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Plants face multifactorial environmental stressors mainly due to global warming
and climate change which affect their growth, metabolism, and productivity.
Among them, is drought stress which alters intracellular water relations,
photosynthesis, ion homeostasis and elevates reactive oxygen species which
eventually reduce their growth and yields. In addition, drought alters soil
physicochemical properties and beneficial microbiota which are critical for
plant survival. Recent reports have shown that climate change is increasing the
occurrence and intensity of drought in many regions of the world, which has
become a primary concern in crop productivity, ecophysiology and food
security. To develop ideas and strategies for protecting plants against the
harmful effects of drought stress and meeting the future food demand under
climatic calamities an in-depth understanding of molecular regulatory pathways
governing plant stress responses is imperative. In parallel, more research is
needed to understand how drought changes the features of soil, particularly
microbiomes, as microorganisms can withstand drought stress faster than plants,
which could assist them to recover. In this review we first discuss the effect of
drought stress on plants, soil physicochemical properties and microbiomes. How
drought stress affects plant microbe interactions and other microbe-driven
beneficial traits was also highlighted. Next, we focused on how plants sense
drought and undergo biochemical reprogramming from root to shoot to
regulate diverse adaptive traits. For instance, the role of calcium (Ca®"),
reactive oxygen species (ROS) and abscisic acid (ABA) in modulating different
cellular responses like stomata functioning, osmotic adjustment, and other
adaptive traits. We also provide an update on the role of different hormones in
drought signaling and their crosstalk which allows plants to fine tune their
responses during drought stress. Further, we discussed how recurrent drought
exposure leads to the development of short-term memory in plants that allows
them to survive future drought stresses. Lastly, we discussed the application of
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omics and biotechnological-based mitigating approaches to combat drought
stress in sustainable agriculture. This review offers a deeper understanding of
multiple factors that are related to drought stress in plants which can be useful for
drought improvement programs.
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Introduction

Environmental stressors like drought severely damage plant
growth and productivity across the globe (Koua et al., 2021; Khan
et al,, 2024). Global warming increases temperatures which cause
evaporation, reduces surface water and dries out soils quickly all of
which leads to drought stress (Passioura and Angus, 2010;
Devincentis, 2020). Furthermore, drought stress is becoming
more often and more intense due to climate change and global
warming, which will have a direct impact on ecosystems and
agriculture (Seleiman et al, 2021). The loss of arable agriculture
land due to drought stresses further threatens food security, hence,
necessitates a continued increase in yield by developing stress
tolerant and high yielding crops. Between 2005 and 2015, an
estimated USD 29 billion economic losses were associated with
the drought (Trenberth et al., 2014; FAO, 2021). According to the
FAO (2021), the current drought has a significant influence on
global crop output and will continue to create yield changes from
year to year. By 2050, 50% of arable land is expected to be under
drought stress. In the past, many studies have revealed the impact of
drought on crop yield losses in different regions across the world.
For instance, in united states prolonged drought stress causes 21%
yield losses in maize crops which leads huge economic losses (Boyer
et al., 2013). According to Beillouin et al,, 2020, drought stress
causes 40% yield losses in wheat and barley crops which emphasizes
the devastating effects of drought on agriculture. From 2006-2007, it
was reported that drought stress leads huge yield losses in cotton
(50%), barley (56%) and wheat (58%) grown in Australia (Roy et al.,
2021). These case studies indicate the threat of drought stress on
sustainable agriculture which can be furthermore threatening due to
the rise of climate change and global warming. According to [PCC
2021, many regions in the world have already been severely affected
by drought and are likely to prone future droughts because of the
climate change which could increase hunger rate and threat to
global food security. Therefore, there is need to find long term
solutions to tackle future drought threat in sustainable agriculture
which should implement a joint strategy, involving scientists from
different fields with diverse expertise and resources.

Drought hinders natural plant development patterns, interferes
with water relations and lower water usage efficiency. Drought
stress also alters plant physiological traits such as stomatal
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functioning, photosynthesis, gaseous exchange, antioxidant
system, transpiration rate all of which leads to growth retardation
(Raza et al., 2023). Additionally, drought stress affects plants cell
wall and cell membrane integrity which leads to cell death. Plants
under drought stress shows high levels of oxidative stress that also
affects plants growth and development. Plants under drought stress
show different symptoms such as leaf rolling, wilting, stunning
plants, early senescence, and leaf scorching (Corso et al., 2020). It
has been calculated that severe droughts diminish carbon (C)
absorption by 0.14 PgC yr' worldwide and inflict yearly losses of
almost 1% of Earth’s terrestrial ecosystem function (Du et al., 2018).
Furthermore, although sufficient moisture exists in the root zone,
there are situations in which plants are unable to absorb water from
the soil, a condition known as pseudo-drought or physiological
drought (Daryanto et al., 2020). On the other hand, drought also
alters plants’ response to other abiotic and biotic stressors which
will further impact crop growth and yield (Fichman and Mittler,
2020). For instance, Vile et al. (2012) examined how Arabidopsis
growth attributes were affected by drought and heat stress, and their
combination. Both pressures dramatically decreased plant growth,
and their combined effects were substantially more harmful. Many
studies have revealed the effect of drought along with other abiotic
stress combinations like heat, heavy metals, cold and salinity which
has significant detrimental effect on plant growth as compared to
drought alone (Rizhsky et al., 2004; Vile et al., 2012; Sales et al.,
2013). Similarly, drought stress also negatively regulates plant
immune response to pathogens (Ali et al., 2023a). For example,
many studies have reported that drought stress can enhance the
disease severity of some of the important diseases such as charcoal
stalk rot in sorghum (Ramegowda, et al., 2015), smut in cereals
(Urocystis agropyri, Colhoun, 1973), and root rot in safflower
(Phytophthora sp., Duniway, 1977). These studies further
highlight the impact of drought in plant responses to other
stressors therefore future studies are required to understand the
crosstalk between drought and other stressors and their influence
on growth and plant defense, which will pave the way for
developing future multifactorial resistant crops. Therefore,
understanding the molecular underpinnings of drought response
in plants and identifying key players involved in drought tolerance
are crucial for crop breeding and genetic engineering programs to
develop resilient crops.
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Effect of drought stress on soil
properties and microbiome

Soil physicochemical properties, moisture content, microbiome,
and nutritional content are important indicators of plant health
(Pautasso et al., 2018; Gupta et al., 2020). Any change in the above
indicators has a direct impact on plant development. Climate change-
driven environmental stressors like drought and inadequate
management practices are expected to increase the frequency and
severity of disturbances that alter the microbiome structure,
nutritional composition of soil or deplete water resources, and soil
physicochemical properties, (structure, porosity, and pH), which can
directly affect crop output. In addition, drought also causes a
reduction in plant carbon inputs because of early senescence in dry
conditions (Schaeffer et al., 2017). Like how it affects soil carbon
dynamics, drought also affects nitrogen dynamics directly and
indirectly (Hartmann et al., 2015), as water availability is crucial for
microbial processes fixing and transforming nitrogen, thereby
lowering soil nitrogen cycle rates (FHomyak et al, 2017). Drought
significantly decreased soil respiration, microbial biomass, carbon,
and nitrogen which also affect plant growth (Liu et al., 2023).

Plant roots nourish complex microbial communities which have
a significant influence on plant growth, nutrition, and overall health
(Ali et al,, 20233, 2023b). Although the composition and geographic
compartmentalization of these communities has been thoroughly
characterized in a variety of plant species, the effects of abiotic
stressors on the root microbiota are still poorly understood (Ali
et al,, 2022). Robust analyses of microbiomes associated with roots in
several plant systems have provided a significant understanding of the
elements influencing the formation of communities. To prevent
drying out, roots can alter their structure (Pautasso et al, 2018)
and use resources (Santos-Medellin et al., 2021). Under stress, root
exudation patterns can also change which may have an impact on
rhizospheric characteristics (Song et al., 2018). In plants drought
stress alters plant metabolism and root exudates chemistry which in
turn influences the root microbiome and its structure. A key factor in
the selective recruitment of rhizosphere microbial communities is the
presence of plant exudates, which include sugars, amino acids, fatty
acids, organic acids, vitamins, carboxylic acids, flavonoids,
benzoxazinoids, and ethylene (ET) (Vives-Peris et al, 2020).
Previous studies have reported that drought stress promotes the
synthesis of glycerol-3-phosphate (G3P) that shapes Actinobacteria
members in the rhizosphere, which enhances plant health and fitness
under water deficit conditions (Xu et al., 2018). According to Lebeis
et al. (2015), a decrease in salicylic acid (SA) production during
drought stress also has a substantial effect on the development of the
endogen and exo-microbiomes. Drought decreases the amount of
iron (Fe) and phyto-siderophores available in the rhizosphere, which
benefits actinobacteria, to flourish in such conditions and enhance
plant performance (Xu et al., 2021). Under drought stress, several
plant species diminished diderm bacteria in the roots and rhizosphere
and attract monoderm bacteria, which are resistant to dryness
because they have thicker cell walls thus could improve plant
growth and stress tolerance (Naylor et al., 2017). The production of
polysaccharides that enhance soil structure and water-holding
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capacity, the synthesis of indoleacetic acid (IAA), deaminase, and
proline (Pro), and enhanced water circulation through fungal mycelia
are some of the major ways that beneficial microbiota helps plants
adapt to drought stress (Milosevic et al., 2012). In poplar drought
stress causes major shift in microbiome structure with more
dominant phyla such as Actinobacteria, Firmicutes, and
Proteobacteria (Xie et al, 2021). This study also identified
subgroups of microbes, such as Bacillus arbutinivorans, B.
megaterium, B. endophyticus, Streptomyces rochei, Trichoderma
ghanense, Penicillium raperi, Aspergillus terreus, Gongronella butleri,
and Rhizopus stolonifer, in drought-treated poplar rhizosphere soils.
These studies further support the notion that drought stress alters the
microbiome structure in plants and soil, however, it remains largely
unknown on how drought influences unique microbiomes.
Therefore, further investigation is needed to underpin the
molecular mechanism of plant mediated response to shape unique
microbiome during drought stress. Furthermore, it is essential to
investigate at the molecular level how specific microbiomes are able to
resist and thrive under drought conditions, with the goal of
understanding their drought tolerance and host selection
mechanisms. Future studies should also focus on examining the
influence of plant genotype and soil properties on microbiome
assembly during drought stress which can open new directions in
harnessing the stress resilient microbiome in sustainable agriculture.
Owing to their ability to flourish in extreme environments,
microbiome driven drought tolerance in plants is the most viable
strategy for improving crop production.

Drought can also have a detrimental effect on soil microorganisms
and their functional attributes like inhibiting enzyme activity, nitrogen
fixation, and disrupting nutrient cycling (such as C, N, and P), which
can affect plant growth and adaptive responses (He et al., 2014; Nong
et al, 2023). Beneficial plant-microbe relationships may be disrupted
by changes in the global environment, such as agricultural practices
and climate change. For example, drought has the potential to cause a
variety of intricate changes in microbial dynamics, including both
positive and negative effects on mycorrhizal associations’ essential
players influencing plant performance (Xu et al., 2018). Future studies
are required to unravel the complex relationships that exist between
plants and their microbiome during drought stress in different crop
systems at the ecological, molecular, and evolutionary levels which will
enhance our understanding and help to develop microbial-based
strategies to increase host fitness and drought resistance. The impact
of drought stress on plants, soil physicochemical properties, and
microbes is shown in Figure 1.

Plant responses to drought stress

During drought stress, plants face serious challenges due to
water scarcity. High osmolality or drought stress causes
dehydration, which reduces turgidity and pressure against the cell
wall—two factors necessary for preserving plant development and
structure (Raza et al., 2013; Ali et al., 2022). Other challenges plants
face during drought stress is energy crisis due to photosynthesis
inhibition and production of harmful metabolites. However, to
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Schematic illustration shows the impact of drought on plants, soil physicochemical properties and soil microbiome. Drought alters plant
morphological and biochemical properties that leads growth inhibition. In soil drought reduces soil moisture which has huge impact on soil

properties and microbiome structure and their functional traits.

survive under drought, plants exhibit several behaviors such as
taking up water from their extensive and deep root systems,
growing smaller, more succulent leaves, increasing their diffusive
resistance, decreasing the rate at which water is lost through leaf
wilting, and slowing down transpiration (Farooq et al, 2012).
Numerous changes in phenotypic architecture are observed in
plants, including the formation of vascular bundle sheaths and
thicker cuticles on the epidermis, smaller and denser stomata, a
larger ratio of palisade to spongy parenchyma thickness, and
epidermal trichomes (Silva et al.,, 2018). To counteract the water
scarcity, stressed plants maintain their osmotic adjustment by
increasing the amount of sugar in their leaves and roots (Miranda
etal., 2020). Furthermore, during drought exposure, plants undergo
morphological changes (phenotypic plasticity) (Basu et al., 2016),
and physiological changes including cell membrane stability and
osmotic adjustment (Abid et al., 2018). At biochemical level, plants
produce a wide range of signaling molecules such as calcium, ROS,
and hormones like ABA which reduces water loss via stomatal
closure and triggers defensive mechanisms against drought (Kim
et al., 2024). Among them, ABA is a major player which modulates
distinct protective responses in plants during drought stress such as
encoding LEA proteins, osmoprotectant biosynthesis, chaperones,
aquaporins, sugar and proline transporters, and detoxification
enzymes to eliminate ROS (Yamaguchi-Shinozaki and Shinozaki,
2006; Finkelstein, 2013; Yoshida and Fernie 2024). Further we have
elaborated how plants sense drought signals and undergo
biochemical reprograming which modulate plant response to
water scarcity in below sections.

Drought perception in plants

Plants can detect water deficit conditions in the soil and
transmit the drought signals from the below-ground organs
(roots) to the above-ground parts (leaves) to acclimatize to
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drought via ABA accumulation (Nong et al., 2023). Many players
such as calcium channels, RBOHs, pH, hormones, peptides, and
other secondary signaling molecules are linked with long-distance
drought signaling from root to shoots. Among them, ABA is known
to be crucial for driving major drought systemic signaling in plants.
Discovery of ABA receptors and deciphering the fundamental
ABA-signaling route has been one of the most significant
developments in drought signaling in plants. For instance, the
identification of PYR/PYL/RCAR also known as PYL as ABA
receptors was one of the key findings in stress signaling in plants
that open new frontiers in drought signaling (Kuromori et al,
2022). Also, the identification of PP2C and SnRK2 further unwires
the complexity of ABA-mediated drought signaling response in
plants (Kuromori et al., 2022). Plants detect water deficiency
through the stomata and trigger intracellular and organ systemic
signaling. ABA-induced stomatal closure and decreased
transpiration water loss during drought stress are mediated by
plasma-membrane proteins, such as the anion channel SLACI,
which are SnRK2 substrates (Ma et al., 2009). However, plants also
respond to drought stress through an ABA-independent manner
(Geiger et al., 2009). Furthermore, unique alterations in gene
expression, physiology, and metabolism are observed in plants
under drought stress, providing additional evidence that plants
possess an advanced sensing system for identifying drought stress,
which triggers a cascade of adjustments at different cellular
compartments. Numerous investigations have revealed that the
responses to drought stress are mediated by electric and hydraulic
signals, calcium waves, ROS, and phytohormone movements
(Takahashi et al., 2020). Calcium channels such as REDUCED
HYPEROSMOLALITY INDUCED Ca** INCREASE 1 (OSCAL1),
OSCA1.2/CALCIUM-PERMEABLE STRESS-GATED CATION
CHANNEL 1 (CSC1) (Kudla et al., 2018), and MCA1 is a
homolog of yeast MID1, a Ca*"permeable stretch-activated
channel component are potential osmosensors that are activate
during drought stress (Liu et al, 2018). The drought-induced
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activation of these calcium channels regulates different traits such as
stomatal functioning. In addition to calcium, drought-induced
systemic signaling is driven by ROS wave which is produced by
respiratory burst oxidase D (RBOHD) and regulates stomatal
closure (Yoshimura et al., 2021). Recently discovered H,O, sensor
HYDROGEN-PEROXIDE-INDUCED Ca** INCREASE (HPCA)
in guard cells provide novel insights on the role of ROS in stress
signaling. During stomatal closure, HPCALI, a leucine-rich repeat
receptor-like kinase (LRR-RLK), causes Ca*" influx into guard cells
by activating its extracellular domain in response to H,O,
(Zandalinas et al., 2020). Future research should examine the
function of cell wall sensors, ROS, calcium channels in drought
signaling and how these factors affect the morphological,
anatomical, biochemical, and physiological adaptations of plants,
especially in the roots. Drought-induced reductions in water
potential (yw) and water constraint produce a variety of
alterations in plant growth and development. A few of these
modifications, including stomatal closure to regulate water loss
from leaves, enable the plant to store water and prevent low yw.
Other adaptations, like solute accumulation and osmotic
adjustment, help the plant withstand low yw by preserving water
and turgor or lessening the harmful effects of tissue dehydration
(Ma et al., 2009). On the other hand, osmosensing in plants also
entails detecting the effects of osmotic stress during drought stress
on cellular elements like the cell wall and plasma membrane
(mechanical stress brought on by plasmolysis, depolarization of
the plasma membrane, and damage to the cell wall and plasma
membrane) (Takahashi et al., 2020; Liu et al., 2018). How plants
sense water potential (yw), and osmotic stress is not fully
understood, however, many players such as AtHKI, calcium
channels and RLKs are known to be the possible sensing players
in plants which warrants further investigation. For instance,
ATHKI1/AHKI1 has been identified as one of the osmotic stress
sensor because loss or gain of its function proved that it modulates
drought response in Arabidopsis via ABA accumulation and
induced expression of stress resistant genes (Iran et al, 2007;
Wohlbach et al., 2008). Similarly, RPK1/BAK1 type of LRR-RLK
has been reported to positively modulate ABA-induced stomatal
closure in plants during drought stress (Collin et al., 2021).
Nonetheless, significant knowledge gaps persist regarding apoplast
signaling and its relationship with cytosolic signaling pathways
during drought stress, indicating a need for further investigation.
A class of protein kinase namely sucrose nonfermenting 1 (SNF1)-
related protein kinase 2s (SnRK2s) has been identified in Arabidopsis
thaliana as an important signal transmitter of drought stress (Lin et al.,
2020). Previous studies have shown that dehydrated leaf vasculature
has elevated expression of the NINE CIS EPOXYCAROTENOID
DIOXYGENASE3 (NCED3) gene, which codes for a crucial enzyme
in the production of ABA which further supports that ABA is a key
regulator for drought signaling in plants. It was recently demonstrated
that the CLAVATA3/EMBRYO-SURROUNDING REGION-
RELATED25 (CLE25) peptide serves as a long-distance signal for
the synthesis of ABA in leaves that is generated from the roots (Soma
et al, 2020). Drought also triggers systemic response’s, leading to
systemic acquired acclimation (SAA), wherein localize tissues triggers
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responses in distant tissues. In addition to long-range electrical and
hydraulic signals, ROS waves and calcium are important components
of systemic acquired acclimation during drought (Yoshida and Fernie,
2018). Roots detect hydraulic signals, which are early indicators of
drought stress in plants. It is unknown, yet how hydraulic signals are
detected by the roots. Roots show distinct response during drought
stresses such long and deeper root system, hydrotropic response.
Many genes such as MIZU-KUSSEI1 (MIZ1) (Miller et al, 2009),
involved in hydrotropic response, DEEPER ROOTING1 (DROI)
(Dietrich et al., 2024), promoting roots to grow downwards to
escape drought stress. However, there remain many knowledge gaps
how roots sense drought signals and undergo morphological and
anatomical changes during drought stress warrants future
investigation. Further we have shown how drought stress is
perceived by plants that leads to series of changes at molecular,
biochemical and physiological levels which regulate different growth
and adaptive responses Figure 2.

Hormonal interplay during
drought stress

During drought stress, plants under go hormonal reprograming
which have essential roles in growth, development, and adaptive
responses or balancing growth and stress tradeoffs. Plants show many
physiological, biochemical and morphological changes to cope with
drought stress which are mainly regulated by hormones and their
cross talk. Therefore, hormonal coordination is critical for plant
responses to drought stress. Plant hormones like ABA, jasmonic acid
(JA), salicylic acid (SA), ethylene (ET), auxin, brassinosteroid (BR),
gibberellic acid (GA), and cytokinin (CK), are known to regulate
distinct growth and adaptive responses during environmental
stressors (Uga et al., 2013). However, their role in drought is not
dully understood except ABA which is the major hormone that
participates and regulates diverse host responses during drought
stress. The signal perception and transduction during drought
stress is regulated by ABA dependent and ABA independent
pathway (Muhammad Aslam et al, 2022). Both pathways further
activate the transcription factors such as, MTC, bZIP, DREB and NAC
which lead to the expression of drought responsive elements.
Similarly, the role of JA responsive genes in drought stress is also
validated in different crop plants. Drought stress activates the JA
precursor molecule, 12-OPDA, resulting in an increase in JAZI
protein and activating the DREB gene to offer tolerance against
drought stress (Wang et al,, 2021). Several drought stress responsive
genes have been found and characterized in crops because of
significant advancements achieved in contemporary genetics and
functional genomics techniques like transcriptomics, proteomics,
and metabolomics. These key genes mainly code for proteins that
have either metabolic or regulatory roles, such as those involved in
detoxification, osmolyte biosynthesis, proteolysis of cellular
substrates, water channel, ion transporter, heat shock protein
(HSP), and late embryogenesis abundant (LEA) protein (Joshi
et al, 2016). On the other hand, the regulatory class primarily
comprises of TFs (AREB, AP2/ERF, NAC, bZIP, MYC, and MYB),
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signaling protein kinases mitogen activated protein kinases (MAPK),
calcium-dependent protein kinases (CDPK), receptor protein kinases
and protein phosphatases (phosphoesterases and phospholipase),
which triggers signal transduction and expression of genes during
stress responses (Wani et al.,, 2013).

ABA is one of the primary plant hormone that controls a variety
of biological processes in plants during drought (Muhammad Aslam
et al,, 2022). For instance, drought induced ABA can reduce
transpiration water loss and gas exchange by triggering stomatal
closure. Additionally, ABA promotes root cell elongation and
gradually raises hydraulic conductivity, allowing plants to recover
from water-limited circumstances (Wani et al., 2013; Yu et al., 2017).
ABA mediates drought stress by two pathways, ABA dependent and
ABA independent. The ABA dependent pathway relies on the ABRE
element, which plays an important role in ABA signaling and leads to
the activation of downstream processing genes. Similarly, the role of
ABA signaling components is reported to be involved in drought
response mechanisms in woody plants (Yu et al., 2017). Arabidopsis
NINE-CISEPOXYCAROTENOID DIOXYGENASE 3 (NCED3)
mutants showed alterations in transcriptome and metabolome
during drought stress which further highlights the important role
of ABA in drought stress (Urano et al., 2009). Following exogenous
ABA treatment, the genome of Populus tremuloides exhibited an
upregulation of AREB/ABF elements [54]. Under drought conditions,
transgenic plants overexpressing AREB3 displayed a robust drought
resistance phenotype with reduced biomass output (Yu et al., 2017).
However, TFs like DREBs and NACs control the ABA-independent
pathway, which is crucial in regulating drought stress. Dehydration-
responsive element DRE (A/GCCGAC) is mainly dominant in
drought-responsive elements. The ABA-independent activation of
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drought-responsive genes is facilitated by DREB2A, which is
primarily activated by dehydration and marginally stimulated by
ABA (Kim et al, 2011). Owing to its critical function in drought
signaling researchers have established model for ABA perception and
signal transduction in plants which is mainly controlled by three
players such as PYR1) and PYRI-LIKE (PYR1/PYL ABA receptors,
SnRK2 or SRK2 as signaling inducer and negative regulator or
suppressor PP2C respectively (Cutler et al., 2010; Finkelstein, 2013).

Jasmonic acid is an important plant defense hormone that
regulates different plant responses during biotic and abiotic
stressors (Ali et el, 2017) For instance, JA triggers accumulation
of defensive proteins, cell wall modification, stomata regulation and
different plant developmental regulations. Many studies have
shown that drought stress leads to the accumulation of JA which
could modulate different responses. For instance, JA signaling
Arabidopsis mutants such as coil-2, jazl, and myc2-2 show
drought sensitivity, demonstrating the importance of JA signal
transduction mediated responses during drought (Song et al,
2022). On the other hand, exogenous treatment JA mitigated the
negative effects of drought-induced membrane damage in barley
(Bandurska et al., 2003). Also, overexpression of genes involved in
JA signaling, biosynthesis, and JA-mediated stress responses
provides drought tolerance in different plants (Liu et al, 2016).
For instance, overexpression of allene oxide synthase (AOS) in
potato plants provides drought tolerance by driving the induction of
drought tolerant genes (Harms et al., 1995). Expression of OsJAZI-
gene in Rice showed improved resistance towards drought stress
and its mutants were sensitive and hence suggested its role in
mediating drought stress (Allagulova et al, 2022). Similarly,
exogenous application of MeJA increases resistance towards
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drought stress by mediating the expression of proline and
maintaining the antioxidant activity in wheat seedlings (Seo et al.,
2011). Further the basic helix-loop-helix protein OsbHLH148, acts
as transcriptional regulator of OsDREBI and OsJAZ, that are
involved in signaling during drought stress (Ge et al, 2016). In
drought tolerant Prunus armeniaca genotype, accumulation of JA
promotes leaf senescence, reduces water loss and increased plant
survival under drought conditions (Fleta-Soriano and Munne-
Bosch, 2016). These studies further support the notion that JA
plays a key role in drought response in plants. However, it remains
largely unknow whether JA directly regulates drought response or
involve other hormonal interplay like ABA which needs future
attention. Also, in future it will be interesting to explore how JA
signaling regulates drought responses in the presence of other
stressors and its cross talk with other stress hormones and their
impact on plant growth and stress responses. How accumulation of
ABA mediates the activation of JAs is still elusive and the balance of
these hormones during drought stress is crucial for development of
drought tolerant cultivars.

In addition to ABA and JA, other hormones like SA, ET, auxin,
BR, CK, and GA also play key roles in plant drought signaling.
However, the specific role of each hormone at the molecular level
remains unknown. Some reports have shown the positive and
negative role of these hormones during drought stress in different
crops. For example, exogenous application of SA improves plant
biochemical and physiological adaptive traits during drought stress
(Safari et al., 2021). Previous studies have shown that SA-deficient
Arabidopsis mutant lines were more prone to drought stress and
show more drought-induced detrimental symptoms than wild
plants (He et al., 2014). Previous studies have shown that SA
induces stomatal closure, inhibiting water loss and decreases CO,
assimilation during drought stress (Lee, 1998; Loutfy et al., 2012).
SA mediated drought responses are driven by ROS activated ABA
induced stomatal closure pathway, activating calcium channels
and inducing calcium influx (Saito and Uozumi, 2019). However,
SA can also regulate stomatal closure by enhancing ET synthesis
via induction of ACS2, ACS6, and ACS11 genes (Wang et al., 2020).
These reports further showed that there is hormonal interplay
between SA, ABA and ET that regulate plant responses
during drought stress. ET regulates several plant growth and
developmental processes, such as germination, fruit ripening,
root-hair commencement, nodulation, leaf and flower senescence,
abscission, and responses to a wide range of stressors (Fatma et al.,
2022). However, its role in drought signaling is not fully
understood. Some reports have shown that drought induces ET
accumulation in plants which could control different growth and
adaptive responses. For instance, ET accumulation during water
stress leads to leaf abscission which reduces water loss (Mcmichale
etal., 1972). Previous study has reported that ET mediated drought
responses is primary regulated by hydrogen peroxide accumulation
via RBOHF. The higher accumulation of ET in guard cells also
contributes to the cleavage and nuclear localization of EIN2 through
the activation of MKK1/3-MPK3/6 signaling cascade leading to
stomal closure by modulating NO synthesis and SLAC1 channel
activation (Zhang et al., 2021).In contrast, some studies have
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reported that ET can inhibit the ABA-induced stomatal closure or
to reduce stomatal sensitivity during drought stress (Hassan et al.,
2024). Therefore, it is important to decode how ET influences ABA
signaling during drought stress and implications on growth and
adaptive responses warrants future investigation. On the other
hand, auxin has a positive influence on ABA signaling during
drought stress. For example, exogenous application of auxin
(IAA, indole-3-acetic acid) raised the ABA levels in Trifolium
repens L. plants during drought stress which promotes drought
tolerance by reducing water loss when compared to control plants
(Zhang et al., 2023). Previous studies have found that auxin
modulates the expression of key drought responsive genes such as
RABI8, DREB2A, and DREB2B, RD22, RD29A via ARF induction
(Shi et al.,, 2014; Zhang et al., 2020). During drought stress, ABA
and auxin can play a key role in development and functioning by
directing root growth towards water sources, to cope with water
scarcity. However, there remains many knowledge gaps on how
they regulate root system architecture at molecular levels therefore
warrants future investigation. In plants BRs control different growth
and other cellular processes such as cell elongation, seed
germination, root architecture, pollen fertility, stomatal
patterning, vascular development, and flowering. BR is known to
affect drought tolerance in plants in both positive and negative
ways. For instance, BR treated exogenously had increased drought
tolerance, but BR mutants also exhibited drought tolerance (Ve
et al., 2017). The decline in GA levels and increase of DELLA has
been linked with enhanced drought resistance because low GA
levels were shown to trigger the activation of various stress-related
genes, accumulation of osmolytes and ROS detoxification (Tuna
et al,, 2008; Omena Garcia et al, 2019). Like other hormones,
cytokinins also play a key role in drought stress resilience by
delaying leaf senescence and sustaining photosynthesis (Rivero
et al, 2007). In contrast, some studies have shown that cytokinin
negatively regulates drought responses for instance, overexpressing
cytokinin-deficient CKX- Arabidopsis plants showed increased
resistance and survival during drought stress (Nishiyama et al.,
2011). These studies showed that cytokinin can have both positive
and negative impacts on plants during drought stress. However,
how these responses occur at molecular level remains largely
unknown. Hence, the coordinated control of plant hormone
synthesis and synergistic and/or antagonistic interactions during
drought stress provides evidence that phytohormone crosstalk is
critical for balancing growth and adaptive responses during drought
stress Figure 3.

Drought stress memory in plants to
defend future stress

Plants have an elegant sensory system to detect environmental
cues and can memorize past stress events to protect themselves
from future stress through a process called stress memory (Li and
Liu, 2016). In a similar vein, plants can improve their resilience to
subsequent drought events by employing drought stress memory,
which entails many cellular modifications at the physiological,
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A schematic diagram shows the involvement of different hormones during drought stress in plants. ABA is the major hormone that regulates
different responses in plants during drought stress such stomatal regulation by activating channels, transcription factors, receptors and signaling
molecules. The role of other hormones such as SA, ET, AUX, CK and GA which regulates different responses such root system architecture, ROS

detoxification and stomatal functioning is also highlighted in the figure.

proteome, transcriptional, and epigenetic levels (Li and Liu, 2016).
Drought stress memory has been observed in different crops such as
A. thaliana (Van Dooren et al., 2020), Brassica napus L (Hatzig
et al,, 2018), wheat (Liu et al., 2021), rice (Zheng et al., 2013), to
protect themselves from future drought stress. Plants that have had
many drought stress exposures are better equipped to adapt to new
stresses by changing their gene expression patterns more quickly
than plants that have not experienced drought stress before (Li and
Liu, 2016). These investigations imply that prior exposure to
drought stress produced certain stress imprints that were
preserved to promote recovery during a subsequent stressor.
Although drought stress memory is seen from an evolutionary
standpoint as a helpful strategy that could help a plant become more
acclimated to withstand future stress however, some studies have
linked it to adverse outcomes like stunted growth and development
and decreased yield (Crisp et al., 2016; Wijewardana et al., 2019).
Therefore, it will be interesting to investigate the growth defense
tradeofts during drought stress memory which will further provide
novel insights on how it regulated growth and adaptive responses.

A growing body of evidence suggests that stress memory may
involve transcriptional, translational, or epigenetic mechanisms to
sustain the stress response. For instance, drought-responsive
memory genes and the consequent improvement in
transcriptional response to recurrent drought stress have been
linked to histone marks, a type of chromatin alteration. In
response to drought stress, the coding areas of drought-
responsive genes RD20, RD29A, and AtGOLS2 showed a definite
enrichment of H3K4me3, which persisted even after gene
deactivation through rehydration, as reported by Kim et al.
(2012). As a result, H3K4me3 is considered an epigenetic marker
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for drought stress memory in plants. Following a drought, selfed
descendants of drought-stressed plants displayed higher levels of
DNA demethylation in the ornithine-8-aminotransferase (3-OAT)
and pyrroline-5-carboxylate synthetase (P5CS) genes compared to
control treatments which further support the role of DNA
demethylation in the development of stress memory in plants (Li
and Liu, 2016). In plants, regulatory RNA like miRNAs and
LncRNAs are also linked with drought stress memory because
they were induced by drought stress and could be involved in
drought tolerance (Yang et al, 2022). Also, the activation of
transcriptional factors has been linked with drought stress
memory response in plants. For instance, ABF TF transcript and
protein levels revealed that ABF3 and ABF4 had transcriptional
memory behavior despite only slightly elevated protein levels in
response to recurrent drought stress (Virlouvet et al., 2014). Owing
to the complexity of drought stress memory response more studies
are required to identify key players that are involved in drought
stress memory and growth defense tradeoffs. This will necessitate
the use of multiomics tools and gene editing to decode the
complexity of the drought stress memory process in plants.

Multi-omics approaches to
understand the molecular mechanism
of drought stress tolerance in plants

Among environmental stressors drought stress severely affects
plant growth and productivity. Various traditional and modern
breeding approaches (molecular and genetic engineering)
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contributed significantly to understand the intricacy of the drought
stress response (Hu and Xiong, 2014). A vast amount of data has been
produced by recent advancements in omics methods, which are
utilized to classify novel chemical and genetic factors controlling
various physiological processes under stress. A single omics method
may not always be particularly useful in determining the complexity
of stress reactions; therefore, integration of omics tools is required to
comprehend their molecular of complexity plant stress responses
(Mir et al., 2022; Zargar et al., 2016). To tackle the challenges of omics
data, a multitude of databases and tools are available for basic data
analysis and interpretation. However, collaborative techniques are
still necessary to evaluate physiological and biochemical changes
generated by stressors. The integration of several omics techniques is
essential to comprehending the biology of plant systems, which may
be useful for stress tolerance engineering. Transcriptomics,
metabolomics, proteomics, miRNA omics, and pan-omics, are
some of the technologies that significantly impact plant response at
the molecular level. Here, we present several branches and omics
techniques for investigating the molecular and genomic aspects of
plant drought responses.

Transcriptomics primarily aids in the identification of RNA or
gene transcripts linked to a plant’s phenotypic expression under
various environmental circumstances (Kwasniewski et al., 2016). A
transcriptome investigation, such as RNA sequencing (RNAseq)

10.3389/fpls.2025.1565635

and digital gene expression (DGE) are commonly used to decode
transcriptional reprogramming in plants during drought stress
which has led to the identification of numerous stress-tolerant
genes. For instance, drought-tolerant sorghum line (SC56)
showed induction of antioxidant genes (SOD1, SOD2, VTCI,
MDARI, MSRB2, ABCIK1), regulatory factors (CIPKI and CRK?)
and repressors of senescence (SAULI) (Azzouz-Olden et al., 2020).
Meng et al. (2018), characterized the transcriptome of Marsdenia
tenacissima in response to drought stress and discovered a variety of
differentially expressed genes, such as bZIP, bHLH, ERF, MYB,
MYB-related, and NAC families that are crucial for drought
signaling and stress response. A comparative RNA seq study was
carried out in two drought-tolerant wheat cultivars which reveals
the identification of several DEGs related to oxidoreductase, heat
shock protein, dehydrin, late embryogenesis abundant protein,
sugar biosynthesis, and flavonoid biosynthesis, ABA linked TFs
which plays a key role in drought resistance (Chu et al., 2021). On
the other hand, following drought stress, rice RNA profiling
revealed a variety of DEGs, including chlorophyll A-B binding
protein, oxidoreductase GTPase activating protein, dehydrin,
trehalose-6-phosphate synthase, and MYB transcription factor,
which may be involved in drought adaptive response (Park and
Jeong, 2023). Further, we have shown the list of RNA seq studies in
different plants after drought stress in Table 1.

TABLE 1 Multi-omics approaches used to study the drought tolerance mechanism in different crops.

Cultivar used

omics analysis

Single/Integrated

Target gene/ References

pathway identified

Marsdenia tenacissima Yunnan Roots, stems, Transcriptome bZIP, bHLH, ERF, C2H2, MYB, Meng et al., 2018
(Rajmahal Hemp) and leaves MYB-related, and NAC families
Triticum aestivum TAM 111’ and ‘TAM 112 Leaves Transcriptome heat shock protein, oxidoreductase, Chu et al., 2021
(Wheat) late embryogenesis abundant

protein and dehydrin, ABA-

induced signal pathway
Cicer arietinum L. ICC 4958 (drought- Root Transcriptome, proteome | Genes, proteins, and metabolites Singh et al., 2023;

(Chickpea) tolerant)
ICC 1882

(drought-sensitive)

ICC 4958, JG 11, and JG 11 = Root
+ (drought-tolerant), and
ICC 1882
(drought-sensitive)

and metabolome

Transcriptome, proteome,
and metabolome

involved in phosphatidylinositol Kudapa et al., 2023
signaling, glutathione metabolism
and glycolysis/

gluconeogenesis pathways

Proteins encoding isoflavone 4’-O-
methyltransferase, UDP-d-glucose/
UDP-d-galactose 4-epimerase, and
delta-1-pyrroline-5-carboxylate
synthetase.

Metabolites (fructose, galactose,
glucose, myoinositol, galactinol,
and raffinose)

Hordeum vulgare SL-insensitive mutant Leaf transcriptomics, Abscisic acid-responsive genes/ Daszkowska-Golec
(Barley) hvd14 (dwarfl4) proteomics, proteins, lower jasmonic acid et al., 2023
phytohormonomics content, higher reactive oxygen

species content, and lower wax
biosynthetic and deposition

Zea mays
(Maize)

C7-2t

Leaf

Transcriptome, proteome,
and metabolome

dehydrin, aquaporin, and
chaperones to cope with osmotic
stress, ABA, gibberellic acid
galactinol-

sucrose galactosyltransferase

Niu et al., 2024
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TABLE 1 Continued

Cultivar used

Single/Integrated

omics analysis

10.3389/fpls.2025.1565635

Target gene/ References

pathway identified

Citrullus lanatus
(Water melon)

Oryza sativa
(Rice)

Triticum aestivum
(Wheat)

black jade

Drought-sensitive (IR64)
and a drought-tolerant
(Nagina 22)

PB6 (drought-tolerant
indica rice variety),
Moroberakan (drought-
tolerant japonica rice
variety) and Way Rarem
(drought-sensitive indica
rice variety)

Leaf

Seedling

Root

Transcriptome
and metabolome

Transcriptome, proteome,
and metabolome

Transcriptome, proteome

bHLH, MYB, HSP,GRF, ABA
pathway, SnRK2-4
phenylpropanoids; polyketides,
lignans, neolignans, carbohydrate,
fatty acid and terpene glycoside

Chen et al., 2024

Gene/proteins responsible for L- Huang et al., 2014;
Anupama et al,, 2019;

Abdirad et al., 2022

phenylalanine biosynthesis
Metabolites involved in aromatic
amino acids and soluble sugars

Expression of Med37c and
RSOsPR10 genes in transcriptomic
profiling

Role of chitinases from

proteome analysis

IR64 (drought susceptible)
and Azucena
(drought tolerant)

Root
tip meristem

Proteome

Proteins involved in root elongation
viz., expansins and peroxidases
were identified

H471 (drought tolerant)
and HHZ
(drought-sensitive)

Rice

Kukri (intolerant) Excalibur
and RAC875 (tolerant)

Leaf

Root zone

Leaf

Transcriptome

Multi-omics

Metabolome

Higher basal expression of
oxidoreductase and lyase activities
in tolerant plant

TFs involved in nitrogen
metabolism, lipid metabolism, ABA
signaling, ethylene signaling, and
stress regulation were identified

Amino acids viz., proline, Bowne et al., 2012
tryptophan, leucine, isoleucine, and

valine were increased

Sugar maple (Acer
saccharum Marshall)

Sugar maple

Saplings

Transcriptome

Dominant TFs identified: NAC,
HSF, ZFPs, GRFs, and ERF
Stress responsive genes:
peroxidases, membrane
transporters, kinases, and
protein detoxifiers

Mulozi et al., 2023

Pinus halepensis Miller
(Aleppo pine)

(V. vinifera cv. ‘Summer
Black’) Grapevine

Aleppo pine

Whole plant

Leaf sample
from 2 year
old plant

Transcriptome

Transcriptome

Up-regulated genes: chlorophyll Fox et al,, 2018
degradation, ROS-scavenging
through AsA-independent thiol-
mediated pathways, abscisic acid
response and accumulation of heat
shock proteins, thaumatin and
exordium

Downregulated genes:
photosynthesis, ROS, fatty acid and
cell wall biosynthesis, stomatal
activity, and the biosynthesis of
flavonoids and terpenoids

Induction of hormones: ABA, GA,
BR, and IAA

Upregulation of chlorophyll
degradation and photosynthesis
related genes

Haider et al., 2017

European beech (Fagus
sylvatica L.)

European beech

Saplings

Transcriptome

Lipid- and homeostasis-related Miiller et al., 2017
processes were upregulated whereas
oxidative stress response genes

were downregulated
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TABLE 1 Continued

Cultivar used

omics analysis

Single/Integrated

10.3389/fpls.2025.1565635

Target gene/ References

pathway identified

Populus cultivars 10 P. tomentosa accessions Leaf Transcriptome Candidate genes (e.g., PtoelF-2B, Song et al., 2022
(P. tremula x P. alba, PtoABF3, PtoLHCA4, and

P. nigra, P. simonii, PtoPSB33) were identified

P. trichocarpa, and

P. tomentosa)

C3 [Oryza sativa (rice)] Rice and maize plants ‘Whole plant Transcriptome MAPK signaling pathway gets Tahmasebi and

and C4 [Zea mays
(maize)] plant

Meta-analysis

activated in both the plants
RAB16B and RAB21 genes were
upregulated

MEI-like and PEAMT?2 genes
were downregulated

Niazi, 2021

Zea Maize Maize plant Xylem sap Metabolomic Changes in ABA, cytokinin Alvarez et al., 2008
(Maize) and proteomic hormones
High romatic cytokinin 6-
benzylaminopurine (BAP)
Phenylpropanoid compounds
changed (low lignin biosynthesis)
Alfalfa (Medicago Zhongmu No. 17 Seed Transcriptome NCED, PYR/PYL, and PP2C may Xu et al,, 2024
sativa L.) (ZM) cultivar germination contribute to drought tolerance
Astragalus mongholicus Two Astragalus species Seedlings Transcriptome Upregulation of DREB gene Liu et al,, 2024
(Mesoxerophyte) (Tolerant and sensitive) and metabolome expression and higher antioxidant
and A. membranaceus efficacies in tolerant plant.
(Xerophyte)
Ipomoea batatas Drought tolerant and early leaves Transcriptome MYB, NAC (NAM, ATAF1/2, and Arisha et al,, 2020
(Sweet potato) maturing sweet CUC2), bZIP, ERF
potato variety
Z. mays A188, W22, and X178 leaves Transcriptome ABA biosynthesis, ABA co- Liu et al,, 2021

receptors, bzip4, bzip49, bzip68,
bizp75, abf3

Over the last ten years, an enormous amount of RNA sequencing
data has been produced in various crop systems following drought
stress. This data has yielded new insights into the intricacy of the
transcriptional reprogramming drought signaling network, as well as
the identification of many genes that are drought resilient and can be
utilized to develop future drought-resistant plants. The resultant
product of gene and protein activity, known as metabolites
(primary or secondary), determines the impact on physiological
activity and other aspects of living phenotype (Fiechn et al., 2000;
Rinschen et al,, 2019). Primary metabolites are vital for plant growth
and have a broad function in physiological activity, while secondary
metabolites are crucial for defense responses in the face of a variety of
abiotic challenges (Mashabela et al., 2022; Verslues et al,, 2023).
Drought has been shown to promote the accumulation of several
secondary metabolites, including complex phenols, terpenes, and
alkaloids. Drought stress, for instance, increases the phenolic
content of rice, barley, garden sage, and hypericum. Similarly,
during drought stress, garden sage and barley both exhibit
increases in the number of monoterpenes or terpenoids (Quan
et al., 2016; Piasecka et al., 2017; Radwan et al.,, 2017). Likewise,
under drought conditions, trehalose, a non-reducing disaccharide,
helps to preserve membrane integrity and stabilize macromolecules.

Frontiers in Plant Science

11

Numerous other primary metabolites, like organic acids, are
significant for various forms of abiotic stress. Malic acid, for
instance, confers drought resistance in a variety of plant species,
including cotton, spare grasses, and tropical grasses (Sharma and
Dubey, 2019). In potato genotypes, overexpression of galacturonic
acid reductase contributes to increased ascorbic acid concentration
and water stress resistance (Chaturvedi et al, 2022). A recent
comparative metabolomics study in contrasting genotypes under
drought stress reveals the accumulation of differentially abundant
metabolites (DAMs) in drought-tolerant and susceptible rice
genotypes, such as amino acid biosynthesis, purine metabolism,
fatty acid biosynthesis, TCA cycle, and starch and sucrose
metabolism (Hamzelou et al., 2022). Similarly, following drought
stress, a metabolomics investigation on wheat revealed that the
primary metabolites altered in abundance due to water scarcity
were amino acids, organic acids, and sugars (Michaletti et al,
2018). Numerous metabolomics investigations conducted on plants
under drought stress have produced a snapshot of the differently
accumulated compounds, which are summarized in Table 1.
Proteomics is another omics-based approach to investigate how
drought stress can affect the proteome in plants. To better understand
the molecular mechanisms underlying plant species’ resistance to
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drought, the proteomic method has been applied in the past to a
variety of plant species, including B. napus (Koh et al., 2015), rice
(Wan and Liu, 2008), soybeans (Das et al., 2016). These studies have
reported the expression of differentially expressed proteins involving
diverse plant growth and adaptive traits. Deng et al. (2018), studied
comparative proteome analysis in wheat plants after drought stress
and found differentially accumulated proteins such as (DAP) like
ADP glucose pyrophosphorylase (AGPase), rubisco large subunit
(RBSCL), oxalate oxidase 2 (OxO,) and chaperonin 60 subunit alpha
(CPN-60 alpha) which might be involved in drought resistance. In
rice plants, proteomic profiling after drought stress shows the
abundance of differentially accumulated proteins such as LTP1,
DHARI, HSP 18.6, KAT, TIM18, RNS3, GRXC6, and ADF3 which
might have a role in drought adaptive response (Hamzelou et al,
2020). Further, we have shown the proteomic studies that highlight
the expression of differentially accumulated protein in plants under
drought stress in Table 1.

Ionomics is another important omics tool to examine the
compositions of metals, non-metals, and metalloids in plants.
Tons are crucial for plant development and stress tolerance, and
changes in them can be harmful to plants (Ali et al., 2021). Drought
stress has a severe impact on mineral nutrition in plants. For
example, drought stress affects the absorption of Fe, Zn, Mn, and
Mo in B. napus which hurts plant survival (D’Oria et al., 2022). On
the other hand, the exogenous application of ions in plants
improves drought tolerance. For instance, sulphur-based
fertilizers increase the rate of photosynthesis, stomatal
conductance, transpiration rate, and antioxidant generation in
maize plants, hence improving drought tolerance (Usmani et al.,
2020), Potassium is essential for plants to be able to withstand
drought. For instance, stomatal closure in sunflowers cultivated in
drought-prone environments is anticipated by the guard cells
through the ethylene pathway, resulting in a higher
photosynthetic rate than in plants grown in low-K circumstances
(Islam et al., 2024). Previous research has shown that increasing
photosynthetic activity by N supplementation and activating an
antioxidative defense system in wheat can reduce the effects of
drought stress (Abid et al., 2016). Salicylic acid, on the other hand,
increases the uptake of macro and micronutrients, such as P, Fe,
Mn, and Zn, which in turn improves plant water relations, stomatal
regulation, cell membrane stability, osmolyte accumulation, water
use efficiency, and photosynthesis, thereby mitigating the effects of
drought stress (Brito et al., 2019). The ability of canola genotypes
with higher S consumption efficiency (SUE) to tolerate drought
stress was demonstrated by Lee et al. (2016). In a similar way, Vigna
radiata was also shown to be resistant to drought with enhanced K
buildup (Islam et al, 2024). These studies further highlight the
importance of plant ions in drought tolerance. In addition to
shedding light on the role of the plant ionome during drought
stress, future research on ionomics and its integration with other
omics data will open new avenues for determining the genes and
regulatory pathways involved in mineral uptake, transportation,
and molecular mechanisms under both normal and drought
stress conditions.
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Drought resistance (DR), a complex quantitative trait involves
molecular, morphological and physiological responses (Yang et al.,
2020). One of the main goals of modern plant biology is to have a
thorough understanding of the link between genotype and
phenotype, which requires reliable identification and description
of crop phenotypic traits for the crop improvement. Various
phenotyping tools like red-green-blue (RGB), hyperspectral
imaging, thermal infrared (IR) and chlorophyll fluorescence are
most widely used for examining drought related traits (Mulugeta
Aneley et al,, 2023). For instance, numerous traits including leaf
area, plant height, water status, biomass, photosynthetic efficiency,
transpiration, and pigment content, can be determined using these
phenotyping tools (Mulugeta Aneley et al., 2023). Previously,
LIDAR-based phenotyping was used to evaluate drought induced
morphological changes in drought tolerant and sensitive potato
plants. Based on their findings, drought-tolerant genotypes under
drought stress produced shorter shoots, quicker shoot growth,
longer leaf area growth and larger projected leaf area than
sensitive plants. Moreover, under drought stress, tolerant plants
kept their lower leaf angle at daybreak, mimicking those of
unstressed plants (Findurova et al, 2023). Similarly, different
phenotypic tools such as thermal infrared, chlorophyll
fluorescence and red-green-blue (RGB) were used to monitor
morphological and physiological traits in different drought barley
genotypes which shows that they differ in their stomatal
conductance, wilting, leaf area (Feher-Juhasz et al, 2014). These
investigations not only enable testing of the yield performance of
novel barley genotypes under drought stress, but are also essential
for choosing the genetic resources for the ensuing breeding process.
In transgenic wheat plants, phenotyping tools were used to study
drought tolerant traits such as plant length, water content, and
other physiological traits. To overcome the obstacles in genomic
and phenomic research, high-throughput phenotyping (HTP) is
becoming more popular as a phenomic technique because it can
analyze vast amounts of phenotypic data accurately a precisely.
HTP was used to study different physiological and molecular traits
in six chickpea genotypes. They found that during drought stress,
there were variations in the following attributes: dry weight and
projected area, plant height, stomatal conductance, chlorophyll
fluorescence, caliper length, convex hull area, photosynthetic rate,
and IR thermometer temperature traits within 6 chickpea genotypes
and these traits can be further used in breeding programs to
enhance drought tolerance (Pappula-Reddy et al, 2024).
Similarly, HTP was used to examine drought tolerant traits in
different tomato genotypes which can be further used for it drought
improvement (Genangeli et al., 2023). Duan et al. (2018) use HTP
to study different morphological and physiological traits in drought
tolerant and sensitive rice genotypes which provide novel insights
on their drought response. In maize plants, high-throughput
multiple optical phenotyping was used to decipher the genetic
architecture of 368 maize genotypes for drought tolerance (Wu
etal, 2021). Based on the above studies, HTP tools can distinguish
between resistant and susceptible drought plants which can save
time for breeding cycles. For drought experiments, high-throughput
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A schematic diagram shows the role of omics tools for deciphering the molecular complexity of drought response in plants. Integrative omics
approach can aid in the identification of potential genes, metabolites or proteins that can be used for developing future drought tolerant crops using

gene editing.

phenotyping is becoming more and more popular as a means of
overcoming the obstacles encountered in genomic and phenomic
research. Large-scale phenotypic data analysis may be done
accurately and non-destructively by researchers using HTP during
drought stress in different crops systems.

Integrative omics approaches for
drought stress tolerance

The integration of several omics tools has been instrumental in
unwiring the molecular complexity of complex traits associated
with plant stress and growth responses. A few integrative omics
studies have been used in different plants to decode stress
responses. For instance, a combined transcriptomic, proteomics,
and metabolomics approaches were used to study the biochemical
changes in Quercus ilex during drought stress which resulted in the
identification of potential drought response candidates (DEBR2A,
WRKG65, ClpB proteases, FTsH6 protease, APX2, and glutathione
S-transferase and proline) that can be used for improving drought
resilience (Guerrero-Sanchez et al., 2022). Utilizing transcriptome,
proteomics, and metabolomics provided novel insights in oil palm
for salinity and drought response (Bittencourt et al., 2022). By
combining data from rootomics, it was possible to identify several
significant candidate genes that underlie drought-responsive
“QTL-hotspots” and to understand the drought response in
chickpeas (Kudapa et al., 2023). Singh et al. (2023) also
identified co-expressed genes, proteins, and metabolites
implicated in phosphatidylinositol signaling, glutathione
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metabolism, and glycolysis/gluconeogenesis pathways by an
integrated multi-omics analysis of transcriptome, proteome,
and metabolome data, particularly in the drought tolerant
chickpea genotype. On the other hand, a multiomics approach
was used to decipher transcriptional, and metabolomic
reprogramming in water melon during drought stress.
This revealed differentially expressed genes (bHLH, MYB) and
metabolites (phenylpropanoids; polyketides, lignans, neolignans,
carbohydrate, fatty acid, and terpene glycoside) that may be crucial
for plant survival and growth under drought conditions (Chen
et al, 2024). Trio omics methods using the transcriptome,
proteome, and metabolome of maize plants allowed for the
identification of several osmotic stress-resistance factors,
including gibberellic acid, dehydrin, aquaporin, chaperones,
ABA, and galactinol-sucrose galac-tosyltransferase (Niu et al,
2024). In barley, integrative omics studies led the identification
of differentially expressed genes/proteins and metabolites such as
abscisic acid-responsive genes/proteins, jasmonic acid content,
higher ROS content, and lower wax biosynthetic and deposition
(Daszkowska-Golec et al., 2023). These studies provide novel
insights on drought induced molecular and metabolic changes in
plants that can be used for crop improvement. A greater
comprehension of the regulatory networks and molecular
mechanisms controlling crop responses to abiotic stress can be
achieved by integrating multi-omics data. This information can be
used to identify prospective biomarkers or targets for future crop
improvement, as well as to generate drought stress-tolerant crop
types using focused breeding and genetic engineering (transgenic
and genome editing) techniques Figure 4.
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Genome manipulation strategies for
the development of drought-
tolerant crops

Plants respond to drought stress by regulating a large array of
molecular processes controlled by differential gene networks (Liu
et al,, 2023; Zhang et al., 2018). For instance, in maize drought stress
induced upregulation of genes coding for transcription factors such as
bHLH, bZIP, ERF, and NAC critical for growth and development (Liu
et al., 2023; Zhang et al,, 2018). Zhang et al. (2018), identified the
ZmNACI11 transcription factor which was up-regulated under
drought stress in maize by using deep sequencing analysis.
Additionally, SiHDZ13 and SiHDZ42 genes coding TFs are up-
regulated under drought stress conditions in sesame (Sesamum
indicum L.) (Wei et al, 2019). Similarly, HD-ZIP TFs and DREB
genes belonging to AP2/ERF were found to be key players in
controlling drought stress in several plant species (Sharif et al,
2021). These studies indicate the role of a specific set of TFs
critically in alleviating drought stress in crop plants. In addition to
TFs, several studies unravel the role of diverse classes of proteins viz.,
sucrose nonfermentingl (SNF1)-related protein kinases (SnRKs),
calcium-dependent protein kinases (CDPKs/CPKs) and mitogen-
activated protein kinase (MAPK) cascades which controls, ABA-
and NAC-mediated signaling pathways to enhance resilience against
drought stress (Wang et al., 2019). For instance, the SISnRK2.4 gene
was overexpressed under drought stress to regulate the ABA signaling
pathway, suggesting its pivotal role in alleviating role in
circumventing drought stress in plants (Liu et al., 2021). For
instance, reports suggest that proline contributes largely to
tolerance against drought stress (Karthikeyan et al., 2011; Surekha
et al,, 2014). Perspectives to this, Kishor et al. (1995), developed a
transgenic Nicotiana tabacum by transferring P5CS under the control
of CaMV 35S promoter from Vigna aconitifolia leading to 10 fold
increase in proline content and consequent tolerance to drought
stress. Similarly, Zhu et al. (1998), developed a transgenic rice plant
with elevated levels of proline by transferring the P5CS gene from V.
aconitifolia to hence salt and drought tolerance. Zhang et al. (2015),
developed transgenic soybeans overexpressing the StP5CS gene to
tolerate salt stress and drought stress. Recently, Yang et al. (2023),
developed a transgenic soybean plant ectopically expressing AtSINA2
gene product increasing grain yield, enhancing shoot growth and
flowering, decreasing malondialdehyde (MDA) accumulation and
preventing water loss under drought stress conditions. Similarly,
under the control of the promoter of drought stress-induced gene
OsHAK]1, OsSUTI was overexpressed to promote transport sugars
from source to sink to prevent water loss, prevent lipid peroxidation,
enhance expression of stress-responsive and antioxidant genes to
improve drought stress tolerance in rice plants (Chen et al., 2024). In
conclusion, transgenic approaches play a central role in enhancing
food production by transfer of desired genes from wild or cultivated
relatives to produce drought-tolerant crop plants (Basit et al., 2024;
Simsek et al., 2024; Wang et al., 2024).
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The last decade has witnessed the emergence of genome editing
(GE) techniques as forefront techniques to precisely edit plant
genomes for developing next-generation resilient crops (Rai et al.,
2023; Bhat et al,, 2021; Tariq et al., 2023; Yaqoob et al., 2023).
Clustered regularly interspaced palindromic repeats (CRISPR)/
Cas9 is reported to be the most efficient in manipulating plant
genomes among a wide range of reported CRISPR systems
(Brokowski and Adli, 2019). The CRISPR-Cas9 utilizes small
guide RNA molecular and a protein part possessing endonuclease
activity that precisely alters the genomic DNA strands to generate
dsDNA breaks. These breaks are subsequently repaired by cellular
repair mechanisms, resulting in novel variations in target genes
(Bouzroud et al., 2020). Consequently, this GE is effectively
employed to achieve tolerance against multiple types of abiotic
stress factors viz., drought stress, salinity stress, heat and cold stress.
Reports suggest that AREBI protein inactivation in crop plants
increased susceptibility to drought stress, whereas overexpression of
this protein helped in understanding drought stress. Consequently,
AREBI was also reported to regulate the expression of a wide range
of proteins linked to ABA biogenesis, ABA signaling, antioxidant
signaling, and osmotic stress response (Roca Paixdo et al,, 2019).
Perspectives to these reports, CRISPR-Cas9 combined with sgRNA
and dead Cas9 has been employed to unravel the AREBI activity by
editing promoter regions in Arabidopsis (Roca Paixao et al., 2019).
These manipulations led to the conclusion that AREBI1 has a
positive impact on alleviating plants against drought stress. In
rice, CRISPR-Cas9 technology was operated to produce mutants
of osmotic stress/ABA-activated protein kinase 2 (SAPK2)
impairing the ABA signaling, these rice mutants were found
considerably sensitive to drought and oxidative stress. Thus, these
studies concluded that SAPK2 is a promising gene critical for
raising drought-tolerant crop plants (Lou et al., 2017). Similarly,
CRISPR/Cas9 was under the control of tissue-specific promoter
AtEFI1 led to the effective induction of mutations in OPEN
STOMATA 2; OST2;PLASMA MEMBRANE PROTON ATPASE/
H(+)-ATPASE 1 (OST2/AHA1I) genes responsive to drought stress
(Martignago et al., 2020). Moreover, CRISPR-Cas9 has been
effectively employed to precisely target genes such as SIEPSPS,
SIARF4, SIcBF1, SIHyPRP1, and SIBZRI to produce tomato plants
resilient to abiotic stressors like drought, heat, cold, and salinity
stressors (Chen et al., 2021; Tran et al., 2021; Yin et al., 2018; Li
etal, 2018; Yang et al., 2022). On the hand, in rice plants silencing
of negative regulators of drought tolerance like Oryza sativa stress
related ring finger protein 1 (OsSRFP1), drought induced SINA
protein 1 (OsDIS1), and drought and salt tolerant protein 1
(OsDST) confers drought tolerance (Ning et al., 2011; Huang
et al, 2009; Fang et al., 2015; Wang et al., 2017; Ogata et al,
2020). Wang et al. (2017) used CRISPR/Cas9-based approach to
study the role of MAPK3 in drought signaling in tomato plants.
According to their findings, plants that have MAPKs silenced are
more susceptible to drought stress since these proteins control
several drought responses. In rice, silencing of ENHANCED
RESPONSES TO ABA1 (ERAI) protein boosts drought tolerance
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as compared wild plants which further shows its key role in drought
response regulation (Ogata et al., 2020). Previous study has shown
that knockout of auxin response factor (ARF) in tomato plants
confers drought tolerance (Chen et al., 2021). Osakabi et al., 2016,
edited OST2 gene in Arabidopsis which leads drought tolerance by
modifying the stomatal functional traits. on the other hand, many
researchers have targeted DREB transcriptional factors using
genome editing approaches which has been instrumental in
understanding their role in drought response in plants (Arroyo-
Herrera et al., 2016; Kim et al., 2018). Li et al. (2019) used CRISPR/
Cas9 system to target NPRI gene in tomato plants with an aim to
study its role in drought tolerance. However, based on their findings
it was found that tomato plants become more vulnerable to drought
due to wider stomatal aperture, low antioxidant enzymes and
greater electrolytic leakage which further highlights the role of SA
pathway in drought tolerance. Recently, phylloplanin-like gene in
maize was edited by CRISPR-Cas9- which improves drought
tolerance than wild plants (Wang et al., 2025). In Glycine max
CRISPR-Cas9 editing of GmHdz4 transcription factor confers
drought tolerance (Zhong et al., 2022). All these reports
demonstrate the versatility of CRISPR-Cas9-based GEs play a
critical role in improving crop plants to develop resilience against
a wide range of abiotic stressors, especially against drought stress.
The identification of target genes both negative and positive
regulators, using gene editing tools are important for crop
breeding programs.

Conclusion and future directions

Drought is one of the major environmental stressors that
significantly impact plant growth and development, especially in
regions with low water availability or rainfall. Improving drought
stress tolerance in crops is one of the major goals in plant stress
biology and crop breeding programs. However, owing to the
molecular complexity of drought responses in plants, researchers
are facing many obstacles to finding the elite traits which could
provide long durable resistance to drought stress. Also, there
remains many knowledge gaps in understanding how plants
perceive drought signals and triggers signal transduction which
regulates adaptive and stress responses. So far, many drought
induced channels, receptors, secondary signaling messengers,
hormones, and gene networks have been identified in different
models and crop plants. However, their usage for developing long
term drought resileint crops is still challenging. Therefore, more
studies are required to unwire the complexity of drought responses
in plants. Plant growth and stress response during drought stress
are intricate biological processes that require system-level analysis
utilizing physiological and genetic methods to identify major
signaling players involved which can be used for developing
drought tolerant crops. In this regard, utilizing omics as well as
pan omics-based tools can offer fresh perspectives on the molecular
and biochemical alterations that plants experience during drought
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stress. These insights can then be utilized to identify specific genes
or networks that can be utilized to create drought-tolerant plants
using genome editing techniques. On the other hand, how plants
develop drought resistance memory warrants future investigation to
unwire the molecular intricacy of drought priming in plants. It is
well documented that several chemical signals travel from roots to
shoots once plants first detect drought stress in their roots which
modulates an array of growth and adaptive responses. Some players
like ABA, peptides, ROS and calcium are known to play an
important role in long distance signaling during drought stress.
However, their molecular interplay is not fully understood therefore
warrants future investigation. Finally, how drought affects
microbiome structure and changes root exudates chemistry
requires future investigation. The main objective of this review
was to provide a systemic overview of the existing knowledge about
how drought induced signaling cascades leads to robust responses
against water scarcity in plants. From an evolutionary perspective,
plants can withstand drought stress by balancing their growth and
stress responses which are however very complex and
interconnected by diverse signaling molecules and may vary from
plant species. Therefore, unravelling this molecular intricacy —and
identifying new adaptive traits can offer novels avenues for
improving drought tolerance in plants using biotechnological or
breeding programs.

Author contributions

SA: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization,
Writing - original draft, Writing - review & editing. RM:
Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization,
Writing - original draft, Writing - review & editing. MH:
Writing - original draft, Writing - review & editing. D: Writing -
original draft, Writing - review & editing. MAA: Writing — original
draft, Writing — review & editing. MA: Writing - original draft,
Writing - review & editing. AK: Writing - review & editing,
Writing - original draft. HM: Writing - original draft, Writing -
review & editing. MS: Writing — original draft, Writing - review &
editing. AT: Writing - original draft, Writing - review & editing.
ZM: Writing - original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Deanship of Scientific Research, Vice Presidency for
Graduate Studies and Scientific Research, King Faisal University,
Saudi Arabia [Grant No.KFU250791].

frontiersin.org


https://doi.org/10.3389/fpls.2025.1565635
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ali et al.

Acknowledgments

This work was supported by the Deanship of Scientific Research,
Vice Presidency for Graduate Studies and Scientific Research, King
Faisal University, Saudi Arabia [Grant No. KFU250791]. We
gratefully acknowledge the support of the International Center for
Biosaline Agriculture (ICBA) - Dubai, United Arab Emirates.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Abdirad, S., Ghaffari, M. R., Majd, A., Irian, S., Soleymaniniya, A., Daryani, P., et al.
(2022). Genome-wide expression analysis of root tips in contrasting rice genotypes
revealed novel candidate genes for water stress adaptation. Front. Plant Sci. 13, 792079.
doi: 10.3389/fpls.2022.792079

Abid, M, Ali, S., Qi, L. K., Zahoor, R, Tian, Z., Jiang, D., et al. (2018). Physiological and
biochemical changes during drought and recovery periods at tillering and jointing stages
in wheat. Triticum aestivum L. Sci. Rep. 8, 4615. doi: 10.1038/s41598-018-21441-7

Abid, M., Tian, Z., Ata-Ul-Karim, S. T., Cui, Y., Liu, Y., Zahoor, R., et al. (2016).
Nitrogen nutrition improves the potential of wheat (Triticum aestivum L.) to alleviate
the effects of drought stress during vegetative growth periods. Front. Plant Sci. 7, 981.

Ali, S., Mir, Z. A., Tyagi, A, Bhat, J. A., Chandrashekar, N., and Papolu, P. K. (2017).
Identification and comparative analysis of Brassica juncea pathogenesis-related genes
in response to hormonal, biotic and abiotic stresses. Acta Physiol. Plant 39, 1-15.

Ali, S., Tyagi, A., and Bae, H. (2021). Ionomic approaches for discovery of novel
stress-resilient genes in plants. Int. J. Mol. Sci. 22, 7182. doi: 10.3390/ijms22137182

Ali, S., Tyagi, A., and Bae, H. (2023a). Plant microbiome: an ocean of possibilities for
improving disease resistance in plants. Microorganisms 11, 392. doi: 10.3390/
microorganisms11020392

Ali, S., Tyagi, A., Mir, R. A, Rather, I. A,, Anwar, Y., and Mahmoudi, H. (2023b).
Plant beneficial microbiome a boon for improving multiple stress tolerance in plants.
Front. Plant Sci. 14, 1266182. doi: 10.3389/fpls.2023.1266182

Ali, S., Tyagi, A., Park, S., Mir, R. A., Mushtaq, M., Bhat, B., et al. (2022). Deciphering
the plant microbiome to improve drought tolerance: mechanisms and perspectives.
Environ. Exp. Bot. 201, 104933. doi: 10.1016/j.envexpbot.2022.104933

Allagulova, C., Avalbaev, A., Fedorova, K., and Shakirova, F. (2022). Methyl
jasmonate alleviates water stress-induced damages by promoting dehydrins
accumulation in wheat plants. Plant Physiol. Biochem. 155, 676-682. doi: 10.1016/
j.plaphy.2020.07.012

Alvarez, S., Marsh, E. L., Schroeder, S. G., and Schachtman, D. P. (2008).
Metabolomic and proteomic changes in the xylem sap of maize under drought.
Plant Cell Environ. 31, 325-340. doi: 10.1111/j.1365-3040.2007.01770.x

Anupama, A., Bhugra, S., Lall, B., Chaudhury, S., and Chugh, A. (2019).
Morphological, transcriptomic, and proteomic responses of contrasting rice
genotypes towards drought stress. EEB 166, 103795. doi: 10.1016/
j.envexpbot.2019.06.008

Arisha, M. H., Ahmad, M. Q,, Tang, W., Liu, Y., Yan, H., Kou, M., et al. (2020). RNA-
sequencing analysis revealed genes associated drought stress responses of different
durations in hexaploid sweet potato. Sci. Rep. 10, 12573. doi: 10.1038/s41598-020-
69232-3

Arroyo-Herrera, A., Figueroa»Yénez, L., Castano, E., Santamaria, J., Pereira-Santana,
A., Espadas-Alcocer, J., et al. (2016). A novel Dreb2-type gene from C arica papaya
confers tolerance under abiotic stress. Plant Cell Tissue Organ Culture (PCTOC) 125,
119-133. doi: 10.1007/s11240-015-0934-9

Azzouz-Olden, F., Hunt, A. G., and Dinkins, R. (2020). Transcriptome analysis of
drought-tolerant sorghum genotype SC56 in response to water stress reveals an
oxidative stress defense strategy. Mol. Biol. Rep. 47, 3291-3303. doi: 10.1007/s11033-
020-05396-5

Bandurska, H., Stroinski, A., and Kubis, J. (2003). The effect of jasmonic acid on the
accumulation of ABA, proline and spermidine and its influence on membrane injury
under water deficit in two barley genotypes Acta Physiol. Plant. 25, 279-285.

Frontiers in Plant Science

10.3389/fpls.2025.1565635

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Basit, M. H., Rasheed, B., Malik, K., Masood, Z., and Afzal, S. (2024). Analysis of
transgenic cotton plants containing universal stress protein (GaUSP-1, gaUSP-2) and
zinc finger transcriptional factor (GaZnF) genes under drought stress. Crit. Rev.
Eukaryot. 34. doi: 10.1615/CritRevEukaryotGeneExpr.2023048905

Basu, S., Ramegowda, V., Kumar, A., and Pereira, A. (2016). Plant adaptation to
drought stress. F1000 Res. 5. doi: 10.12688/f1000research

Beillouin, D., Schauberger, B., Bastos, A., Ciais, P., and Makowski, D. (2020). Impact
of extreme weather conditions on European crop production in 2018 Phil. Trans. R.
Soc. 375, 1-13.

Bhat, M. A,, Mir, R. A, Kumar, V., Shah, A. A,, Zargar, S. M., Rahman, S, et al.
(2021). Mechanistic insights of CRISPR/Cas-mediated genome editing towards
enhancing abiotic stress tolerance in plants. Physiol. Plant 172, 1255-1268.
doi: 10.1111/ppl.v172.2

Bittencourt, C. B, Carvalho da Silva, T. L., Rodrigues Neto, J. C., Vieira, L. R., Ledo,
A. P., de Aquino Ribeiro, J. A,, et al. (2022). Insights from a multi-omics integration
(MOI) study in oil palm (Elaeis guineensis jacq.) response to abiotic stresses: part one—
Salinity. Plants 11 (3), 1755.

Bouzroud, S., Gasparini, K., Hu, G., Barbosa, M. A. M., Rosa, B. L., Fahr, M., et al.
(2020). Down regulation and loss of auxin response factor 4 function using CRISPR/
Cas9 alters plant growth, stomatal function and improves tomato tolerance to salinity
and osmotic stress. Genes 11 (3), 272.

Bowne, J. B., Erwin, T. A,, Juttner, J., Schnurbusch, T., Langridge, P., Bacic, A., et al.
(2012). Drought responses of leaf tissues from wheat cultivars of differing drought
tolerance at the metabolite level. Mol. Plant 5, 418-429. doi: 10.1093/mp/ssr114

Boyer, J. S., Byrne, P., Cassman, K. G., Cooper, M., Delmer, D., Greene, T., et al.
(2013). The US drought of 2012 in perspective: A call to action. Glob. Food Sec. 2 (3),
139-143.

Brito, C., Dinis, L. T, Ferreira, H., Coutinho, J., Moutinho-Pereira, J., and Correia, C.
M. (2019). Salicylic acid increases drought adaptability of young olive trees by changes
on redox status and ionome. Plant Physiol. Biochem. 141, 315-324. doi: 10.1016/
j.plaphy.2019.06.011

Brokowski, C., and Adli, M. (2019). CRISPR ethics: Moral considerations for
applications of a powerful tool. J. Mol. Biol. 431, 88-101. doi: 10.1016/j.jmb.2018.05.044

Chaturvedi, S., Khan, S., Bhunia, R. K., Kaur, K., and Tiwari, S. (2022). Metabolic
engineering in food crops to enhance ascorbic acid production: Crop biofortification
perspectives for human health. Physiol. Mol. Biol. Plants 28, 871-884. doi: 10.1007/
§12298-022-01172-w

Chen, S., Zhong, K., Li, Y., Bai, C., Xue, Z., and Wu, Y. (2024). Joint transcriptomic
and metabolomic analysis provides new insights into drought resistance in watermelon
(Citrullus lanatus). Front. Plant Sci. 3. doi: 10.3389/fpls.2024.1364631

Chen, M., Zhu, X,, Liu, X., Wu, C,, Yu, C,, Hu, G,, et al. (2021). Knockout of auxin
response factor sIARF4 improves tomato resistance to water deficit. Int. J. Mol. Sci. 22,
3347. doi: 10.3390/ijms22073347

Chu, C,, Wang, S., Paetzold, L., Wang, Z., Hui, K., Rudd, J. C, et al. (2021). RNA-seq
analysis reveals different drought tolerance mechanisms in two broadly adapted wheat
cultivars “TAM 111’and ‘TAM 112’. Sci. Rep. 11, 4301. doi: 10.1038/s41598-021-83372-0

Colhoun, J. C. (1973). Effects of environmental factors on plant diseases. Annu. Rev.
Phytopathol. (United States) 11.

Collin, A., Daszkowska-Golec, A., and Szarejko, I. (2021). Updates on the role of
ABSCISIC ACID INSENSITIVE 5 (ABI5) and ABSCISIC ACID-RESPONSIVE

frontiersin.org


https://doi.org/10.3389/fpls.2022.792079
https://doi.org/10.1038/s41598-018-21441-7
https://doi.org/10.3390/ijms22137182
https://doi.org/10.3390/microorganisms11020392
https://doi.org/10.3390/microorganisms11020392
https://doi.org/10.3389/fpls.2023.1266182
https://doi.org/10.1016/j.envexpbot.2022.104933
https://doi.org/10.1016/j.plaphy.2020.07.012
https://doi.org/10.1016/j.plaphy.2020.07.012
https://doi.org/10.1111/j.1365-3040.2007.01770.x
https://doi.org/10.1016/j.envexpbot.2019.06.008
https://doi.org/10.1016/j.envexpbot.2019.06.008
https://doi.org/10.1038/s41598-020-69232-3
https://doi.org/10.1038/s41598-020-69232-3
https://doi.org/10.1007/s11240-015-0934-9
https://doi.org/10.1007/s11033-020-05396-5
https://doi.org/10.1007/s11033-020-05396-5
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2023048905
https://doi.org/10.12688/f1000research
https://doi.org/10.1111/ppl.v172.2
https://doi.org/10.1093/mp/ssr114
https://doi.org/10.1016/j.plaphy.2019.06.011
https://doi.org/10.1016/j.plaphy.2019.06.011
https://doi.org/10.1016/j.jmb.2018.05.044
https://doi.org/10.1007/s12298-022-01172-w
https://doi.org/10.1007/s12298-022-01172-w
https://doi.org/10.3389/fpls.2024.1364631
https://doi.org/10.3390/ijms22073347
https://doi.org/10.1038/s41598-021-83372-0
https://doi.org/10.3389/fpls.2025.1565635
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ali et al.

ELEMENT BINDING FACTORs (ABFs) in ABA signaling in different developmental
stages in plants. Cells 10, 1996. doi: 10.3390/cells10081996

Corso, D., Delzon, S., Lamarque, L. J., Cochard, H., Torres-Ruiz, J. M., King, A., et al.
(2020). Neither xylem collapse, cavitation, or changing leaf conductance drive stomatal
closure in wheat. Plant Cell Env. 43, 854-865. doi: 10.1111/pce.13722

Crisp, P. A., Ganguly, D., Eichten, S. R,, Borevitz, J. O., and Pogson, B. J. (2016).
Reconsidering plant memory: Intersections between stress recovery, RNA turnover,
and epigenetics. Sci. Adv. 16, €1501340. doi: 10.1126/sciadv.1501340

Cutler, S. R,, Rodriguez, P. L., Finkelstein, R. R., and Abrams, S. R. (2010). Abscisic
acid: emergence of a core signaling network. Annu. Rev. Plant Biol. 61 (1), 651-679.

D’Oria, A, Jing, L., Arkoun, M., Pluchon, S., Pateyron, S., Trouverie, J., et al. (2022).
Transcriptomic, metabolomic and ionomic analyses reveal early modulation of leaf
mineral content in Brassica napus under mild or severe drought. Int. J. Mol. Sci. 23, 781.
doi: 10.3390/ijms23020781

Daryanto, S., Wang, L., and Jacinthe, P. A. (2020). Global synthesis of drought effects
on cereal, legume, tuber and root crops production: A review. Agric. Water Manag 179,
18-33. doi: 10.1016/j.agwat.2016.04.022

Das, A., Eldakak, M., Paudel, B., Kim, D. W., Hemmati, H., Basu, C,, et al. (2016).
Leaf proteome analysis reveals prospective drought and heat stress response
mechanisms in soybean. BioMed. Res. Int.

Daszkowska-Golec, A., Mehta, D., Uhrig, R. G., Braszewska, A., Novak, O., Fontana,
I M, et al. (2023). Multi-omics insights into the positive role of strigolactone
perception in barley drought response. BMC Plant Biol. 23, 445. doi: 10.1186/
$12870-023-04450-1

Deng, X,, Liu, Y., Xu, X,, Liu, D., Zhu, G,, Yan, X, et al. (2018). Comparative
proteome analysis of wheat flag leaves and developing grains under water deficit. Front.
Plant Sci. 9, 425. doi: 10.3389/fpls.2018.00425

Devincentis, A. J. (2020). Scales of Sustainable Agricultural Water Management.
University of California, Davis, CA, USA.

Dietrich, V., Lauritz, M., Roggenhofer, M. M., Redlin-Weif3, J., Huber, M., Schulte, J.,
et al. (2024). Drought effects on growth and density of temperate tree regeneration
under different levels of nitrogen deposition. For. Ecol. Manage. 559, 121825.
doi: 10.1016/j.foreco.2024.121825

Du, L., Mikle, N, Zou, Z., Huang, Y., Shi, Z., Jiang, L., et al. (2018). Global patterns of
extreme drought-induced loss in land primary production: identifying ecological
extremes from rain-use efficiency. Sci. Total Environ., 611-620. doi: 10.1016/
j.scitotenv.2018.02.114

Duan, L, Han, J,, Guo, Z., Tu, H,, Yang, P., Zhang, D., et al. (2018). Novel digital
features discriminate between drought resistant and drought sensitive rice under
controlled and field conditions. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00492

Duniway, J. M. (1977). Predisposing effect of water stress on the severity of
Phytophthora root rot in safflower. Phytopathology. 67 (7), 884.

Fang, H., Meng, Q., Xu, J., Tang, H,, Tang, S., Zhang, H., et al. (2015). Knock-down of
stress inducible OsSRFP1 encoding an E3 ubiquitin ligase with transcriptional
activation activity confers abiotic stress tolerance through enhancing antioxidant
protection in rice. Plant Mol. Biol. 87, 441-458. doi: 10.1007/s11103-015-0294-1

FAO (2021). The state of food and agriculture (Rome: FAO). doi: 10.4060/cb4476en

Farooq, M., Hussain, M., Wahid, A., and Siddique, K. H. M. (2012). Drought stress in
plants: an overview. Plant responses to drought stress: From morphological to Mol.
features, 1-33.

Fatma, M., Asgher, M., Igbal, N., Rasheed, F., Sehar, Z., Sofo, A., et al. (2022).
Ethylene signaling under stressful environments: analyzing collaborative knowledge.
Plants 11, 2211. doi: 10.3390/plants11172211

Feher-Juhasz, E., Majer, P., Sass, L., Lantos, C., Csiszar, J., Turoczy, Z., et al. (2014).
Phenotyping shows improved physiological traits and seed yield of transgenic wheat
plants expressing the alfalfa aldose reductase under permanent drought stress. Acta
Physiol. Plant 36, 663-673. doi: 10.1007/s11738-013-1445-0

Fichman, Y., and Mittler, R. (2020). Rapid systemic signaling during abiotic and
biotic stresses: is the ROS wave master of all trades? Plant J. 102 (5), 887-896.

Fiehn, O., Kopka, J., Dérmann, P., Altmann, T., Trethewey, R. N., and Willmitzer, L.
(2000). Metabolite profiling for plant functional genomics. Nat. Biotechnol. 18, 1157-1161.
doi: 10.1038/81137

Findurova, H., Vesela, B., Panzarova, K., Pytela, J., Trtilek, M., and Klem, K.
(2023). Phenotyping drought tolerance and yield performance of barley using a
combination of imaging methods. Environ. Exp. Bot. 209, 105314. doi: 10.1016/
j.envexpbot.2023.105314

Finkelstein, R. (2013). Abscisic acid synthesis and response. Arabidopsis Book. 11,
€0166. doi: 10.1199/tab.0166

Fleta-Soriano, E., and Munné-Bosch, S. (2016). Stress memory and the inevitable
effects of drought: a physiological perspective. Front. Plant Sci. 7, 171549. doi: 10.3389/
fpls.2016.00143

Fox, H., Doron-Faigenboim, A., Kelly, G., Bourstein, R, Attia, Z., Zhou, J., et al.
(2018). Transcriptome analysis of Pinus halepensis under drought stress and during
recovery. Tree Physiol. 38, 423-441. doi: 10.1093/treephys/tpx137

Ge, X. L., Shi, T., Wang, H., Zhang, J., and Zhang, Z. Q. (2016). Development of an
aqueous polyethylene glycol-based extraction and recovery method for almond

Frontiers in Plant Science

17

10.3389/fpls.2025.1565635

(Prunus Armeniaca L.) protein. Food Anal. Methods 9, 3319-3326. doi: 10.1007/
s12161-016-0525-3

Geiger, D., Scherzer, S., Mumm, P., Stange, A., Marten, I, Bauer, H,, et al. (2009).
Activity of guard cell anion channel SLACL is controlled by drought-stress signaling
kinase-phosphatase pair. PNAS 10650, 21425-21430. doi: 10.1073/pnas.0912021106

Genangeli, A., Avola, G, Bindi, M., Cantini, C., Cellini, F., Grillo, S., et al. (2023).
Low-cost hyperspectral imaging to detect drought stress in high-throughput
phenotyping. Plants 21, 12(8):1730.

Guerrero-Sanchez, V. M., Lopez-Hidalgo, C., Rey, M. D., Castillejo, M.A., Jorrin-
Novo, J. V., and Escandon, M. (2022). Multiomic Data integration in the analysis of
drought-responsive mechanisms in Quercus ilex seedlings. Plants 11, 3067.
doi: 10.3390/plants11223067

Gupta, A, Rico-Medina, A., and Cafio-Delgado, A. 1. (2020). The physiology of plant
responses to drought. Sci. 68, 266-269. doi: 10.1126/science.aaz7614

Haider, M. S., Zhang, C., Kurjogi, M. M., Pervaiz, T., Zheng, T., Zhang, C,, et al.
(2017). Insights into grapevine defense response against drought as revealed by
biochemical, physiological and RNA-Seq analysis. Sci. Rep. 7, 13134. doi: 10.1038/
541598-017-13464-3

Hamzelou, S., Kamath, K. S., Masoomi-Aladizgeh, F., Johnsen, M. M., Atwell, B. J.,
and Haynes, P. A. (2022). Wild and cultivated species of rice have distinctive proteomic
responses to drought. Int. J. Mol. Sci. 21, 5980. doi: 10.3390/ijms21175980

Hamzelou, S., Pascovici, D., Kamath, K. S., Amirkhani, A., McKay, M., Mirzaei, M.,
et al. (2020). Proteomic responses to drought vary widely among eight diverse
genotypes of rice (Oryza sativa). Int. J. Mol. Sci. 21, 363. doi: 10.3390/ijms21010363

Harms, K., Atzorn, R, Brash, A., Kithn, H., Wasternack, C., Willmitzer, L., et al.
(1995). Expression of a flax allene oxide synthase cDNA leads to increased endogenous
jasmonic acid (JA)levels in transgenic potato plants but not to a corresponding
activation of JA-responding genes. Plant Cell 7, 645-1654. doi: 10.2307/3870026

Hartmann, H., Adams, H. D., Anderegg, W. R, Jansen, S., and Zeppel, M. J. (2015).
Research frontiers in drought-induced tree mortality: crossing scales and disciplines.
New Phytol. 205, 14-29321. doi: 10.1111/nph.2015.205.issue-3

Hassan, M. J., Najeeb, A., Zhou, M., Raza, M. A,, Ali, U,, Cheng, B,, et al. (2024).
Diethyl aminoethyl hexanoate reprogramed accumulations of organic metabolites
associated with water balance and metabolic homeostasis in white clover under
drought stress. Front. Plant Sci. 15, 1430752.

Hatzig, S. V., Nuppenau, J. N., Snowdon, R. J., and Schie}], S. V. (2018). Drought
stress has transgenerational effects on seeds and seedlings in winter oilseed rape
(Brassica napus L.). BMC Plant Biol. 18, 1-13. doi: 10.1186/s12870-018-1531-y

He, Q., Zhao, S., Ma, Q., Zhang, Y., Huang, L., Li, G, et al. (2014). Endogenous
salicylic acid levels and signaling positively regulate arabidopsis response to
polyethylene glycol-simulated drought stress. J. Plant Growth Regul. 33, 871-880.
doi: 10.1007/s00344-014-9438-9

Homyak, P. M., Allison, S. D., Huxman, T. E., Goulden, M. L., and Treseder, K. K.
(2017). Effects of drought manipulation on soil nitrogen cycling: A meta-analysis. J.
Geophys. Res. Biogeosci. 12212, 3260-3272. doi: 10.1002/2017]G004146

Hu, H., and Xiong, L. (2014). Genetic engineering and breeding of drought-resistant
crops. Annu. Rev. Plant Biol. 65, 715-741. doi: 10.1146/annurev-arplant-050213-040000

Huang, X. Y., Chao, D. Y., Gao, J. P,, Zhu, M. Z, Shi, M., and Lin, H. X. (2009). A
previously unknown zinc finger protein, DST, regulates drought and salt tolerance in
rice via stomatal aperture control. Genes Dev. 23, 1805-1817. doi: 10.1101/gad.1812409

Huang, L., Zhang, F., Zhang, F., Wang, W., Zhou, Y., Fu, B., et al. (2014).
Comparative transcriptome sequencing of tolerant rice introgression line and its
parents in response to drought stress. BMC Genomics 15, 1-16. doi: 10.1186/1471-
2164-15-1026

IPCC, , et al. (2021). Summary for policymakers. Climate Change 2021: Phys. Sci.
basis. Contribution working Group I to Sixth Assess. Rep. Intergovernmental Panel
Climate Chang.

Islam, M. R,, Sarker, U., Azam, M. G., Hossain, J., Alam, M. A, Ullah, R,, et al. (2024).
Potassium augments growth, yield, nutrient content, and drought tolerance in mung
bean (Vigna radiata L. Wilczek.). Sci. Rep. 14, 9378. doi: 10.1038/541598-024-60129-z

Joshi, R., Wani, S. H., Singh, B, Bohra, A,, Dar, Z. A,, Lone, A. A,, et al. (2016).
Transcription factors and plants response to drought stress: current understanding and
future directions. Front. Plant Sci. 7, 204078. doi: 10.3389/fpls.2016.01029

Karthikeyan, A., Pandian, S. K., and Ramesh, M. (2011). Transgenic indica rice cv.
ADT 43expressing aD1-pyrroline-5-carboxylate synthetase (P5CS) gene from Vignaa
conitifolia demonstrates salt tolerance. Plant Cell Tissue Organ Cult 107, 383e395.

Khan, Z,, Jan, R, Asif, S., Farooq, M., Jang, Y. H., Kim, E. G,, et al. (2024). Exogenous
melatonin induces salt and drought stress tolerance in rice by promoting plant growth
and defense system. Sci. Rep. 14, 1214. doi: 10.1038/s41598-024-51369-0

Kim, D., Alptekin, B., and Budak, H. (2018). CRISPR/Cas9 genome editing in wheat.
Funct. Integr. Genomics 18, 31-41.

Kim, Y. Y., Jung, K. W,, Yoo, K. S,, Jeung, J. U., and Shin, J. S. (2011). A stress-
responsive caleosin-like protein, AtCLOA4, acts as a negative regulator of ABA responses
in Arabidopsis. Plant Cell Physiol. 52, 874-884. doi: 10.1093/pcp/pcr039

Kim, J.-S., Kidokoro, S., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2024).
Regulatory networks in plant responses to drought and cold stress. Plant Physiol.
195, 170-189. doi: 10.1093/plphys/kiael05

frontiersin.org


https://doi.org/10.3390/cells10081996
https://doi.org/10.1111/pce.13722
https://doi.org/10.1126/sciadv.1501340
https://doi.org/10.3390/ijms23020781
https://doi.org/10.1016/j.agwat.2016.04.022
https://doi.org/10.1186/s12870-023-04450-1
https://doi.org/10.1186/s12870-023-04450-1
https://doi.org/10.3389/fpls.2018.00425
https://doi.org/10.1016/j.foreco.2024.121825
https://doi.org/10.1016/j.scitotenv.2018.02.114
https://doi.org/10.1016/j.scitotenv.2018.02.114
https://doi.org/10.3389/fpls.2018.00492
https://doi.org/10.1007/s11103-015-0294-1
https://doi.org/10.4060/cb4476en
https://doi.org/10.3390/plants11172211
https://doi.org/10.1007/s11738-013-1445-0
https://doi.org/10.1038/81137
https://doi.org/10.1016/j.envexpbot.2023.105314
https://doi.org/10.1016/j.envexpbot.2023.105314
https://doi.org/10.1199/tab.0166
https://doi.org/10.3389/fpls.2016.00143
https://doi.org/10.3389/fpls.2016.00143
https://doi.org/10.1093/treephys/tpx137
https://doi.org/10.1007/s12161-016-0525-3
https://doi.org/10.1007/s12161-016-0525-3
https://doi.org/10.1073/pnas.0912021106
https://doi.org/10.3390/plants11223067
https://doi.org/10.1126/science.aaz7614
https://doi.org/10.1038/s41598-017-13464-3
https://doi.org/10.1038/s41598-017-13464-3
https://doi.org/10.3390/ijms21175980
https://doi.org/10.3390/ijms21010363
https://doi.org/10.2307/3870026
https://doi.org/10.1111/nph.2015.205.issue-3
https://doi.org/10.1186/s12870-018-1531-y
https://doi.org/10.1007/s00344-014-9438-9
https://doi.org/10.1002/2017JG004146
https://doi.org/10.1146/annurev-arplant-050213-040000
https://doi.org/10.1101/gad.1812409
https://doi.org/10.1186/1471-2164-15-1026
https://doi.org/10.1186/1471-2164-15-1026
https://doi.org/10.1038/s41598-024-60129-z
https://doi.org/10.3389/fpls.2016.01029
https://doi.org/10.1038/s41598-024-51369-0
https://doi.org/10.1093/pcp/pcr039
https://doi.org/10.1093/plphys/kiae105
https://doi.org/10.3389/fpls.2025.1565635
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ali et al.

Kim, J. M., To, T. K., Ishida, J., Matsui, A., Kimura, H., and Seki, M. (2012).
Transition of chromatin status during the process of recovery from drought stress in
Arabidopsis thaliana. PCP 53, 847-856. doi: 10.1093/pcp/pcs053

Kishor, P. K., Hong, Z., Miao, G. H,, Hu, C. A. A, and Verma, D. P. S. (1995).
Overexpression of [delta]-pyrroline-5-carboxylate synthetase increases proline
production and confers osmotolerance in transgenic plants. Plant Physiol. 108,
1387e1394. doi: 10.1104/pp.108.4.1387

Koh, J., Chen, G., Yoo, M. J., Zhu, N., Dufresne, D., Erickson, J. E., et al. (2015).
Comparative proteomic analysis of Brassica napus in response to drought stress.
Journal Proteome Res. 14, 3068-3081. doi: 10.1021/pr501323d

Koua, A. P, Oyiga, B. C,, Baig, M. M., Leon, J., and Ballvora, A. (2021). Breeding driven
enrichment of genetic variation for key yield components and grain starch content under
drought stress in winter wheat. Front. Plant Sci. 12, 684205. doi: 10.3389/fpls.2021.684205

Kudapa, H., Ghatak, A., Barmukh, R,, Chaturvedi, P., Khan, A., Kale, S., et al. (2023).
Integrated multi-omics analysis reveals drought stress response mechanism in chickpea
(Cicer arietinum L.). TPG, €20337.

Kudla, J., Becker, D., Grill, E., Hedrich, R., Hippler, M., Kummer, U, et al. (2018).
Advances and current challenges in calcium signaling. New Phytol. 2182, 414-431.
doi: 10.1111/nph.2018.218.issue-2

Kuromori, T., Fujita, M., Takahashi, F., Yamaguchi-Shinozaki, K., and Shinozaki, K.
(2022). Inter-tissue and inter-organ signaling in drought stress response and
phenotyping of drought tolerance. Plant J. 109, 342-358. doi: 10.1111/tpj.v109.2

Kwasniewski, M., Daszkowska-Golec, A., Janiak, A., Chwialkowska, K.,
Nowakowska, U., Sablok, G., et al. (2016). Transcriptome analysis reveals the role of
the root hairs as environmental sensors to maintain plant functions under water-
deficiency conditions. J. Exp. Bot. 67, 1079-1094. doi: 10.1093/jxb/erv498

Lebeis, S. L., Paredes, S. H., Lundberg, D. S., Natalie, B., Jase, G., Meredith, M., et al.
(2015). Plant Microbiome-salicylic acid modulates colonization of the root microbiome
by specific bacterial taxa. Science 349, 860-864. doi: 10.1126/science.aaa8764

Lee, J. S. (1998). The mechanism of stomatal closing by salicylic acid in Commelina
communis L. J. Plant Biol. 41, 97-102. doi: 10.1007/BF03030395

Lee, B. R, Zaman, R, Avice, J. C,, Ourry, A,, and Kim, T. H. (2016). Sulfur use
efficiency is a significant determinant of drought stress tolerance in relation to
photosynthetic activity in Brassica napus cultivars. Front. Plant Sci. 7, 184350.
doi: 10.3389/fpls.2016.00459

Li, X,, and Liu, F. (2016). Drought stress memory and drought stress tolerance in
plants: biochemical and molecular basis. Drought Stress Tolerance Plants 1, 17-44.

Li, R, Liu, C,, Zhao, R., Wang, L., Chen, L., Yu, W, et al. (2019). CRISPR/Cas9-
mediated SINPR1 mutagenesis reduces tomato plant drought tolerance. BMC Plant
Biol. 19, 38. doi: 10.1186/s12870-018-1627-4

Li, R, Zhang, L., Wang, L., Chen, L., Zhao, R,, Sheng, J., et al. (2018). Reduction of
tomato-plant chilling tolerance by CRISPRCas9-mediated sICBF1 mutagenesis. J.
Agric. Food Chem. 66, 9042-9051. doi: 10.1021/acs.jafc.8b02177

Lin, Z,, Li, Y., Zhang, Z., Liu, X,, Hsu, C. C, Du, Y,, et al. (2020). A RAF-SnRK2
kinase cascade mediates early osmotic stress signaling in higher plants. Nat. Commun.
111, 613. doi: 10.1038/s41467-020-14477-9

Liu, C,, Siri, M., Li, H., Ren, C., Huang, J., and Feng, C. (2023). Drought is threatening
plant growth and soil nutrients of grassland ecosystems: A meta-analysis. Ecol. Evol. 13
(5), €10092.

Liu, N., Staswick, P. E., and Avramova, Z. (2016). Memory responses of jasmonic
acid-associated Arabidopsis genes to a repeated dehydration stress. Plant Cell Environ.
39, 2515-2529. doi: 10.1111/pce.v39.11

Liu, X, Wang, J., and Sun, L. (2018). Structure of the hyperosmolality-gated calcium-
permeable channel OSCAL. 2. Nat. Commun. 91, 5060. doi: 10.1038/s41467-018-07564-5

Liu, Y., Wen, L., Shi, Y,, Su, D., Lu, W., Cheng, Y., et al. (2021). Stress-responsive
tomato gene SIGRAS4 function in drought stress and abscisic acid signaling. Plant Sci.
304, 110804. doi: 10.1016/j.plantsci.2020.110804

Liu, Y., Wu, K. X, Abozeid, A., Guo, X. R,, Mu, L. Q,, Liu, ], et al. (2024).
Transcriptomic and metabolomic insights into drought response strategies of two
Astragalus species. Ind. Crop Prod. 214, 118509. doi: 10.1016/j.indcrop.2024.118509

Lou, D., Wang, H,, Liang, G., and Yu, D. (2017). OsSAPK2 confers abscisic acid
sensitivity and tolerance to drought stress in rice. Front. Plant Sci. 8, 993. doi: 10.3389/
fpls.2017.00993

Loutfy, N., El-Tayeb, M. A., Hassanen, A. M., Moustafa, M. F. M., Sakuma, Y., and
Inouhe, M. (2012). Changes in the water status and osmotic solute contents in response
to drought and salicylic acid treatments in four different cultivars of wheat (Triticum
aestivum) J. Plant Res. 125, 173-184. doi: 10.1007/s10265-011-0419-9

Ma, Y., Szostkiewicz, L, Korte, A., Moes, D., Yang, Y., Christmann, A,, et al. (2009).
Regulators of PP2C phosphatase activity function as abscisic acid sensors. Science
3245930, 1064-1068. doi: 10.1126/science.1172408

Martignago, D., Rico-Medina, A., Blasco-Escamez, D., Fontanet-Manzaneque, J. B.,
and Cafo-Delgado, A. I. (2020). Drought resistance by engineering plant tissue-specific
responses. Front. Plant Sci. 10, 1676. doi: 10.3389/fpls.2019.01676

Mashabela, M. D., Masamba, P., and Kappo, A. P. (2022). Metabolomics and
chemoinformatics in agricultural biotechnology research: Complementary probes in
unravelling new metabolites for crop improvement. Biol 11, 1156. doi: 10.3390/
biology11081156

Frontiers in Plant Science

18

10.3389/fpls.2025.1565635

Mcmichale, B. L., Jordan, W. R,, and Powelt, R. D. (1972). An effect of water stress on
ethylene production by intact cotton petioles. Plant Physiol. 49, 658-660. doi: 10.1104/
pp49.4.658

Meng, H. L., Zhang, W., Zhang, G. H., Wang, J. ], Meng, Z. G, Long, G. Q,, et al.
(2018). Unigene-based RNA-seq provides insights on drought stress responses in
Marsdenia tenacissima. PloS One 13, €0202848. doi: 10.1371/journal.pone.0202848

Michaletti, A., Naghavi, M. R, Toorchi, M., Zolla, L., and Rinalducci, S. (2018).
Metabolomics and proteomics reveal drought-stress responses of leaf tissues from
spring-wheat. Sci. Rep. 8, 5710. doi: 10.1038/541598-018-24012-y

Miller, N. L, Dale, L. L., Brush, C. F., Vicuna, S. D., Kadir, T. N., Dogrul, E. C,, et al.
(2009). Drought resilience of the california central valley surface-ground-water-
conveyance system 1. JAWRA 454, 857-866.

Milosevi¢, N. A., Marinkovic, J. B., and Tintor, B. B. (2012). Mitigating abiotic stress
in crop plants by microorganisms. Proc. Nat. Sci. Matica Serpska Novi. Sad. 123, 17-12.

Mir, R. A, Nazir, M., Naik, S., Mukhtar, S., Ganai, B. A,, and Zargar, S. M. (2022).
Utilizing the underutilized plant resources for development of life style foods: putting
nutrigenomics to use. Plant Physiol. Biochem. 171, 128-138. doi: 10.1016/
j.plaphy.2021.12.038

Miranda, M. T., Da Silva, S. F., Silveira, N. M., Pereira, L., MaChado, E. C., and
Ribeiro, R. V. (2020). Root osmotic adjustment and stomatal control of leaf gas
exchange are dependent on citrus rootstocks under water deficit. J. Plant Growth Regul.
285, 1-9.

Muhammad Aslam, M., Waseem, M., Jakada, B. H., Okal, E.J., Lei, Z., Saqib, H. S. A,
et al. (2022). Mechanisms of abscisic acid-mediated drought stress responses in plants.
Int. J. Mol. Sci. 233, 1084. doi: 10.3390/ijms23031084

Miiller, M., Seifert, S., Liibbe, T., Leuschner, C., and Finkeldey, R. (2017). De novo
transcriptome assembly and analysis of differential gene expression in response to
drought in European beech. PloS One 12, €0184167. doi: 10.1371/journal.pone.0184167

Mulozi, L., Vennapusa, A. R, Elavarthi, S., Jacobs, O. E., Kulkarni, K. P., Natarajan,
P., et al. (2023). Transcriptome profiling, physiological, and biochemical analyses
provide new insights towards drought stress response in sugar maple (Acer saccharum
Marshall) saplings. Front. Plant Sci. 14, 1150204. doi: 10.3389/fpls.2023.1150204

Mulugeta Aneley, G., Haas, M., and Kohl, K. (2023). LIDAR-based phenotyping for
drought response and drought tolerance in potato. Potato Res. 66, 1225-1256.
doi: 10.1007/s11540-022-09567-8

Naylor, D., DeGraaf, S., Purdom, E., and Coleman-Derr, D. (2017). Drought and host
selection influence bacterial community dynamics in the grass root microbiome. ISME
1112, 2691-2704. doi: 10.1038/ismej.2017.118

Ning, Y., Jantasuriyarat, C., Zhao, Q., Zhang, H., Chen, S., Liu, J., et al. (2011). The
SINA E3 ligase OsDISI negatively regulates drought response in rice. Plant Physiol.
157, 242-255. doi: 10.1104/pp.111.180893

Nishiyama, R., Watanabe, Y., Fujita, Y., Le, D. T., Kojima, M., Werner, T., et al.
(2011). Analysis of cytokinin mutants and regulation of cytokinin metabolic genes
reveals important regulatory roles of cytokinins in drought, salt and abscisic acid
responses, and abscisic acid biosynthesis. Plant Cell. 23, 2169-2183. doi: 10.1105/
tpc.111.087395

Niu, L., Wang, W, Li, Y., Wu, X,, and Wang, W. (2024). Maize multi-omics reveal
leaf water status controlling of differential transcriptomes, proteomes and hormones as
mechanisms of age-dependent osmotic stress response in leaves. Stress Biol. 18, 4(1):19.

Nong, Q. Lin, L., Xie, J., Mo, Z.,, Malviya, M. K., Solanki, M. K., et al. (2023).
Regulation of an endophytic nitrogen-fixing bacteria GXS16 promoting drought
tolerance in sugarcane. BMC Plant Biol. 23, 573. doi: 10.1186/s12870-023-04600-5

Ogata, T., Ishizaki, T., Fujita, M., and Fujita, Y. (2020). CRISPR/Cas9-targeted
mutagenesis of OSERA1 confers enhanced responses to abscisic acid and drought stress
and increased primary root growth under nonstressed conditions in rice. PloS One 15,
€0243376. doi: 10.1371/journal.pone.0243376

Omena Garcia, R, Martins, A., Medeiros, D., Vallarino, J., Ribeiro, D., Fernie, A.,
etal. (2019). Growth and metabolic adjustments in response to gibberellin deficiency in
drought stressed tomato plants. Environ. Exp. Bot. 159, 95-107. doi: 10.1016/
j.envexpbot.2018.12.011

Osakabe, Y., Watanabe, T., Sugano, S. S., Ueta, R., and Ishihara, R. (2016).
Optimization of CRISPR / Cas9 genome editing to modify abiotic stress responses in
plants. Nat. Publ. Gr., 1-10.

Pappula-Reddy, S. P., Kumar, S., Pang, J., Chellapilla, B., Pal, M., Millar, A. H., et al.
(2024). High-throughput phenotyping for terminal drought stress in chickpea (Cicer
arietinum L.). Plant Stress 11, 100386.

Park, S. Y., and Jeong, D. H. (2023). Comprehensive analysis of rice seedling
transcriptome during dehydration and rehydration. Int. J. Mol. Sci. 24, 8439.
doi: 10.3390/ijms24098439

Passioura, J. B, and Angus, J. F. (2010). Advances in agronomy. Volume 106.
Academic press; cambridge, MA, USA. Improving productivity Crops water-limited
environments, 37-75.

Pautasso, M., Dehnen-Schmutz, K., Holdenrieder, O., Pietravalle, S., Salama, N.,
Jeger, M. J., et al. (2018). Plant health and global change-some implications for
landscape management. Biol. Rev. Cambridge Philos. Soc. 85, 729-755.

Piasecka, A., Sawikowska, A., Kuczynska, A., Ogrodowicz, P., Mikoljczak, K.,
Krystkowiak, K., et al. (2017). Drought-related secondary metabolites of barley

frontiersin.org


https://doi.org/10.1093/pcp/pcs053
https://doi.org/10.1104/pp.108.4.1387
https://doi.org/10.1021/pr501323d
https://doi.org/10.3389/fpls.2021.684205
https://doi.org/10.1111/nph.2018.218.issue-2
https://doi.org/10.1111/tpj.v109.2
https://doi.org/10.1093/jxb/erv498
https://doi.org/10.1126/science.aaa8764
https://doi.org/10.1007/BF03030395
https://doi.org/10.3389/fpls.2016.00459
https://doi.org/10.1186/s12870-018-1627-4
https://doi.org/10.1021/acs.jafc.8b02177
https://doi.org/10.1038/s41467-020-14477-9
https://doi.org/10.1111/pce.v39.11
https://doi.org/10.1038/s41467-018-07564-5
https://doi.org/10.1016/j.plantsci.2020.110804
https://doi.org/10.1016/j.indcrop.2024.118509
https://doi.org/10.3389/fpls.2017.00993
https://doi.org/10.3389/fpls.2017.00993
https://doi.org/10.1007/s10265-011-0419-9
https://doi.org/10.1126/science.1172408
https://doi.org/10.3389/fpls.2019.01676
https://doi.org/10.3390/biology11081156
https://doi.org/10.3390/biology11081156
https://doi.org/10.1104/pp.49.4.658
https://doi.org/10.1104/pp.49.4.658
https://doi.org/10.1371/journal.pone.0202848
https://doi.org/10.1038/s41598-018-24012-y
https://doi.org/10.1016/j.plaphy.2021.12.038
https://doi.org/10.1016/j.plaphy.2021.12.038
https://doi.org/10.3390/ijms23031084
https://doi.org/10.1371/journal.pone.0184167
https://doi.org/10.3389/fpls.2023.1150204
https://doi.org/10.1007/s11540-022-09567-8
https://doi.org/10.1038/ismej.2017.118
https://doi.org/10.1104/pp.111.180893
https://doi.org/10.1105/tpc.111.087395
https://doi.org/10.1105/tpc.111.087395
https://doi.org/10.1186/s12870-023-04600-5
https://doi.org/10.1371/journal.pone.0243376
https://doi.org/10.1016/j.envexpbot.2018.12.011
https://doi.org/10.1016/j.envexpbot.2018.12.011
https://doi.org/10.3390/ijms24098439
https://doi.org/10.3389/fpls.2025.1565635
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ali et al.

(Hordeum vulgare L.) leaves and their metabolomic quantitative trait loci. Plant J. 89,
898-913. doi: 10.1111/tpj.2017.89.issue-5

Quan, N. T,, Anh, L. H,, Khang, D. T., Tuyen, P. T, Toan, N. P., Minh, T. N,, et al.
(2016). Involvement of secondary metabolites in response to drought stress of rice
(Oryza sativa L.). Agriculture 6, 23. doi: 10.3390/agriculture6020023

Radwan, A., Kleinwichter, M., and Selmar, D. (2017). Impact of drought stress
on specialised metabolism: Biosynthesis and the expression of monoterpene
synthases in sage (Salvia officinalis). Phytochem. 141, 20-26. doi: 10.1016/
j.phytochem.2017.05.005

Rai, G. K, Khanday, D. M., Kumar, P., Magotra, L., Choudhary, S. M., Kosser, R.,
et al. (2023). Enhancing crop resilience to drought stress through CRISPR-cas9 genome
editing. Plants 12, 2306. doi: 10.3390/plants12122306

Ramegowda, V., and Senthil-Kumar, M. (2015). The interactive effects of
simultaneous biotic and abiotic stresses on plants: mechanistic understanding from
drought and pathogen combination. J. Plant Physiol. 176, 47-54.

Raza, A., Mubarik, M. S., Sharif, R., Habib, M., Jabeen, W., Zhang, C., et al. (2023).
Developing drought-smart, ready-to-grow future crops. TPG 16, 20279. doi: 10.1002/
tpg2.20279

Raza, S., Farrukh Saleem, M., Mustafa Shah, G., Jamil, M., et al. (2013). Potassium
applied under drought improves physiological and nutrient uptake performances of
wheat (Triticum Aestivun L.). J. Soil Sci. Plant Nutr. 13 (1), 75-185.

Rinschen, M. M., Ivanisevic, J., Giera, M., and Siuzdak, G. (2019). Identification of
bioactive metabolites using activity metabolomics. Nat. Rev. Mol. Cell Biol. 20, 353-367.
doi: 10.1038/s41580-019-0108-4

Rivero, R. M., Kojima, M., Gepstein, A., Sakakibara, H., Mittler, R., Gepstein, S., et al.
(2007). Delayed leaf senescence induces extreme drought tolerance in a flowering plant.
Proc. Natl. Acad. Sci. U.S.A. 104, 19631-19636. doi: 10.1073/pnas.0709453104

Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., Davletova, S., and Mittler, R. (2004).
When defense pathways collide. The response of Arabidopsis to a combination of
drought and heat stress. Plant Physiol. 134 (4), 1683-1696.

Roca Paixao, J. F., Gillet, F. X,, Ribeiro, T. P., Bournaud, C., Lourengo-Tessutti, I. T.,
Noriega, D.D., et al. (2019). Improved drought stress tolerance in Arabidopsis by
CRISPR/dCas9 fusion with a Histone AcetylTransferase. Sci. Rep. 9 (1), 8080.

Roy, R. N, Kundu, S., and Kumar, R. S. (2021). The impacts and evidence of
Australian droughts on agricultural crops and drought related policy issues - a review
article. Int. J. Agric. Technol. 17, 1061-1076.

Simgek, O., Isak, M. A., Donmez, D., Dalda Sekerci, A., Izgii, T., and Kagar, Y. A.
(2024). Advanced biotechnological interventions in mitigating drought stress in plants.
Plants 13, 717. doi: 10.3390/plants13050717

Safari, M., Mousavi-Fard, S., Rezaei Nejad, A., Sorkheh, K., and Sofo, A. (2021).
Exogenous salicylic acid positively affects morpho-physiological and molecular
responses of Impatiens walleriana plants grown under drought stress. IJEST 19, 1-6.

Saito, S., and Uozumi, N. (2019). Guard cell membrane anion transport systems and
their regulatory components: an elaborate mechanism controlling stress-induced
stomatal closure. Plants. 8, 9. doi: 10.3390/plants8010009

Sales, C. R,, Ribeiro, R. V., Silveira, J. A., Machado, E. C., Martins, M. O., and Lagoa,
A. M. M. (2013). Superoxide dismutase and ascorbate peroxidase improve the recovery
of photosynthesis in sugarcane plants subjected to water deficit and low substrate
temperature. Plant Physiol. Biochem. 73, 326-336.

Santos-Medellin, C., Liechty, Z., Edwards, J., Nguyen, B., Huang, B., Weimer, B. C,,
et al. (2021). Prolonged drought imparts lasting compositional changes to the rice root
microbiome. Nat. Plants 78, 1065-1077. doi: 10.1038/s41477-021-00967-1

Schaeffer, S. M., Homyak, P. M., Boot, C. M., Roux-Michollet, D., and Schimel, J. P.
(2017). Soil carbon and nitrogen dynamics throughout the summer drought in a
California annual grassland. Soil Biol. Biochem. 115, 54-62. doi: 10.1016/
j.s0ilbio.2017.08.009

Seleiman, M. F., Al-Suhaibani, N., Ali, N., Akmal, M., Alotaibi, M., Refay, Y., et al.
(2021). Drought stress impacts on plants and different approaches to alleviate its
adverse effects. Plants 28, 259. doi: 10.3390/plants10020259

Seo, J. S., Joo, J., Kim, M. J,, Kim, Y. K., Nahm, B. H., Song, S. I, et al. (2011).
OsbHLH148, a basic helix-loop-helix protein, interacts with OsJAZ proteins in a
jasmonate signaling pathway leading to drought tolerance in rice. Plant J. 65, 907-921.
doi: 10.1111/j.1365-313X.2010.04477 x

Sharif, R., Raza, A., Chen, P., Li, Y., El-Ballat, E. M., Rauf, A., et al. (2021). Potential
roles in improving plant growth and regulating stress-responsive mechanisms in plants.
Genes 12, 1256.

Sharma, P., and Dubey, R. S. (2019). “Protein synthesis by plants under stressful
conditions,” in Handbook of Plant and Crop Stress, 4th ed. Ed. M. Pessarakli (CRC
Press, Boca Raton, UK), 405-449.

Shi, H,, Chen, L, Ye, T, Liu, X,, Ding, K., and Chan, Z. (2014). Modulation of auxin
content in Arabidopsis confers improved drought stress resistance. Plant Physiol.
Biochem. 82, 209-217. doi: 10.1016/j.plaphy.2014.06.008

Silva, D. V., Cabral, C. M., Ferreira, E. A., Carvalho, F. P. D., Santos, J. B. D., and
Dombroski, J. L. D. (2018). Anatomical adaptations to different soil moisture contents

in palisade grass and smooth pigweed. Rev. Ceres 65, 306-313. doi: 10.1590/0034-
737x201865040002

Frontiers in Plant Science

10.3389/fpls.2025.1565635

Singh, V., Gupta, K., Singh, S., Jain, M., and Garg, R. (2023). Unravelling the
molecular mechanism underlying drought stress response in chickpea via integrated
multi-omics analysis. Front. Plant Sci. 4, 1156606. doi: 10.3389/fpls.2023.1156606

Soma, F., Takahashi, F., Suzuki, T., Shinozaki, K., and Yamaguchi-Shinozaki, K.
(2020). Plant Raf-like kinases regulate the mRNA population upstream of ABA-
unresponsive SnRK2 kinases under drought stress. Nat. Commun. 111, 1373.
doi: 10.1038/s41467-020-15239-3

Song, C., Cao, Y., Dai, ], Li, G., Manzoor, M. A., Chen, C,, et al. (2022). The
multifaceted roles of MYC2 in plants: toward transcriptional reprogramming and
stress tolerance by jasmonate signaling. Front. Plant Sci. 13. doi: 10.3389/
pls.2022.868874

Song, H., Li, Y., Zhou, L., Xu, Z., and Zhou, G. (2018). Maize leaf functional responses
to drought episode and rewatering. Agric. For. Meteorology 249, 57-70. doi: 10.1016/
j.agrformet.2017.11.023

Surekha, C., Kumari, K. N., Aruna, L. V., Suneetha, G., Arundhati, A., and Kishor, P.
K. (2014). Expression of the Vigna aconitifolia PSCSF129 A gene in transgenic pigeon
pea enhances proline accumulation and salt tolerance. Plant Cell Tissue Organ Cult.
116, 27¢36. doi: 10.1007/s11240-013-0378-z

Tahmasebi, A., and Niazi, A. (2021). Comparison of transcriptional response of C3
and C4 plants to drought stress using meta-analysis and systems biology approach.
Front. Plant Sci. 12, 668736. doi: 10.3389/fpls.2021.668736

Takahashi, F., Kuromori, T., Urano, K., Yamaguchi-Shinozaki, K., and Shinozaki, K.
(2020). Drought stress responses and resistance in plants: From cellular responses to
long-distance intercellular communication. Front. Plant Sci. 11, 556972. doi: 10.3389/
pls.2020.556972

Tariq, A., Mushtag, M., Yaqoob, H., Bhat, B. A, Zargar, S. M., Raza, A, et al. (2023).
Putting CRISPR-Cas system in action: a golden window for efficient and precise
genome editing for crop improvement. GM Crops Food 14, 1-27. doi: 10.1080/
21645698.2023.2219111

Tran, M. T., Doan, D. T. H,, Kim, J., Song, Y. J., Sung, Y. W,, Das, S., et al. (2021).
CRISPR/cas9-based precise excision of siHyPRP1 domain(s) to obtain salt stress-
tolerant tomato. Plant Cell Rep. 40, 999-1011. doi: 10.1007/500299-020-02622-z

Tran, L. S. P, Urao, T., Qin, F., Maruyama, K., Kakimoto, T., Shinozaki, K., et al.
(2007). Functional analysis of AHKI/ATHKI1 and cytokinin receptor histidine kinases
in response to abscisic acid, drought, and salt stress in Arabidopsis. Proc. Natl. Acad.
Sci. 104 (51), 20623-20628.

Trenberth, K. E., Dai, A., van der Schrier, G., Jones, P. D., Barichivich, J., Briffa, K. R,,
et al. (2014). Global warming and changes in drought. Nat. Clim. Change. 4, 17-22.
doi: 10.1038/nclimate2067

Tuna, A. L, Kaya, C,, Dikilitas, M., and Higgs, D. (2008). The combined effects of
gibberellic acid and salinity on some antioxidant enzyme activities, plant growth
parameters and nutritional status in maize plants. Environ. Exp. Bot. 62, 1-9.
doi: 10.1016/j.envexpbot.2007.06.007

Uga, Y., Sugimoto, K., Ogawa, S., Rane, J., Ishitani, M., Hara, N, et al. (2013). Control
of root system architecture by Deeper Rooting 1 increases rice yield under drought
conditions. Nat. Gen. 459, 1097-1102. doi: 10.1038/ng.2725

Urano, K., Maruyama, K., Ogata, Y., Morishita, Y., Takeda, M., Sakurai, N, et al.
(2009). Characterization of the ABA-regulated global responses to dehydration in
Arabidopsis by metabolomics. Plant J. 576, 1065-1078. doi: 10.1111/j.1365-
313X.2008.03748.x

Usmani, M. M., Nawaz, F.,, Majeed, S., Shehzad, M. A., Ahmad, K. S., Akhtar, G, et al.
(2020). Sulfate-mediated drought tolerance in maize involves regulation at
physiological and biochemical levels. Sci. Rep. 10, 1147. doi: 10.1038/s41598-020-
58169-2

Van Dooren, T. ], Silveira, A. B., Gilbault, E., Jiménez-Gomez, J. M., Martin, A.,
Bach, L, et al. (2020). Mild drought in the vegetative stage induces phenotypic, gene
expression, and DNA methylation plasticity in Arabidopsis but no transgenerational
effects. J. Exp. Bot. 71, 3588-3602. doi: 10.1093/jxb/eraal32

Verslues, P. E., Bailey-Serres, J., Brodersen, C., Buckley, T. N., Conti, L., Christmann,
A, etal. (2023). Burning questions for a warming and changing world: 15 unknowns in
plant abiotic stress. Plant Cell 35, 67-105. doi: 10.1093/plcell/koac263

Vile, D., Pervent, M., Belluau, M., Vasseur, F., Bresson, J., Muller, B., et al. (2012).
Arabidopsis growth under prolonged high temperature and water deficit: independent
or interactive effects? Plant Cell Environ. 35 (4), 702-718.

Virlouvet, L., Ding, Y., Fujii, H,, Avramova, Z,, and Fromm, M. (2014). ABA
signaling is necessary but not sufficient for RD 29 B transcriptional memory during
successive dehydration stresses in Arabidopsis thaliana. Plant ]. 79, 150-161.
doi: 10.1111/tpj.2014.79.issue-1

Vives-Peris, V., De Ollas, C., Gomez-Cadenas, A., and Pérez-Clemente, R. M. (2020).
Root exudates: from plant to rhizosphere and beyond. Plant Cell Rep. 391, 3-17.
doi: 10.1007/500299-019-02447-5

Wan, X. Y., and Liu, J. Y. (2008). Comparative proteomics analysis reveals an
intimate protein network provoked by hydrogen peroxide stress in rice seedling leaves.
MCP 7, 1469-1488. doi: 10.1074/mcp.M700488-MCP200

Wang, L., Chen, L., Li, R, Zhao, R., Yang, M., Sheng, J., et al. (2017). Reduced
drought tolerance by CRISPR/cas9-mediated sIMAPK3 mutagenesis in tomato plants.
J. Agric. Food Chem. 65, 8674-8682. doi: 10.1021/acs.jafc.7b02745

frontiersin.org


https://doi.org/10.1111/tpj.2017.89.issue-5
https://doi.org/10.3390/agriculture6020023
https://doi.org/10.1016/j.phytochem.2017.05.005
https://doi.org/10.1016/j.phytochem.2017.05.005
https://doi.org/10.3390/plants12122306
https://doi.org/10.1002/tpg2.20279
https://doi.org/10.1002/tpg2.20279
https://doi.org/10.1038/s41580-019-0108-4
https://doi.org/10.1073/pnas.0709453104
https://doi.org/10.3390/plants13050717
https://doi.org/10.3390/plants8010009
https://doi.org/10.1038/s41477-021-00967-1
https://doi.org/10.1016/j.soilbio.2017.08.009
https://doi.org/10.1016/j.soilbio.2017.08.009
https://doi.org/10.3390/plants10020259
https://doi.org/10.1111/j.1365-313X.2010.04477.x
https://doi.org/10.1016/j.plaphy.2014.06.008
https://doi.org/10.1590/0034-737x201865040002
https://doi.org/10.1590/0034-737x201865040002
https://doi.org/10.3389/fpls.2023.1156606
https://doi.org/10.1038/s41467-020-15239-3
https://doi.org/10.3389/fpls.2022.868874
https://doi.org/10.3389/fpls.2022.868874
https://doi.org/10.1016/j.agrformet.2017.11.023
https://doi.org/10.1016/j.agrformet.2017.11.023
https://doi.org/10.1007/s11240-013-0378-z
https://doi.org/10.3389/fpls.2021.668736
https://doi.org/10.3389/fpls.2020.556972
https://doi.org/10.3389/fpls.2020.556972
https://doi.org/10.1080/21645698.2023.2219111
https://doi.org/10.1080/21645698.2023.2219111
https://doi.org/10.1007/s00299-020-02622-z
https://doi.org/10.1038/nclimate2067
https://doi.org/10.1016/j.envexpbot.2007.06.007
https://doi.org/10.1038/ng.2725
https://doi.org/10.1111/j.1365-313X.2008.03748.x
https://doi.org/10.1111/j.1365-313X.2008.03748.x
https://doi.org/10.1038/s41598-020-58169-2
https://doi.org/10.1038/s41598-020-58169-2
https://doi.org/10.1093/jxb/eraa132
https://doi.org/10.1093/plcell/koac263
https://doi.org/10.1111/tpj.2014.79.issue-1
https://doi.org/10.1007/s00299-019-02447-5
https://doi.org/10.1074/mcp.M700488-MCP200
https://doi.org/10.1021/acs.jafc.7b02745
https://doi.org/10.3389/fpls.2025.1565635
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ali et al.

Wang, X, Li, X., Zhao, W., Hou, X., and Dong, S. (2024). Current views of drought
research: experimental methods, adaptation mechanisms and regulatory strategies.
Front. Plant Sci. 15, 1371895. doi: 10.3389/fpls.2024.1371895

Wang, B, Liu, C., Zhang, D., He, C., Zhang, J., and Li, Z. (2019). Effects of maize
organ-specific drought stress response on yields from transcriptome analysis. BMC
Plant Biol. 19, 335. doi: 10.1186/s12870-019-1941-5

Wang, Y., Mostafa, S., Zeng, W., and Jin, B. (2021). Function and mechanism of
jasmonic acid in plant responses to abiotic and biotic stresses. Int. J. Mol. Sci. 2216,
8568. doi: 10.3390/ijms22168568

Wang, H. Q,, Sun, L. P., Wang, L. X,, Fang, X. W,, Li, Z. Q., Zhang, F. F,, et al. (2020).
Ethylene mediates salicylic acid induced stomatal closure by controlling reactive
oxygen species and nitric oxide production in Arabidopsis. Plant Sci. 294, 110464.
doi: 10.1016/j.plantsci.2020.110464

Wang, C,, Zhou, Y., Wang, Y,, Jiao, P., Liu, S., Guan, S, et al. (2025). CRISPR-Cas9-

mediated editing of ZmPL1 gene improves tolerance to drought stress in maize. GM
Crops Food 16, 1-16. doi: 10.1080/21645698.2024.2448869

Wani, S. H,, Singh, N. B,, Devi, T. R., Haribhushan, A., Jeberson, S. M., and Malik, C.
P. (2013). Engineering abiotic stress tolerance in plants: extricating regulatory gene
complex. Conventional non-conventional Interventions Crop improvement, 1-19.

Wei, M., Liu, A,, Zhang, Y., Zhou, Y., Li, D., Dossa, K., et al. (2019). Genome-wide
characterization and expression analysis of the HD-Zip gene family in response to
drought and salinity stresses in sesame. BMC Genomics 20, 748. doi: 10.1186/512864-
019-6091-5

Wijewardana, C., Reddy, K. R, Krutz, L. J., Gao, W., and Bellaloui, N. (2019).
Drought stress has transgenerational effects on soybean seed germination and seedling
vigor. PloS One 14, €0214977. doi: 10.1371/journal.pone.0214977

Wohlbach, D. J., Quirino, B. F., and Sussman, M. R. (2008). Analysis of the
Arabidopsis histidine kinase ATHKI1 reveals a connection between vegetative
osmotic stress sensing and seed maturation. Plant Cell. 20 (4), 1101-1117.

Wu, X, Feng, H., Wu, D.I, Yan, S., Zhang, P., Wang, W, et al. (2021). Using high-
throughput multiple optical phenotyping to decipher the genetic architecture of maize
drought tolerance. Genome Biol. 22, 185. doi: 10.1186/513059-021-02377-0

Xu, L., Dong, Z., Chiniquy, D., Pierroz, G., Deng, S., Gao, C,, et al. (2021). Genome-
resolved metagenomics reveals role of iron metabolism in drought-induced rhizosphere
microbiome dynamics. Nat. Commun. 121, 3209. doi: 10.1038/s41467-021-23553-7

Xie, J., Dawwam, G. E., Sehim, A. E., Li, X,, Wu, J., Chen, S,, et al. (2021). Drought
stress triggers shifts in the root microbial community and alters functional categories in
the microbial gene pool. Front. Microbiol. 12, 744897.

Xu, L., Naylor, D., Dong, Z., Simmons, T., Pierroz, G., Hixson, K. K,, et al. (2018).
Drought delays development of the sorghum root microbiome and enriches for
monoderm bacteria. PNAS 11518, E4284-E4293. doi: 10.1073/pnas.1717308115

Xu, M., Xu, Z, Liu, Y., Liu, Y., Liu, J., and Zhang, W. (2024). Transcriptome analysis
reveals the vital role of ABA plays in drought tolerance of the ABA-insensitive alfalfa
(Medicago sativa L.). Agronomy 14, 406. doi: 10.3390/agronomy14030406

Yamaguchi-Shinozaki, K., and Shinozaki, K. (2006). Transcriptional regulatory
networks in cellular responses and tolerance to dehydration and cold stresses. Annu.
Rev. Plant Biol. 57, 781-803. doi: 10.1146/annurev.arplant.57.032905.105444

Yang, W., Feng, H., Zhang, X., Zhang, J., Doonan, J. H., Batchelor, W. D, et al.
(2020). Crop phenomics and high-throughput phenotyping: past decades, current
challenges, and future perspectives. Mol. Plant 3, 13(2):187-214.

Yang, S. H.,, Kim, E,, Park, H., and Koo, Y. (2022). Selection of the highly efficient
sgRNA for CRISPR-cas9 to edit herbicide related genes, PDS, ALS, and EPSPS in
tomato. Appl. Biol. Chem. 65, 13.

Yang, J., Mao, T., Geng, Z., Xue, W., Ma, L, Jin, Y., et al. (2023). Constitutive
expression of AtSINA2 from Arabidopsis improves grain yield, seed oil and drought

Frontiers in Plant Science

20

10.3389/fpls.2025.1565635

tolerance in transgenic soybean. Plant Physiol. Biochem. 196, 444-453. doi: 10.1016/
j.plaphy.2023.01.051

Yaqoob, H., Tariq, A., Bhat, B. A,, Bhat, K. A,, Nehvi, . B,, Raza, A, et al. (2023).
Integrating genomics and genome editing for orphan crop improvement: a bridge
between orphan crops and modern agriculture system. GM Crops Food 14, 1-20.
doi: 10.1080/21645698.2022.2146952

Ye, H,, Liu, S., Tang, B., Chen, |, Xie, Z,, Nolan, T. M., et al. (2017). RD26 mediates
crosstalk between drought and brassinosteroid signalling pathways. Nat. Commun. 8
(1), 14573. doi: 10.1038/ncomms14573

Yin, Y., Qin, K,, Song, X., Zhang, Q., Zhou, Y., Xia, X,, et al. (2018). BZR1
transcription factor regulates heat stress tolerance through FERONIA receptor-like
kinase-mediated reactive oxygen species signaling in tomato. Plant Cell Physiol. 59,
2239-2245. doi: 10.1093/pcp/pcy146

Yoshida, T., and Fernie, A. R. (2018). Remote control of transpiration via ABA.
Trends Plant Sci. 239, 755-758. doi: 10.1016/j.tplants.2018.07.001

Yoshida, T., and Fernie, A. R. (2024). Hormonal regulation of plant primary
metabolism under drought. J. Exp. Bot. 75 (6), 1714-1725.

Yoshimura, K., lida, K., and Iida, H. (2021). MCAs in Arabidopsis are Ca?
“"permeable mechanosensitive channels inherently sensitive to membrane tension.
Nat. Commun. 121, 6074. doi: 10.1038/s41467-021-26363-2

Yu, J. L, Li, H, Peng, Y., Yang, L., Zhao, F,, Luan, S,, et al. (2017). A survey of the
pyrabactin resistance-like abscisic acid receptor gene family in poplar. Plant Sig. Behav.
12, €1356966. doi: 10.1080/15592324.2017.1356966

Zandalinas, S. I, Fichman, Y., Devireddy, A. R,, Sengupta, S., Azad, R. K., and Mittler,
R. (2020). Systemic signaling during abiotic stress combination in plants. PNAS 11724,
13810-13820. doi: 10.1073/pnas.2005077117

Zargar, S. M., Gupta, N., Nazir, M., Mir, R. A,, Gupta, S. K., Agrawal, G. K,, et al.
(2016). “Omics-a new approach to sustainable production,” in Breeding oilseed crops
for sustainable production (Academic Press), 317-344.

Zhang, X., Lei, L., Lai, J., Zhao, H., and Song, W. (2018). Effects of drought stress and
water recovery on physiological responses and gene expression in maize seedlings.
BMC Plant Biol. 18, 68. doi: 10.1186/s12870-018-1281-x

Zhang, Y., Li, Y., Hassan, M. J,, Li, Z., and Peng, Y. (2020). Indole-3-acetic acid
improves drought tolerance of white clover via activating auxin, abscisic acid and
jasmonic acid related genes and inhibiting senescence genes. BMC Plant Biol. 20, 150.
doi: 10.1186/512870-020-02354-y

Zhang, T.Y., Li, Z. Q., Zhao, Y. D., Shen, W. ], Chen, M. S,, Gao, H. Q,, et al. (2021).
Ethylene-induced stomatal closure is mediated via MKK1/3-PK3/6 cascade to EIN2
and EIN3. J. Integr. Plant Biol. 63, 1324-1134. doi: 10.1111/jipb.13083

Zhang, G. C,, Zhu, W. L,, Gai, J. Y., Zhu, Y. L., and Yang, L. F. (2015). Enhanced salt
tolerance of transgenic vegetable soybeans resulting from overexpression of a novelD1-
pyrroline-5-carboxylate synthetase gene from Solanum torvum Swartz. Hortic. Env.
Biotechnol. 56, 94e104. doi: 10.1007/s13580-015-0084-3

Zhang, L., Yu, X,, Zhou, T., Zhang, W., Hu, S., and Clark, R. (2023). Understanding
and attribution of extreme heat and drought events in 2022: current situation and
future challenges. Adv. Atmos. Sci. 40 (11), 1941-1951.

Zheng, X., Chen, L., Li, M., Lou, Q., Xia, H., Wang, P., et al. (2013).
Transgenerational variations in DNA methylation induced by drought stress in two
rice varieties with distinguished difference to drought resistance. PloS One 8, €80253.
doi: 10.1371/journal.pone.0080253

Zhong, X., Hong, W., Shu, Y., Li, J., Liu, L., Chen, X,, et al. (2022). CRISPR/Cas9 mediated
gene-editing of GmHdz4 transcription factor enhances drought tolerance in soybean
(Glycine max [L.] Merr.). Front. Plant Sci. 13, 988505. doi: 10.3389/fpls.2022.988505

Zhu, B,, Su, J,, Chang, M, Verma, D. P. S, Fan, Y. L, and Wu, R. (1998). Overexpression of
aD1-pyrroline-5-carboxylate synthetase gene and analysis of tolerance to water-and salt-
stress in transgenic rice. Plant Sci. 139, 41e48. doi: 10.1016/S0168-9452(98)00175-7

frontiersin.org


https://doi.org/10.3389/fpls.2024.1371895
https://doi.org/10.1186/s12870-019-1941-5
https://doi.org/10.3390/ijms22168568
https://doi.org/10.1016/j.plantsci.2020.110464
https://doi.org/10.1080/21645698.2024.2448869
https://doi.org/10.1186/s12864-019-6091-5
https://doi.org/10.1186/s12864-019-6091-5
https://doi.org/10.1371/journal.pone.0214977
https://doi.org/10.1186/s13059-021-02377-0
https://doi.org/10.1038/s41467-021-23553-7
https://doi.org/10.1073/pnas.1717308115
https://doi.org/10.3390/agronomy14030406
https://doi.org/10.1146/annurev.arplant.57.032905.105444
https://doi.org/10.1016/j.plaphy.2023.01.051
https://doi.org/10.1016/j.plaphy.2023.01.051
https://doi.org/10.1080/21645698.2022.2146952
https://doi.org/10.1038/ncomms14573
https://doi.org/10.1093/pcp/pcy146
https://doi.org/10.1016/j.tplants.2018.07.001
https://doi.org/10.1038/s41467-021-26363-z
https://doi.org/10.1080/15592324.2017.1356966
https://doi.org/10.1073/pnas.2005077117
https://doi.org/10.1186/s12870-018-1281-x
https://doi.org/10.1186/s12870-020-02354-y
https://doi.org/10.1111/jipb.13083
https://doi.org/10.1007/s13580-015-0084-3
https://doi.org/10.1371/journal.pone.0080253
https://doi.org/10.3389/fpls.2022.988505
https://doi.org/10.1016/S0168-9452(98)00175-7
https://doi.org/10.3389/fpls.2025.1565635
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Exploring physiological and molecular dynamics of drought stress responses in plants: challenges and future directions
	Introduction
	Effect of drought stress on soil properties and microbiome
	Plant responses to drought stress
	Drought perception in plants
	Hormonal interplay during drought stress
	Drought stress memory in plants to defend future stress
	Multi-omics approaches to understand the molecular mechanism of drought stress tolerance in plants
	Integrative omics approaches for drought stress tolerance
	Genome manipulation strategies for the development of drought-tolerant crops
	Conclusion and future directions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


