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Traditional research in plant stress biology has predominantly focused on physio-
logical and molecular response mechanisms under single stressors. However, in natural
environments, stresses typically occur as complex combinations with spatiotemporal dy-
namics. Recent studies have revealed that plants develop multi-level stress response
systems through the establishment of stress memory, systemic signaling networks, and
epigenetic regulation, thereby enhancing their system resilience [1]. This review proposes a
core framework centered on stress memory-guided ecosystem adaptability to re-evaluate
plant stress response strategies.

Stress Memory: From Cellular Epigenetic Marks to Organismal Information Integration
Plants form stress memory via epigenetic mechanisms (e.g., DNA methylation, histone

modifications), enabling faster activation of defense genes upon re-exposure to stress [2,3].
For example, in Arabidopsis thaliana, repeated drought exposure increases H3K4me3
modifications at the promoter regions of genes such as RD29A, accelerating their expression
by 50% under secondary stress [4]. Lie et al. further showed that heat induces heritable
phenotypes via a coordinated epigenetic network involving histone demethylases, tran-
scription factors, and tasiRNAs, ensuring reproductive success and transgenerational stress
adaptation [5]. Importantly, stress memory is not merely the retention of molecular marks
but an ecological adaptation strategy constructed by plants through epigenetic plasticity,
allowing for the optimization of resource allocation in fluctuating environments.

Systemic Signaling Networks: Root-Shoot Communication and Microbiome Synergy
Plants coordinate systemic responses through long-distance signals (e.g., Ca2+ waves,

reactive oxygen species, peptide hormones) and recruit beneficial microorganisms to en-
hance stress resistance. Under drought, roots secrete strigolactones (SLs) to induce stomatal
closure, while leaves regulate phosphorus redistribution to roots via miR399 [6]. Strain
FB-14, isolated from the rice rhizosphere, reduces ethylene levels by producing ACC
deaminase. Under 25 mM salt stress, rice inoculated with FB-14 exhibits 55.54% and
26.53% higher fresh weights in roots and shoots, respectively, compared to non-inoculated
plants [7]. The “holobiont response unit” (comprising plants, microorganisms, and soil)
redefines the boundaries of stress responses, with the microbiome functioning as the plant’s
“extended genome”.

Ecological Trade-Offs in Stress Response Strategies
Natural selection has shaped a precision activation strategy—rapid responses via

memory mechanisms instead of continuous defense, balancing stress resistance and growth
demands [8]. For instance, in the case of plants adapting to drought stress, some species
may prioritize growth during periods of relative water availability, while quickly switching
to a defense-oriented mode when drought sets in [9]. In a study on the intertidal copepod
Tigriopus californicus, lines selected for increased heat tolerance showed greater heat tol-
erance but lower fecundity, indicating an energetic cost to tolerance [10]. These findings
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highlight that across different species, both in plants and animals, there are trade-offs in
resource allocation during stress responses.

Future Directions: Integration of Smart Breeding and Ecological Simulation
Recent advancements in genome-editing technologies have opened up new possi-

bilities for precisely manipulating plant epigenomes. Similar to how CRISPR-Cas9 has
been used to modify genes directly, the CRISPR-dCas9 system can be harnessed to target
specific epigenetic marks. This approach has the potential to revolutionize plant breeding
by creating plants with enhanced stress memory capabilities while maintaining normal
growth and development, as proposed inTargeted editing of epigenetic regulators (e.g.,
HDA6, ROS1) to enhance stress memory without impairing growth [11].

Development of synthetic microbial community (SynComs) inoculants to improve
plant resilience to combined stresses [12]. The importance of the plant microbiome in
stress tolerance has become increasingly evident. By engineering synthetic microbial
communities, researchers aim to create tailored inoculants that can enhance plant resilience
to multiple stressors simultaneously. This concept is in line with the growing understanding
of the “holobiont” concept, where plants and their associated microorganisms function as a
unified entity.

Construction of plant–environment interaction models by integrating machine learn-
ing and multi-omics data to predict the dynamics of stress responses. The era of big data and
artificial intelligence has provided powerful tools for predicting plant responses to stress.
By integrating multi-omics data, such as genomics, transcriptomics, and metabolomics,
with machine-learning algorithms, researchers can build sophisticated models that simulate
plant–environment interactions. These models, often referred to as “digital twins,” can
predict how plants will respond to different stress scenarios in real time, as described
in [13]. This predictive ability can greatly aid in the development of more effective stress
management strategies in agriculture and forestry.

Conclusion: A Paradigm Shift from “Passive Response” to “Active Environment Shaping”
Plant stress responses are no longer viewed as isolated physiological reactions but

as a systemic resilience-building process that integrates memory, signaling, and microbial
interactions. Future research should transcend “plant centrism” by incorporating the
microbiome, soil environment, and climate fluctuations into a holistic analytical framework,
and synergize smart breeding with ecological management to enhance the sustainability of
agricultural systems.
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