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ABSTRACT: Plants are continuously exposed to abiotic and biotic stresses that threaten their growth, reproduction,
and survival. Adaptation to these stresses requires complex regulatory networks that coordinate physiological,
molecular, and ecological responses. However, such adaptation often incurs significant costs, including reduced
growth, yield penalties, and altered ecological interactions. This review systematically synthesizes recent advances
published between 2018 and 2025, following PRISMA criteria, on plant responses to abiotic and biotic stressors, with an
emphasis on the trade-offs between adaptation and productivity. It also highlights major discrepancies in the literature
and discusses strategies for enhancing plant stress tolerance in agriculture. By integrating findings from genomics,
transcriptomics, proteomics, and metabolomics, the review categorizes both mechanistic insights and ecological
consequences. The findings underscore the need for multi-stress, systems-level, field-based research that connects
molecular processes to ecological and agricultural outcomes. Accordingly, critical gaps are identified—particularly
the scarcity of multi-stress and field-based studies—and future directions that integrate omics approaches, systems
biology, and eco-physiological frameworks are proposed. Understanding the costs of adaptation is essential not
only for breeding resilient, high-yielding crops but also for ensuring their successful incorporation into sustainable
agricultural practices under changing climate conditions.
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1 Introduction

Plants, as living organisms, face various environmental challenges that threaten their growth and
survival. Broadly, these challenges can be classified into two types: abiotic and biotic stresses. Abiotic
stresses arise from factors such as drought, salinity, extreme temperatures, heavy metals, and nutritional
imbalances, whereas biotic stresses are caused by various microorganisms, diseases, and pests. Abiotic
stress factors resulting from environmental variables significantly affect plant metabolism, photosynthesis,
and cellular homeostasis [1,2]. Stress factors induced by living organisms such as fungi, bacteria, viruses,
nematodes, herbivores, and parasitic plants compromise plant health by depleting resources, altering tissues,
and triggering immune responses. Unlike abiotic pressures, biotic challenges often involve co-evolutionary
dynamics between plants and their antagonists, leading to highly specialized defense mechanisms, including
gene-for-gene resistance and inducible secondary metabolite production [3,4].

Understanding the difference between abiotic and biotic stress is critical, and it is also essential
to recognize that plants frequently encounter multiple pressures simultaneously in both natural and
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agricultural environments [5]. Adaptation to various stresses is crucial for survival, reproduction, and
productivity, but it is not without associated costs. A review of previous literature revealed a predominant
focus on specific stressors under controlled conditions, yielding findings such as osmotic adjustment in
drought tolerance and hypersensitive responses in pathogen defense [6,7]. Recent advances in genomics,
transcriptomics, proteomics, and metabolomics have broadened the field to incorporate systems-level
perspectives, revealing intricate signaling networks and trade-offs between plant growth and defense [8].
It has been found that plant responses are critical for maintaining cellular homeostasis, safeguarding
reproductive success, and ensuring long-term survival; thus, survival under various conditions heavily
relies on stress adaptation [9].

Accordingly, plants that are incapable of adjusting to abiotic or biotic stresses are eliminated from
competition, influencing species distribution and community composition. Thus, a variety of adaptive
mechanisms, such as drought-escape phenology and pathogen-specific resistance genes, determine
ecological fitness and evolutionary success [10]. These adaptations not only ensure individual plant
survival but also maintain biodiversity and environmental stability. In agriculture, abiotic stressors are
estimated to reduce global crop yields by more than half, while biotic stresses cause additional losses that
threaten food supply chains [11,12]. However, the costs of adaptation, such as reduced growth during
constitutive defense activation, pose challenges to breeding efforts aimed at enhancing resilience without
compromising yield [13]. Therefore, the present review seeks to synthesize existing knowledge on plant
stress adaptation mechanisms, emphasize the trade-offs involved, and identify gaps in previous research
that hinder the development of long-term solutions for agricultural and natural ecosystems. Furthermore,
it aims to bridge the gap between fundamental plant science and crop improvement strategies.

2 Methodology

The review of current phenomena was conducted following the PRISMA 2021 standards for systematic
reviews [14]. A comprehensive literature search was performed using systematic queries in the widely
recognized databases Scopus and Web of Science, covering the period from 2018 to 2025, and employing
keyword combinations related to plant adaptability, abiotic stress, biotic stress, trade-offs, and survival
strategies. The procedures of the systematic literature review are illustrated in Fig. 1. Duplicate records
were removed prior to screening titles and abstracts for relevance. Full-text screening was subsequently
conducted to ensure that the studies met the objectives of the review. A total of 64 studies were included
to address plant adaptation mechanisms to abiotic and/or biotic stress, as well as the associated costs or
trade-offs.

Figure 1: Procedures of Systematic Literature Review.
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In addition, the inclusion and exclusion criteria for the current review are presented in Table 1 and
include: research conducted within the timeframe of 2018–2025; exclusion of non-English publications,
conference abstracts without full papers, and articles that do not focus on plant adaptation processes. Both
original research and review articles were evaluated to capture mechanistic insights as well as broader
perspectives.

Table 1: Inclusion and exclusion criteria.

Classification Inclusion Criteria Exclusion Criteria

Population Studies on plants (model species and crops) under
abiotic or biotic stress

Studies on non-plant organisms or
unrelated biological systems

Intervention/Focus Mechanisms of adaptation, tolerance, or trade-offs
under stress conditions

Studies focused only on agronomy without
mechanistic insights

Study Type Peer-reviewed original research and review articles Conference abstracts, editorials, or
non-peer-reviewed materials

Timeframe Published between 2018–2025 Published before 2018

Language English Non-English publications

Outcomes Evidence of plant adaptation strategies, stress
physiology, molecular mechanisms, or fitness costs

Studies not addressing adaptation, costs,
or mechanisms

3 Plant Responses to Abiotic Stress

Plants employ morphological, physiological, and molecular strategies to withstand severe abiotic
conditions. The complex interactions between different abiotic stresses were not addressed in this study,
which focused primarily on individual stressors in controlled environments. Furthermore, there has been
limited research on stress memory and epigenetic regulation under field conditions.

3.1 Drought Stress and Water Deficit

Drought is one of the most significant abiotic stressors limiting plant growth and yield worldwide.
Water deprivation alters cellular turgor, inhibits photosynthesis, and induces oxidative stress by increasing
the production of reactive oxygen species (ROS). To cope with drought, plants employ various strategies,
including drought escape (accelerated flowering and seed development); avoidance mechanisms (deep root
growth, reduced leaf area, and cuticular wax deposition); and tolerance responses (osmotic adjustment
through accumulation of proline, sucrose, and glycine betaine). Molecular processes also contribute, with
ABA-mediated signaling pathways regulating stomatal closure, stress-responsive gene expression, and
antioxidant enzyme activity [15,16].

Recent research advances confirm the interaction of drought responses with other signaling networks.
It has been shown that plants can balance growth–defense trade-offs under prolonged water deficits, for
example through interactions between ABA and other hormones, including ethylene, jasmonic acid, and
salicylic acid [17]. Furthermore, transcriptomic studies have demonstrated that drought activates a complex
regulatory network involving transcription factors such as the DREB, AREB/ABF, and NAC families, which
coordinate downstream stress tolerance genes [18]. Nonetheless, despite these advances, drought adaptation
remains highly genotype-specific, with significant knowledge gaps in translating molecular insights into
sustained drought resistance under field conditions.
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3.2 Salinity Stress and Ion Homeostasis

Soil salinity affects approximately 20% of irrigated land worldwide and is increasing due to poor
irrigation management and climate-driven saltwater intrusion [19]. Elevated salt levels disrupt osmotic
balance, induce ionic toxicity (excess Na+ and Cl−), and cause nutritional imbalances, leading to reduced
plant growth and productivity [20]. Plants respond to salinity by employing ion compartmentalization,
selective ion transport via high-affinity K+ transporters (HKT) and salt overly sensitive (SOS) signaling
pathways, and the accumulation of osmoprotectants to maintain cellular homeostasis [21,22].

The review of current literature indicates that halophytes (salt-tolerant plants) possess highly effective
mechanisms for salt exclusion and sequestration, providing valuable genetic resources for engineering
tolerance in glycophytes (salt-sensitive crops). Functional genomics studies have identified critical regulatory
genes involved in Na+ transport and ion homeostasis, including SOS1, NHX1, and HKT1;5 [23]. However,
implementing these discoveries in crops remains challenging due to the complex interactions between salt
stress and other abiotic factors, such as drought and heat [24]. Therefore, to effectively address salt stress,
future research should focus on integrating molecular breeding, microbiome engineering, and sustainable
agronomic practices.

3.3 Temperature Extremes: Heat and Cold Stress

Fluctuations in temperature, including heat waves and chilling or freezing events, pose significant
threats to plants. Heat waves cause protein denaturation, membrane destabilization, and increased
ROS generation, whereas cold stress reduces enzyme activity, alters membrane fluidity, and disrupts
metabolic pathways. Plants respond to heat stress by activating heat shock proteins (HSPs), which
function as molecular chaperones, producing antioxidants, and modifying lipid composition to stabilize
membranes [25,26]. In contrast, plant responses to cold stress involve the accumulation of compatible
solutes (such as sugars and proline), the induction of C-repeat binding factors (CBFs), and activation of
the ICE-CBF-COR transcriptional cascade, which regulates cold-responsive (COR) genes. Additionally,
epigenetic modifications, including DNA methylation and histone changes, have been shown to contribute
to stress memory, enhancing plant tolerance to repeated temperature extremes [27,28]. Despite these
adaptive mechanisms, many crop species remain highly sensitive to climate-induced heat waves and frosts,
underscoring the urgent need for integrative breeding and technological interventions.

3.4 Heavy Metals, Nutrient Deficiency, and Oxidative Stress

Other major abiotic constraints limiting plant growth and productivity include heavy metal pollution
(e.g., cadmium, lead, and arsenic) and nutrient deficiencies (e.g., nitrogen, phosphorus, and potassium).
Heavy metals disrupt cellular redox balance, damage the photosynthetic apparatus, and increase ROS levels,
whereas nutrient deficiencies alter metabolic pathways and limit biomass accumulation. Plants respond
to these stresses by chelating metals through phytochelatins and metallothioneins, compartmentalizing
them in vacuoles, increasing root exudation, and activating nutrient transporters [29,30]. Previous studies
have emphasized the importance of plant–microbe interactions in mitigating these stresses. For example,
arbuscular mycorrhizal fungi and plant growth-promoting rhizobacteria enhance nutrient uptake and
facilitate heavy metal sequestration, thereby improving plant resilience [31]. Furthermore, modern
omics approaches have revealed stress-induced transcriptional reprogramming and signaling crosstalk
between nutrient sensing and stress responses, with particular attention to novel molecular pathways for
oxidative stress mitigation under metal exposure [10,32,33]. However, most of these studies are limited
to model plants in controlled environments. Therefore, multi-stress evaluations are required to better



Phyton-Int J Exp Bot. 2025;94(12) 3849

understand the ecological and agricultural significance of these responses, highlighting the critical need for
field-based investigations.

4 Plant Responses to Biotic Stress

Biotic stressors necessitate the recognition and activation of plant defenses, as they involve interactions
with other living organisms. A survey of the literature indicates that model plants, such as Arabidopsis
spp., are frequently the focus of studies with limited applicability to actual crops [34]. The preference
for Arabidopsis is largely due to its short life cycle, small and fully sequenced genome, ease of genetic
manipulation, and the availability of extensive genetic and molecular resources [35]. While these studies
have provided important insights into basic defense mechanisms, their direct relevance to crops remains
limited. Consequently, there is a gap between fundamental discoveries in model plants and their application
to crop improvement, as few studies have examined biotic stress responses in agriculturally significant
species. Despite the predominance of Arabidopsis research, translating these insights to crops has been
restricted. Recent findings demonstrate integrated PTI–ETI signaling, viral defense through RNA silencing,
and the ecological significance of herbivore-induced VOCs, highlighting both mechanistic understanding
and evolutionary trade-offs [36].

4.1 Pathogen infection: Fungi, Bacteria, and Viruses

Plants are constantly exposed to pathogens, including fungi, bacteria, and viruses, which deplete host
resources and reduce yield. In response, plants have evolved a multi-layered immune system. The first
layer, pattern-triggered immunity (PTI), relies on pattern recognition receptors (PRRs) to detect conserved
pathogen-associated molecular patterns (PAMPs) [37]. PTI induces defense responses such as cell wall
reinforcement, ROS generation, and the accumulation of antimicrobial metabolites [38]. The second layer,
effector-triggered immunity (ETI), is mediated by nucleotide-binding leucine-rich repeat (NLR) proteins,
which recognize pathogen effectors and often trigger localized cell death (hypersensitive response) to
restrict pathogen spread [39].

Recent studies in plant pathology have revealed complex signaling crosstalk between PTI and ETI,
indicating that these layers of immunity function as integrated networks rather than as entirely separate
mechanisms. For example, fungal pathogens often suppress PTI through effectors, which in turn activate
ETI [40]. Meanwhile, RNA silencing pathways are employed to counter viral infections, with short RNAs
targeting viral genomes for degradation [41]. The discovery of integrated decoy domains in NLR proteins,
along with the role of mobile defense signals, has advanced our understanding of pathogen recognition.
Despite these advances, achieving long-term resistance in crops remains challenging due to pathogen
evolution, highlighting the need for dynamic breeding strategies and molecular engineering approaches.

4.2 Herbivory and Plant–Insect Interactions

Insects that feed on plants impose an additional layer of biotic stress by reducing productivity
through direct tissue consumption and by acting as vectors of plant diseases. Plants employ constitutive
defenses (structural barriers such as trichomes, thorns, and wax layers) and inducible defenses (secondary
metabolites, protease inhibitors, and volatile organic compounds [VOCs]) to deter herbivores or attract
natural enemies [42]. The jasmonic acid (JA) signaling pathway regulates anti-herbivore responses and
often interacts with the ethylene and salicylic acid (SA) pathways to fine-tune defense mechanisms [43].
Recent studies have highlighted the ecological and evolutionary dimensions of plant–insect interactions. For
instance, some herbivores have evolved mechanisms to detoxify or even sequester plant defense compounds,
leading to an evolutionary arms race between plants and insects. Additionally, VOC-mediated indirect
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defenses are increasingly recognized as critical ecological strategies, enabling plants to recruit parasitoids
and herbivore predators [44]. However, the review indicates that trade-offs between growth and defense can
constrain the scope of inducible responses, complicating efforts to develop insect-resistant crops without
compromising productivity.

4.3 Parasitic Plants and Nematode Infestations

Parasitic plants, such as Striga and Cuscuta, pose unique biotic challenges by extracting water, nutrients,
and photosynthates from host plants through specialized structures called haustoria. These interactions
not only reduce host energy but also suppress resistance signaling, making them particularly detrimental
to members of the Gramineae and Fabaceae families. Host plants defend against parasitic infection by
producing germination inhibitors, reinforcing cell walls at penetration sites, or activating localized defense
responses analogous to pathogen-triggered immunity [45]. Similarly, plant-parasitic nematodes, such as
Meloidogyne spp. (root-knot nematodes) and Heterodera spp. (cyst nematodes), manipulate host physiology
by secreting effectors that reprogram root growth and establish feeding sites. Plants counter these attacks
through both PTI- and ETI-like responses, and certain resistance genes, such as Mi-1 in tomato, confer
nematode resistance. However, nematodes exhibit substantial evolutionary potential to overcome resistance
genes, and their concealed lifestyle within roots complicates detection [46]. The current research highlights
the potential of RNA interference (RNAi)-based approaches and microbiome engineering for achieving
durable nematode resistance.

5 Costs of Plant Adaptation to Stress

Although plant responses to stressful conditions enhance survival, they incur significant costs in
terms of growth, reproduction, and metabolic efficiency. Few studies have quantified the energy budgets
associated with stress responses or examined their long-term ecological consequences, particularly in
natural or agricultural settings. The following sections analyze each of these costs based on a review of the
relevant literature, thereby emphasizing a deeper understanding of these trade-offs and identifying gaps to
guide future research and solutions.

5.1 Molecular Signaling and Defense Cost

A sophisticated signaling network involving phytohormones, transcription factors, and secondary
messengers regulates plant responses to biotic stress. Salicylic acid (SA) is critical for systemic acquired
resistance (SAR) against biotrophic pathogens, whereas jasmonic acid (JA) and ethylene (ET) mediate
defenses against necrotrophic pathogens and herbivores, respectively [47]. Plants integrate signals from
multiple pathways to prioritize defense according to the type of threat, but trade-offs arise because activation
of one pathway can suppress another [48]. At the cellular level, defense signaling is amplified by calcium
signaling, mitogen-activated protein kinase (MAPK) cascades, and bursts of ROS. Short RNAs regulate
defense responses, while transcription factors such as WRKY, MYB, and ERF control downstream gene
expression. Nevertheless, fitness costs are inherent in these systems, as defense responses consume resources
that could otherwise support growth and reproduction. For example, JA-mediated defenses can reduce seed
yield, and constitutive SA accumulation can impede development [17]. Consequently, one of the major
challenges for long-term crop sustainability is identifying and mitigating these trade-offs.

5.2 Resource Allocation Trade-Offs

Plants have limited carbon, nitrogen, and energy resources; consequently, investment in defense or
stress tolerance must be balanced against growth and reproduction. The classic growth–defense trade-off
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occurs when carbon skeletons and reducing power are redirected from primary metabolism (cell division,
expansion, and yield formation) toward the biosynthesis of defensive metabolites (phenolics, terpenoids,
alkaloids) and structural reinforcements (lignin, suberin) [49]. Conversely, under chronic abiotic stress
(e.g., drought or salinity), plants allocate resources preferentially to root biomass, osmolyte accumulation,
and protective proteins, which stabilize physiology while suppressing shoot growth and harvest index [50].
Similarly, in cereals, inherent resistance often compromises seed set and thousand-kernel weight, illustrating
how survival-oriented traits can constrain reproduction (Long et al., 2024).

The overall distributional trade-offs vary with the environment: while investment in defense enhances
fitness under stressful conditions, the same allocation in benign environments can reduce fitness compared
with fast-growing genotypes [51]. This delicate balance is largely mediated by hormonal cross-talk among
ABA, SA, JA, and ET. ABA promotes water conservation and stress tolerance while inhibiting cell expansion,
whereas SA- and JA-driven immunity can restrict growth by altering transcriptional programs in primary
metabolism [52]. For breeding programs aiming to combine resistance and productivity, quantifying these
trade-offs across different genotypes and environmental conditions remains a critical challenge.

5.3 Metabolic Costs of Stress Responses

Plant responses to stress factors incur direct metabolic costs, as ATP, NAD(P)H, and amino acids are
mobilized for the synthesis of stress proteins (e.g., HSPs, LEA proteins, and PR proteins), antioxidants
(components of the ascorbate–glutathione cycle), and osmoprotectants (such as proline and glycine betaine).
ROS management alone demands precise redox control and continuous investment in enzyme turnover
(e.g., SOD, CAT, and APX), which can reduce carbon-use efficiency [53]. Similarly, maintaining ion gradients
under salinity through SOS pathway components and NHX antiporters imposes a bioenergetic burden due
to the activity of proton pumps and transport cycles [54]. Although induced defenses are less costly than
constitutive ones, they still divert metabolism toward the phenylpropanoid and isoprenoid pathways. They
also depend on nitrogen reserves for resistance proteins and can inhibit photosynthesis via stomatal and
mesophyll adjustments [55]. Stress responses redirect resources to resistance-related transcripts, potentially
limiting growth-related gene expression. These costs are not merely transient; prolonged activation leads
to cumulative reductions in biomass accumulation, reproductive output, and resource-use efficiency.

5.4 Ecological and Evolutionary Costs

At both community and ecological scales, stress adaptation influences species cohabitation, competitive
hierarchies, and biodiversity. Genotypes with high constitutive defenses may dominate in chronically
harsh environments, but they are outcompeted in resource-rich habitats by faster-growing, less-defended
rivals, resulting in spatial and temporal niche partitioning [56]. This dynamic generates intraspecific
and interspecific variation in defense strategies, driven by variable selection pressures across habitats
and years [57]. Defense traits can also shape herbivore populations and higher trophic interactions,
thereby affecting ecological processes such as nutrient cycling [58]. Arms races with pathogens and
herbivores promote rapid diversification of R genes and specialized metabolites, but this diversification
can be constrained by pleiotropy and the costs of autoimmunity (e.g., overactive SA/ETI signaling leading
to dwarfism and sterility) [59]. In crops, strong selection for yield under benign conditions can eliminate
stress-resilience genes, reduce genetic diversity and increase susceptibility to emerging stresses a trade-off
with clear evolutionary and food security implications.

Despite its conceptual clarity, quantitative accounting of stress-related costs remains limited. Few
studies have integrated whole-plant carbon and nitrogen budgets with fluxomic and respiratory costs to
estimate the total energy expenditure of specific defense modules or tolerance traits across developmental
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stages and environmental conditions [60]. Long-term, multi-season experiments that track lifetime fitness,
seed bank dynamics, and transgenerational effects are also scarce, restricting our understanding of the
evolutionary trajectories of costly defenses. Another critical gap lies in linking molecular processes
to predicted phenotypes under realistic, multi-stress field conditions. Models that integrate hormonal
cross-talk, redox signaling, and transport energetics with canopy photosynthesis and yield outcomes across
varying climates are notably lacking. Fig. 2 summarizes plant abiotic and biotic stresses, along with their
associated costs.
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Figure 2: Plants’ mechanisms for adaptation and costs.

6 Integrative Mechanisms

Since plants rarely encounter single stresses, adaptation depends on coordinated signaling and
regulation. The current review identified limited knowledge of cross-talk between stress pathways,
particularly at the systems biology level, and few studies linking molecular signaling to ecological outcomes.
Plant hormones orchestrate adaptive responses through an integrated signaling network, with ABA, SA,
JA, and ET playing central roles. ABA serves as the primary regulator of abiotic stress tolerance, especially
drought and salinity, by modulating stomatal closure, osmolyte accumulation, and the expression of
dehydration-responsive genes. However, ABA often suppresses SA- and JA-mediated immunity, affecting
the balance between stress tolerance and defense [61]. Recent multi-omics studies reveal that hormonal
cross-talk is highly context-dependent, influenced by stress intensity, timing, and tissue specificity. Emerging
evidence also indicates that hub transcription factors, including WRKYs, NACs, and MYCs, function
as integrators of multiple hormonal signals [62,63]. Systems-level analyses demonstrate that hormone
cross-talk operates as a dynamic network rather than linear pathways, highlighting the importance
of integrative modeling for predicting adaptive responses under multi-stress conditions. For instance,
drought–pathogen interactions mediated by ABA–SA antagonism produces outcomes that cannot be
predicted from single-stress studies, illustrating how multiple pathways converge to shape adaptation.
Table 2 displays adaptation mechanisms of plants for abiotic and biotic stress.
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Table 2: Plants’ adaptation mechanisms for stress factors.

Category Stress Factors Adaptation Mechanisms

Abiotic Stress

- Drought
- Salinity.
- Temperature extremes (heat/cold).
- Heavy metals.

- Morphological: deep roots, reduced leaf area.
- Physiological: stomatal regulation, osmotic adjustment.
- Biochemical: antioxidants, osmolytes.
- Molecular: stress-responsive genes,
transcription factors.

Biotic Stress
- Pathogens (fungi, bacteria, viruses).
- Herbivores (insects, grazers).
- Parasitic plants.

- Structural: cuticle thickening, trichomes, thorns.
- Chemical: phytoalexins, secondary metabolites.
- Molecular: hormone signaling (SA, JA, ET).
- Symbiotic: beneficial microbes (e.g., mycorrhizae,
endophytes).

Costs of Adaptation N/A
- Cross-talk between abiotic and biotic pathways
(synergy or antagonism).
- Epigenetic stress memory.

6.1 Hormonal Cross-Talk in Stress Adaptation

Plant hormones regulate adaptive responses through an integrated signaling network, with abscisic
acid (ABA), salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) playing central roles. ABA serves as
the primary regulator of abiotic stress tolerance, particularly under drought and salinity, by modulating
stomatal closure, osmolyte accumulation, and the expression of dehydration-responsive genes [64]. However,
ABA often suppresses SA- and JA-mediated immunity, thereby influencing the balance between stress
tolerance and defense [61]. Consequently, ABA can inhibit SA-dependent pathogen resistance, increasing
susceptibility under conditions of water scarcity. Similarly, JA and ET cooperate to regulate defense against
herbivores and necrotrophic pathogens, although ABA signaling may attenuate their activity during abiotic
stress adaptation.

Recent multi-omics studies have demonstrated that hormonal cross-talk is highly context-dependent,
influenced by stress intensity, timing, and tissue specificity [61]. Emerging evidence indicates that hub
transcription factors, such as WRKYs, NACs, and MYCs, function as integrators of multiple hormonal
signals. For example, WRKY70 modulates antagonism between SA and JA, whereas MYC2 coordinates ABA
and JA pathways under drought and herbivore stress [62]. Systems-level analyses reveal that hormone
cross-talk operates as a dynamic network rather than through linear pathways, highlighting the importance
of integrative modeling for predicting adaptive responses under multi-stress conditions [65].

6.2 Genetic and Epigenetic Regulation in Plant Stress Responses

Genetic and epigenetic modifications provide plants with flexible and reversible mechanisms to
fine-tune gene expression in response to stress. DNA methylation (5mC) can suppress stress-responsive
genes or activate them via demethylation of promoter regions. Similarly, histone modifications,
such as H3K4me3 (activation) and H3K27me3 (repression), modulate stress-induced transcriptional
reprogramming [66]. Recent studies indicate that salt, drought, and pathogen infections trigger genome-wide
re-patterning of methylation and histone marks, affecting pathways including ABA biosynthesis, ROS
detoxification, and PR protein accumulation [17]. High-throughput sequencing has revealed stress-specific
epigenetic signatures, suggesting that different stressors leave distinct ‘molecular marks’ on the chromatin
landscape [67]. CRISPR/dCas9-based epigenome editing is being explored to manipulate these marks
for developing stress-resistant crops without altering the DNA sequence [68]. This approach opens new
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avenues in crop improvement, complementing traditional breeding and transgenic strategies by harnessing
natural epigenetic plasticity.

Furthermore, epigenetic memory enables plants to ‘recall’ previous stress exposures, resulting in
faster or stronger responses upon re-exposure—a phenomenon known as stress priming. For instance,
drought priming induces long-term modifications in DNA methylation and histone acetylation, enhancing
tolerance across successive drought cycles [69]. Similarly, pathogen priming via SA signaling causes
chromatin remodeling at defense gene loci, facilitating rapid transcriptional activation upon reinfection [27].
Remarkably, some of these epigenetic states are heritable, allowing offspring to exhibit greater tolerance
even without direct exposure. For example, progeny of heat- or drought-stressed Arabidopsis plants display
altered DNA methylation patterns that confer increased stress resilience [66,69]. However, the stability
and predictability of stress memory across generations remain debated. Consequently, distinguishing
environmentally induced epigenetic modifications from genetic variation is critical for effectively exploiting
stress memory in crop breeding.

6.3 Multi-Stress Interactions

Plants in natural and agricultural ecosystems rarely experience a single stress in isolation; instead, they
are exposed to combinations of stressors such as drought, heat, salinity, disease, flooding, and herbivory.
These stress combinations often elicit novel responses that differ from single-stress effects, ranging from
synergistic amplification to antagonistic suppression [70]. For example, drought–heat co-occurrence
increases ROS accumulation and accelerates senescence, whereas drought–pathogen interactions can
enhance disease susceptibility due to ABA–SA antagonism. Conversely, some stress combinations, such
as cold–pathogen interactions, may confer cross-protection by improving overall resistance through
shared signaling pathways (e.g., ROS and JA). Recent systems biology approaches demonstrate that
multi-stress responses are not simply additive but involve nonlinear cross-talk among signaling networks.
Transcriptomic and metabolomic analyses reveal stress-specific signals that cannot be predicted from
single-stress studies [71]. These findings highlight the need to develop predictive models that incorporate
network flexibility under combined stresses. Addressing these interactions is particularly important under
climate change, as both abiotic and biotic pressures are expected to intensify.

Despite significant advances in research, a review of the current literature on plant stress and associated
costs reveals substantial gaps in our understanding of integrative stress adaptation. First, most studies have
focused on single hormone pathways or isolated stress types, whereas real-world scenarios involve dynamic
interactions across hormonal, metabolic, and epigenetic levels [72]. There remains limited understanding of
how ABA, SA, JA, and ET signaling networks are fine-tuned under combined stresses, and how trade-offs
between growth and defense are mechanistically resolved at the whole-plant level. Moreover, although
epigenetic processes such as stress memory and transgenerational inheritance have been extensively
studied in model species like Arabidopsis, they remain largely unexplored in crops. Second, while omics
technologies (transcriptomics, proteomics, metabolomics, and epigenomics) have generated vast datasets,
their integration into systems biology frameworks is still limited. Few studies combine multi-omics data
with computational modeling to predict stress effects across scales, from molecular signaling to field-level
yield stability [65]. Additionally, field validation of laboratory findings remains scarce, raising concerns
about ecological and agronomic applicability. To address these limitations and translate integrative insights
into practical crop improvement strategies, future research must combine multi-omics, phenomics, and
computational modeling with long-term, multi-stress field experiments.
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7 Future Research Directions

7.1 Need for Multi-Stress Studies

Most contemporary research in plant stress biology focuses on single stressors; however, real-world
conditions often expose plants to multiple simultaneous stresses, such as drought–heat or salinity–pathogen
combinations. These interactions produce emergent responses that cannot be predicted from single-stress
experiments. We hypothesize that multi-stress combinations activate distinct transcriptional and metabolic
reprogramming nodes that are absent under individual stressors, with potential regulators located in
stress-hub signaling proteins (e.g., MAPKs, SnRKs). Future studies should incorporate factorial stress
experiments in both controlled and field environments, coupled with dynamic network modeling, to
elucidate how signaling hierarchies are rewired. Such research may identify master regulators whose
manipulation could generate crops tolerant to multiple concurrent stressors, rather than merely single-stress
tolerance.

7.2 Systems Biology and Omics Approaches

Stress regulators have been identified through genomics, proteomics, metabolomics, and epigenomics,
yet their isolated application limits the discovery of cross-scale interactions [73]. Most research remains
confined to a single omics layer, constraining our ability to capture the full complexity of stress adaptation
networks. We propose that integrating temporal multi-omics datasets with machine learning can reveal
predictive indicators of stress “tipping points”, where plants transition from tolerance to collapse. Moving
forward, systems biology approaches should combine multi-omics data with network modeling, machine
learning, and predictive simulations to identify key regulators and stress indicators [8]. These strategies can
help prioritize candidate genes for genome editing, pinpoint metabolic bottlenecks that constrain adaptation
efficiency, and provide AI-driven simulations to elucidate mechanistic insights into the trade-offs between
growth and defense.

7.3 Bridging Model and Crop Plant Research

Owing to their short generation times and genetic tractability, model species such as Arabidopsis
thaliana and rice have been the focus of most stress biology research. While these models provide
valuable mechanistic insights, they often fail to capture stress responses in agricultural crops, which
differ substantially in genomic complexity, physiology, and ecological adaptability. It is plausible that
stress adaptation mechanisms are only partially conserved between model species and crops, with
particularly pronounced divergence in polyploid or clonally propagated species (e.g., wheat, potato).
Future research should prioritize mapping stress-response gene families across crops and identifying
lineage-specific innovations. Pan-genomics, crop-specific CRISPR/Cas technologies, and comparative
multi-omics approaches will be essential for accelerating the translation of laboratory findings to
agriculturally relevant species. Collaborative networks integrating fundamental plant biology, breeding,
and field evaluation will be critical for bridging this persistent gap.

7.4 Linking Physiology to Ecology

Amajor gap in contemporary stress biology is the disconnect between cellular and molecular processes
and their consequences at the population, community, and ecosystem levels. While physiological research
has elucidated mechanisms such as stomatal closure, ROS detoxification, and hormonal crosstalk, it
remains unclear how these responses scale to influence species interactions, competitive fitness, and
ecosystem processes, including carbon cycling and nutrient flux. Molecular stress responses may serve as
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observable eco-physiological markers (e.g., canopy thermal imaging and isotopic carbon flow) that predict
plant competitive fitness and ecosystem resilience. Likewise, pathogen defense mechanisms modulate
plant–microbe–insect interactions, producing cascading effects on community structure. By integrating
plant physiology, ecosystem modeling, and global climate projections, researchers can develop predictive
frameworks linking individual adaptation processes to broader ecological and agricultural outcomes.

7.5 Long-Term Field Studies

Laboratory-based research can provide valuable mechanistic insights, but it often fails to capture
the complexities of field conditions, where stress intensity fluctuates dynamically across seasons and
years. Long-term field studies are necessary to improve our understanding of stress tolerance over
ecological and evolutionary timescales, particularly in perennial crops and wild plant populations. Such
studies can determine whether adaptive processes identified in short-term experiments translate into
long-term yield stability and ecological resilience. Moreover, longitudinal trials allow the assessment of
transgenerational stress memory, shifts in microbial communities, and evolutionary adaptation, which
single-season studies cannot capture. We hypothesize that prolonged exposure to variable stressors
induces persistent epigenetic “stress memory”, enhancing resistance across generations through chromatin
remodeling and small RNAs. Integrating field ecology with molecular biology will enable researchers
to evaluate whether laboratory-defined mechanisms, such as epigenetic priming or hormonal cross-talk,
function effectively under dynamic environmental conditions. This ecological perspective provides a more
realistic foundation for breeding and management strategies in a changing climate.

8 Conclusion

Plants have evolved an impressive array of adaptations to survive and reproduce under diverse biotic
and abiotic stressors. These adaptations span morphological, physiological, biochemical, and molecular
mechanisms, enabling plants to regulate water use, maintain ion homeostasis, detoxify harmful compounds,
defend against pathogens and herbivores, and even modulate interactions with their microbiomes.
Collectively, these strategies highlight the resilience of sessile organisms in dynamic and often hostile
environments. However, stress adaptation is not without cost. Activating defense mechanisms requires
substantial resource allocation, frequently diverting carbon, nitrogen, and energy away from growth
and reproduction. These trade-offs influence plant fitness in both natural and agricultural systems,
shaping ecological interactions, evolutionary trajectories, and crop yields. Understanding these costs
is essential not only for explaining patterns of plant diversity in ecosystems but also for guiding breeding
and biotechnological strategies aimed at enhancing agricultural sustainability.

Although significant progress has been made in understanding individual stress-response pathways,
important gaps remain in previous research. Most current studies focus on single stressors under controlled
conditions, overlooking the multi-stress reality of field environments. Developing predictive models of plant
performance under complex scenarios requires integrative approaches that combine omics technologies,
systems biology, and field-based validation. Moreover, bridging the gap between model species and crops,
investigating the ecological consequences of stress adaptation, and considering the socioeconomic aspects
of adoption are critical for translating research into practice. Looking forward, the challenge for plant
science is not only to elucidate the molecular mechanisms of stress adaptation but also to apply these
insights across scales from cells to ecosystems, and from the laboratory to the field. This approach will
enable the development of crops and agricultural practices that are resilient, productive, and sustainable in
the face of global climate change and environmental pressures.
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