pathogen is detected. This discovery suggests a defence signalling system that bridges cellular
compartments [103]. Moreover, specific protein–protein interactions involved in ROS detoxification, such
as those regulating protein stability, folding, and breakdown, are emerging as crucial elements in plant
defence, though these mechanisms are still underexplored [104]. A brief summary of these proteins and their
functions is provided in Table 3.

Table 3: Key defense-related proteins and peptides involved in plant immunity, highlighting their roles in pathogen
recognition, stress signaling, and antimicrobial defense mechanisms

Defence Protein/Peptide Function/Role Reference
Plant defensins Antimicrobial peptides inhibit fungi, bacteria,

and viruses; secreted during seed germination
[74]

Lectins Carbohydrate-binding proteins involved in
immunity, signaling, and development

[101]

Heat Shock Proteins (HSPs) Molecular chaperones offering stress resilience
in a tissue- and genotype-specific manner

[102]

LEA (late embryogenesis
abundant) Proteins

Protect cellular structures during desiccation
and osmotic stress

[105]

Osmotin Confers resistance to salt stress and pathogenic
attack

[105]

Tuber and storage proteins Function as both defence agents and energy
reservoirs during stress

[105]

Stress-induced viral proteins Signal transducers between membrane and
chloroplasts upon pathogen attack

[103]

ROS-related proteins Regulate detoxification via folding, degradation,
and stabilization mechanisms

[104]

Ribosome-inactivating
proteins

Antiviral activity, but toxic to plant cells if not
tightly controlled

[58]
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Despite their effectiveness, defence proteins come at a cost. They require substantial metabolic energy,
and some, like lectins and ribosome-inactivating proteins, can be toxic to the plant itself if their production
or localisation is not tightly controlled [101]. Since protein synthesis is one of the most energy-consuming
processes in plant cells, its regulation becomes even more critical during stressful conditions [77].

3.2.3 Defence at Whole Plant Level/Organ Level
a. Stomatal Closure

Stomatal closure is an important and quick defence response in plants against biotic stress, i.e.,
pathogen attack, by developing an immediate physical barrier that restricts microbial invasion via leaf
stomata, a critical element of the innate immune response of the plant. This turgor loss is controlled
primarily by abscisic acid (ABA) and modulated by complex signalling cascades that include turgor loss-
inducing reactive oxygen species (ROS), nitric oxide (NO), and calcium ions, which together cause turgor
loss in guard cells and stomatal closure. Hormonal cross-talk with salicylic acid (SA) and jasmonic acid
(JA) also reinforces downstream defence signalling [24,106,107]. A prominent example is found in tomato
(Solanum lycopersicum), where rapid stomatal closure is triggered upon recognition of the bacterial pathogen
Pseudomonas syringae, effectively restricting its entry and proliferation. This early response is further
accompanied by enhanced photorespiration and the synthesis of antimicrobial compounds, contributing to
sustained defence [106]. Similarly, in Arabidopsis thaliana, pathogen perception induces stomatal closure as
part of a well-conserved innate immune mechanism, underscoring the evolutionary significance of stomatal
regulation in plant-pathogen interactions [24,106,107].

b. Structural Modifications and Barrier Formation

Plants acquire a variety of structural defence mechanisms at the organ and entire-plant level to limit
pathogen invasion. They include deposition of wax on aerial surfaces, which is a hydrophobic barrier that
hinders microbial adhesion and penetration. In Triticum aestivum (wheat), the increased accumulation of
cuticular wax is linked to resistance towards powdery mildew and aphid attack [108]. In the same way, it
has been theorized that the inability of germ tubes to penetrate the thicker cuticles of mature leaves is why
Taphrina deformans is limited to infecting freshly unfurled young leaves. The cuticle of linseed serves as a
defence against Melampsoralini [74].

Another prominent defence is tylose formation, where parenchyma cells intrude into xylem vessels,
thereby blocking pathogen movement through the vasculature. This has been extensively documented in
Vitis vinifera (grapevine) in response to Xylella fastidiosa, the causal agent of Pierce’s disease [108].

Cork layer formation is an additional structural modification that involves suberized tissue development
around infection sites, effectively isolating infected zones. Some instances of cork layer production due to
infection include necrotic lesions on tobacco caused by the tobacco mosaic virus, potato tuber disease caused
by Rhizoctonia sp., potato scabies caused by Streptomyces scabies, and soft rot of potatoes caused by Rhizopus
spp. [74]. Similarly, in Solanum tuberosum (potato), cork layers restrict the spread of Phytophthora infestans
lesions [109].

Likewise, epidermal thickening enhances mechanical strength, reducing pathogen ingress. In Oryza
sativa (rice), this has been correlated with improved resistance to the rice blast fungus [110]. The hard outer
epidermal cells with a thick cuticle have been linked to disease resistance in Barberry species infected with
Puccinia graminis tritici [74].

The formation of abscission layers represents a controlled shedding of infected or compromised tissues.
Around the infection site, an abscission layer is made up of a space between the leaf ’s healthy and diseased
cells. Due to the breakdown of the parenchymatous tissue’s central layer. The infection spreads when the
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diseased area gradually shrivels, dies, and sloughs off. The development of an abscission layer shields the
pathogen’s attack on the healthy leaf tissue [74]. For example, Closterosporium carpophylum on peach leaves
and Xanthomonas pruni on pomegranate leaves [74]. In citrus species, abscission layers develop at the base
of infected leaves to limit the spread of citrus canker [109]. Trichomes, which are specialised epidermal
outgrowths, contribute to defence by creating a physical barrier and secreting toxic or sticky substances.
Glandular trichomes in Solanum lycopersicum (tomato) deter whiteflies and thrips through mechanical
hindrance and chemical defence [108].

Lastly, gum deposition at infection or wound sites is a strategy to entrap invading pathogens and
seal damaged tissues. In Prunus dulcis (almond), gum exudation in response to fungal attack helps restrict
pathogen spread [108].

c. Hypersensitive Response

The hypersensitive response (HR) is an extremely effective and widespread immune strategy that plants
deploy to combat biotrophic pathogens by inducing rapid, localised cell death at and around the infection
site [111]. This localised programmed cell death is activated upon recognition of specific pathogen-derived
elicitors, ensuring that infected cells are sacrificed to halt the spread of the invader [111]. The HR is typically
initiated only in incompatible host-pathogen combinations, i.e., when the plant can recognise and respond
to the pathogen through its immune receptors [112].

The cell death observed in HR is a highly regulated one involving a cascade of signalling molecules
like reactive oxygen species (ROS), nitric oxide (NO), ion fluxes, and proteases across various cellular
compartments [113]. These biochemical changes not only kill the infected cells but also activate defence-
related genes in surrounding tissues [113]. As a result, the HR helps restrict the movement of pathogens like
viruses, fungi, and nematodes within plant tissues [111].

Historically, the HR was first described when necrotic mesophyll cells were observed in resistant
cultivars of Bromus spp. and wheat infected by rust fungi, leading to the coining of the term “hypersensitivity”
in 1915 by Stakman [114]. Stakman noted that the stronger the cultivar’s resistance, the faster the host cell
collapses and the sooner the fungal growth is arrested [112,114].

In many cases, the HR contributes not only to host resistance but also to non-host resistance, where
entire plant species are resistant to a particular pathogen [114]. Once activated, this response can also lead
to systemic acquired resistance (SAR), a prolonged, whole-plant immune state that enhances resistance
against future pathogen attacks [115]. SAR is marked by long-distance signalling from the infection site to
uninfected tissues and often involves salicylic acid accumulation [115]. Plant activators, such as chemicals
that mimic pathogen signals, can artificially induce SAR, offering long-lasting protection with less toxicity
than traditional pesticides [112,114].

Despite its protective nature, the HR is metabolically costly and must be tightly regulated. It is
suppressed under non-disease conditions or once the stress is relieved to prevent unintended cell death [116].
The response is also temperature-sensitive and light-dependent, adding further complexity to its regula-
tion [116,117]. Interestingly, while the HR enhances resistance, it often leads to a decline in photosynthetic
activity at the affected site, potentially causing growth retardation [111,113]. However, plants may counterbal-
ance this by increasing photosynthesis in nearby tissues, allowing for compensatory metabolic recovery [118].

Ultimately, the success of HR as a defence mechanism is influenced by the nutritional needs of the
pathogen and the timing, location, and strength of the host response [112,114]. In certain plant-pathogen
interactions, HR is most beneficial in the early stages of infection, helping the plant contain the threat before
it establishes itself [111].
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d. Hormonal Cross-Talk

Hormonal crosstalk is responsible for how plants organize their immune response upon pathogen
attack [13]. The three main signalling molecules, salicylic acid (SA), jasmonic acid (JA), and ethylene (ET),
do not act alone but instead speak to each other in complex patterns, with some supporting each other, while
others counter or balance depending on the nature of the threat [119]. Usually, SA appears to be more involved
in defense against biotrophic pathogens that feed on living tissue, whereas JA and ET are more activated
when the plant is faced with necrotrophs that kill plant cells where they attack [13]. The antagonism between
SA-JA enables the plant to make rapid choices regarding which defence approach to prioritize, to customize
the response based on the type of invader it’s confronting [13,119].

This hormonal communication doesn’t happen at just one level. It spans gene activity, protein function,
and even the regulation of hormone production and breakdown, forming a multi-layered regulatory
network [119]. Within JA signalling, for instance, transcription factors like MYC2 and ORA59 act as key
regulators. These proteins influence how strongly and specifically defence genes are turned on or off during
a threat [13,120].

In addition to the primary hormones, there are also other hormones like abscisic acid (ABA), aux-
ins, gibberellins, and cytokinins that also have functions—usually in the background to regulate growth
and defense, particularly when the plant is experiencing both environmental stress and disease pressure
simultaneously [120]. Knowledge of these hormonal interactions provides us with an even closer glance
at the plant’s capacity to adjust its immunity, and how complex and responsive plant defence mechanisms
can be [13,120]. Building on this, the relationship between SA, JA, and ET differs between different plant
species and simultaneous biotic/abiotic stress. For example, in Arabidopsis thaliana, SA induces biotroph
resistance through NPR1-dependent modes, while JA and ET synergistically control PDF1.2 expression
for necrotroph defense via MYC2, EIN3, and EIL1. The mutual inhibition enables high-fidelity immune
prioritization [121,122]. Contrarily, in Oryza sativa, JA–Ile induces the OsbHLH148–OsJAZ–OsCOI1 module
under drought, while MeJA accumulation enhances under incompatible fungal infection, with evidence
of stress- and compatibility-dependent regulation [121]. These illustrations show how crosstalk amongst
hormones is not just multi-layered but also context- and species-specific, allowing for specific responses to
intricate environmental stimuli.

3.2.4 Communication in the Environment
Strigolactone Production through Root Exudates

Arbuscular mycorrhizal (AM) fungi exist in the ground in a latent spore state, which activates when it
senses specific host-derived cues from plant root exudates [123,124]. Among the most significant compounds
exuded by plants upon phosphate starvation is strigolactone, a hormone produced upon the regulation
network of phosphate starvation that has a central role to play in the initiation of symbiotic communica-
tion [125]. Strigolactones, not only induce germination of AM fungal spores and strong hyphal branching,
also the increased exudation can inadvertently stimulate parasitic weed germination, e.g., Striga, invoking
ecological hazards and trade-offs in breeding for increased strigolactone exudation [123]. In reply, the fungus
releases chito-oligosaccharides and lipo-chito-oligosaccharides, together referred to as Myc factors, which
are the main signalling molecules for this symbiotic interaction [126]. These Myc factors are perceived by
plant receptors and activate the common symbiotic signalling pathway (CSSP), a conserved molecular route
also essential for legume-rhizobia nodulation [126]. A pivotal event in CSSP activation is high-frequency
nuclear calcium (Ca2+) spiking, which triggers the expression of transcription factors responsible for cellular
reprogramming that enables symbiosis [124].
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Additionally, the plant receptor Dwarf14-like is required for the successful establishment of AM
symbiosis, suggesting a convergence of hormonal and symbiotic signalling routes [124]. As the fungal
hyphae reach the root surface, they develop hyphopodia, specialised structures that initiate contact with
the rhizodermal cells [123]. Upon contact, the plant forms a pre-penetration apparatus, a cellular structure
that guides fungal entry and facilitates safe intracellular colonization [123]. Once inside the root cortex,
fungal hyphae penetrate cortical cells and differentiate into arbuscules, highly branched structures that
remain separated from the plant cytoplasm by the peri-arbuscular membrane, the site of reciprocal nutrient
exchange [124]. This intimate chemical communication, initiated by strigolactones, underpins a successful
symbiosis that enhances nutrient acquisition and boosts plant immunity against various biotic stresses by
priming defence signalling and suppressing pathogen development [123].

4 Recent Advances into Plant Defense
Recent advances in molecular biology and genomics have identified and characterized several key genes

and proteins involved in plant defense against pathogens [127]. Understanding the functions of these genes
and proteins is essential for developing new strategies to enhance plant resistance to pathogens and improve
crop yields. The following is a description of some of the most significant advancements (Table 4).

4.1 CRISPR-Cas System
CRISPR-Cas tools are now a revolutionizing tool in plant functional genomics and defense strategy

design. First derived from prokaryotic immune systems, CRISPR tools have branched out from simple
gene-editing tools to high-precision technologies with multiplexing, gene regulation, and RNA targeting
function. CRISPR-Cas9 has also been widely applied to knockout susceptibility (S) genes such as OsERF922
in rice and TaMLO in wheat, thereby making them resistant to fungal disease-causing pathogens such as
Magnaporthe oryzae and Blumeria graminis, respectively [128,129]. Although CRISPR-Cas9 technology has
shown tremendous potential in crop improvement, the literature currently tends to ignore vital scientific and
practical hurdles that affect its real-world application. Some of the main challenges are off-target mutations,
inefficient editing, and redundancy in polyploid or intricate genomes. In addition, practical considerations
like inefficient delivery mechanisms, regulatory ambiguity, and field performance and long-term stability of
edited traits need to be overcome for effective agricultural utilization [130,131].

More recently, using a crRNA processing capacity and staggered DNA cuts, Cas12a (Cpf1) provides
enhanced multiplexing capacity. This has let scientists simultaneously edit gene families or regulatory
pathways, as shown by tomato and rice resistance pathways [50]. The RNA-targeting Cas13 system has also
significantly advanced toward eradicating RNA viruses, including PVX and TMV, using post-transcriptional
gene silencing [132]. Based on dead Cas9 (dCas9) with transcriptional effectors, CRISpena and CRISpeni
tools also enable changes in gene expression without producing double-stranded breaks. These tools also
help to balance defense and yield by changing stress-related genes such as WRKY45 and NPR1 [133].
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Table 4: Emerging molecular and technological approaches (2021–2025) in plant defense, including gene editing, RNA
interference, multi-omics, AI, and nanotechnology, targeting both biotic and abiotic stress resilience

Approach Type of
approach

Target gene Tolerance
against

Stress type Role in defense Tools/Platforms
used

References

CRISPR-cas
systems

Gene
knockout
(S-genes)

OsERF922,
TaMLO,
SlPMR4

Rice blast,
powdery

mildew, late
blight

Biotic Disrupts
susceptibility

genes,
enhances

innate
immunity

CRISPR-Cas9,
NGS,

Agrobacterium-
mediated

transformation

[128,129]

Multiplexed
gene editing

SlDMR6,
OsSWEET14

Tomato
bacterial speck,
Bacterial blight

Biotic Reprograms
defense gene

networks

Cas12a multiplex
arrays,

bioinformatics
pipelines

[50]

RNA
Interference
(Virus RNA)

Viral RNA
targets

TMV, PVX,
TRV

Biotic Direct cleavage
of viral

genomes at
RNA level

Cas13a,
CRISPR-RNA

complexes,
Transient assays

[132]

Gene
Expression
Modulation

NPR1,
WRKY45

General
pathogen
resistance

Biotic Upregulates
key defense
regulators

without DNA
cuts

dCas9-
VP64/KRAB
constructs,
RT-qPCR

[133]

MicroRNAs
(miRNAs)

Endogenous
Silencing

miR393,
miR398,
miR156

Bacteria, fungi,
drought

Biotic +
Abiotic

Regulates auxin
signaling, ROS

modulation,
development-

defensetradeoffs

miRNA
expression
profiling,

degradome
sequencing

[134,135]

Artificial
microRNA
constructs

amiR-Pti5,
amiR-TIR

Pathogens
(bacterial,

viral)

Biotic Custom
silencing of
resistance-
breakdown

genes

Artificial miRNA
toolkits

(WMD3),
qRT-PCR

[17,136]

Host-induced
gene

silencing

Host-derived
miRNAs

Fungal
pathogens (e.g.,

Fusarium)

Biotic Silencing of
pathogen

virulence genes

Exogenous
application,

Host-delivered
RNAi

[50]

Stress-
inducible
regulators

miR160,
miR167,
miR528

Salt, drought,
heat

Abiotic Balances
growth and
defense via
hormone
crosstalk

miRNA
microarrays,

RNA-Seq

[134]

Omics
approaches

QTL
Mapping,

GWAS

DRO1,
PSTOL1,
NRT1.1B

Drought, low
Pi, nitrogen

stress

Abiotic Identify
tolerance

QTLs, select
elite genotypes

SNP arrays,
resequencing

[137,138]

Gene
expression
profiling

DREB,
WRKY, NAC

TFs

Salt, drought,
pathogens

Biotic +
Abiotic

Identifies
differentially

expressed genes

RNA-Seq,
co-expression

networks

[17]

Differential
protein

abundance

HSPs,
PR-proteins,

kinases

Heat, salinity,
fungi

Biotic +
Abiotic

Determines
stress-induced

protein
cascades

iTRAQ, TMT,
2D-PAGE,

LC-MS

[138,139]

Metabolite
profiling

Flavonoids,
ABA, proline

Drought, heavy
metals

Abiotic Reveals
stress-specific

metabolic shifts

GC-MS, LC-MS,
NMR

[18,137]

Trait analysis
under stress

Canopy temp,
stomatal

conductance

Drought,
salinity

Abiotic High-
throughput
stress trait
monitoring

Imaging, drones,
hyperspectral

data

[138]

(Continued)
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Table 4 (continued)

Approach Type of
approach

Target gene Tolerance
against

Stress type Role in defense Tools/Platforms
used

References

AI
integration

Trait
prediction

SNP markers,
gene

expression
data

Drought,
pathogens

Biotic +
Abiotic

Predicts
performance,

classifies stress
phenotypes

Random Forest,
SVM, decision

trees

[17,135]

Image-based
disease

diagnostics

CNN feature
extraction

Leaf blight,
rusts, mildews

Biotic Early visual
detection via

imaging

Convolutional
Neural Networks

(CNN),
TensorFlow

[140]

Data fusion
of omics

layers

Genomic,
proteomic,
phenomic

data

Complex stress
interactions

Biotic +
Abiotic

Integrates
large-scale
omics for
network

reconstruction

Integrative ML
platforms,

autoencoders

[17]

Genomic
selection
models

QTL markers Drought/salinity Abiotic Predicts
stress-tolerant

genotypes

DeepGS,
AlphaFold,

AI4Plant

[135]

Nanoparticles

Biogenic,
green

synthesis

Enzymatic
modulation
(SOD, CAT)

Drought,
salinity, fungi

Biotic +
Abiotic

ROS
detoxification,

cell wall
strengthening

FTIR, SEM,
UV-vis, XRD

[141]

Foliar nano-
supplementation

Nutrient
uptake

proteins

Bacterial
blight, drought

Biotic +
Abiotic

Enhances stress
enzyme

activities, plant
vigor

Nano-fertilizers,
XPS, ICP-OES

[142]

Antimicrobial
nano-agent

Broad-
spectrum
pathogen

targets

Fungi, bacteria Biotic Disrupts
pathogen

membranes,
triggers SAR

Green synthesis,
electron

microscopy

[143]

Nanotubes,
graphene

oxide

Gene
expression,
transporter

upregulation

Heat, metal
toxicity

Abiotic Enhances stress
gene

expression,
translocation

Nano-carriers,
qRT-PCR

[144]

4.2 MicroRNAs (miRNAs)
Essential post-transcriptional regulators of gene expression, miRNAs also contribute in plant defense

responses. These ~21-nt molecules control hormone signaling, stress perception and immune memory, and as
well as fine-tune the expression of important defense regulators [17,136]. For instance, miR393 targets auxin
receptors (TIR1/AFBs), so suppressing auxin signaling during pathogen attack and giving immune responses
top priority [145]. Known to affect developmental genes reprogrammed under stress as well as antioxidant
systems, miR398 and miR156 Stress-inducible miRNAs such as miR160 and miR167 also coordinate auxin-
cytokinin crosstalk, so enabling plants to withstand salinity and drought [134].

Developed to silence particular pathogen virulence factors are synthetic and artificial miRNA
(amiRNA) constructs. Host-induced gene silencing (HIGS) offers targeted and environmentally sound resis-
tance strategies [136]. Although host-derived miRNAs have shown promise in silencing pathogen genes via
cross-kingdom RNA interference, a mechanism demonstrated in Fusarium-infected plants [50,145], several
challenges limit their real-world application. Stable expression of miRNAs in the field is problematic, as
transgene silencing and environmental variability can reduce effectiveness. Additionally, precise delivery and
uptake mechanisms between host and pathogen remain poorly understood, and off-target effects—where
plant miRNAs inadvertently silence non-target genes—raise safety concerns [146].

4.3 Multi-Omics Approaches
Plant defense research has evolved from single-gene systems to comprehensive approaches. These com-

bined techniques (transcriptomics, genomics, proteomics, phenomics, and metabolomics) clarify complex
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and multifarious stress-response pathways to find ideal candidate genes and biomarkers [18,137]. Stress
tolerance loci such as DRO1 and PSTOL1 for drought and phosphorus shortage respectively have been
identified by genomic approaches including GWAS and QTL mapping [137]. Transcriptomics and RNA-
Seq [138] have helped in map profiling in response to pathogen attacks, salinity, and other stresses, allowing
the identification of transcription factors including DREB, NAC, and WRKY [17,18].

Under biotic stress, proteomics—especially with iTRAQ and TMT helps to clarify protein function
and post-translational modifications including those of PRs and HSPs [138]. Complementing these results
are metabolomics, which find stress-induced bioactive compounds including ABA, phytoalexins, and
flavonoids [138]. Deep learning and machine learning help integrated omics analysis to identify metabolic
bottlenecks, build gene regulatory networks, and project phenotypic outcomes under stress [135]. While
multi-omics approaches offer powerful insights into plant-pathogen interactions and stress responses, their
field translation is limited by high cost, data integration complexity, and environmental variability that may
obscure lab-derived signatures. Scalability and interpretability across diverse genotypes remain key hurdles.

4.4 Artificial Intelligence
Plant defense researches are being revolutionized by the interaction of artificial intelligence (AI)

and machine learning. These approachess enable automated phenotyping, support trait prediction, and
allow thorough omics dataset analysis [134]. Analyzing genotype data and transcriptome allows advanced
and updated computational approaches more especially, random forests and support vector machines to
predict stress tolerance [134]. Advanced methods using convolutional neural networks (CNNs) have become
indispensable tools for diagnosing plant diseases through image analysis, so offering instantaneous insights
on the distribution and intensity of pathogens [17,140].

Moreover, AI greatly helps to integrate multi-omics data for systems biology modeling. While AI
accelerates data analysis and trait prediction in plant stress research, real-world application is constrained by
limited high-quality field data, model overfitting, and challenges in generalizing across environments and
species. Integration with biological validation remains a key bottleneck.

4.5 Nanoparticles
Nanotechnology has brought fresh ideas for controlling plant stress. By changing redox state and

increasing food intake, biogenic selenium nanoparticles (SeNPs) and zinc oxide nanoparticles (ZnONPs)
have showed potential in improving stress tolerance [141]. Particularly SeNPsneutralizers, regulating
enzymes such as catalase (CAT) and superoxide dismutase (SOD), hence enhancing drought and salinity
resistance [144]. Strong antibacterial action of AgNPs makes them interesting foliar sprays against bacterial
and fungal infections [143]. Development of carbon-based nanoparticles, including graphene oxide and
nanotubes as nano-carriers for stress-responsive gene delivery and hormone control [144] is underway. These
nano-enabled technologies offer a focused and sustainable means to increase crop resilience while reducing
environmental impact.

Somerecent studies shows, the application of selenium nanoparticles (Se-NPs) significantly enhances
drought tolerance in grapevine saplings by activating antioxidant defenses, increasing proline accumulation,
and promoting overall plant growth [11]. In another study, foliar application of Cu-NPs (250 mg/L) in tomato
plants combined with salt stress increased fruit antioxidant content and reduced oxidative damage [147]. In
rice, nano-silicon (SiO2-NPs) enhanced salt tolerance by increasing chlorophyll content, grain filling, and
potassium ion retention, while simultaneously reducing malondialdehyde (MDA) levels and ion toxicity [11].
These results show the potential of nanoparticles in plant protection and stress mangement, although long
term field trials and biosafety assurance remains a possibility of further studies.
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Although nanoparticles show promising for targeted delivery and stress management in plants, their
field application faces challenges such as potential toxicity, environmental contamination, and inconsistency
under variable field conditions. Regulatory and safety concerns also limit widespread adoption.

5 Conclusion and Future Prospects
The complex immune signaling network that regulates plant response to biotic, abiotic, and combined

stress emphasizes key regulatory pathways and molecular convergence points. Bibliometric trends from 2010
to 2025 indicate a growing research focus, with the highest number of publications (39) in 2024, and a
dominance of studies on biotic and abiotic stress. Integrating recent advances in gene editing, microRNAs,
omics, nanotechnology, and AI, the study presents how plants coordinate defense responses across molecular
and physiological levels. These approaches enable targeted stress resilience without compromising growth.
However, the dynamic interaction of immune signals under combined stress remains insufficiently under-
stood, especially at cellular and tissue-specific scales. While these innovations have strong potential, their
commercial application is still challenged by due to delivery systems, regulatory frameworks, and scalability.
Future progress relies on real-time monitoring tools such as single-cell omics, spatial transcriptomics,
and smart delivery systems to fine-tune plant immunity. Integrating these tools with predictive models
will be a key component for developing stress resilient crops to ensure sustainable agriculture during a
changing climate.

Acknowledgement: None.

Funding Statement: The authors received no specific funding for this study.

Author Contributions: Malini Ray and Sanchari Burman equally contributed to literature review and manuscript
drafting. Malini Ray and Sanchari Burman conducted the bibliometric analysis and figure preparation. Shweta Meshram
conceptualized, coordinated, and finalized the manuscript. All authors reviewed the results and approved the final
version of the manuscript.

Availability of Data and Materials: Not applicable.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest to report regarding the present study.

References
1. Maffei ME, Arimura GI, Mithöfer A. Natural elicitors, effectors and modulators of plant responses. Nat Prod Rep.

2012;29(11):1288–303. doi:10.1039/c2np20053h.
2. Benjamin G, Pandharikar G, Frendo P. Salicylic acid in plant symbioses: beyond plant pathogen interactions.

Biology. 2022;11(6):861. doi:10.3390/biology11060861.
3. Mohammadi AS, Zahra N, HajiaghaeiKamrani M, AsgariLajayer B, Nobaharan K, Astatkie T, et al. Role of

root hydraulics in plant drought tolerance. J Plant Growth Regul. 2023;42(10):6228–43. doi:10.1007/s00344-022-
10807-x.

4. Ansari MM, Bisht N, Singh T, Chauhan PS. Symphony of survival: insights into cross-talk mechanisms in plants,
bacteria, and fungi for strengthening plant immune responses. Microbiol Res. 2024;285(1):127762. doi:10.1016/j.
micres.2024.127762.

5. Swarna R, Jinu J, Dheeraj C, Talwar HS. Salinity stress in pearl millet: from physiological to molecular responses.
In: Pearl Millet in the 21st Century. Singapore: Springer; 2024. p. 361–94. doi:10.1007/978-981-99-5890-0_14.

https://doi.org/10.1039/c2np20053h
https://doi.org/10.3390/biology11060861
https://doi.org/10.1007/s00344-022-10807-x
https://doi.org/10.1007/s00344-022-10807-x
https://doi.org/10.1016/j.micres.2024.127762
https://doi.org/10.1016/j.micres.2024.127762
https://doi.org/10.1007/978-981-99-5890-0_14


2306 Phyton-Int J Exp Bot. 2025;94(8)

6. Hossain M, Pfafenrot C, Nasfi S, Sede A, Imani J, Šečić E, et al. Designer circRNAGFP reduces GFP-abundance
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