
 

 

EXPLORING DROUGHT TOLERANCE IN WHEAT: INSIGHTS FROM BIOCHEMICAL, 
MORPHOLOGICAL, AND PHYSIOLOGICAL RESPONSES 

 

ABSTRACT 

This review paper delves into the intricate biochemical foundations underlying drought tolerance 

mechanisms in wheat plants. This exploration encompasses multifaceted aspects, ranging from 

physiological adaptations to gene expression modulation. Plants like wheat employ repertoire of 

biochemical strategies to bolster their resilience against drought stress. It involves coordinating 

antioxidant enzymes, osmotic regulators, polyamines, and hormones to combat drought stress. The 

antioxidant system is crucial, countering reactive oxygen species produced during drought. Enzymes like 

SOD, CAT, and POD are activated to protect cells. Osmolytes like sugars and polyamines maintain cell 

integrity and water retention, while hormones like ABA control stomatal closure and water conservation. 

Gene expression highlights the plant's drought adaptability. AP2/ERF factors boost drought tolerance 

when overexpressed. Gene repression uses motifs like EAR to reduce expression for environmental 

adaptation. Gene expression shows the plant's drought adaptability. Overexpressed AP2/ERF factors 

enhance tolerance. Repression, like the EAR motif, aids variation. The morphological basis study 

examines how water scarcity affects different growth stages of wheat, such as germination, tillering, 

flowering, and grain filling. It identifies physio-morphological traits that could serve as the indicators of 

drought resilience, providing a new way to breed stress resistance. Furthermore, this article also explains 

plant characteristics important for adapting to drought, including photosynthesis, water relations, nutrient 

uptake, oxidative state, osmotic balance, and hormonal consequences. Each facet contributes to the 

intricate web of physiological adaptations that allow wheat plants to withstand and thrive under drought 

conditions. Comprehending these mechanisms aids breeding for drought-tolerant wheat, ensuring food 

security amid climate change.  
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1. INTRODUCTION 

 

Drought tolerance in plants refers to their remarkable ability to survive, grow, and reproduce even when 

water is scarce or irregularly available (Martignago et al., 2020). This natural talent is vital given the 

widespread challenge of drought, which significantly hampers plant development. It is a pressing concern 

for scientists and breeders, especially with the alarming prediction that by 2025, nearly 1.8 billion people 

might grapple with severe water shortages and 65% of the global population could find themselves in 

water-stressed environments. Understanding a plant's resilience to water stress is quite intricate, 

influenced by various plant traits (Bahadur et al. 2019). It can be broadly separated into two strategies: 

tolerance for dehydration and avoidance of drought (Bristiel et al. 2019). Drought avoidance involves 

clever root systems, efficient water utilization, and adapting behavior to maximize rainfall benefits. 

Dehydration tolerance, however, is about withstanding partial dehydration and rebounding when water 

becomes available again (Salekdeh, et al., 2002). Adapting plants to thrive amidst drought stress is a 

critical pursuit, driving innovative methods to bolster stress-resistant plant varieties (Rizhsky et al., 2002). 

Many factors influence a plant's response to drought, like genetics, growth stage, stress severity and 

duration, physiological processes (Chaves et al., 2003), gene activity patterns (Denby et al., 2005), 

respiration changes (Ribas et al., 2005), photosynthesis activity (Flexas et al., 2005), and environmental 

conditions (Rizhsky et al., 2002). Drought stress leaves a significant imprint on gene activity, emphasizing 



 

 

the need to closely monitor genes during water scarcity episodes. As a result, scientists have identified a 

range of genes that respond to drought conditions (Shokat et al. 2023). 

Wheat (Triticum aestivum L.) holds the second position globally in cereal production but claims the top 

spot for cultivated land area (FAO, 2018a; OECD-FAO, 2018). In 2017 alone, a staggering 757 million 

metric tons of wheat were produced (FAO, 2018a). It's a vital source of nutrition, contributing to 41% of 

global cereal consumption: 74% in developed countries and 35% in developing countries.  (Shiferaw et 

al., 2013). Interestingly, wheat is the second most consumed staple after rice. Of the wheat produced, 

68% feeds people, 19% goes to livestock, and the rest serves various purposes, such as commercial 

biofuels (FAO, 2018b).  

Surprisingly, poorer nations are importing more wheat even in non-traditional regions like the tropics 

(FAO, 2018b). For instance, Sub-Saharan Africa has seen a yearly 2-3% increase in wheat demand 

(CIMMYT, 2017). This underscores the global significance of this adaptable cereal crop. Wheat plants 

navigate the perilous waters of water scarcity by orchestrating a multifaceted biochemical defense. 

Reactive oxygen species (ROS) generation, a hallmark of drought stress, can inflict oxidative damage on 

critical cellular components. However, wheat employs a sophisticated antioxidant system to combat the 

negative effects of ROS, which includes enzymes like superoxide dismutase (SOD), catalase (CAT), and 

peroxidase (POD). Additionally, the accumulation of stress-related compounds such as polyamines, 

glutathione MDHA, glybet, and soluble sugars provides further defense against drought-induced oxidative 

stress (Sgherri et al., 2018; AbdElgawad et al., 2016; Giordano et al., 2021). 

           Wheat's ability to adapt to drought is intricately linked to the modulation of gene expression. 

Transcription factors like ERFs (ethylene response factors) play a pivotal role in orchestrating the plant's 

response to water deficit. For instance, TaERF3 overexpression enhances drought tolerance by 

promoting the accumulation of proline and chlorophyll, vital for stress adaptation (Rong et al., 2014). 

Similarly, TaERF1 overexpression activates stress-related genes, bolstering wheat's resilience to drought, 

cold, and salinity (Xu et al., 2007). These findings underscore the significance of manipulating gene 

expression to enhance drought tolerance in wheat. The inhibition of gene expression in response to 

drought stress has drawn more interest than gene activation, which has been the subject of extensive 

study. The identification of important regulatory motifs, such as the EAR motif, has made it easier to enlist 

co-repressors and chromatin modifiers to reduce gene expression. Across several plant species, the EAR 

motif emerges as a key participant in active transcriptional repression (Kagale and Rozwadowski, 2010, 

2011; Sherif et al., 2013).  This article investigates the function of transcriptional repressors that contain 

the EAR motif and considers possible modes of action. Advances in molecular marker technology have 

revolutionized plant breeding, offering the promise of accelerated development of drought-tolerant wheat 

varieties. Marker-assisted breeding (MAB) leverages Key quantitative trait loci (QTLs) related to drought 

tolerance identified using DNA markers. These markers facilitate genome mapping and trait tagging, 

enabling the identification of promising candidates for breeding (Ashraf et al., 2010; Verma, 2004; Quarrie 

et al., 2005). The integration of molecular markers, including AFLPs, SSRs, and SNPs, holds the potential 

for enhancing the efficiency of drought tolerance breeding programs. 

           The hunt for drought-tolerance genes in wheat has led researchers to investigate genetic markers 

associated with specific growth stages and traits. Despite the complexity of yield determination and the 

challenges of dissecting individual gene effects, studies have illuminated genetic markers tied to drought 

tolerance at different growth phases (Quarrie et al., 2006; Maccaferri et al., 2008; Mathews et al., 2008). 

This review emphasizes the significance of concentrating on understudied regions, like reproductive 

organs and root systems, to understand the genetic basis of wheat drought resistance.  



 

 

           Morphological adaptations are critical components of wheat's response to drought stress. 

Enhancing drought resistance through breeding requires an understanding of how drought affects leaf 

and root traits, growth phases, and overall plant shape. The links between leaf size, shape, aging, root 

weight, and length in response to drought stress have been clarified by recent studies.  (Fang et al. 2015; 

Shi et al., 2010; Rizza et al., 2004). These findings offer valuable insights into the morphological traits that 

underpin wheat's ability to withstand drought.  

           Wheat's physiological adaptations to drought stress encompass a range of intricate mechanisms 

that maintain water relations, nutrient uptake, and hormonal balance. The regulation of stomatal 

conductance, osmotic balance through solute accumulation, and the orchestration of Abscisic acid (ABA), 

a plant hormone, is essential for wheat's drought resistance (Allahverdiyev et al., 2015; Noman et al., 

2018; Suzuki et al., 2013).  

Additionally, the antioxidant system's function in preventing oxidative stress, the effect of drought on 

nutrient availability, and nutrient transport all influence a plant's capacity to survive in a water-scarce 

environment. 

2. Focused Study Schedule: 

This review study focuses on Pakistan's wheat shortage due to problems with water storage. We're going 

to look into current studies that try to solve this issue by figuring out how to use less water and lessen 

water scarcity. The main goal is to investigate many aspects of plant biology, including biochemical, 

morphological, and physiological properties. Understanding these characteristics will help us better 

understand how they affect plant growth and how they can reduce crop water needs while maintaining 

high yields. 

           In this study, are going to investigate the results of researchers that investigated new approaches 

for optimizing water use in wheat farming. We aim to provide useful insights into sustainable agricultural 

practices for wheat growing in water-scarce regions like Pakistan by identifying and understanding the 

individual plant characteristics that enable water-efficient growth. In the end, this study's goal is to help 

with continued efforts to deal with the critical issue of water scarcity along with how it affects wheat 

production. The goal of these studies is to encourage agricultural practices that can efficiently reduce the 

need for water and increase crop output, hence promoting food security and stability in the area. 

3. Biochemical Foundations of Drought Tolerance Mechanisms in Wheat 

Wheat and other plants improve their ability to withstand drought through a variety of biochemical 

processes. Reduced Rubisco efficiency, an increase in stress-related substances including glutathione 

MDHA, glybet, and polyamines, as well as the activation of antioxidant enzymes, are a few of these 

(SOD, POD, CAT, APX, GR, GST, GP, MDHAR).  The antioxidant system of the plant responds 

positively, which is an essential component of drought tolerance. In times of drought, reactive oxygen 

species (ROS) like hydroxyls, superoxide, hydrogen peroxide, and singlet oxygen are produced, 

potentially causing harm to lipids, chlorophyll, proteins, and DNA. This insight is highlighted in the 

research of Sgherri et al. (2018), emphasizing the significance of these biochemical processes in 

combating water stress effectsAbdElgawad et al. (2016). Plants' ability to withstand drought stress is 

greatly aided by changes in enzyme activity. According to research, dryness causes oxidative damage 

because it increases the generation of reactive oxygen species (ROS) and weakens the plant's 

antioxidant defense mechanism. Osmotic regulators such as small molecules (Pro), ions (K+), and 

soluble sugars aid crops in absorbing water during drought conditions (Zhang et al., 2021; Chinnusamy et 

al. 2004, Chen et al. 2004, Seki et al. 2002) According to studies on wheat, genotypes with greater 



 

 

osmotic regulators and lower levels of malondialdehyde (MDA) are more drought-tolerant. These findings 

are supported by various citations (Maathuis et al. 2003; Apel & Hirt 2004; Capell et al. 2004; Dhanda et 

al. 2004; Marček et al. 2019). During times of water stress, polyamines (PAs) are essential for preserving 

the integrity of cell membranes and nucleic acids. (Giordano et al., 2021). Research by (Gundaraniya et 

al. 2020) indicates that increased polyamine levels enhance crop growth when facing water stress, 

supported by earlier studies (Moustafa et al. 2020; Hasan et. 2021). During drought, CAT, a rapidly 

reversible protein in leaf cells, experiences reduced activity, as observed in stress conditions. 

In a study by Abid et al. (2018) and Ghaffari et al. (2017), Zincol-20's higher zinc content 

addresses zinc deficiency in drought-hit soils, enhancing its nutritional value and resilience. Akbar-19's 

strong yield potential ensures food production in drought, driven by its biochemical traits. Galaxy-2013's 

abundant chlorophyll sustains photosynthesis in dry conditions. Lasani-2008's proline buildup bolsters cell 

function during drought. Aas-2011's protein-rich biochemistry adds nutritional value during dry spells. 

NARC-2011's notable oil content, particularly oleic acid, elevates its economic worth for oil production 

amid drought. Table 1 underscores these biochemical distinctions in water scarcity combat. 

 

3.1. Enhanced Gene Expression in Response to Drought Stress 

Plant stress responses are well-known to be regulated by transcription factors of the AP2/ERF family 

(Licausi et al., 2013).  They are divided into sub-families in wheat, including DREB, ERF, AP2, and RAV. 

(Zhuang et al., 2011). ERFs are quickly activated during stress (He et al., 2011), and researchers have 

studied their overexpression to improve drought tolerance. Wheat with higher TaERF3 levels is more 

tolerant to salinity and drought (Rong et al., 2014).  Higher quantities of proline and chlorophyll, as well as 

the activation of downstream genes by binding to GCC-box cis-elements, are probably to blame for this 

(Rong et al., 2014).  Wheat TaERF1 overexpression increases resistance to salt, cold, and drought by 

activating stress-related genes.  (Xu et al., 2007). AtERF019 supports drought resilience, delaying 

flowering and maturity (Scarpeci et al., 2017). Increasing its orthologs could boost wheat's drought 

tolerance without harming seed production. 

3.2. Gene Repression in Drought Stress 

While scientists have extensively explored how genes are turned on, our understanding of how genes are 

switched off in response to environmental changes has been limited. However, over the past decade, 

Significant progress has been made in understanding the characteristics and roles of the molecules 

involved in suppressing transcription (Payankaulam et al., 2010).  It has been found that specific 

molecular patterns are involved in inhibiting gene transcription. The ethylene-responsive element binding 

factor is connected to the EAR motif (Joshiet al. 2021) the TLLLFR motif (Matsui et al., 2008), the 

R/KLFGV motif (Ikeda and Ohme-Takagi, 2009), and the LxLxPP motif (Paponov et al., 2009).  Co-

repressors and chromatin modifiers are drawn to these patterns, which helps to reduce gene expression 

(Kagale and Rozwadowski, 2011).  The most common active transcriptional repression motif so far 

identified in plants is the EAR motif. Numerous investigations have shown that it is extremely constant 

over a wide spectrum of plant types.  (Kagale and Rozwadowski, 2010, 2011; Kagale et al., 2010; Sherif 

et al., 2013; Upadhyay et al., 2014; Dong et al., 2015; Amalraj et al., 2016; Ma et al., 2017). In this 

discussion, we will center our attention on transcriptional repressors that incorporate the EAR motif and 

explore the potential ways they carry out their functions. 

 

 



 

 

3.3. Molecular Marker-Assisted Breeding for Drought Tolerance in Winter Wheat 

Today, researchers widely use molecular markers to locate drought-related genes. These markers aid 

genome mapping and trait tagging, crucial for stress-resistant wheat through Marker-assisted breeding 

(MAB) (Ashraf et al., 2010). This technique is vital for creating robust crops. Marker-assisted selection 

(MAS) involves choosing DNA markers linked to powerful QTLs, allowing the identification of drought 

tolerance QTLs (Dormatey et al. 2020). By using molecular linkage maps, marker-assisted selection 

(MAS) is essential to increase plant drought resistance. To map QTLs for flag leaf senescence (FLS) in 

winter wheat under normal and water-stressed conditions, researchers used AFLP and SSR markers. 

This allowed them to pinpoint the relevant gene on chromosome 2D, which is linked to improved drought 

performance (Verma 2004).  In the Quarrie et al. study, wheat drought stress characteristics were 

identified using DNA markers from 2005 (RFLP, AFLP, SSR). By analyzing gene diversity, genotypes, 

and genetic mapping, molecular markers such as the SDS-protein, isozymes, and DNA sequences have 

also helped select drought tolerance features in wheat (Mouhamady et al. 2020; Hannan et al. 2020; 

Aggarwal et al. 2022).  

Certain markers in durum wheat are connected to grain yield and drought tolerance traits, with leaf water 

potential, canopy temperature, chlorophyll inhibition, and proline content showing strong links to 

molecular markers. Ashraf et al. (2008) created several DNA markers, including PCR indels, RAPDs, 

RFLPs, CAPS, AFLPs, microsatellites (SSRs), SNPs, and DNA sequences, to explore the inheritance of 

stress tolerance. In cereal research, DNA primers are frequently used for RAPDs among them (Kumar et 

al. 2021).  To map the genomes of wheat and other crops, scientists used ISSRs. Wheat has RAPD and 

ISSR markers connected to a gene associated with drought, according to Milad et al. (2011). For 

hexaploid wheat, RAPDs were useful (Kumar et al. 2021; Joshiet al. 2021).  Marker-assisted selection is 

advantageous when a molecular marker corresponds more closely with a trait than the trait's heritability. 

These markers have the potential to increase durum wheat's drought resistance. (Outoukarte et al. 2019). 

3.4. Deciphering Drought Tolerance QTLs in Wheat 

Through research on wheat output and associated attributes under water-scarce conditions, scientists 

have discovered genetic markers connected to drought tolerance in wheat. (Quarrie et al., 2006; 

Maccaferri et al., 2008; Mathews et al., 2008; von Korff et al., 2008; McIntyre et al., 2009). Although yield 

is important, it's tricky to precisely measure in terms of water usage and locate specific gene regions. 

Although gene-based markers and genome sequencing are expected to make it easier to find specific 

genes (Collins et al., 2008), breeding methods cannot use the vast genomic regions connected to 

individual traits (QTL). Surprisingly, little genetic research has been done on reproductive tissues and 

roots, which are essential for drought resistance. The impact of drought on cereal reproductive 

mechanisms has been thoroughly investigated (Barnabas et al., 2008).  Although Passioura (2007) 

suggested that increasing floral fertility in water-stressed situations would be a worthwhile objective, no 

research has looked into the wheat genes that are in charge of this. Manschadi et al. (2006) 

recommended emphasizing improving root systems' capacity to absorb water. Molecular marker-assisted 

selection in breeding programs might benefit immensely from finding markers or genes associated with 

root growth and shape. Only a handful of research papers have looked into QTLs for wheat root 

characteristics. For instance, Ma et al. (2005) discovered a QTL connected to the rate of root growth 

when exposed to aluminum. While employing relative root growth to map QTLs for tolerance to high soil 

boron levels, Laperche et al. (2006) discovered QTLs for a variety of root characteristics under different 

situations. However, the genetic factors influencing root architecture in dry conditions remain 

undiscovered for wheat. Despite numerous studies on genes linked to drought and stress resilience in 

challenging environments, the only successful markers applied in practical plant breeding deal with boron 

and aluminum tolerance (Gupta et al., 2010). 



 

 

4. Exploring the Morphological Basis of Drought Tolerance in Wheat 

Fang et al. (2015) investigated the effects of drought on wheat's roots and leaves (size, shape, and age) 

(weight, length).  Shi et al. (2010) highlighted how dryness affects different stages of plant growth. 

Genetic improvements in breeding depend on this knowledge (Fang et al. 2015: Shi et al., 2010). Early 

maturity, small plant size, and decreased leaf area are associated with drought tolerance, according to 

Rizza et al. (2004). Lonbani and Arzani (2011) discovered that wheat's main leaf length and area increase 

during drought, while width remains stable. This helps balance root water absorption with overall plant 

water status, as highlighted by. The study by Abdelaal et al. 2021 revealed that drought diminishes leaf 

area, leading to reduced photosynthesis. Water stress, as noted by Shao et al. (2008), can shrink leaf 

count, size, and longevity. In wheat, Basu et al. (2023) found leaf development particularly vulnerable to 

water stress. Salvi et al. (2021) emphasized the vital role of roots in seeking out water. When faced with 

drought stress, a plant's leaves are the first to be affected (Shimazaki et al., 2005). While roots keep 

growing in search of water, the growth of above-ground parts is limited. This divergent response aids the 

plant's survival in arid conditions. In drought, the ratio of the roots to the shoots rises, improving water 

absorption (Silveira et al.2019).  The ABA levels in the roots and shoots are related to this ratio change.  

Wheat roots grew more slowly when there was a moderate to severe drought. The reduction in root 

growth brought on by the drought in the case of wheat, however, was not very significant. In spring wheat, 

drought stress caused a drop in a crucial component called plant biomass (Wang et al., 2005).  Earlier 

investigations on wheat and other crops revealed similar results. According to research by, dryness for 

winter wheat resulted in a drop or change in yield while increasing water usage effectiveness (Xue et al. 

2006; Kahlown et al., 2007). 

In a study by Abid et al. (2018) and Ghaffari et al. (2017), Zincol-20's compact morphology curbs 

water loss, enhancing its drought resilience. Akbar-19's shorter stature and expansive roots bolster 

stability under drought by reducing lodging risk. Galaxy-2013's tall morphology provides fruit-saving 

shade, improving quality during drought. Lasani-2008's dense morphology minimizes water loss, 

elevating drought resistance. Aas-2011's broad morphology conserves water, aiding survival in drought. 

NARC-2011's large seeds and lengthy spikes ensure productivity even in drought (Kaya et al., 2016). 

Refer to Table 1. 

4.1. Understanding Plant Traits: Physio-Morphological Insights 

New ways of precisely understanding plant characteristics, combined with advanced genetic and 

molecular techniques in breeding, are set to enhance how breeding programs work. Instead of just aiming 

for higher yield, it's now seen as more effective to indirectly select according to earlier studies (Mir et al., 

2012; Kosová et al., 2014; Choudhary et al., 2018) for key physiological traits that affect yield. Indirect 

selection for higher yield is anticipated to perform better than direct selection (Reynolds et al., 2005; 

Reynolds and Trethowan, 2007).  This observation is made because traditional breeding masks the 

impact of the desired feature on grain output by focusing on the yield of thousands of plants after each 

cycle. Physio-morphological trait-based breeding, on the other hand, seeks out more straightforward 

features connected to yield (Nigam et al., 2005).  By relying less on the final grain yield, evaluating yield-

related physio-morphological variables separately increases selection efficiency. This method could 

enhance the chance of achieving successful crossbreeding outcomes by tapping into the potential of 

combined gene effects (Reynolds et al., 2009; Ataei et al., 2017; Dolferus et al., 2019), as mentioned 

earlier. Moreover, it's beneficial if the heritability of the targeted physiological trait for selection in 

challenging conditions is higher than the yield itself. This provides a better opportunity for creating stress-

resistant varieties. 

 



 

 

4.2. Targeting Growth Stages  

The breeder enhanced drought-resistant genes in wheat and produced different varieties. It is important 

to focus on specific growth stages. Understanding the impact of drought at different phases is very 

important. While the severity and frequency of drought matter, the duration of drought during growth also 

plays an important role. Critical stages include germination and tillering, stem elongation, and as well as 

heading, flowering, and grain filling (Akram, 2011; Saeidi et al., 2015; Wang et al., 2015; Ding et al., 2018; 

Sarto et al., 2017). 

4.3. Germination and Seedling Phases 

For consistent seed germination when it comes to the effects of drought on wheat growth phases, having 

enough soil moisture and the proper temperature is crucial. This is especially important for drought-

sensitive wheat cultivars. Under normal and water-limited conditions, many features of seed germination, 

such as how soon they sprout and the degree of cell damage, can differ dramatically among various 

species of wheat. These variances have been emphasized in studies by He et al. (2017), Mukherjee et al. 

(2019), and Ahmad et al. (2015). 

4.4. Tillering and Stem Growth Phases 

Spikelet initiation starts at the seedling stage and lasts until tillering after the plant has a double ridge, 

whereas floret initiation begins at tillering and continues as the stem lengthens. The spikelet and spike 

count at these stages directly affect grain yield. Wheat production and grains per spike are reduced by 

severe dryness during tillering and stem elongation (Saeidi et al., 2015; Ding et al., 2018).  

For instance, Saeidi et al. (2015) observed that water stress during the vegetative stage resulted in a 

54 percent decrease in grain output (stem elongation to flowering).   

4.5. Heading and Anthesis Stages 

These a focused on decreasing grain yield due to decreased grain quantity and weight in research that 

shows that the blooming and anthesis stages of wheat are particularly vulnerable to drought (Varga et al., 

2015).  Additionally, impacted, pollen viability results in spikelet sterility. The blooming and anthesis 

stages of wheat are particularly vulnerable to dryness, with a focus on decreasing grain production due to 

a reduction in grain number and weight, according to several studies (Varga et al., 2015). Furthermore, 

impacted is pollen viability, which results in spikelet sterility. (Ji et al., 2010; Su et al., 2013). Water stress 

during these stages has significant implications for wheat growth (Fahad et al., 2017; Sarto et al., 2017). 

4.6. The Vital Grain Filling Phase 

While one might expect drought during grain filling to be more damaging due to limited recovery 

opportunities, studies suggest this stage is not highly sensitive to drought. This implies potential ways to 

mitigate its impact. In fact, during grain filling, adequate water is crucial for nutrient movement, but 

reserves stored before flowering, like in the stem, can counter the negative effects of moisture stress on 

nutrient assimilation through photosynthesis (Liu et al., 2016). 

5. Nurturing Drought Resilience in Wheat: Insights into Physiological Adaptations 

When plants experience drought, they react by closing stomata, lowering photosynthesis activity, and 

facing oxidative stress. This stress can harm cell walls, leading to the release of toxic compounds that 

eventually cause plant death (Bray, 2002). Roots detect signals, turgor is lost, and osmosis adjusts. 

Leaves' water potential drops, Internal CO2 levels drop as stomatal conductance to CO2 is reduced, and 



 

 

growth rates slow. Researchers have linked these responses to a plant's drought resistance. Factors like 

higher relative and potential water levels, along with membrane integrity, influence a plant's ability to 

withstand drought Mathur& Roy (2021). To gauge drought tolerance, scientists have examined how plant 

cell membranes hold up and function under water stress (Ahmed et al. 2019). Early drought stress during 

grain filling can lower nutrient transport, reducing cell count and metabolic activity in the endosperm (Li et 

al. 2023). Cysteine proteinase's vital role in plant signaling, growth, development, and stress response 

was highlighted by Grudkowska and Zagdanska (2004). They discovered increased cysteine expression 

in wheat leaves, leading to heightened proteolysis activity during drought (Dvojković et al. 2023). 

The research (Abid et al., 2018; Ghaffari et al., 2017) underscores distinctive physiological traits 

in drought-resistant varieties. Zincol-20 strategically reduces transpiration, adapting to aridity, while 

Akbar-19's adept photosynthesis and oxidative damage control support its dry condition survival. Galaxy-

2013's reduced water loss suits arid regions, and Lasani-2008's proline accumulation bolsters cellular 

integrity during drought. AAS-2011's salt tolerance enhances resilience in dry environments, and NARC-

2011's rust resistance ensures plant vitality amid drought. (Table 1) 

5.1. Plant Photosynthesis and Gaseous Exchange 

Plant growth and crop yield are driven by photosynthesis. It is crucial to comprehend how plants react to 

drought. Variation in photosynthetic pigments indicates plant photosynthesis under water stress. Drought 

reduces photosynthesis in cereals (Dawood, et al., 2019). Key limitations include CO2 diffusion reduction 

due to early stomatal closure, enzyme activity decrease, biochemical changes, and photosystem II 

efficiency drop. Disruptions result from light capture/utilization imbalance, Rubisco activity decline, 

chloroplast damage (Amirjani et al., 2013), structure and machinery breakdown, chlorophyll oxidation, 

substrate depletion, biosynthesis hindrance, and increased chlorophylls activity (Kabiri, et al., 2014). 

Drought-induced photosynthesis limits are more complex than stomatal ones due to pigment synthesis 

reduction (Rama, et al., 2014). 

5.2. Water Relations 

Water content, water loss rate, and leaf water retention all play major roles in how plants and water 

interact. The relative water content (RWC), which measures a plant's level of hydration, is one important 

indicator.  which drops during drought stress, impacting its well-being (Allahverdiyev et al., 2015). For 

instance, decreased leaf water potential during dry circumstances causes a drop in barley yield (Samarah 

et al., 2009).  Understanding a plant's water relations can be gained by looking at how detached leaves 

lose water. This is particularly useful when contrasting leaves with adequate irrigation with those with 

inadequate irrigation. It indirectly indicates leaf protection and water loss. Less water loss from detached 

leaves suggests better drought tolerance and water conservation. During drought stress, detached leaves 

retain more water due to rolling or reduced surface area. This trait could aid in selecting drought-tolerant, 

high-yield crops. Research links water retention and leaf rolling to crop yield during drought. (Mao et al. 

2022; Izanloo et al., 2008; Lonbani et al., 2011). 

5.3. Nutrient Relations 

Drought reduces nutrient uptake in plants (Noman et al., 2018). It limits water and nitrogen availability, 

affecting wheat yield and photosynthesis. Nutrient movement is restricted, especially phosphorus (P), due 

to decreased soil water (Mobasser, et al., 2014; Faye et al., 2006). Drought also impairs potassium (K+), 

calcium (Ca2+), and magnesium (Mg2+) uptake through roots (Farooq et al., 2012). Calcium (Ca2+) in 

plants drops during drought due to reduced transpiration (Sardans et al., 2008; Sardans et al.,2004). 

Wheat experiences lower calcium, potassium, and phosphorus levels under water stress (Noman et al., 



 

 

2018). Micronutrients like manganese (Mn), iron (Fe), and molybdenum (Mo) may also decline during 

drought but become more available when watering resumes (Hu et al., 2005). 

5.4. Oxidative Status 

Plants suffer oxidative damage as a result of reactive oxygen species (ROS), which include singlet 

oxygen, superoxide radicals, hydrogen peroxide, and hydroxyl radicals. ROS upsets the balance of the 

cell by oxidizing essential substances like pigments, lipids, proteins, and DNA.  This can lead to cell 

death, stunted growth, and reduced plant productivity (Hasanuzzaman et al., 2018). The impact of 

drought stress on plants depends on its duration, timing, and intensity (Hasanuzzaman et al., 2018). ROS 

production increases with water stress severity, damaging membranes, organelles, enzymes, and nucleic 

acids (Outoukarte et al., 2019). Malonic dialdehyde (MDA) levels that are high signify lipid peroxidation 

brought on by ROS and represent membrane damage (Sharma et al., 2017).  Wheat with low MDA levels 

is drought-tolerant (Zhang et al., 2011).  Moreover, heightened lipoxygenase enzyme activity (LOX) 

accelerates lipid peroxidation by oxidizing fatty acids during stress (Sánchez et al., 2010). LOX activities 

differ under drought stress compared to non-stressed plants (Alam et al., 2013). 

5.5. Antioxidant System 

When wheat and barley face water stress, they produce antioxidant enzymes like CAT, SOD, and POD to 

adapt. Barley's expression of APX, CAT, and SOD varies with growth stage and type under drought. 

Drought-tolerant wheat shows increased CAT, APX, and GPX gene expression, vital for drought 

management. Resilient wheat has higher SOD, POD, and CAT activities. Mild drought boosts wheat leaf 

APX, while prolonged shortage reduces it due to more MDA. Robust wheat types have high POD, 

phenolic content, and low damage, indicating better stomatal closure (Dudziak et al., 2019; 

Hasheminasab et al., 2012; Nikolaeva et al., 2010; Outoukarte et al., 2019). 

5.6. Osmotic Balance 

The three types of plant adaptation to water scarcity are drought resistance, dehydration tolerance, 

and dehydration avoidance. One technique for managing cellular dehydration and the structural 

integrity of the membrane to provide tolerance to drought and cellular dehydration is osmolyte 

accumulation (Loutfy et al., 2012).  

Plants subjected to drought may change their osmotic balance after storing low-molecular-weight 

organic solutes. The cytoplasm of the wheat plant builds up a variety of inorganic and organic solutes 

to reduce its osmotic potential and maintain cell turgor (Loutfy et al., 2012).  Plants create and store 

suitable solutes including sugars, polyols, and amino acids during drought stress to help maintain 

osmotic balance and promote water uptake and retention (Hussain, et al., 2018).In addition to 

osmoprotection, osmotic adjustment, carbon storage, detoxification of reactive oxygen species, 

maintenance of membrane integrity, protection of macromolecules and DNA structures, and 

stabilization of enzymes and proteins, carbohydrates also serve several other important biological 

functions. Even more so than proline, carbohydrates play a crucial role in replacing water in extremely 

dehydrated conditions by hydrating proteins around them. Wheat genotypes accumulate more soluble 

sugars during the grain-filling period than the pre-anthesis stage under drought stress (Farshadfar, et 

al., 2008). On the other hand, the reduction of total soluble sugars could be ascribed to water-induced 

loss of solutes (mainly K+) from guard cells, which resulted in a selective reduction in guard cells' 

turgor leading to stomatal closure (Hammad et al., 2014). 

 



 

 

5.7. Hormonal Effect 

Abscisic acid (ABA), a vital plant hormone, influences drought adaptation through water conservation and 

tolerance mechanisms. ABA helps plants endure harsh conditions like drought, salt, and extreme 

temperatures by signaling stress responses. It controls leaf growth, stomatal closure, and systemic 

reactions to stress before changes in water or nutrient levels are evident (Thompson et al., 2007; Lata et 

al., 2011; Suzuki et al., 2013; Saleem et al. 2021;). In wheat, ABA promotes root growth, vital for 

increased yield during drought (Xu, et al., 2013). Osmotic stress triggers various growth regulators like 

auxins, cytokinins, and others, acting as signals in complex networks for physiological processes 

(Lamaoui, et al., 2013). ABA fine-tunes root development, leaf growth, and water content through gene 

expression (Reddy et al., 2004). During drought, plants produce ABA in their xylem tissues, which then 

move to reproductive parts and affect grain filling by influencing certain genes related to carbohydrate 

breakdown and cell division. Leaves accumulate ABA, while cytokinin levels decrease. Mild drought with 

low ethylene and high ABA speeds up grain filling, but severe drought with excessive ethylene and ABA 

slows it down. Applying gibberellin A3 (GA3) to roots helps plants grow taller leaves in tough soil. Plants 

boost cytokinins and ABA to counter water stress effects. (Zhu et al., 2002; Yang et al., 2004, 2007; 

Campos et al., 2011). 

Table1.Physiological, morphologicaland biochemical properties of drought resistant varieties. 

Varieties  Physiological 

characters 

Morphological 

characters 

Biochemical 

characters 

Zincol-20 Reduce transpiration 

and adjust its osmotic 

potential, which can 

help mitigate drought 

stress 

 

Compact growth habit, 

reducing water loss 

through transpiration 

Higher zinc content, 

which can help alleviate 

zinc deficiency in drought 

 

Akbar-19 High photosynthetic 

trait and reduce 

oxidative damage, 

allowing it to survive in 

dry conditions 

 

Shorter growth habit and 

extensive root system, 

reducing susceptibility to 

drought-induced lodging 

 

High yield potential, 

which can help maintain 

productivity in drought 

 

Galaxy- 2013 Reduce stomatal 

conductance, making it 

suitable for cultivation 

in arid regions 

Tall growth habit, 

providing shade to protect 

fruits from sunburn 

High chlorophyll content, 

indicating good 

photosynthetic activity 

during drought. 

 

Lasani-2008 High accumulation of 

proline, which induces 

drought resistance 

Dense foliage, reducing 

water loss through 

transpiration 

High vitamin C content 

and high leaf potassium, 

providing nutritional 

benefits to consumers 



 

 

during drought 

 

Aas-2011 Tolerant to highly salt 

affected soil, which can 

help mitigate drought 

stress 

 

Broad leaves, reducing 

water loss through 

transpiration 

High protein content, 

which can help maintain 

nutritional value during 

drought 

 

NARC-2011 Resistant to rust 

disease, which can help 

maintain plant health 

during drought 

Large seed size and long 

spike length, providing 

high seed yield 

High oil content with a 

high percentage of oleic 

acid, suitable for oil 

production during drought 

 

 

 

 

 

Fig1. Drought tolerance in wheat: morpho-physiological insights(attach with manuscript) 

 

Conclusion: 

In conclusion, the biochemical and physiological adaptations of wheat to drought stress are complex and 

multifaceted. Through various mechanisms, wheat plants enhance their tolerance to water scarcity, 

allowing them to survive and thrive under challenging conditions. The intricate interplay of biochemical 

processes, gene expression, morphological traits, and physiological responses contribute to the overall 

drought resilience of wheat. Plants use biochemical tricks, like building up stress-fighting substances and 

triggering antioxidant enzymes, to fight off the damage caused by reactive oxygen molecules during 

droughts. Scientists have pinpointed important genes that help plants handle drought stress. By using 

special markers and advanced breeding methods, we're making progress in creating wheat plants that 

can better withstand drought conditions. The morphological basis when wheat plants face drought, they 

adapt to save water and survive. They adjust their water use, nutrient absorption, and internal balance. 

Hormones like Abscisic acid help them handle drought better. Think of it as the plant's survival plan, with 

hormones playing a crucial role. As we uncover the secrets of plants' adaptations to drought, we can 

develop drought-resistant wheat through targeted breeding and farming techniques. This benefits both 

crop yield and food security in dry regions. Ongoing research in this area offers potential for more resilient 

wheat crops. 

 

 



 

 

REFERENCES 

1. Abdelaal, K., AlKahtani, M., Attia, K., Hafez, Y., Király, L., &Künstler, A. (2021). The role of plant 

growth-promoting bacteria in alleviating the adverse effects of drought on plants. Biology, 10(6), 

520. 

2. AbdElgawad, H., Zinta, G., Hegab, M. M., Pandey, R., Asard, H., & Abuelsoud, W. (2016). High 

salinity induces different oxidative stress and antioxidant responses in maize seedlings' organs. 

Frontiers in Plant Science, 7, 276. 

3. Abid, M., Tian, Z., Ata-Ul-Karim, S. T., Liu, Y., & Zahoor, R. (2018). Morphological, physiological 

and yield responses of wheat varieties to drought stress at different growth stages. Archives of 

Agronomy and Soil Science, 64(9), 1253-1264. 

4. Aggarwal, P. R., Pramitha, et al., (2022). Multi-omics intervention in Setaria to dissect climate-

resilient traits: Progress and prospects. Frontiers in Plant Science, 13, 892736. 

5. Ahmad, I., Khaliq, I., Mahmood, N., & Khan, N. (2015). Morphological and physiological criteria 

for drought tolerance at seedling stage in wheat. Journal of Animal and Plant Sciences, 25, 1041–

1048. 

6. Ahmed, H. G. M. D., Sajjad, et al. (2019). Selection criteria for drought-tolerant bread wheat 

genotypes at the seedling stage. Sustainability, 11(9), 2584. 

7. Akram, M. (2011). Growth and yield components of wheat under water stress of different growth 

stages. Bangladesh Journal of Agricultural Research, 36(3), 455-468. 

8. Alam, M., Hasanuzzaman, M., Nahar, K., & Fujita, M. (2013). Exogenous salicylic acid 

ameliorates short-term drought stress in mustard (Brassica juncea L.) seedlings by up-regulating 

the antioxidant defense and glyoxalase system. Australian Journal of Crop Science, 7, 1053–

1063. 

9. Allahverdiyev, T. I. (2015). Effect of drought stress on some physiological parameters, yield, yield 

components of durum (Triticum durum desf.) and bread (Triticum aestivum L.) wheat genotypes. 

Ekin Journal of Crop Breeding and Genetics, 1, 50–62. 

10. Amalraj, A., Luang et al., (2016). Change of function of the wheat stress-responsive 

transcriptional repressor TaRAP2.1L by repressor motif modification. Plant Biotechnology 

Journal, 14(4), 820-832. 

11. Amirjani, M.R.; Mahdiyeh, M. (2013). Antioxidative and biochemical responses of wheat. Journal 

of Agricultural and Biological Sciences, 8, 291–301. 

12. Apel, K., & Hirt, H. (2004). Reactive oxygen species: metabolism, oxidative stress, and signal 

transduction. Annual Review of Plant Biology, 55, 373-399. 

13. Ashraf, M. (2010). Inducing drought tolerance in plants: recent advances. Biotechnology 

Advances, 28(1), 169–183. 

14. Ashraf, M., Athar, H. R., Harris, P. J. C., & Kwon, T. R. (2008). Some prospective strategies for 

improving crop salt tolerance. Advances in Agronomy, 97, 45–110. 

15. Ataei, R., Gholamhoseini, M., & Kamalizadeh, M. (2017). Genetic analysis for quantitative traits in 

bread wheat exposed to irrigated and drought stress conditions. International Journal of 

Experimental Botany, 86(1), 228–235. 

16. Bahadur, A., Batool, A., et al. (2019). Mechanistic insights into arbuscularmycorrhizal fungi-

mediated drought stress tolerance in plants. International Journal of Molecular Sciences, 20(17), 

4199. 

17. Barakat, et al., (2010). Morphological and molecular characterization of Saudi wheat genotypes 

under drought stress. Journal of Food, Agriculture and Environment, 8(1), 220–228. 

18. Barnabas, B., Jager, K., Feher, A. (2008). The effect of drought and heat stress on reproductive 

processes in cereals. Plant, Cell and Environment, 31, 11–38. 



 

 

19. Basu, S., Prabhakar, A. A., et al. (2023). Micronutrient and redox homeostasis contribute to 

Moringaoleifera-regulated drought tolerance in wheat. Plant Growth Regulation, 100(2), 467-478. 

20. Ben El Maati, F., Jlibene, M., & Moumni, M. (2004). Study of the polymorphism of common wheat 

using ISSR markers. Journal of Food, Agriculture and Environment, 2(3–4), 121–125. 

21. Bray, E. A. (2002). Classification of genes differentially expressed during water-deficit stress in 

Arabidopsis thaliana: an analysis using microarray and differential expression data. Annals of 

Botany, 89, 803–811. 

22. Bristiel, P., Roumet, C., Violle, C., &Volaire, F. (2019). Coping with drought: root trait variability 

within the perennial grass Dactylisglomerata captures a trade-off between dehydration avoidance 

and dehydration tolerance. Plant and Soil, 434, 327-342. 

23. Capell, T., Bassie, L., & Christou, P. (2004). Modulation of the polyamine biosynthetic pathway in 

transgenic rice confers tolerance to drought stress. Proceedings of the National Academy of 

Sciences of the United States of America, 101(26), 9909–9914. 

24. Chaves, M. M., Maroco, J. P., & Pereira, J. S. (2003). Understanding plant responses to 

drought—from genes to the whole plant. Functional Plant Biology, 30(3), 239–264. 

25. Chen, Z., & Gallie, D. R. (2004). The ascorbic acid redox state controls guard cell signaling and 

stomatal movement. Plant Cell, 16(5), 1143-1162. 

26. Chinnusamy, V., Schumaker, K., & Zhu, J. K. (2004). Molecular genetic perspectives on cross-

talk and specificity in abiotic stress signalling in plants. Journal of Experimental Botany, 55(395), 

225-236. 

27. Choudhary, et al., (2018). Integrated physiological and molecular approaches to improvement of 

abiotic stress tolerance in two pulse crops of the semi-arid tropics. Crop Journal, 6(1), 99–114. 

28. CIMMYT. (2017). The Wheat and Nutrition Series: A Compilation of Studies On Wheat and 

Health. Mexico. 

29. Collins, N. C., Tardieu, F., & Tuberosa, R. (2008). Quantitative trait loci and crop performance 

under abiotic stress: Where do we stand? Plant Physiology, 147(2), 469-486. 

30. Dawood, M.F.A.; Abeed, A.H.A.; Aldaby, E.E.S. (2019). Titanium dioxide nanoparticles model 

growth kinetic traits of some wheat cultivars under different water regimes. Indian Journal of Plant 

Physiology, 24, 129–140. 

31. De Campos, et al., (2011). Drought tolerance and antioxidant enzymatic activity in transgenic 

‗Swingle citrumelo plants over-accumulating proline‘. Environmental and Experimental Botany, 

72, 242–250. 

32. Denby, K., & Gehring, C. (2005). Engineering drought and salinity tolerance in plants: lessons 

from genome-wide expression profiling in Arabidopsis. Trends in Biotechnology, 23(11), 547–552. 

33. Dhanda, S. S., Sethi, G. S., & Behl, R. K. (2004). Indices of drought tolerance in wheat genotypes 

at early stages of plant growth. Journal of Agronomy and Crop Science, 190(1), 6–12. 

34. Ding, J., Huang, Z., Zhu, M., Li, C., Zhu, X., & Guo, W. (2018). Does cyclic water stress damage 

wheat yield more than a single stress? PLoS One, 13(4), e0195535. 

35. Dolferus, R et al., (2019). Determining the genetic architecture of reproductive stage drought 

tolerance in wheat using a correlated trait and correlated marker effect model. G3: Genes, 

Genomes, Genetics, 9(2), 473–489. 

36. Dong, L., Cheng, Y. et al., (2015). Overexpression of GmERF5, a new member of the soybean 

EAR motif-containing ERF transcription factor, enhances resistance to Phytophthora sojae in 

soybean. Journal of Experimental Botany, 66(9), 2635-2647. 

37. Dormatey, R., Sun, C., Ali, K., Coulter, J. A., Bi, Z., & Bai, J. (2020). Gene pyramiding for 

sustainable crop improvement against biotic and abiotic stresses. Agronomy, 10(9), 1255. 

38. Dudziak, K., Zapalska et al., (2019). Analysis of wheat gene expression related to the oxidative 

stress response and signal transduction under short-term osmotic stress. Scientific Reports, 9, 

2743. 



 

 

39. Dvojković, K., Plavšin, et al. (2023). Early Antioxidative Response to Desiccant-Stimulated 

Drought Stress in Field-Grown Traditional Wheat Varieties. Plants, 12(2), 249. 

40. El-Mouhamady, A. B. A., Gad, A. A. M., & Karim, G. S. A. (2022). Improvement of drought 

tolerance in rice using line X tester mating design and biochemical molecular markers. Bulletin of 

the National Research Centre, 46(1), 1. 

41. Fahad, S., Bajwa, A. A., et al., (2017). Crop production under drought and heat stress: plant 

responses and management options. Frontiers in Plant Science, 8, 1147. 

42. Fang, Y., & Xiong, L. (2015). General mechanisms of drought response and their application in 

drought resistance improvement in plants. Cell and Molecular Life Sciences, 72, 673–689. 

43. Farooq, M., Hussain, M., Wahid, A., & Siddique, K. H. M. (2012). Plant Responses to Drought 

Stress; Springer. 

44. Farshadfar, E., Ghasempour, H., & Vaezi, H. (2008). Molecular aspects of drought tolerance in 

bread wheat (T. aestivum). Pakistan Journal of Biological Sciences, 11, 118–122. 

45. Faye, I., Diouf, O., Guisse, A., Sene, M., & Diallo, N. (2006). Characterizing root responses to low 

phosphorus in pearl millet [Pennisetum glaucum (L.) R. Br.]. Agronomy Journal, 98, 1187–1194. 

46. Flexas, J., Bota, J., Loreto, F., Cornic, G., & Sharkey, T. D. (2004). Diffusive and metabolic 

limitations to photosynthesis under drought and salinity in C3 plants. Plant Biology, 6(3), 269–

279. 

47. Food and Agriculture Organization of the United Nations (FAO). (2018a). Crop Prospects and 

Food Situation. Quarterly Global Report. Rome. 

48. Food and Agriculture Organization of the United Nations (FAO). (2018b). Food Outlook: Biannual 

Report On Global Food Markets. Rome. 

49. Foyer, C.H. (2000). Bundle sheath proteins are more sensitive to oxidative damage than those of 

the mesophyll in maize leaves exposed to paraquat or low temperatures. Journal of Experimental 

Botany, 51, 123–130. 

50. Ghaffari, H., Jalilvand, H., Mozafari, V., & Jamshidi, E. (2017). Effects of drought stress on some 

physiological and biochemical characteristics of three wheat cultivars. Photosynthetica, 55(4), 

577-584. 

51. Giordano, M., Petropoulos, S. A., & Rouphael, Y. (2021). Response and defense mechanisms of 

vegetable crops against drought, heat, and salinity stress. Agriculture, 11, 463 

52. Grudkowska, M., & Zagdanska, B. (2004). Multifunctional role of plant cysteine proteinases. Acta 

Biochimica Polonica, 51(3), 609–624. 

53. Gundaraniya, S. A., Ambalam, P. S., &Tomar, R. S. (2020). Metabolomic profiling of drought-

tolerant and susceptible peanut (Arachishypogaea L.) genotypes in response to drought stress. 

ACS Omega, 5(48), 31209-31219. 

54. Gupta, P., Langridge, P., & Mir, R. (2010). Marker-assisted wheat breeding: Present status and 

future possibilities. Molecular Breeding, 26(3), 145-161.  

55. Hammad, S. A., & Ali, O. A. (2014). Physiological and biochemical studies on drought tolerance 

of wheat plants by application of amino acids and yeast extract. Annals of Agricultural Sciences, 

59, 133–145. 

56. Hannan, A., Hoque, M. N., Hassan, L., & Robin, A. H. K. (2021). Drought affected wheat 

production in Bangladesh and breeding strategies for drought tolerance. London, UK: 

IntechOpen. 

57. Hasan, M. M., et al. (2021). Spermine: its emerging role in regulating drought stress responses in 

plants. Cells, 10(2), 261. 

58. Hasanuzzaman, M., et al., (2018). Silicon-mediated regulation of antioxidant defense and 

glyoxalase systems confers drought stress tolerance in Brassica napus L. South African Journal 

of Botany, 115, 50–57. 



 

 

59. Hasheminasab, H., et al., (2012). Influence of drought stress on oxidative damage and 

antioxidant defense systems in tolerant and susceptible wheat genotypes. Journal of Agricultural 

Science, 4(8), 625–637. 

60. He, G., Wang, Z., et al., (2017). Wheat yield affected by soil temperature and water under 

mulching in dryland. Agronomy Journal, 109, 2998–3006. 

61. He, Y., Li, W., et al., (2011). Ectopic expression of a wheat MYB transcription factor gene, 

TaMYB73, improves salinity stress tolerance in Arabidopsis thaliana. Journal of Experimental 

Botany, 63(4), 1511-1522. 

62. Hu, Y., & Schmidhalter, U. (2005). Drought and salinity: A comparison of their effects on mineral 

nutrition of plants. Journal of Plant Nutrition and Soil Science, 168, 541–549. 

63. Hussain, H. A., Hussain. et al., (2018). Chilling and drought stresses in crop plants: Implications, 

cross talk, and potential management opportunities. Frontiers in Plant Science, 9. 

64. Ikeda, M., & Ohme-Takagi, M. (2009). A novel group of transcriptional repressors in Arabidopsis. 

Plant and Cell Physiology, 50(5), 970-975. 

65. Izanloo, A., Condon, et al., (2008). Different mechanisms of adaptation to cyclic water stress in 

two South Australian bread wheat cultivars. Journal of Experimental Botany, 59, 3327–3346. 

66. Ji, X., Shiran, B., Wan, J., et al., (2010). Importance of pre-anthesis anther sink strength for 

maintenance of grain number during reproductive stage water stress in wheat. Plant, Cell & 

Environment, 33(5), 926–942. 

67. Joshi, S., Keller, C., & Perry, S. E. (2021). The EAR Motif in the Arabidopsis MADS Transcription 

Factor AGAMOUS-Like 15 Is not necessary to promote somatic embryogenesis. Plants, 10(4), 

758. 

68. Kabiri, R.; Nasibi, F.; Farahbakhsh, H. (2014). Effect of Exogenous Salicylic Acid on Some 

Physiological Parameters and Alleviation of Drought Stress in Nigella sativa Plant under 

Hydroponic Culture. Plant Protection, 50, 43–51. 

69. Kagale, S., & Rozwadowski, K. (2010). Small yet effective: the ethylene responsive element 

binding factor-associated amphiphilic repression (EAR) motif. Plant Signaling & Behavior, 5(6), 

691-694. 

70. Kagale, S., & Rozwadowski, K. (2011). EAR motif-mediated transcriptional repression in plants: 

an underlying mechanism for epigenetic regulation of gene expression. Epigenetics, 6(2), 141-

146. 

71. Kahlown, M. A., Raoof, A., Zubair, M., & Kemper, W. D. (2007). Water use efficiency and 

economic feasibility of growing rice and wheat with sprinkler irrigation in the Indus Basin of 

Pakistan. Agricultural Water Management, 87(3), 292-298. 

72. Kaya, Y., Palta, Ç., & Taner, S. (2016). Effect of drought stress on leaf water content, electrolyte 

leakage, and membrane permeability in different wheat cultivars. Turkish Journal of Agriculture 

and Forestry, 40(4), 633-647. 

73. Kosová, K., et al., (2014). Breeding for enhanced drought resistance in barley and wheat – 

drought-associated traits, genetic resources and their potential utilization in breeding 

programmes. Czech Journal of Genetics and Plant Breeding, 50(4), 247–261. 

74. Kumar, S., Kumar, M., Mir, R. R., Kumar, R., & Kumar, S. (2021). Advances in molecular markers 

and their use in genetic improvement of wheat. In Physiological, Molecular, and Genetic 

Perspectives of Wheat Improvement (pp. 139-174). 

75. Lamaoui, M., Jemo, M., Datla, R., & Bekkaoui, F. (2018). Heat and drought Stresses in Crops 

and Approaches for Their Mitigation. Frontiers in Chemistry, 6, 26. 

76. Laperche, A., Devienne-Barret, F., Maury, O., Le Gouis, J., & Ney, B. (2006). A simplified 

conceptual model of carbon/nitrogen functioning for QTL analysis of winter wheat adaptation to 

nitrogen deficiency. Theoretical and Applied Genetics, 113(6), 1131-1146. 



 

 

77. Lata, C., & Prasad, M. (2011). Role of DREBs in regulation of abiotic stress responses in plants. 

Journal of Experimental Botany, 62, 4731–4748. 

78. Li, C., Fu, K., Guo, W., Zhang, X., Li, C., & Li, C. (2023). Starch and Sugar Metabolism Response 

to Post-Anthesis Drought Stress During Critical Periods of Elite Wheat (Triticum aestivum L.) 

Endosperm Development. Journal of Plant Growth Regulation, 1-19. 

79. Licausi, F., Ohme-Takagi, M., & Perata, P. (2013). APETALA2/ethylene responsive factor 

(AP2/ERF) transcription factors: mediators of stress responses and developmental programs. 

New Phytologist, 199(3), 639-649. 

80. Liu, X., Li, L., Li, M, et al. (2018). AhGLK1 affects chlorophyll biosynthesis and photosynthesis in 

peanut leaves during recovery from drought. Scientific Reports, 8(1), 2250. 

81. Lonbani, M., & Arzani, A. (2011). Morpho-physiological traits associated with terminal drought 

stress tolerance in triticale and wheat. Agronomy Research, 9(1-2), 315-329. 

82. Lonbani, M., & Arzani, A. (2011). Morpho-physiological traits associated with terminal drought-

stress tolerance in triticale and wheat. Agronomy Research, 9, 315–329. 

83. Loutfy, et al., (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). 

Journal of Plant Research, 125, 173–184. 

84. Ma, H. X. et al., (2005). Molecular mapping of a quantitative trait locus for aluminum tolerance in 

wheat cultivar Atlas 66. Theoretical and Applied Genetics, 112, 51–57. 

85. Ma, H., Duan, et al., (2017). A D53 repression motif induces oligomerization of TOPLESS 

corepressors and promotes assembly of a corepressor-nucleosome complex. Science Advances, 

3(3), e1601217. 

86. Maathuis, F. J. M., Filatov, V., Herzyk, P., et al. (2003). Transcriptome analysis of root 

transporters reveals participation of multiple gene families in the response to cation stress. Plant 

Journal, 35(6), 675–692. 

87. Maccaferri, M., Sanguineti, M. C., Corneti, S., et al. (2008). Quantitative trait loci for grain yield 

and adaptation of durum wheat (Triticum durum Desf.) across a wide range of water availability. 

Genetics, 178, 489–511. 

88. Manschadi, A. M., Christopher, J., Devoil, P., Hammer, G. L. (2006). The role of root architectural 

traits in adaptation of wheat to water-limited environments. Functional Plant Biology, 33, 823–

837. 

89. Mao, H., Jian, C., et al. (2022). The wheat ABA receptor gene TaPYL1‐1B contributes to drought 

tolerance and grain yield by increasing water‐use efficiency. Plant Biotechnology Journal, 20(5), 

846-861. 

90. Marček, T., Hamow, K. A., Végh, B., Janda, T., &Darko, E. (2019). Metabolic response to drought 

in six winter wheat genotypes. PLoS One, 14(2), e0212411. 

91. Martignago, D., Rico-Medina, A., Blasco-Escámez, D., Fontanet-Manzaneque, J. B., &Caño-

Delgado, A. I. (2020). Drought resistance by engineering plant tissue-specific responses. 

Frontiers in Plant Science, 10, 1676. 

92. Mathews, K. L et al., (2008). Multi-environment QTL mixed models for drought stress adaptation 

in wheat. Theoretical and Applied Genetics, 117, 1077–1091. 

93. Mathur, P., & Roy, S. (2021). Insights into the plant responses to drought and decoding the 

potential of root-associated microbiome for inducing drought tolerance. PhysiologiaPlantarum, 

172(2), 1016-1029. 

94. Matsui, K., Umemura, Y., & Ohme-Takagi, M. (2008). AtMYBL2, a protein with a single MYB 

domain, acts as a negative regulator of anthocyanin biosynthesis in Arabidopsis. The Plant 

Journal, 55(6), 954-967. 



 

 

95. McIntyre et al., (2009). Molecular detection of genomic regions associated with grain yield and 

yield-related components in an elite bread wheat cross evaluated under irrigated and rainfed 

conditions. Theoretical and Applied Genetics, 120, 527–541. 

96. Milad, S. I., Wahba, L. E., & Barakat, M. N. (2011). Identification of RAPD and ISSR markers 

associated with flag leaf senescence under water-stressed conditions in wheat (Triticum aestivum 

L.). Australian Journal of Crop Science, 5(3), 337–343. 

97. Mir, R. R., Zaman-Allah, M., Sreenivasulu, N., Trethowan, R., & Varshney, R. K. (2012). 

Integrated genomics, physiology and breeding approaches for improving drought tolerance in 

crops. Theoretical and Applied Genetics, 125(4), 625–645. 

98. Mobasser, H. R., Mohammadi, G. N., Abad, H. H. S., & Rigi, K. (2014). Effect of application 

elements, water stress and variety on nutrients of grain wheat in Zahak region, Iran. JBES, 5, 

105–110. 

99. Moustafa-Farag, M et al. (2020). Melatonin-induced water stress tolerance in plants: Recent 

advances. Antioxidants, 9(9), 809. 

100. Mukherjee, A., Wang, S., & Promchote, P. (2019). Examination of the climate factors that 

reduced wheat yield in Northwest India during the 2000s. Water, 11(2), 343. 

101. Nigam, S. N et al., (2005). Efficiency of physiological trait-based and empirical selection 

approaches for drought tolerance in groundnut. Annals of Applied Biology, 146(4), 433–439. 

102. Nikolaeva, M. K., Maevskaya, S. N., Shugaev, A. G., & Bukhov, N. G. (2010). Effect of 

drought on chlorophyll content and antioxidant enzyme activities in leaves of three wheat cultivars 

varying in productivity. Russian Journal of Plant Physiology, 57(1), 87–95. 

103. Noman, A et al., (2018). Sugar beet extract acts as a natural bio-stimulant for physio-

biochemical attributes in water stressed wheat (Triticum aestivum L.). Acta Physiologiae 

Plantarum, 40, 110. 

104. OECD-FAO. (2018). OECD FAO Agricultural Outlook 2018 - 2027. Chapter 3: Cereals. 

Rome. https://doi.org/10.1787/agr-outl-data-en 

105. Outoukarte, I., El Keroumi, A., Dihazi, A., & Naamani, K. (2019). Use of morpho-

physiological parameters and biochemical markers to select drought tolerant genotypes of durum 

wheat. Plant Stress Physiology, 5, 1-7. 

106. Outoukarte, I., El Keroumi, A., Dihazi, A., & Naamani, K. (2019). Use of morpho-

physiological parameters and biochemical markers to select drought-tolerant genotypes of durum 

wheat. Journal of Plant Stress Physiology, 1–7. 

107. Pandey, V.; Shukla, A. (2015). Acclimation and Tolerance Strategies of Rice under 

Drought Stress. Rice Science, 22, 147–161. 

108. Paponov, I. A., Teale, W et al., (2009). The evolution of nuclear auxin signalling. BMC 

Evolutionary Biology, 9(1), 126. 

109. Passioura, J. (2007). The drought environment: physical, biological and agricultural 

perspectives. Journal of Experimental Botany, 58, 113–117. 

110. Payankaulam, S., Li, L. M., & Arnosti, D. N. (2010). Transcriptional repression: conserved 

and evolved features. Current Biology, 20, R764-R771. 

111. Quarrie, S. A., et al., (2006). Dissecting a wheat QTL for yield present in a range of 

environments: from the QTL to candidate genes. Journal of Experimental Botany, 57, 2627–2637. 

112. Quarrie, S. A., Steed, A., Calestani, C., et al. (2005). A high-density genetic map of 

hexaploid wheat (Triticum aestivum L.) from the cross Chinese Spring x SQ1 and its use to 

compare QTLs for grain yield across a range of environments. Theoretical and Applied Genetics, 

110(5), 865–880. 

113. Rama, R. et al., (2014). Detection and validation of stay-green QTL in post-rainy sorghum 

involving widely adapted cultivar, M35-1 and a popular stay-green genotype B35. BMC 

Genomics, 15, 909. 

https://doi.org/10.1787/agr-outl-data-en


 

 

114. Reddy, A.R., Chaitanya, K.V., & Vivekanandan, M. (2004). Drought-induced responses of 

photosynthesis and antioxidant metabolism in higher plants. Plant Physiology, 161, 1189–1202. 

115. Reynolds, M. P., Pellegrineschi, A., & Skovmand, B. (2005). Sink-limitation to yield and 

biomass: a summary of some investigations in spring wheat. Annals of Applied Biology, 146(1), 

39–49. 

116. Reynolds, M., Foulkes, M. J. et al., (2009). Raising yield potential in wheat. Journal of 

Experimental Botany, 60(7), 1899–1918. 

117. Ribas-Carbo, M., Taylor, N. L., Giles, L., et al. (2005). Effects of water stress on 

respiration in soybean leaves. Plant Physiology, 139(1), 466–473. 

118. Rizhsky, L., Liang, H., & Mittler, R. (2002). The combined effect of drought stress and 

heat shock on gene expression in tobacco. Plant Physiology, 130(3), 1143–1151. 

119. Rizza, F., Badeck, F. W., Cattivelli, L., Lidestri, O., Fonzo, N. D., & Stanca, A. M. (2004). 

Use of a water stress index to identify barley genotypes adapted to rainfed and irrigated 

conditions. Crop Science, 44(6), 2127-2137. 

120. Rong, W., Qi, L. et al., (2014). The ERF transcription factor TaERF3 promotes tolerance 

to salt and drought stresses in wheat. Plant Biotechnology Journal, 12(4), 468-479. 

121. Saeidi, M., Ardalani, S, et al., (2015). Evaluation of drought stress at vegetative growth 

stage on the grain yield formation and some physiological traits as well as fluorescence 

parameters of different bread wheat cultivars. Acta Biologica Szegediensis, 59(1), 35-44. 

122. Saleem, M., Fariduddin, Q., &Janda, T. (2021). Multifaceted role of salicylic acid in 

combating cold stress in plants: A review. Journal of Plant Growth Regulation, 40, 464-485. 

123. Salekdeh, G. H., Siopongco, H. J., Wade, L. J., Ghareyazie, B., & Bennett, J. (2002). A 

proteomic approach to analyzing drought- and salt-responsiveness in rice. Field Crops Research, 

76(2-3), 199–219. 

124. Salvi, P., Manna, M., Kaur, H., Thakur, T., Gandass, N., Bhatt, D., &Muthamilarasan, M. 

(2021). Phytohormone signaling and crosstalk in regulating drought stress response in plants. 

Plant Cell Reports, 40, 1305-1329. 

125. Samarah, N. H., Alqudah, A. M., Amayreh, J. A., & McAndrews, G. M. (2009). The Effect 

of Late-terminal Drought Stress on Yield Components of Four Barley Cultivars. Journal of 

Agronomy and Crop Science, 195, 427–441. 

126. Sánchez-Rodríguez et al., (2010). Genotypic differences in some physiological 

parameters symptomatic for oxidative stress under moderate drought in tomato plants. Plant 

Science, 178, 30–40. 

127. Sardans, J., & Peñuelas, J. (2004). Increasing drought decreases phosphorus availability 

in an evergreen Mediterranean forest. Plant and Soil, 267, 367–377. 

128. Sardans, J., Peñuelas, J., & Ogaya, R. (2008). Drought‘s impact on Ca, Fe, Mg, Mo and 

S concentration and accumulation patterns in the plants and soil of a Mediterranean evergreen 

Quercus ilex forest. Biogeochemistry, 87, 49–69. 

129. Sarto, M. V. M., Sarto, et al., (2017). Wheat phenology and yield under drought: a review. 

Australian Journal of Crop Science, 11(7), 941-946. 

130. Scarpeci, T. E., Frea, V. S., Zanor, M. I., & Valle, E. M. (2017). Overexpression of 

AtERF019 delays plant growth and senescence, and improves drought tolerance in Arabidopsis. 

Journal of Experimental Botany, 68(3), 673-685. 

131. Seki, M., Narusaka, M., Ishida, J., et al. (2002). Monitoring the expression profiles of 

7000 Arabidopsis genes under drought, cold and high-salinity stresses using a full-length cDNA 

microarray. Plant Journal, 31(3), 279-292. 

132. Sgherri, C., Pinzino, C., & Quartacci, M. F. (2018). Reactive oxygen species and 

photosynthetic functioning: Past and present. In Reactive Oxygen Species in Plants: Boon or 

Bane—Revisiting the Role of ROS (pp. 137–155). Wiley. 



 

 

133. Sharma, P., Sareen, S., & Saini, M. S. (2017). Assessing genetic variation for heat stress 

tolerance in Indian bread wheat genotypes using morpho-physiological traits and molecular 

markers. Plant Genetic Resources, 15, 539–547. 

134. Sherif, S., El-Sharkawy, I., Paliyath, G., & Jayasankar, S. (2013). PpERF3b, a 

transcriptional repressor from peach, contributes to disease susceptibility and side branching in 

EAR-dependent and -independent fashions. Plant Cell Reports, 32(8), 1111-1124. 

135. Shi, J. -F., Mao, X. -G., Jing, R. -L., Pang, X. -B., Wang, Y. -G., & Chang, X. -P. (2010). 

Gene expression profiles of response to water stress at the jointing stage in wheat. Agricultural 

Sciences in China, 9(3), 325-330. 

136. Shiferaw, B., Smale, M., Braun, H. J., Duveiller, E., Reynolds, M., & Muricho, G. (2013). 

Crops that feed the world 10. Past successes and future challenges to the role played by wheat in 

global food security. Food Security, 5, 291–317. https://doi.org/10.1007/s12571-013-0263-y 

137. Shimazaki, Y., Ookawa, T., & Hirasawa, T. (2005). The root tip and accelerating region 

suppress elongation of the decelerating region without any effects on cell turgor in primary roots 

of maize under water stress. Plant Physiology, 139(1), 458-465. 

138. Shokat, S., Großkinsky, D. K., Singh, S., & Liu, F. (2023). The role of genetic diversity 

and pre‐breeding traits to improve drought and heat tolerance of bread wheat at the reproductive 

stage. Food and Energy Security, e478. 

139. Silveira, N. M., Seabra, A. B., et al. (2019). Encapsulation of S-nitrosoglutathione into 

chitosan nanoparticles improves drought tolerance of sugarcane plants. Nitric Oxide, 84, 38-44. 

140. Su, Z., Ma, X., Guo, H., Sukiran, et al. (2013). Flower development under drought stress: 

morphological and transcriptomic analyses reveal acute responses and long-term acclimation in 

Arabidopsis. The Plant Cell, 25(10), 3785-3807. 

141. Suzuki, N., Miller et al., (2013). Temporal-spatial interaction between reactive oxygen 

species and Abscisic acid regulates rapid systemic acclimation in plants. Plant Cell, 25, 3553–

3569. 

142. Thompson, A.J., Andrews, J., Mulholland, B.J., McKee, J.M.T., Hilton, H.W., Black, C.R., 

& Taylor, I.B. (2007). Overproduction of Abscisic acid in tomato increases transpiration efficiency 

and root hydraulic conductivity and influences leaf expansion. Plant Physiology, 143, 1905–1917. 

143. Upadhyay et al., (2014). The EAR motif controls the early flowering and senescence 

phenotype mediated by over-expression of SlERF36 and is partly responsible for changes in 

stomatal density and photosynthesis. PLoS ONE, 9(7), e101995. 

144. Varga, B., Vida, G., Varga-László, E., Bencze, S., & Veisz, O. (2015). Effect of simulating 

drought in various phenophases on the water use efficiency of winter wheat. Journal of Agronomy 

and Crop Science, 201(1), 1-9. 

145. Verma, V et al., (2004). Mapping quantitative trait loci for flag leaf senescence as a yield 

determinant in winter wheat under optimal and drought-stressed environments. Euphytica, 

135(3), 255–263. 

146. Von Korff, M., Grando, S., Del Greco, A., This, D., Baum, M., Ceccarelli, S. (2008). 

Quantitative trait loci associated with adaptation to Mediterranean dryland conditions in barley. 

Theoretical and Applied Genetics, 117, 653–669. 

147. Wang, et al., (2015). Drought priming at vegetative growth stages improves tolerance to 

drought and heat stresses occurring during grain filling in spring wheat. Plant Growth Regulation, 

75(2), 677-687. 

148. Wang, F et al., (2005). Enhanced drought tolerance of transgenic rice plants expressing a 

pea manganese superoxide dismutase. Journal of Plant Physiology, 162(4), 465-472. 

149. Xu, W., et al., (2013). Abscisic acid accumulation modulates auxin transport in the root tip 

to enhance proton secretion for maintaining root growth under moderate water stress. New 

Phytologist, 197, 139–150. 

https://doi.org/10.1007/s12571-013-0263-y


 

 

150. Xu, Z. S., et al., (2007). Isolation and molecular characterization of the Triticum aestivum 

L. ethylene-responsive factor 1 (TaERF1) that increases multiple stress tolerance. Plant 

Molecular Biology, 65(6), 719-732. 

151. Xue, Q. W et al., (2006). Physiological mechanisms contributing to the increased water-

use efficiency in winter wheat under deficit irrigation. Journal of Plant Physiology, 163(2), 154-

164. 

152. Yang, D.L., Jing, R.L., Chang, X.P., & Li, W. (2007). Identification of quantitative trait loci 

and environmental interactions for accumulation and remobilization of water-soluble 

carbohydrates in wheat (Triticum aestivum L.) stems. Genetics, 176, 571–584. 

153. Yang, J., Zhang, J., Wang, Z., Xu, G., & Zhu, Q. (2004). Activities of key enzymes in 

sucrose-to-starch conversion in wheat grains subjected to water deficit during grain filling. Plant 

Physiology, 135, 1621–1629. 

154. Zhang, H., Zhu, J., Gong, Z., & Zhu, J. (2021). Abiotic stress responses in plants. Nature 

Reviews Genetics, 23, 104–119. 

155. Zhang, Y.-J., Yang, J.-S., et al., (2011). Over-expression of the Arabidopsis CBF1 gene 

improves resistance of tomato leaves to low temperature under low irradiance. Plant Biology, 13, 

362–367. 

156. Zhu, J.K. (2002). Salt and drought stress signal transduction in plants. Annual Review of 

Plant Biology, 53, 247–273. 

157. Zhuang, J., Chen, J. et al., (2011). Discovery and expression profile analysis of AP2/ERF 

family genes from Triticum aestivum. Molecular Biology Reports, 38(5), 745-753. 

 

 

 


