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Drought stress is a major constraint to sustainable wheat production worldwide, including sub-Saharan Africa, where
environmental and poor agronomic practices exacerbate the yield gap. Drought disrupts physiological, biochemical,
and molescular processes, negatively impacting crop growth, grain yield and quality. This review outlines a range of
effective management strategies to cope with drought stress in wheat, including the adoption of drought-tolerant
wheat cultivars, advanced agronomic practices, and precision irrigation techniques. The review emphasises the
role of carbon isotope discrimination (CID) in breeding programs, enhancing water-use efficiency, and crop
resilience under drought conditions. Collaborative efforts among researchers, farmers, and policymakers are
essential to enhance adaptive capacity and promote food security amidst growing climate variability. Future
research should focus on developing and deploying drought-tolerant cultivars and integrating CID technology in
wheat-breeding programmes to build climate-resilient agriculture systems.
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Introduction

Bread wheat (Triticum aestivum L., 2n = 6x =42, AABBDD) is
the third most important cereal crop globally after maize (Zea
mays) and rice (Oryza sativa) (FAO 2023). Wheat grain has
vital human dietary contents such as starch, protein, vitamin
B, calcium and iron (Sewore et al. 2023). Nonetheless,
sustaining and increasing wheat output to meet growing
demand faces significant challenges, including climate
change, increasing population, agricultural land loss and
competing demands for water (FAO 2023). In sub-Saharan
Africa (SSA) the total wheat production is low, forcing
several nations to rely on wheat imports to meet local
demands (Silva et al. 2023). The mean grain yield of wheat
under dryland production in SSA is 2.00 t ha™', significantly
lower than the potential yield of 10 t ha™ based on irrigated
conditions (Shamuyarira 2018). In South Africa, the yield
gap ranges from 1.58 t ha™' to 3.13 t ha™, representing the
achievement of only 38% of the yield potential (Soba et al.
2020). The low grain yields in SSA have been attributed to
the slow progress in the development of drought-tolerant
cultivars and recurrent drought associated with climate
change (Tadesse et al. 2018).

Omotoso et al. (2023) highlighted that drought is a
prominent threat to human livelihoods. Drought is
becoming prevalent in SSA due to low and erratic rainfall

and rising air temperatures (Rezaly and Shabri 2024). For
instance, Zimbabwe declared drought as a national
disaster in 2024 (FAO 2024). Unpredictable rainfall
patterns are the primary drivers of long-term drought stress
in drylands across the SSA region (Ayugi et al. 2022).
Prolonged droughts affect crop growth and development,
leading to reduced grain yield (Schweiger et al. 2023).
Recent studies have indicated that drought affects agro-
morphological, physiological and biochemical traits, limiting
potential yield (Yiimaz et al. 2023). Therefore, developing
and deploying wheat varieties with high water use
efficiency (WUE) will assist in mitigating the adverse effects
of drought stress.

Water use efficiency is defined as the amount of biomass
or grain yield per unit of water applied (Hussain et al.
2022). Water use efficiency can be measured using various
methods, including biomass parameters and carbon
isotope discrimination (Mutanda et al. 2024). High WUE
indicates that a wheat genotype can produce a high grain
yield with less water applied (Martinez-Gofii et al. 2023).
However, the impact of drought stress on WUE differs
according to drought intensity, genotype, environment and
genotype x environment interaction effects (Mbava et al.
2020; Hussein et al. 2022). Various approaches, such as
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precision irrigation (Feng et al. 2023), agronomic
management practices (Mallareddy et al. 2023) and
organic and inorganic mulching (Li et al. 2018) are used to
minimise the impact of drought stress on wheat. High
throughput phenotyping (HTP) tools, such as the
LeasyScan and liquid chromatography-mass spectrometry
(LC-MS) (Hall et al. 2022) have been widely used to
identify traits and metabolites associated with improved
drought tolerance and WUE.

Water use efficiency and drought tolerance in wheat are
complex traits controlled by polygenes, and various
environmental conditions influence their expressions.
Several researchers have also shown that, at cellular and
metabolite levels, many compounds are increased to
provide osmoprotective functions, prevent the dissociation
of enzymes, and reduce reactive oxygen species in the
plant cell (Mwadzingeni et al. 2016; Agami et al. 2019).
Hence the link between WUE, drought tolerance, and the
associated genetic and metabolic foundations remains vital
to developing wheat genotypes. In addition, the association
between the metabolome and transcriptome is an effective
method for identifying metabolites involved in drought
response. For instance, the correlation between the
metabolome and transcriptome revealed that amino acid
biosynthesis, downstream pathways, and secondary
metabolite biosynthesis were co-regulated during drought
stress (Lv et al. 2022). Zhang et al. (2021a) found that
purine metabolism and phenylpropanoid biosynthesis were
key metabolic pathways responding to drought stress in
plants.

Approaches such as measuring WUE, drought indices,
and simultaneous trait selection and analysis have been
employed to identify superior wheat varieties. Assessing
WUE using biomass measurement methods and CID is
essential to evaluate the efficiency of crop genotypes in
drought-prone regions (Mutanda et al., 2024). Semahegn
et al. (2020) reported increased selection efficiency of
drought-tolerant wheat genotypes using drought indices. In
addition, correlation and path analysis provide insights into
the complex relationships between agronomic ftraits,
drought indices, WUE, and metabolites. These associations
will help plant breeders pinpoint key traits contributing to
high WUE. In light of the above, the objectives of this
review were to document (i) the impact of drought stress on
wheat agro-morphological, physiological, and biochemical
changes and WUE, (ii) the cultural practices and modern
technologies that can be used to improve WUE, and (iii)
the screening methods to select wheat genotypes with
WUE and tolerance to drought.

Drought stress

Causes of drought stress

Climate change has emerged as a pressing concern in
Africa, causing increased temperatures and unpredictable
rainfall patterns and significantly contributing to drought
stress in economically important crops (Amoak et al. 2023).
The mean annual air temperature has increased by 0.9°C,
while the mean annual rainfall decreased by 16.09 mm in
Africa in the 215! century (Scholes and Engelbrecht 2021).

Even with adequate soil moisture, various edaphic factors
can induce water stress in crop plants. These factors
include salinity, low soil temperatures, and flooding, all of
which impede the plant’s ability to absorb water through its
roots (Muhammad et al. 2023).

Impact of drought stress on wheat performance
Drought stress causes significant alterations at different
agro-morphological, biochemical, and physiological levels.
The major changes associated with drought stress are
presented in Figure 1.

Impact of drought stress on agro-morphological changes

Drought stress significantly impacts agro-morphological
traits in wheat during heading, anthesis, and grain filling
(Table 1). It reduces grain size, weight, and quality (Sattar
et al. 2020) mainly when drought occurs during the grain-
filing stage. Some wheat genotypes mature earlier under
drought as a survival strategy (Mathew et al. 2019). The
early-maturing genotypes display reduced assimilation and
poor source-to-sink mobilisation (Semahegn et al. 2020).
Drought causes protoplasm dehydration and loss of
turgidity, leading to reduced plant height (Salam et al.
2022). Mwadzingeni et al. (2016) reported that drought
stress reduced plant height by 5.78% compared to non-
stressed conditions. The decrease in plant height under
drought stress conditions further reduces spike length.
Reportedly, Mathew et al. (2019) indicated a 12.50%
decrease in spike length in wheat due to drought
conditions. Low spike length is associated with height
controlling genes regardless of the induced stress (Thabet
et al. 2020). Fewer tillers per plant due to tiller mortality
under drought conditions results in fewer spikes (Mmbando
2025). Likewise, Shamuyarira et al. (2022) reported that
fewer tillers are associated with reduced productive spikes.
In addition, reduced water availability, impaired photosynthesis,
restricted growth, and premature senescence reduce grain
yield under drought stress (Wan et al. 2022). This is
consistent with findings from Shamuyarira et al. (2022),
who noted a significant decline in yield (p <0.05). While
shoot biomass typically decreases under drought
conditions, root biomass often increases as plants adapt to
enhance water absorption capacity (Yan et al. 2023). This
adaptive response highlights the complex interplay
between aboveground and belowground traits in response
to water stress. Therefore, understanding these fraits is
crucial for developing effective strategies to mitigate the
impacts of drought on wheat production. Future research
should focus on identifying and breeding for traits that
enhance drought tolerance while maintaining productivity.

Impact of drought stress on biochemical changes

Drought stress impacts biochemical processes, causing
alterations in metabolic activities in crop plants (Bhandari
et al. 2023). In the rhizosphere, drought stress elevates
respiratory carbon loss, consequently decreasing
adenosine triphosphate production (Zahoor et al. 2020).
Energy generation through oxidative phosphorylation in
mitochondria is disrupted under drought conditions, causing
reactive oxygen species formation. Under these conditions,
only 0.1 to 2.0% of electrons effectively progress through
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Impact of drought stress on wheat

Agro-morphological changes

e Reduced plant height

e Reduced number of productive tillers
e Reduced spike weight

® Reduced grain size

® Reduced grain yield

® Reduced shoot biomass

® High root-to-shoot ratio

Biochemical changes

e Diminishing of proline content

e High abscisic acid synthesis

e Reactive oxygen species production
® |ncreased antioxidative enzymes

® Reduced photochemical efficiency
e Decreased level of cytokinins

® Decreased sugars accumulation

Physiological changes

e Reduced leaf and stem size

e Stomatal closure

® Reduced chlorophyll content

® Reduced photosynthesis rate

® Reduced transpiration rate

® Pollen sterility

® Premature gametes and reproductive

capacity

Figure 1: Summary of agro-morphological, biochemical and physiological changes in wheat under drought stress conditions (Source: Adapted
with modification from Davies et al. 2005; Mwadzingeni et al. 2016; Mathew et al. 2019; Zahra et al. 2021; Salam et al. 2022; Vassileva et al.

2023; Nyaupane et al. 2024)

the electron transport chain, resulting in incomplete oxygen
reduction and superoxide radical formation (Szechynska-
Hebda et al. 2022). In addition, drought stress increases
abscisic acid synthesis for stomal closure, reducing
photosynthesis (Davies et al. 2005). The reduction in
photosynthesis rate limits carbon uptake and sugar
accumulation. Proline levels rise under water stress but
diminish rapidly due to variations in cytosolic synthesis and
mitochondrial breakdown rates (Mwadzingeni et al. 2016).
Therefore, the interplay between these biochemical
processes illustrates a complex network where drought
influences the pathways and metabolic framework of wheat
plants. Understanding these interactions provides insights
into potential breeding strategies for developing drought-
tolerant wheat genotypes.

Impact of drought stress on physiology

Drought stress significantly alters wheat physiology and
results in critical changes in various physiological traits.
Under drought conditions, chlorophyll content, osmotic
potential, leaf water potential, and turgor pressure are
decreased (Figure 1). These changes hinder the plant’s
ability to maintain cellular function. For instance, Liang
et al. (2002) reported that low water potential reduces
stomatal conductance, leading to low CO, uptake and
decreased photosynthetic rate. The reproductive organ
development is compromised under drought stress,
causing several physiological defects, including impaired
ovule development and fertilisation. This leads to
premature gamete abortion and reproductive sterility
(Nyaupane et al. 2024). The physiological moisture
requirements of reproductive structures lead to reduced
pollen viability and poor fertilisation (Arathi and Smith
2023). The inability of plants to absorb water from the
soil under drought conditions leads to decreased turgor

pressure. This reduces growth by limiting cell extensibility
and embryo development (Vassileva et al. 2023). The
decline in leaf water potential directly impacts gaseous
exchange through stomatal conductance and transpiration
rates (Li et al. 2020). In response to drought stress,
wheat plants close their stomata to conserve water, which
reduces carbon uptake (Kimura et al. 2020). During
flowering, wheat typically exhibits peak chlorophyll
content. However, this can be significantly reduced under
drought stress, leading to reduced photosynthesis.
Nikolaeva et al. (2010) noted that drought stress reduced
chlorophyll content by 15% due to the activation of
chlorophyllase and enzyme inactivation. Drought-sensitive
stages of pollen development, such as meiosis and
microsporogenesis, are vulnerable, resulting in pollen
sterility which leads to reduced vyield (Zahra et al. 2021).
Furthermore, reactive oxygen species generated during
photosynthesis and respiration can cause oxidative
damage in chloroplasts and mitochondria (Sachdev et al.
2021). This oxidative stress further exacerbates the
physiological challenges faced by wheat under drought
conditions, illustrating how interconnected biochemical
processes affect the physiological processes. Therefore,
understanding the integrated physiological responses is
crucial for drought-tolerance breeding programs in the
face of climate change.

Impact of drought stress on water use efficiency

Water use efficiency reflects the ability of plants to utilise
water effectively for shoot biomass, root biomass and grain
yield production (Plett et al. 2020). However, drought stress
significantly impacts WUE, leading to lower grain yield (Zou
et al. 2021). During drought stress various agro-
morphological responses occur, including reduced stem
and leaf size to maintain water balance (Wu et al. 2022).
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Table 1: Influence of drought stress on wheat yield reduction and yield components during critical growth stages

Percentage Drought intensity and Number of genotypes
Agronomic traits reduction (%) induction period Site evaluated References
Number of tillers 20.8 35% field capacity from floweringto  field and 78 Shamuyarira et al.
Spike length 28.7 maturity greenhouse (2018)
Thousand kernel 26.8
weight
Grain yield 54.7
Fresh biomass 43.1
Plant height 17.0 30% field capacity from floweringto field and 97 Shamuyarira et al.
Number of tillers 27.7 maturity greenhouse (2022)
Shoot biomass 31.8
Root biomass 30.1
Grain yield 41.3
Shoot biomass 32.3 30% field capacity from 5 weeks field and 100 Mathew et al. (2019)
Root biomass 32.1 after crop emergence. greenhouse
Root-to-shoot ratio 14.0
Grain yield 45.0
Total plant biomass 35.2
Plant height 5.8 35% field capacity from 50% field and 96 Mwadzingeni et al.
Number of productive 24.5 heading to physiological maturity greenhouse (2015)
tillers
Grain yield 40.6
Plant height 7.5 35% field capacity from anthesis to  Field and 60 Makebe et al. (2024)
Shoot biomass 31.4 physiological maturity greenhouse
Root biomass 20.1
Grain yield 38.3
Grain yield 40.0 Severe stress for 10 days during field 100 Tshikunde et al.
the heading stage (2018)
Grain yield 30.6 Severe stress from 50% heading to  field 256 Amare et al. (2019)
grain filling stage
Grain filling period 41.7 Severe stress from 50% headingto  field 144 Lemma et al. (2021)
Number of kernels per 16.3 maturity
spike
100 grain weight 18.3
Grain yield 48.3
Grain yield 44.3 Severe stress from anthesis to field 5 Kimurto et al. (2003)
grain filling
Grain yield 62.2 Severe stress from the seedling
stage to maturity
Grain yield 52.7 Severe stress from tillering to
maturity
Number of productive 1.2 Severe stress from 50% flowering  rainout shelter 28 Thungo et al. (2020)
tillers to physiological maturity
Grain yield 20.2
Number of productive 8.5 Severe stress from 50% flowering  greenhouse
tillers to physiological maturity
Grain yield 711
Grain yield 50.9 Severe stress at pre-anthesis field and 15 Mdluli et al. (2020)
Grain yield 39.9 Severe stress during post-anthesis greenhouse

This limits carbon uptake, leading to reduced carbon
assimilation and WUE (Harrison et al. 2020). Furthermore,
the impact of drought stress on WUE varies in different
environmental conditions (Hussein et al. 2022). For
instance, Hu et al. (2006) reported that drought stress
significantly decreased WUE in wheat genotypes evaluated
in China, whilst Alotaibi et al. (2023) found an increased
WUE in wheat under limited water environments in Saudi
Arabia. These differences reflect the diversity of adaptive
strategies and physiological mechanisms that plants
employ to cope with water scarcity under different

conditions. Some wheat genotypes exhibit inherent traits
associated with higher WUE such as a deep root system
and reduced stomatal density. In addition, the genetic
variation within wheat genotypes contributes to differences
in drought response and WUE, offering opportunities for
selective breeding and genetic improvement of crops. Air
temperature and humidity also influence plant water
relations and WUE under drought-stressed conditions (Yu
et al. 2021). Furthermore, the severity and duration of
drought stress significantly impact yield production
(Schweiger et al. 2023).



South African Journal of Plant and Soil 2025, 1-12

Methodologies for improving water use efficiency

Drought stress is a major constraint in wheat production and
is threatening global food security. Various strategies should
be adopted to enhance wheat production and WUE. This
section outlines key mitigation strategies to minimise the
impact of drought stress on wheat production.

Cultural practices

Mulching

Mulching is the action of covering the soil surface with
organic or inorganic material to preserve moisture and
moderate soil temperature (He et al. 2023), thus improving
WUE and grain yield production. Mhazo et al. (2016)
highlighted that mulching reduces surface water flow during
rainstorms by improving infiltration into the soil profile,
leading to increased WUE. A study conducted by Ali et al.
(2018) evaluated different mulching practices and found
that the addition of wheat residue at 5 t ha™ coupled with
an irrigation of 350 mm increased WUE of plants by 35%.
Another study by Wang et al. (2021) evaluated the impact
of ridge-furrow mulching farming systems in Kenya and
found that they increased wheat grain yield and WUE by
more than 74% and 89%, respectively. In addition, Li et al.
(2018) evaluated the effectiveness of plastic and straw
mulches on the WUE of plants and found that plastic mulch
increases WUE by 29% as compared to a 6% increase
under straw mulch. These results concur with Liu et al.
(2014), who found higher WUE under plastic much than
under no mulch. Zhang et al. (2017) also reviewed mulch’s
effect on WUE of maize plants under a dryland farming
system and indicated that mulch increased WUE by 61%
and grain yield by 51%. Despite the demonstrated benefits
of mulching, the widespread adoption of mulching practices
by smallholder farmers remains limited due to lack of
awareness. Notable efforts have been made to educate
smallholder farmers through the Sustainable Land
Management Project in Ethiopia and Zambia through the
Sasakawa-Global 2000 program (lto et al. 2007; Bwalya
et al. 2023).

Precision irrigation

Application of water through irrigation improves wheat
production. Enhancing irrigation management is critical in
reducing drought stress and increasing WUE under limited
water environments (Kumar et al. 2023). However, to apply
water efficiently during irrigation, the use of precision
irrigation methods such as drip irrigation and micro-sprinklers
are encouraged. These methods deliver water directly to the
root zone of crops, thereby reducing water loss due to runoff
(Abioye et al. 2020). Furthermore, the utilisation of precision
irrigation in commercial wheat farms increases profitability
by achieving higher yields per hectare while using less
water, fertiliser, and energy resources. Studies show that
adopting precision irrigation technologies can significantly
improve crop yield and WUE (Adeyemi et al. 2017; Brar
et al. 2022), making them essential for sustainable water
management in agricultural systems. Despite the importance
of precision irrigation, adoption in SSA is limited because of
poor access to technology, lack of irrigation water, and low
awareness among smallholder farmers. Therefore, there is a

pressing need to embrace innovative irrigation strategies
to sustain agricultural productivity with the prevalence
of unpredictable rainfall patterns and increasing water
scarcity.

Soil Management Practices

Organic matter

The practices that increase soil organic matter content
positively affect the soil water holding capacity (Dengxiao
et al. 2024). Hudson (1994) asserted that an increase in
organic matter content from 0.5 to 3%, resulted in more than
double the available soil water capacity for a wide range of
environments. This phenomenon has been reported to be
relevant in the SSA region. For instance, in Ghana, Mensah
and Frimpong (2018) demonstrated that soil organic matter
amendments using compost and biochar enhanced soil
water retention capacity and reduced water stress. Similarly,
investigations by Sithole et al. (2016) in South Africa
indicated that integrating green manures into agricultural
systems increased soil organic matter content, leading to
improved soil structure and water-holding capacity. These
findings suggest that adopting soil management practices to
increase organic matter content improves soil water-holding
capacity, increasing plant WUE.

Tillage practices

Tillage practices significantly impact WUE in agricultural
systems and SSA dryland regions. Conservation tillage
methods, such as no-till and reduced tillage, have been
shown to improve soil water retention. For instance, a study
by Mashingaidze et al. (2019) conducted in Zimbabwe
demonstrated that conservation tillage practices led to
significant increases in soil water content compared to
conventional tillage methods. This improvement is attributed
to reduced soil disturbance, which minimises soil
compaction and preserves soil structure, facilitating better
water infiltration and reducing surface runoff. Similarly,
Oyekale et al. (2017) found that adopting reduced tillage
improves soil moisture retention and WUE. However, the
great significance of reduced tillage in increasing WUE has
been recognised when mulching is applied as well. For
instance, a study by Peng et al. (2019) reported that a
combination of mulch and reduced tillage increased wheat
grain yield by 22% and WUE by 26%. Wang et al. (2015)
reported that ridge-furrow mulching increased the yields of
wheat by 18% and WUE by 20.11%. These findings
highlight the potential of conservation tillage practices to
mitigate water scarcity in wheat production. In the Western
Cape Province of South Africa, approximately 90% of
farmers used no-till that enhanced vyield gains (Liebenberg
et al. 2020). Despite the proven benefits, the adoption of
no-till is still low in SSA because of cultural preferences
for ftraditional tillage methods. Nonetheless, efforts to
promote conservation tillage are underway in countries such
as Kenya and Zimbabwe, where government-supported
programs promote reduced tillage.

Strategies for selecting WUE crops

Breeding for improved WUE and drought tolerance
Breeding for improved WUE is a pressing challenge
intensified by the increasing frequency of drought events in
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the African region. Developing drought tolerance and water-
use-efficient varieties of wheat has become the major focus
in reducing the adverse effects of drought stress on wheat
yields. However, progress in developing WUE and drought
tolerant cultivars remains elusive due to the complexity of
this trait as it is influenced by environmental conditions and
genes (Gahlaut et al. 2019). Understanding the genetic
complexities requires deep knowledge across different
plant science fields, which indicates the need for
collaboration in breeding for improved WUE cultivars.
Moreover, wheat’s large genome size (17 gigabase, Gb)
poses additional challenges to breeding and genetic
progress (Bapela et al. 2022). The relationship between
genetic factors and environmental conditions highlights the
need to integrate both traditional and modern breeding
techniques to improve WUE. Phenotypic selection, a
cornerstone of conventional breeding, relies on discerning
desirable traits such as deep root systems and delayed
senescence (Hall et al. 2022). However, advancing
breeding programs requires the integration of cutting-edge
technologies such as biomarker applications and HTP
techniques. The biomarker application offers valuable
insights into the physiological and genetic basis of drought
tolerance, which helps to make informed decisions during
selection and variety development (Kaur et al. 2021).

Use of high-throughput and automated phenotyping
techniques

Traditional phenotyping techniques primarily rely on manual
measurements for data collection, and this tends to be
time-consuming and tedious (Xiao et al. 2022). However,
the accuracy and repeatability of measurements and data
management using traditional phenotyping tools may limit
the response to the selection of drought-tolerant and water-
use-efficient cultivars (Xiao et al. 2022). This is
exacerbated by the difficulties in understanding the genetic
and physiological bases of WUE and drought tolerance on
both phenotypic and genomic levels. Therefore, the
convergence and adoption of HTP technologies and
artificial intelligence (Al) has emerged as a transformative
force in plant breeding for enhancing drought tolerance and
WUE (René et al. 2024). These technologies facilitate
accurate data collection and analysis of phenotypic,
metabolomic and genotypic data. In addition, ground and
remote sensing techniques based on infrared reflectance
digital sensors, thermometers and cameras are used to
precisely measure various phenotypic and genotypic traits
(Hall et al. 2018; Buthelezi et al. 2023). The use of
unmanned aerial vehicles and satellite imaging offers new
opportunities to monitor and manage water resources
(Acharya et al. 2021). In South Africa, there is a high
throughput phenotyping facility at the Agricultural Research
Council-Grain Crop in Potchefstroom to evaluate the
response of crop plants to climate change (Brits 2023).
These technologies enable high-resolution spatial and
temporal monitoring of crop performance, water availability,
and environmental conditions. Despite these factors, most
SSA countries face significant barriers to adopting and
implementing HTP and Al-driven phenotyping technologies
because of limited funding (Kala 2023). Therefore,
addressing this technological gap requires collaborative

efforts from various stakeholders to empower local
scientists with the expertise and tools to do so.

Identification of candidate genes controlling WUE

Water use efficiency is a physiological trait that is controlled
by genes, particularly when plants are exposed to drought
stress. Therefore, identifying and monitoring the genes that
control WUE is crucial in improving the trait. Plant scientists
have reported genes associated with WUE under drought
conditions, such as HaHB4 and TaPYL1-1B (Gonzalez
et al. 2019; Mao et al. 2022). Furthermore, candidate
genes linked to disease resistance and environmental
adaptability from wild wheat relatives, such as Aegilops
species, remain untapped in breeding programs (Adhikari
et al. 2023). Therefore, breeding programs could benefit
from incorporating or manipulating these genes to enhance
WUE in wheat varieties. For example, research by Jain
et al. (2019) demonstrated the role of genes affecting
abscisic acid synthesis in regulating stomatal conductance
and water conservation, leading to improved WUE.
Additionally, genes like TaER1 and TaER2 have been
found to positively influence biomass, instantaneous WUE,
and yield in wheat, suggesting their potential for breeding
programs aimed at enhancing WUE and drought tolerance
(Li et al. 2021).

Measurement and estimation of WUE

Biomass measurement method. Biomass measurement is a
widely used method to measure the grain yield and
biomass produced with the amount of water applied
(Hussain et al. 2022). This technique involves destructive
sampling and drying of plant material to assess weight
(Mutanda et al. 2024). The amount of water used is the
quantity of water applied through rainfall or irrigation during
the growing cycle (Hussain et al. 2022). This approach was
demonstrated in a study conducted in a wheat field by Li
et al. (2017), where biomass was harvested and weighed
alongside the quantification of water applied under various
irrigation treatments. The efficacy of different irrigation
strategies in optimising WUE can be evaluated by
calculating the ratio of biomass produced to water used.
Similarly, Zhao et al. (2020) investigated WUE in tomato
cultivars by measuring water input and biomass
accumulation under varying water availability conditions.
Therefore, the application of biomass measurement
coupled with water input to calculate WUE assists in
optimising water management practices. However,
estimating crop WUE using the manual measurement
method is resource-consuming and expensive in large field
experiments with multiple genotypes.

Carbon isotope discrimination. In this method, carbon isotopes
are used to assess WUE. It involves measuring the
carbon isotopic ratio in plant samples through mass
spectrometry analysis (Mutanda et al. 2024). The technique
offers valuable insights into a crop genotype potential
and its ability to use water during photosynthesis for yield
and biomass production optimally. Carbon isotope
discrimination (CID) refers to the variation in the ratios of
carbon isotopes (2C and '*C) between atmospheric carbon
dioxide and the carbon assimilated by plants. When plants
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are water-use-efficient, they discriminate less against the
heavier isotope (**C), resulting in higher carbon isotope
ratios in their tissues. Conversely, lower WUE is often
associated with increased discrimination against '*C, leading
to lower isotopic ratios. For example, Arslan et al. (1999)
reported a strong negative correlation (r=- 0.85) between
WUE and CID in wheat genotypes from Austria, indicating
that these genotypes exhibited low WUE. Similarly, Rao
et al. (1993) pinpointed a negative correlation between WUE
and CID in groundnuts, suggesting that lower WUE
corresponds with higher CID values. However, Zhao et al.
(2009) reported a positive association between WUE and
CID in certain wheat genotypes, suggesting variable water
efficiency for grain yield production. This variability highlights
the influence of environmental conditions and experimental
conditions on WUE. However, the use of CID should be
viewed as a complementary tool for screening wheat
genotypes for WUE.

Furthermore, integrating CID with other breeding tools
such as marker-assisted selection (MAS) can create a
more robust framework for developing drought-tolerant
wheat varieties. The application of CID is not limited to
wheat and can be expanded across various crops to
develop water-use efficient cultivars. Integrating CID and
MAS and other molecular breeding techniques would
improve our understanding of how these approaches
complement each other in enhancing artificial selection
for climate resilience. Therefore, understanding the
conditions under which correlations between CID and
WUE occur is essential for accurately interpreting results
and effectively applying them in breeding programs. The
use of CID with advanced breeding techniques is crucial

Table 2: List of formulae used to calculate drought-tolerant indices

for developing sustainable agricultural practices in the
face of climate change.

Drought indices

Breeding of wheat varieties to improve their drought tolerance
is a significant step in achieving food security. Selection
measures are required to identify the drought-tolerant wheat
genotypes for the effective breeding. Grain vyield is
considered the basis of genotype selection for improving
drought tolerance in plants (Anwaar et al. 2020). However,
high grain yield potential under optimum conditions does not
guarantee drought tolerance under severe drought stress
(Mzileni 2023). Several studies have considered yield under
both non-stress and drought stress conditions, as this is
more efficient when selecting drought-tolerant wheat
genotypes (Anwaar et al. 2020; Semahegn et al. 2020).
Therefore, many drought tolerance indices have been
proposed to screen drought-tolerant wheat genotypes based
on grain yield produced under drought and non-stress
conditions (Semahegn et al. 2020). These yield-based
drought indices are presented in Table 2. Understanding the
utilization of these drought indices is crucial for selecting
drought-tolerant wheat genotypes.

Metabolomic analysis

Drought stress causes the expression of genes that influence
the regulation of various metabolites such as proline and
malate (Zhang et al. 2021b). These metabolites play crucial
roles in improving drought tolerance because they work
towards osmotic adjustments and scavenging of reactive
oxygen species (lgbal et al. 2018). The accumulation of
specific metabolites improves WUE in wheat, especially

Indices Formulae Description References
Tolerance index (TOL) TOL=Y,-Ys Measures the genotype’s drought tolerance based on yield Rosielle and Hamblin
Ys differences. (1981)
1>
Stress susceptibility index  SSI =—YP Evaluates the relative susceptibility of a genotype to drought. Fischer and Maurer
Ys
(SSI) 1-= (1978)
Yp
L. Yp+Ys ) . .
Mean productivity (MP) MP = 5 Calculates the average yield of a genotype. Ramirez-Vallejo and
) Kelly (1998)
Geometric mean GMP = (Yp x Ys)z Accounts for variability in yield performance across Ramirez-Vallejo and
productivity (GMP) environments. Kelly (1998)

. _2(Ys x Yp)

Harmonic mean (HM) HM = ~Npivs
Stress tolerance index STl = Ypf<2Ys
(STI) Yo

o Ys
Yield index (YI) Yl==—

Ys the test genotypes.
Yield stability index (YSI)  YSI =¥—Z
Ys—Yp

Drought susceptibility DSI =

index (DSI) Yp performance.

Measures cultivar performance based on mean yield response.

Quantify yield performance and drought tolerance.
Compares individuals’ performance relative to the average of all
Assesses stability by comparing yields under stress to potential

yields and discerns genotype ranking.

Measures the sensitivity of a genotype to drought based on yield

Jafari et al. (2009)

Fernandez (1992)

Gavuzzi et al. (1997)

Bouslama and
Schapaugh (1984)

Fischer and Maurer
(1978)

Y, =mean yield of the genotype under non-stress, Y =mean yield of the genotype under stress, \?p =mean yield of all genotypes under non-

stress, and Ys =mean yield of all genotypes under stress
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under drought stress conditions (Budak et al. 2015). During
drought stress, amino acid metabolism plays a significant
role in drought stress response by providing building blocks
for proteins and signalling molecules (Ghorbanzadeh et al.
2023). The synthesis of proline has been shown to improve
drought tolerance and WUE in wheat. This corroborates with
Khan et al. (2025), who highlighted the importance of proline
accumulation in  enhancing drought resilience. Plant
metabolism profiling has been done using technological
platforms such as LC-MS (Hall et al. 2022) and others. These
technological platforms identify specific metabolic pathways
that modulate plant responses to drought stress and enhance
WUE. The studies indicate that manipulating metabolic
pathways involved in osmolyte biosynthesis and antioxidant
biosynthesis offers the potential to improve drought tolerance.

Simultaneous selection of traits

Simultaneous selection of several traits is fundamental in
plant breeding programs to release desirable varieties with
the required product profiles. Hence, ascertaining the
magnitude and trend of multiple traits is vital to guide
selection and reveal their contribution in enhancing drought
tolerance and WUE. Wheat varieties require a combination
of traits to thrive in diverse environmental conditions. This
provides an opportunity to meet the demands of modern
agriculture. In addition, simultaneous selection for multiple
traits in wheat breeding increases the value of cultivars.
Several authors have targeted common traits such as yield
potential (Mathew et al. 2019; Shamuyarira et al. 2022) and
grain quality attributes to meet end-users’ demand (Agami
et al. 2019).

Correlation analysis plays a crucial role in simultaneously
selecting several traits by evaluating the relationships
between yield components (Akram et al. 2008). The high
correlations between traits indicate shared genetic or
physiological mechanisms. This facilitates the identification
of key traits associated with drought tolerance and WUE
(Singh et al. 2017). Understanding trait correlations helps to
prioritise their selection, identify trade-offs and design
breeding strategies for balanced and stable wheat varieties.
Several studies have employed principal component
analysis to investigate multivariate patterns of selection in
wheat and make breeding strategies for improving yield and
drought tolerance (Mwadzingeni et al. 2016; Mathew et al.
2019; Shamuyarira et al. 2022). Therefore, simultaneous
selection of traits guided by correlation analysis and
multivariate analysis presents a robust framework for
understanding genetic and environmental factors affecting
agronomic performances.

In addition, path coefficient analysis has been conducted
on wheat genotypes to evaluate traits that contribute
directly and indirectly to higher grain yield and drought
tolerance (Jamro and Rashid 2017). This technique
visualises the relationships between ftraits as
interconnected pathways or networks. The analysis
provides insights into trait interactions and trade-offs and
helps inform breeding strategies to develop resilient wheat
varieties. For instance, Denci¢ et al. (2000) found that
agronomic traits directly influencing grain yield under stress
included the number of tillers, grains per spike, and number
of spikes. The substantial number of grains per spike

compensates for diminished grain weight under drought
conditions (Mwadzingeni et al. 2016), indicating the
importance of this trait in drought tolerance. Additionally,
longer spikes boost grain number, which is valuable under
stress conditions (Thomas et al. 2017). Therefore, path
analysis assists in evaluating complex traits and guiding
the development of the next generation of drought-tolerant
wheat cultivars.

Conclusion

Drought stress presents significant challenges to wheat
production and productivity, especially in arid regions.
Addressing these challenges requires drought-tolerant
cultivars, the application of conservation agriculture, and
the use of CID. Innovations in molecular breeding and
precision agriculture are vital for resilient cultivars and
optimised resource use. Management strategies must align
with sustainable agriculture practices. Collaboration among
researchers, farmers, and policymakers is key to promoting
food security under climate variability.
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