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A B S T R A C T

Drought stress memory in plants is an adaptive mechanism that enhances resilience to future water stress 
through physiological and molecular modifications triggered by previous drought events. This review explores 
somatic drought stress memory within a plant’s lifespan, with a specific focus on leaf and stomatal morphology, 
minimum leaf conductance, photosynthetic efficiency, water-use efficiency, antioxidant capacity, and leaf 
senescence. We examine how epigenetic mechanisms—such as DNA methylation, histone modifications, and 
non-coding RNAs—regulate gene expression in coordination with hormonal signalling pathways. Phytohor
mones, including abscisic acid, jasmonic acid, ethylene, salicylic acid, auxins and cytokinins, are central to these 
processes, influencing key morphological and physiological adaptations, such as stomatal regulation, cuticle 
thickness, water retention, and improved water-use efficiency. The review synthesizes current knowledge on the 
molecular and hormonal networks underlying these adaptations and their impact on leaf architecture and 
metabolism. Despite advancements, critical gaps remain in identifying the specific genes and pathways involved, 
understanding the longevity of epigenetic marks, and elucidating the intricate cross-talk between phytohormones 
during drought stress memory. This review emphasizes the need for integrated -omics approaches to map 
epigenetic modifications and uncover their roles in developing drought-resistant plants through targeted stress 
priming strategies.

1. Introduction

Drought stress is becoming a major driver of ecosystem disturbances 
worldwide (Allen et al., 2010; Seidl et al., 2017; Hammond et al., 2022). 
Moreover, drought stress is also threatening global food security due to 
negative effects on crops production (Cotrina Cabello et al., 2023; 
Wahab et al., 2023). The frequency and severity of the drought spells is 
expected to increase under current climate change scenarios (Vicente- 
Serrano et al., 2022). Drought stress memory in plants refers to the 
physiological and molecular changes that plants undergo after experi
encing drought, which then influence their response to future drought 
events (Wojtyla et al., 2020; Jacques et al., 2021; Kambona et al., 2023). 
This “memory” or stress priming can lead to various adaptive changes in 

leaf morpho-physiological traits, enhancing the plant’s ability to cope 
with subsequent water stress. We can distinguish between three main 
categories of stress memory which are somatic, inter-generational and 
transgenerational (Sharma et al., 2022; Lukić et al., 2023). This review 
focuses solely on somatic stress memory within the lifespan of the plant 
and is not exploring transfer of the stress priming response to subsequent 
generations. Drought exposure can also induce lasting negative impacts 
on leaf physiology, often referred to as drought legacy (Müller and Bahn, 
2022), but here we focus mainly on evidence of positive adaptive 
acclimation.

Drought stress can lead to epigenetic changes, such as DNA 
methylation and histone modification, which alter gene expression in 
response to future droughts (Kinoshita and Seki, 2014; Zhang et al., 
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2018). These modifications can make plants more resilient by enabling 
faster and more robust activation of stress-responsive genes during 
subsequent drought events. Moreover, histone modifications can 
enhance or decrease the expression of genes in phytohormonal signal
ling pathways, enabling plants to respond more robustly to perceived 
drought conditions (Chinnusamy and Zhu, 2009; Banerjee and Roy
choudhury, 2017). Another drought memory mechanism, non-coding 
RNAs (ncRNAs), are largely involved in the post-transcriptional regu
lation of gene expression. ncRNAs can target mRNAs of phytohormone- 
related genes, modulating their stability and translation during and after 
drought stress (Contreras-Cubas et al., 2012; Gelaw and Sanan-Mishra, 
2021). These epigenetic modifications are often reversible but can 
persist across cell divisions, allowing plants to ‘remember’ previous 
stress conditions and respond more effectively to recurrent droughts.

Drought memory epigenetic changes affect multiple phytohormones, 
among others abscisic acid (ABA), auxin, ethylene, jasmonic acid (JA), 
salicylic acid (SA) and cytokinin, that help improve and fine-tune future 
drought response by modifying leaf morphology and physiology (Fig. 1). 
Of these major phytohormones at play during progressive drought, ABA 
is the primary hormone involved in the regulation of drought responses 
(Sussmilch and McAdam, 2017; Sircaik et al., 2021; Húdoková et al., 
2023). Plants with drought stress memory often exhibit increased 
sensitivity to ABA, which can further regulate epigenetic mechanisms of 
drought tolerance (Kaya et al., 2024). This means that during subse
quent drought events, these plants more rapidly accumulate ABA, 
leading to faster stomatal closure and reduced water loss (Virlouvet 

et al., 2018; Forestan et al., 2020). ABA also influences cell division and 
expansion rate, with increased ABA leading to smaller and thicker leaves 
in plants with a history of drought stress (Sah et al., 2016; Ost et al., 
2023). Similarly, drought-primed auxin signalling, largely through cross 
talk with ABA, can affect leaf size, stomatal patterning and cuticular 
structure, reducing water lost through transpiration during subsequent 
drought (Yuan et al., 2019; Jiang et al., 2022; Khoudi, 2023). Another 
phytohormone that can be positively affected by drought memory and 
improve future drought resistance is ethylene. Drought primed plants 
can show more efficient nutrient reabsorption from leaves before leaf 
senescence via altered ethylene signalling pathways (Peerzada and 
Iqbal, 2021). JA is also a key hormone involved in drought stress 
response. In plants diplaying drought stress memory, JA levels may in
crease to enhance stress tolerance by increasing antioxidant production 
(Ahmad et al., 2016; Liu et al., 2016). SA contributes to drought stress 
resistance via systemic acquired resistance and can modulate various 
physiological processes under stress conditions (Miura and Tada, 2014; 
Torun et al., 2024). Plants displaying drought stress memory may show 
altered SA signalling pathways, where SA help maintain higher chlo
rophyll and antioxidant levels during subsequent droughts, thereby 
improving stability of the photosynthetic apparatus (Brito et al., 2018; 
Kohli et al., 2022). These epigenetic and phytohormonal changes can 
influence leaf size, shape, cuticle formation, stomatal behaviour, 
phenology, photosynthesis, transpiration and water-use efficiency, 
which are vital for water retention and stress adaptation capability of a 
plant.

Fig. 1. Overview of drought memory pathways from epigenetic priming to adaptive outcomes at leaf level via hormonal signalling and leaf morpho-physiological 
changes. The “DNA methylation and histone modification” image is adapted from previously adapted figure by Luong, P. Basic Principles of Genetics, Connexions 
Web site (2009). The “transcription factors” image is adapted from a figure by Adrian Baily. The “non-coding RNAs” image is authored by Paul Gardner. All three 
images are shared under a Creative Commons Attribution License (CC-BY 3.0). The figure was created in Canva software.
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Information regarding past drought stress can be imprinted in the 
new leaf buds, which therefore affects the morpho-physiological char
acteristics of leaves in the subsequent vegetation season (Sadhukhan 
et al., 2022). In the following growing season, plants that have previ
ously experienced drought stress may develop smaller, thicker leaves 
with higher leaf-mass per area (LMA, kg m− 2), i.e. lower specific leaf 
area (SLA, cm− 2 g− 1), in order to reduce total transpiration and improve 
their water-use efficiency (WUE) (Auler et al., 2021; Petrik et al., 2022). 
Drought stress memory can lead to long-term reductions in stomatal 
density (fewer stomata per unit area) or adjustments in stomatal aper
ture (opening size) (Mantoan et al., 2020). These changes help plants 
regulate gas exchange more efficiently under water-limited conditions, 
reducing water loss while maintaining some level of CO2 uptake for 
photosynthesis. Reduction of stomatal density without an increase in 
stomatal size also lowers total maximal stomatal opening area and 
therefore limits potential transpiration (Rathnasamy et al., 2023). This 
may be additionally critical during severe drought stress, as a lower 
minimum stomatal conductance (gmin) can reduce passive water loss 
when stomata are completely closed. The reduction of stomatal size can 
have positive impact on stomatal responsiveness (Kardiman and Ræbild, 
2018) and water-use efficiency (Petrík et al., 2024). The cuticle, a waxy 
layer on the leaf surface, often becomes thicker in plants with drought 
stress memory (Spieß et al., 2012; Sintaha et al., 2022). This adaptation 
might reduce water loss by enhancing the boundary layer barrier to 
evaporation (Hasanuzzaman et al., 2023). Reducing transpiration im
proves the water retention ability of plants, leading to higher resiliency 
to drought conditions (Petek-Petrik et al., 2023; Petek-Petrik et al., 
2024).

While drought typically reduces photosynthesis due to stomatal 
closure, plants with drought stress memory may exhibit a more efficient 
photosynthetic response under mild stress (Gallé et al., 2007; Arend 
et al., 2016). This could be due to changes in the expression of genes 
involved in photosynthesis, allowing the plant to maintain productivity 
even under water-limited conditions. Drought stress memory often leads 
to an increase in WUE through tighter regulation of stomatal opening, 
allowing the plant to maximize carbon gain while minimizing water loss 
(Sintaha et al., 2022). Some plants may maintain higher Rubisco content 
in their leaves after a drought, which can help sustain photosynthetic 
activity during subsequent drought events (Lukić et al., 2020). Plants 
exhibiting drought stress memory may also accumulate higher levels of 
protective metabolites, sugars, and antioxidants, which help protect 
cellular integrity and maintain osmotic balance, reducing the damaging 
effects of drought on leaf tissues and decreasing hydraulic vulnerability 
(Wang et al., 2019; Liu et al., 2022; Vuković et al., 2022). Epigenetic 
modifications under water limitation can also increase proline synthesis, 
which assists in both stress response and recovery (Hayat et al., 2012). 
Recurrent drought stress can prime plants to enhance their antioxidant 
defences, which help mitigate oxidative radicals that can accumulate 
during drought (Lukić et al., 2020; Kashyap et al., 2024). This includes 
increased activity of enzymes like superoxide dismutase, catalase, and 
peroxidase in the leaves. In plants displaying drought memory, the 
epigenetic alterations can persist, leading to a long-term improvement in 
water retention, photosynthetic efficiency, and faster responses to 
phytohormonal signalling (Balao et al., 2018).

Taken together, drought stress memory equips plants with enhanced 
photosynthetic efficiency, improved water-use regulation, and bolstered 
protective mechanisms, allowing them to maintain productivity, limit 
water loss, and mitigate oxidative damage in the case of recurrent 
drought events. The objective of this review was to summarise the latest 
research and find gaps in knowledge regarding drought stress memory 
mechanisms at the leaf level of plants. Understanding these mechanisms 
is crucial for developing effective strategies to prime crops, tree seed
lings, and other plants for enhanced drought tolerance in order to pro
vide greater resilience and productivity in the face of increasing climate 
challenges (Seth et al., 2024).

2. Epigenetic mechanisms in drought stress memory

Epigenetic mechanisms, including DNA methylation, histone modi
fications, and non-coding RNAs (ncRNAs), play a pivotal role in estab
lishing and maintaining drought stress memory in plants. These 
mechanisms enable plants to modulate gene expression in response to 
drought (Fig. 2), leading to both immediate and long-term adjustments 
(drought memory) in leaf morphology and physiology.

2.1. DNA methylation and histone modification

DNA methylation, typically occurring at cytosine residues, can lead 
to the repression of gene expression by altering chromatin structure or 
by directly inhibiting the binding of transcription factors (Keshet et al., 
1986; Mattei et al., 2022). In the context of drought stress, methylation 
patterns can change dynamically, allowing for the upregulation or 
downregulation of specific genes involved in stress responses (Luo et al., 
2018; Wang et al., 2016). DNA methylation often works in conjunction 
with other epigenetic mechanisms, such as histone modifications and 
small RNAs (e.g., siRNAs and miRNAs), to regulate gene expression and 
maintain genome stability (Wang et al., 2022a, 2022b). Major propor
tion (30 %) of drought-induced DNA methylation/demethylation sites 
(e.g. DK151, IR64) stay present even after drought release in rice (Wang 
et al., 2011). The differentially methylated DNA regions are one of the 
essential mechanisms of drought memory of plants (Kou et al., 2022b). 
Drought stress induced methylation reduces gene accessibility (e.g. 
MYC2) and persists after drought release, positively affects jasmonic 
acid biosynthesis and antioxidant capacity of Arabidopsis (Liu et al., 
2016). The drought induced DNA methylation/demethylation is gene 
specific and contributes as building block of drought memory in plants 
(Sun et al., 2021; Zi et al., 2024; Sadhukhan et al., 2022). Histone 

Fig. 2. Drought stress exposure and altered gene expression mechanisms in 
plants. Left Panel: Histone modifications and DNA methylation regulate gene 
accessibility. When histone modifications promote DNA accessibility (green 
circles), gene expression is turned “ON.” Conversely, DNA methylation and 
histone modifications (red marks) make DNA inaccessible, turning gene 
expression “OFF.” Right Panel: miRNA binds to target mRNA, preventing 
translation (red cross). In the absence of miRNA inhibition, mRNA is success
fully translated into protein (green arrow). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.)
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modifications, such as acetylation, methylation, phosphorylation, and 
ubiquitination, further influence chromatin accessibility and gene 
expression. Acetylation of histones, for instance, generally correlates 
with transcriptional activation by loosening chromatin structure, mak
ing DNA more accessible for transcription (Wang et al., 2024a, 2024b). 
Conversely, histone methylation can either activate or repress tran
scription, depending on the specific residues modified. During drought 
stress, these epigenetic marks can be selectively added or removed to 
fine-tune the expression of genes involved in stress response, such as via 
improved water retention, stomatal regulation, and modified leaf ar
chitecture (Liu et al., 2010; Luo et al., 2012). If these epigenetic modi
fications persist beyond the initial stress period, they can contribute to 
the plant’s ability to “remember” drought conditions and respond more 
effectively to subsequent stress. Histone modifications can provide a 
persistent epigenetic transmission mechanism associated with drought 
memory in plants (Luo et al., 2012; Avramova, 2015; Lämke and Bäurle, 
2017). Histone modifications help plants “remember” drought by 
regulating stress-responsive genes, enabling quicker and more effective 
responses to future drought events (Wang et al., 2024a, 2024b).

2.2. Role of non-coding RNAs

Non-coding RNAs (ncRNAs) are regulatory molecules that do not 
encode proteins but play critical roles in gene expression regulation 
(Gelaw and Sanan-Mishra, 2021; Abdulraheem et al., 2024). Among 
these, micro RNAs (miRNAs) and small interfering RNAs (siRNAs) are 
RNA molecules most commonly involved in post-transcriptional gene 
silencing, and function by guiding the degradation or inhibition of 
specific mRNA targets (Carthew and Sontheimer, 2009). During 
drought, ncRNAs fine-tune gene expression, allowing plants to modulate 
their growth and stress response effectively. The involvement of ncRNAs 
in epigenetic regulation contributes to drought memory by establishing 
chromatin modifications, DNA methylation patterns, and histone acet
ylation changes that “store” stress information, enabling faster and more 
efficient responses to subsequent drought stress (Nguyen et al., 2022; 
Abdulraheem et al., 2024). Several miRNAs have been identified to play 
crucial roles in drought memory, impacting leaf development, 
morphology, and physiological processes. Specific miRNAs are upregu
lated or downregulated, influencing genes that affect stomatal density, 
leaf size, leaf xylem anatomy, cuticular structure, ABA signalling, ROS 
regulation and photosynthetic efficiency (Table 1). Apart from miRNAs, 
siRNAs also play a vital role in drought memory, particularly through 
their involvement in RNA-directed DNA methylation (RdDM) pathways 
(Rao et al., 2024). siRNAs can guide DNA methylation at specific 
genomic loci. siRNAs through modulating the activity of transposable 
elements (TEs) aid in the maintenance of genome stability during 
drought stress, protecting against deleterious effects caused by TE 
mobilization (Gelaw and Sanan-Mishra, 2021), leading to long-lasting 
transcriptional silencing of genes involved in stress responses (Castel 
and Martienssen, 2013).

3. Crosstalk between epigenetic mechanisms and 
phytohormones

Phytohormones, such as abscisic acid (ABA), jasmonic acid (JA), 
ethylene, and auxins, are integral to plant stress responses, including 
drought. The interaction between epigenetic modifications and phyto
hormone signalling pathways allows plants to coordinate complex re
sponses that modulate leaf morphology and physiology (Lu et al., 2017; 
Jiang et al., 2023; Kapoor et al., 2023; Rudolf et al., 2024). The interplay 
of phytohormones during and after drought stress involves crosstalk at 
molecular, genetic, and physiological levels, modulated by epigenetic 
mechanisms (Shaffique et al., 2023; Kaya et al., 2024). The complex 
impact of DNA methylation/demethylation, histone acetylation/deace
tylation and non-coding RNAs on the mentioned phytohormones is 
visualized in Fig. 3. A coordinated epigenetic and hormonal response is 

essential for establishing drought stress memory, enabling plants to 
adapt to recurring drought conditions by fine-tuning gene expression 
and physiological processes to optimize survival and resilience.

3.1. Abscisic acid

Abscisic acid (ABA) is the central hormone regulating plant re
sponses to drought stress. It is responsible for inducing stomatal closure, 
reducing water loss, cuticle biosynthesis and activating stress-responsive 
genes (Martin et al., 2017). The crosstalk between epigenetic modifi
cations and ABA signalling pathways enhances the plant’s ability to 
respond to drought stress, both immediately and during subsequent 
drought episodes. During drought stress, DNA demethylation of key 
genes involved in ABA biosynthesis, such as 9-cis-epoxycarotenoid 
dioxygenase 3 (NCED3) (Virlouvet and Fromm, 2015), Ras-associated 
binding 18 (RAB18) (Ding et al., 2014) or Zeaxanthin Epoxidase 1 
(ZEP1) (Forestan et al., 2020), lead to an increase in ABA production. 
This rapid accumulation of ABA triggers the closure of stomata, mini
mizing water loss. After stress release, these demethylated regions can 
remain active, priming the plant for quicker ABA synthesis in future 
droughts (Godwin and Farrona, 2020), and therefore a more sensitive 
response of ABA-mediated drought tolerance. Additional histone acet
ylation at ABA-responsive genes, such as ABF2 (ABA-responsive 
element-binding factor 2), enhances their expression, promoting faster 
and more robust drought responses (Alves de Freitas et al., 2019). The 
memory of drought is partially encoded in these epigenetic marks, 
allowing the plant to respond more rapidly to future stress by activating 
the ABA signalling cascade (Ma et al., 2019). Epigenetic regulation of 
ABA receptors, such as PYR/PYL proteins, ensures that the ABA sig
nalling pathway remains primed, with faster ABA-mediated stomatal 
closure even under milder future drought conditions (Lim et al., 2013; 
Fidler et al., 2022; Jiang et al., 2024).

3.2. Jasmonic acid

Jasmonic acid (JA) is associated with responses to biotic stress but 

Table 1 
Overview of micro-RNAs and their regulation targets that affect leaf morpho- 
physiological traits in relations to drought memory in plants.

RNA 
code

Regulation target Hormonal or morpho- 
physiological target

References

miR159 MYB transcription 
factors

ABA signalling, 
stomatal closure

Reyes and Chua, 
2007; Millar et al., 
2019

miR166 HD-ZIP III 
transcription factors

Leaf xylem anatomy, 
transpiration, WUE

Li et al., 2017; Yadav 
et al., 2024

miR168 AGO1 from RNA- 
induced silencing 
complex

ABA signalling Li et al., 2012; 
Singroha et al., 2021

miR171 SCL6 transcription 
factors

Gibberellin, leaf 
morphology

Huang et al., 2017; 
Pei et al., 2023

miR319 TCP transcription 
factors

Leaf size and shape Koyama et al., 2017; 
Lu et al., 2023

miR393 Auxin receptors of 
TIR1

Stomatal density, ABA 
signalling

Yuan et al., 2019; 
Jiang et al., 2022

miR396 GRF Leaf size Liu et al., 2009; 
Liebsch and Palatnik, 
2020

miR398 APX6, CSD Leaf senescence, ROS 
regulation

Chen et al., 2020a, 
2020b; Li et al., 
2022a, 2022b

miR399 Phosphate 
homeostasis

Stomatal 
responsiveness

Pant et al., 2008; 
Zhu et al., 2020

miR408 Plastocyanin Photosynthetic 
efficiency, stomatal 
responsiveness

Zhang et al., 2017; 
Balyan et al., 2023; 
Yang et al., 2024

siRNAs CER3 silencing Cuticular structure and 
biosynthesis

Lam et al., 2015; 
Sajeevan et al., 2017
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also play roles in drought tolerance. JA levels increase during drought, 
modulating antioxidant defences to help plants cope with higher 
oxidative stress (Alam et al., 2014; Mukarram et al., 2021; Kebert et al., 
2023). The crosstalk between JA and epigenetic mechanisms helps 
fine-tune the plant’s drought response. Histone acetylation at the pro
moters of JA biosynthesis genes, such as LOX3 (lipoxygenase 3) and AOS 
(allene oxide synthase), can enhance JA production during and after 
drought (Avramova, 2017; Su et al., 2023). This leads to an increase in 
antioxidant enzyme activity and ROS scavenging, which protect the 
plant from oxidative damage. Epigenetic marks, such as histone 
methylation at specific loci in JA-responsive genes, regulate the plant’s 
ability to modulate growth and defence mechanisms. After drought 
release, these marks can persist, ensuring that the plant maintains 
elevated antioxidant levels and is better prepared for future oxidative 
stress associated with drought (Ali and Baek, 2020; Wang et al., 2021; 
Kaya et al., 2024). Conversely, cross-talk between ABA and JA pathways 
can lead to the repression of genes related to biotic defence during 
subsequent drought periods (Avramova, 2019), allowing plants to pri
oritize their physiological and metabolic resources toward 
drought-specific responses, thereby enhancing water-use efficiency and 

stress resilience. These interactions can lead to changes in leaf 
morphology, such as reduced leaf size and altered leaf architecture, 
which help conserve water. While the longevity of these epigenetic 
modifications remains largely unclear, initial transcriptional changes to 
drought stress are known to persist throughout subsequent watering and 
dehydration cycles (Liu et al., 2016).

3.3. Ethylene

Ethylene interacts with epigenetic mechanisms to regulate leaf 
senescence under drought stress. The epigenetic repression or activation 
of ethylene-responsive genes can modulate this process, influencing leaf 
lifespan and function under drought conditions (Tan et al., 2023). 
Ethylene also modulates stomatal development by crosstalk with gib
berellins, affecting stomatal size (Saibo et al., 2003). Epigenetic regu
lation of ethylene signalling pathways ensures that plants optimize 
resource use during and after drought (Nazir et al., 2024). DNA 
methylation of ethylene biosynthesis genes, such as ACS (ACC synthase), 
can lower ethylene production during drought. This regulation helps 
balance ethylene levels, preventing premature senescence and ensuring 

Fig. 3. Graphical overview of epigenetic pathways of phytohormone control as drought memory components after drought stress. Epigenetic modifications can result 
in enhanced (blue) or suppressed (red) phytohormone levels. Note: displayed relationships are restricted to specific mechanisms discussed in the text. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that the plant can retain functional leaves during stress (Khan et al., 
2024). Histone modifications in ethylene signalling genes, such as EIN3 
(ethylene-insensitive 3), regulate the timing and extent of leaf senes
cence (Jan et al., 2019). This ensures that plants only shed leaves when 
necessary, allowing for optimal nutrient reallocation and prolonged leaf 
function after drought conditions (Drenovsky et al., 2019). During 
drought, ethylene levels increase to facilitate senescence and nutrient 
reallocation from older leaves to younger tissues (Munné-Bosch and 
Alegre, 2004). The explicit timing of leaf senescence during drought 
stress is critical to optimize both the continued photosynthetic function 
of leaves and to ensure the complete remobilization of nutrients upon 
leaf shedding (Tan et al., 2023). After drought release, plants with 
drought memory may exhibit delayed senescence, allowing them to 
maintain photosynthetically active leaves longer, particularly when the 
successful remobilization of nutrients from shed to persisting leaves 
occurs. Epigenetic regulation of ethylene pathways enables plants to 
fine-tune the timing of leaf senescence based on water availability and 
stress history (Li et al., 2014).

3.4. Salicylic acid

Salicylic acid (SA) is a key hormone in regulating systemic acquired 
resistance and defence responses, and plays a crucial role in mitigating 
the negative effects of stress, particularly in the context of drought 
(Zhang et al., 2010). SA is involved in photosynthetic stability, osmotic 
adjustment, and antioxidant defences, as well as helping plants main
taining chlorophyll levels and reducing oxidative damage (Khan et al., 
2015; Gao et al., 2023; Torun et al., 2024). The crosstalk between SA and 
epigenetic mechanisms enables the integration of these defence re
sponses, ensuring an efficient acclimation to drought stress and 
contributing to the plant’s overall resilience during and after recovery. 
Histone acetylation at the promoters of SA biosynthesis genes, such as 
ICS1 (isochorismate synthase 1), enhances SA production during and 
after drought stress (Kumazaki and Suzuki, 2019). This increased SA 
production helps plants maintain higher chlorophyll levels, reduce 
oxidative damage, and improve photosynthetic efficiency under stress 
conditions. After the release of drought stress, persistent epigenetic 
marks such as DNA methylation and histone modifications at SA- 
responsive genes allow plants to maintain elevated antioxidant levels 
(Ullah et al., 2024). These marks ensure that the photosynthetic appa
ratus remains protected, enabling plants to recover more efficiently and 
maintain defence readiness against future stress. SA-influenced epige
netic regulation of osmolyte-related genes enhances solute production 
and retention, allowing plants to adjust osmotically during and after 
drought (de Souza Neta et al., 2024). Epigenetic mechanisms regulate 
the expression of osmolyte-related genes such as P5CS (Safari et al., 
2022), RD29A (Jia et al., 2012; Kinoshita and Seki, 2014) and DREB 
(Santos et al., 2011; Shriti et al., 2024). This adjustment is critical for 
stabilizing cell membranes and proteins, preventing damage from 
dehydration, and ensuring proper cellular function.

3.5. Auxins

Auxins are primarily involved in plant growth and development but 
also play important roles in modulating leaf expansion, stomatal 
patterning, and cuticular development under drought conditions (Teale 
et al., 2006; Higashide et al., 2014; Verma et al., 2022). Epigenetic 
regulation of auxin pathways allows plants to balance growth and stress 
responses effectively. miRNAs, such as miR393, target auxin receptors 
like TIR1 (transport inhibitor response 1), modulating auxin signalling 
during and after drought (Jiang et al., 2022). The interaction between 
miRNAs and DNA methylation fine-tunes auxin responses, leading to 
altered leaf morphology and improved drought resilience. Histone 
modifications in auxin-responsive genes, such as ARFs (auxin response 
factors), ensure that the auxin signalling pathways remain active or 
suppressed as needed during stress and after stress release (Marzi et al., 

2024). This epigenetic regulation affects leaf size, stomatal density, and 
cuticle formation (Guo et al., 2019; Yuan et al., 2019; Torii, 2021). 
Auxin epigenetic adjustment during drought stress can also affect 
mesophyll cell expansion after stress release and therefore increase 
photosynthetic capacity due to mesophyll conductance constraints 
(Batista-Silva et al., 2024). After drought release, epigenetic changes in 
auxin signalling allow plants to modulate leaf growth and stomatal 
patterning, ensuring that the plant maintains conservative water-use 
strategies while resuming growth (Wang et al., 2022a, 2022b).

3.6. Cytokinins

Cytokinins play a key role in maintaining chlorophyll content and 
antioxidant capacity under and after drought conditions (Gujjar et al., 
2020; Mughal et al., 2024). In plants with drought memory, cytokinins 
help delay leaf senescence and prevent chlorophyll degradation, sup
porting sustained photosynthesis (Efroni et al., 2013; Vankova, 2014; 
Prasad, 2022). Drought-induced DNA methylation changes at ARR gene 
promoters can downregulate cytokinin responses during stress, reducing 
chlorophyll loss (Cortleven et al., 2016). Higher cytokinin levels during 
drought reduce chlorophyll loss, while cytokinin signalling recovery 
after stress promotes chlorophyll retention, enhancing the plant’s ability 
to cope with future droughts (Prerostova et al., 2018). Cytokinins can 
also induce physiological changes at leaf level via nitric oxide (NO) 
signalling affecting photosynthetic performance, electron transport rate 
and stomatal regulation (Shao et al., 2010; Ahmad et al., 2024). Sub
sequent changes in NO can persist for days following stress release, 
allowing for the continued enhancement of drought tolerance (Fan and 
Liu, 2012). This dynamic regulation of cytokinin signalling, mediated by 
both hormonal adjustments and epigenetic modifications, helps to 
maintain photosynthetic efficiency and delay senescence during recur
rent droughts, reinforcing the plant’s ability to ‘remember’ previous 
stress events and mount a more effective response to future drought 
conditions.

4. Leaf morpho-physiological changes after drought stress 
release

After a period of drought stress, plants undergo significant morpho- 
physiological adjustments when water availability is restored. These 
changes are strongly influenced by the memory of previous drought 
episodes, which allows plants to adapt more effectively to subsequent 
stress events. Drought memory, established through mechanisms such as 
epigenetic modifications, transcriptional reprogramming, and hormonal 
adjustments, ensures that certain stress-responsive traits persist even 
after rehydration. For example, genes involved in stomatal regulation, 
cuticle composition, or antioxidant defence may remain primed for 
rapid activation during future droughts (Fig. 4). Additionally, morpho
logical traits such as altered leaf thickness, stomatal density, and 
cuticular wax are often retained to some degree, improving water 
retention during subsequent drought events.

Understanding how drought memory shapes leaf morpho- 
physiological responses highlights the balance plants maintain be
tween recovery and resilience. These memory-driven adaptations not 
only contribute to efficient stress recovery but also enhance long-term 
plant fitness, particularly in environments where drought stress is 
recurrent.

4.1. Leaf morphology: size and thickness

During drought stress, leaf growth is typically suppressed as plants 
focus on conserving water and prioritize resources toward water- 
acquisition in root tissues (Kou et al., 2022a). When stress is relieved, 
plants often resume leaf expansion, but the rate of recovery depends on 
the severity and duration of the prior stress (Xu et al., 2010). In plants 
exhibiting drought memory, this resumption may be delayed or occur at 
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a reduced rate to prevent excessive water loss during any subsequent 
stress events. Persistent reductions in leaf size are commonly observed in 
plants following drought events (Fleta-Soriano and Munné-Bosch, 2016; 
Metz et al., 2020). Smaller leaves reduce transpiration and water loss, 
serving as a protective adaptation even after water becomes available 
again (Smith and Geller, 1980; Zhu et al., 2020). Moreover, smaller 
leaves are more efficient at cooling down under high temperatures, 
reducing unnecessary water loss (Konrad et al., 2021). SLA, which 
represents the leaf area relative to its dry mass, often remains lower (or 
higher leaf mass per area LMA = SLA− 1) in plants that have experienced 
drought (Fleta-Soriano and Munné-Bosch, 2016; Weithmann et al., 
2022). This is indicative of thicker leaves with higher tissue density, 
which can aid in water retention and increase hydraulic safety margins. 
Reduction of leaf area post drought release, particularly when accom
panied by an increased resource sink in roots, also often means increase 
in root:shoot ratio, which can positively affect drought resistance of 
plants (Fleta-Soriano and Munné-Bosch, 2016). The drought memory 
pathways leading to reduction of leaf size after drought release are 
usually mediated by epigenetic crosstalk with phytohormones like ABA 
and Auxins (discussed in sections 3.1 and 3.4). Especially epigenetic 
upregulation of NCED3 leads to ABA biosynthesis and reduced leaf 
growth (Lee et al., 2021) Furthermore, upregulation of DREB/CBF 
suppresses leaf growth during and after drought (Morran et al., 2011). 

This intricate balance between growth suppression and adaptive 
resource allocation underscores the importance of understanding the 
molecular and physiological mechanisms behind drought memory.

4.2. Stomatal morphology: size and density

Stomatal morphology, including stomatal density and stomatal size, 
plays a critical role in regulating gas exchange and water loss 
(Hetherington and Woodward, 2003). Stomatal density shows higher 
phenotypic plasticity than stomatal size in response to precipitation 
conditions or drought stress (Stojnić et al., 2015; Petrík et al., 2020; 
Petek-Petrik et al., 2024). Therefore, any drought memory impact on 
stomatal morphology is often more visible in changes of stomatal den
sity than size (Petrik et al., 2022). After drought stress release, stomatal 
characteristics may only partially revert to pre-stress conditions, as 
plants with drought memory retain modifications to minimize water 
loss. Drought memory induced long-term reduction of stomatal density 
in sorghum, which was connected with the methylated H3K4me3 
epigenetic memory marker (Mantoan et al., 2020). Moreover, methyl
ation of NCED3 (Virlouvet and Fromm, 2015), RAB18 (Ding et al., 2014) 
or ZEP1 (Forestan et al., 2020) increases ABA synthesis and subse
quently reduces stomatal density. This reduction in stomatal density 
helps plants regulate water loss more effectively in anticipation of future 
drought episodes, reducing the effective surface area through which 
water can be lost via transpiration (Doheny-Adams et al., 2012). 
Drought memory can also lead to prolonged reduction of stomatal guard 
cell length, which can be also linked to increased water-use efficiency of 
plants (Herrera et al., 2024; Petrík et al., 2023; Petrík et al., 2024). This 
retention of drought-induced stomatal modifications highlights the role 
of epigenetic memory in optimizing water-use efficiency, allowing 
plants to better prepare for and withstand future water-limiting 
conditions.

4.3. Stomatal responsiveness and transpiration

Stomatal closure is a key response to drought that limits water loss 
but also restricts carbon dioxide uptake and photosynthesis. Drought 
stressed plants often reduce their stomatal conductance and transpira
tion in order to prevent excessive water loss (Sťrelcová et al., 2013; Rui 
et al., 2024). Upon drought stress release, stomata typically reopen, 
restoring gas exchange. However, in plants exhibiting drought memory, 
stomatal behaviour often remains altered, with stomata showing a more 
conservative response to water availability (Virlouvet and Fromm, 
2015). Stomatal reopening is often more gradual in plants recovering 
from drought stress, allowing them to maintain a balance between gas 
exchange and water conservation (Rui et al., 2024). The delayed sto
matal opening can be partially attributed to changes in the trafficking 
protein SYP121, which regulates ion channel activity in stomatal guard 
cells (Eisenach et al., 2012). This behaviour may lead to increased 
intrinsic water-use efficiency (iWUE) which can persist long-term, as 
iWUE is largely linked to the plant’s methylation status (Zhong et al., 
2021). Drought stress primed plants close their stomata faster under 
subsequent drought stress exposure due to higher accumulation of ABA 
and increased Ca2+ influx rate, which was connected to higher expres
sion of CIPK23 and higher expression of the SLAC1 gene (Yang et al., 
2023). Plants with drought memory are better capable of fine-tuning 
their stomatal control with ABA and therefore exhibit enhanced iWUE 
with sustained biomass or yield gains (Yao et al., 2021). Long-term 
exposure to water-deficit reduces the transpiration sensitivity to soil 
water content and VPD, resulting in plants maintaining low transpira
tion even under well-watered conditions (Grossiord et al., 2018; 
Zavadilová et al., 2023). This sustained reduction in transpiration en
hances future drought tolerance by enabling a conservative approach to 
survive subsequent drought episodes and maintain physiological 
function.

Fig. 4. Example for specific genes and phytohormonal signals regulating 
drought priming responses such as stomatal density, cuticular thickness, anti
oxidants, osmotic adjustment, chlorophyll maintenance, and leaf senescence to 
enhance drought tolerance in plants.
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4.4. Cuticular structure and residual water losses

The cuticle is a waxy layer preventing excessive water loss. The water 
loss after stomatal closure under drought conditions is dominated by 
cuticular pathway and through leaky stomata, which together comprise 
minimum leaf conductance (gmin). Minimum leaf conductance has been 
characterised as one of the most critical traits affecting drought survival 
time of plants and biomass accumulation capacity under drought (Petek- 
Petrik et al., 2023; Petek-Petrik et al., 2024; Ziegler et al., 2024). 
Drought memory can have significant impacts on cuticular wax 
composition via the aliphatic wax biosynthetic pathway, including 
CER1, CER2, CER3, CER4, CER10 and WSD1 (Dimopoulos et al., 2020). 
Nevertheless, changes of cuticular waxes are not necessarily translated 
into changes in minimum leaf conductance. There are few studies sug
gest that gmin may be plastic, with plants potentially acclimating to 
drought stress by reducing gmin (Le Provost et al., 2013; Chen et al., 
2020a, 2020b) or that changes in cuticular waxes are related more to 
temperature stability of the cuticular layer (VanderWeide et al., 2022). 
On the other hand, several studies have found very limited phenotypic 
plasticity of gmin and no response pattern to drought stress (Schuster 
et al., 2017; Slot et al., 2021; Petek-Petrik et al., 2024; Wang et al., 
2024a, 2024b). Therefore, the acclimation potential of gmin reduction as 
part of drought memory mechanisms is still unknown. CYP86A family 
genes, which are essential for cutin and wax biosynthesis, are regulated 
by auxin and are important for cuticle formation (Kong et al., 2020). The 
CYP86A genes can be epigenetically altered following drought stress, 
but the precise hormonal signalling pathway is still not known (Duan 
and Schuler, 2005). There is lack of studies directly linking drought 
priming or drought memory to changes in cuticular structure and re
sidual water losses or minimum leaf conductance. As gmin is a critical 
component of drought tolerance, it is essential that future research fo
cuses on how drought memory influences potential gmin acclimation, 
identifying epigenetic and physiological pathways that regulate long- 
term reductions in minimal stomatal conductance under recurrent 
drought conditions.

4.5. Photosynthetic recovery and chlorophyll retention

Drought stress can impair photosynthesis due to reduced stomatal 
conductance and by damaging the photosynthetic apparatus. Upon 
stress release, photosynthesis usually resumes, but the recovery process 
is modulated by drought memory. Plants with drought memory often 
exhibit enhanced photosynthetic efficiency during subsequent drought 
compared to non-primed plants (Fig. 5), allowing them to maintain 
productivity with limited water loss (Zhou et al., 2016). Specifically, 
plants may exhibit higher Rubisco activity and antioxidant capacity 
which supports photosynthetic rates (Menezes-Silva et al., 2017). Leaf 
level photosynthesis, electron transport rate and photosystem II per
formance index can be also significantly higher after drought release 
compared to the pre-stress state (Arend et al., 2016; Kannenberg et al., 
2019; Antunović Dunić et al., 2023). Plants with drought memory have 

often reduced stomatal conductance, but if able to maintain their 
photosynthetic capacity may achieve higher water-use efficiency post 
drought release (Herrera et al., 2024). The faster recovery of photo
synthetic rates after drought may result from altered gene expression 
related to photosynthetic machinery (PSBS, LHCB, PGR5), especially 
efficiency of photosystem II (Li et al., 2000; Damkjær et al., 2009; Arend 
et al., 2016; Yamamoto and Shikanai, 2019). Drought stress primed 
plants also show increased chlorophyll and carotenoid contents under 
subsequent drought stress compared to non-primed plants (Ben Abdal
lah et al., 2017), which is intricately linked to the epigenetic silencing of 
genes involved in pigment decomposition and upregulation of pigment 
synthases (Zhang et al., 2015; Anwar et al., 2021). Drought stress 
priming can also lead to increase of Rubisco content, which helps 
maintain photosynthetic rate under subsequent drought stress (Abid 
et al., 2016). Drought memory can be also associated with accumulation 
of the D1 protein which improves the photoprotection under subsequent 
drought stress (Gadzinowska et al., 2021). As such, persistent epigenetic 
control enables plants to maintain photosynthetic function through the 
maintenance of pigment and Rubisco activity, allowing for a more 
resilient photosynthetic apparatus during subsequent stress event.

4.6. Antioxidant defences and osmolyte accumulation

Plants exposed to drought stress typically increase the production of 
antioxidants and osmoprotectants (e.g., proline, soluble sugars) to 
mitigate oxidative damage and maintain osmotic balance (Ditmarova 
et al., 2010; Vuksanović et al., 2023). Higher antioxidant capacity under 
drought helps plants to protect photosynthetic apparatus (Hasanagić 
et al., 2020; Alongi et al., 2024). In plants with drought memory, anti
oxidant enzyme classes such as superoxide dismutase, peroxidase, 
glutathione reductase and catalase continue to function at higher levels, 
helping the plant recover from stress and defend against future oxidative 
damage (Alves et al., 2020; Lukić et al., 2020; Carvalho et al., 2024). 
Drought priming can increase antioxidant capacity and is also linked to 
higher d13C, reflecting higher water-use efficiency of plants (Ramírez 
et al., 2015). Higher leaf antioxidant content after drought priming can 
also enable plants to accumulate more biomass in subsequent drought 
stress exposure by reducing ROS agents, which would otherwise weaken 
cellular membrane integrity (Amini et al., 2023). Increased antioxidant 
capacity in cotton was linked to H3K4me3 methylation (Tian et al., 
2024). Drought stress memory positively affects leaf soluble sugars and 
proline content, therefore improving osmotic balance of drought stress 
primed plants under subsequent drought (Ben Abdallah et al., 2017). 
The study also found a positive impact of drought memory on antioxi
dant capacity in subsequent drought. The drought memory osmotic 
adjustment in wheat was associated with demethylation of TaP5CS and 
TaBADH (Li et al., 2023). Therefore, sustained epigenetic control from 
drought priming can lead to both antioxidant and osmotic adjustment to 
improve future drought tolerance.

Fig. 5. Conceptual figure showing potential pathways of photosynthetic efficiency for drought primed plants that exhibit drought memory or drought exhaustion 
effects, compared with non-primed plant.
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4.7. Leaf senescence: water loss avoidance, nutrient reallocation or 
assimilation recovery

Drought can both accelerate to prevent water losses and delay leaf 
senescence to conserve resources. The premature defoliation under 
extreme drought events is often attributed to tissue dehydration dam
age, rather than controlled process (Arend et al., 2022). Nevertheless, 
leaf senescence is largely regulated by epigenetic mechanisms, such as 
through the increased methylation of senescence-specific histones (Rudy 
et al., 2024). Overexpression of NTL4 during and after drought stress 
response accelerates leaf senescence (Tan et al., 2023). Moreover, 
upregulation of ORE1 during drought stress can lead to faster leaf 
senescence (Yu et al., 2021). Nevertheless, the longevity of the epige
netic changes after stress release is still unknown. On the other hand, in 
plants exhibiting drought memory, leaf senescence may be delayed, 
allowing leaves to remain photosynthetically active for longer, which 
aids in the recovery of growth and productivity after stress (Arend et al., 
2016). Selective leaf senescence, when plants reallocate nutrients such 
as nitrogen (N) from older to younger leaves, may further optimize 
resource allocation for new growth when conditions improve (Touche 
et al., 2024). Epigenetic modifications such as DNA methylation and 
siRNA are known to help regulate N responses, particularly under 
nutrient deficient conditions (Zhang et al., 2023). This is especially 
critical for ecosystems that experience repeated drought stress periods 
which can negatively affect access of plants to soil nutrients (Gessler 
et al., 2017; Joseph et al., 2021; Touche et al., 2022). However, impaired 
or incomplete nutrient reallocation during leaf senescence may occur, 
particularly during severe drought stress when leaf senescence is expe
dited due to rapidly sustained hydraulic damage (Estiarte and Peñuelas, 
2015). Effective epigenetic regulation of leaf senescence processes may 
therefore be critical to optimize the trade-off between efficient nutrient 
scavenging and the timely senescence of damaged or older tissues.

5. Conclusion and future prospects

While DNA methylation, histone modifications, and non-coding 
RNAs have been linked to drought stress memory, the specific genes 
and pathways regulated by these epigenetic marks at the leaf level are 
not fully mapped. Additionally, current studies have largely focused on a 
handful of model or crop species such as Arabidopsis or Populus, which 
benefit from the existence of complete and relatively simple genome 
maps (Ding et al., 2013; Georgii et al., 2019). Hence, species of which 
genomes are not completely available, particularly in perennial plants 
with relatively large and highly repeated genomes, remain under
studied. While many epigentic mechanisms are conserved across spe
cies, an increased focus of future research on these understudied species 
will likely identify orthologous genes, which enable epigenetic control. 
Such studies will help to elucidate the longevity of such modifications 
and overall duration of stress-memory. There is also a need for 
comprehensive profiling of both epigenetic and metabolomic processes 
to understand how stress memory translates to physiological responses 
in leaves. The interplay between different phytohormones (e.g., ABA, 
auxins, cytokinins) in the context of drought memory at the leaf level is 
complex and not fully understood. It is unclear how epigenetic modifi
cations influence the dynamic balance of these hormones during 
repeated drought events and how these interactions are integrated to 
produce a coordinated response toward drought memory. Although 
some ncRNAs are known to be involved in drought responses, their 
specific roles in establishing and maintaining drought stress memory at 
the leaf level are not well defined. Identifying key ncRNAs within 
drought memory acquisition and understanding their targets and regu
latory networks in leaf tissues is an ongoing challenge. The specific 
changes in leaf anatomy (e.g., cuticle thickness, vascular structure), ion 
homeostasis (Pesacreta et al., 2021; Acharya and Pesacreta, 2022) that 
contribute to drought stress memory are not fully understood. More 
research is needed to link anatomical changes with physiological and 

molecular responses exhibited via drought memory, and to identify how 
long such modifications persist and therefore lead to increased stress 
tolerance during subsequent droughts. Integrating metabolomic and 
transcriptomic studies is essential for identifying how epigenetic 
changes translate into stress-related metabolites and gene expression 
patterns that sustain stress responses and result in drought memory. 
These -omics approaches will help clarify the connections between 
epigenetic modifications, metabolic pathways, and long-term stress 
tolerance in plants.

Understanding drought memory in plants has become increasingly 
critical due to the escalating impacts of climate change. With global 
warming driving more frequent and severe drought events, the ability of 
plants to “remember” previous stress episodes and adapt accordingly is 
vital for ensuring their survival and productivity. In agriculture, iden
tifying and breeding crops with enhanced drought memory traits could 
improve food security by enabling stable yields under water-limiting 
conditions. Similarly, for forest ecosystems, understanding how long- 
lived trees retain drought memory could inform reforestation efforts 
and the selection of resilient species for afforestation projects in 
drought-prone regions.
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Estiarte, M., Peñuelas, J., 2015. Alteration of the phenology of leaf senescence and fall in 
winter deciduous species by climate change: effects on nutrient proficiency. Glob. 
Chang. Biol. 21, 1005–1017. https://doi.org/10.1111/gcb.12804.

Fan, Q.-J., Liu, J.-H., 2012. Nitric oxide is involved in dehydration/drought tolerance in 
Poncirus trifoliata seedlings through regulation of antioxidant systems and stomatal 
response. Plant Cell Rep. 31, 145–154. https://doi.org/10.1007/s00299-011-1148- 
1.

Fidler, J., Graska, J., Gietler, M., Nykiel, M., Prabucka, B., Rybarczyk-Płońska, A., 
Muszyńska, E., Morkunas, I., Labudda, M., 2022. PYR/PYL/RCAR receptors play a 
vital role in the abscisic-acid-dependent responses of plants to external or internal 
stimuli. Cells 11, 1352. https://doi.org/10.3390/cells11081352.
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Sáenz-Romero, C., Hartmann, H., Breshears, D.D., Allen, C.D., 2022. Global field 
observations of tree die-off reveal hotter-drought fingerprint for Earth’s forests. Nat. 
Commun. 13, 1761. https://doi.org/10.1038/s41467-022-29289-2.
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stress memory is linked to high levels of anti-oxidative enzymes over several weeks. 
Environ. Exp. Bot. 178, 104166. https://doi.org/10.1016/j.envexpbot.2020.104166.
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