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Abstract

The main consequence of climate change on temperature is global warming. Over the past century,
worldwide temperature has increased, rising by about 0.14 degrees Fahrenheit every year. Rising temperature
negatively affects morphology, physiology, and yield of crops. Over the last 5 years, agriculture production in
Pakistan affected due to temperature increase. Pakistan is an agriculture based developing country. About 2.2%
GDP of Pakistan depends on wheat crop which is 1* major cereal crop and ranked as staple food. Nutritionally
it provides proteins, dietary fibers, carbohydrates, calcium, and other important compounds but because of the
harmful effects of a high temperature, yield of wheat crop in Pakistan has reduced to lowest levels in the last
few years. Heat stress affects wheat plants by reducing growth, raised reactive oxygen species (ROS) production,
denature cell membranes, and enzymes activity, decreasing photosynthetic activity and disturbing respiration
processes. Improving wheat crop productivity is urgently needed to feed the rapidly growing population.
Several techniques like Quantitative Trait Locus mapping, omics techniques, and application of nutrients have
been used in the past to mitigate high temperature effect on wheat and other different crop plants. This review
critically analyzes the response of wheat towards heat stress and its impacts on wheat crop as well as provides
critical information on advanced strategies and techniques for the mitigation of heat stress.
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Introduction

Global crop productivity is being negatively impacted from the detrimental effects of climate change (El
Melki ez al., 2023; Al-Khayri ez al., 2023). With the significant increase in the global population there is a need
for maximum production of food to avoid food insecurity. It is predicted that in 2050 about 9.8 billion
population will increase and to feed this population, 198 million tonnes wheat will be required (Patil ez 4/,
2022). For this, there is great need of maximizing food production (Igbal e 4l., 2017). Economy of Pakistan
depends upon agriculture sector that is facing different challenges because of these drastic conditions of
environments (Ahmed and Schmitz, 2011). According to the Global Climate Risk Index, Pakistan has been
placed at 12th position among countries that have been severely affected by harsh environmental impacts (Ali
et al., 2022). However, harsh environmental conditions like high temperatures, high rains and other stresses
are making it difficult to produce food on a large scale (Shahzad ez 4l., 2021). All the environmental factors are
interlinked with each other either individually or by combining with other factors. These factors have a large
impact on the morphology, biochemistry, physiology, and plant species production (Madani ez 4., 2019; Al-
Khayri e al., 2022). High/low temperature, water logging, water stress, salt stress are main abiotic stresses that
can destroy tissue cells in plants and also damage cereal crops (Bita and Gerats, 2013). According to dos Santos
et al. (2022) heat stress is an utmost climatic abiotic stress that have most adverse impacts on plants. High
temperature stress is considered more dangerous than drought stress because it significantly affects various
plant organs at several stages of their life cycle (Riaz ez a/., 2021). Plants are sessile and cannot move therefore
there are greater chances of damage by changes occurring in their surroundings (Medina e 4/., 2021). Plants
can survive in an optimum temperature but if temperature is increased more than optimum value, then growth
of plants can be negatively affected. It can cause reduction in germination of seeds, fruiting, pollens, and in
productivity (Sehgal ez 4/., 2018).

Wheat is high energy crop for human population sown on an area of 8825 thousand hectares, as it
contains energy compounds like proteins, carbohydrates, sugars, and fibers (Hussain ez a/., 2023). It has great
role in global cereal production (28%), trade (41%) and total yield about 24.946 million tonnes (Yadav ez al.,
2022). In 40 countries, wheat is providing 85% calories and 82% proteins (Pandey ez al., 2019). Wheat is more
sensitive during reproductive stages than other crops and 15-20 °C temperature is optimum for normal growth.
If temperature is high during reproductive stage, then it can disturb the reproductive physiology and cause
decrease in yield (Prasad and Djanaguiraman, 2014).

In order to handle such harsh circumstances, plants have adopted several regulatory processes, such as
heat shock proteins. These processes help plants to withstand drastic circumstances (Akter and Rafiqul Islam,
2017). Figure 1 shows responsive mechanism of plants regarding different abiotic stresses. However, to cope
with present challenges faced by wheat and to enhance yield production, different technologies have been
introduced and nano technology is one of the most advanced fields for this purpose (Li ez 4/., 2015). Effective
control of irrigation systems helps in cultivation of wheat when faced with challenges like heat stress (Tack ez
al., 2017). Utilization of phytohormones is also another phenomenon in promoting plant growth. Moreover,
it helps plants cope with a variety of abiotic and biotic stresses (Hossain ez 4/., 2021). Khan ez al. (2020) reported
that silicon introduction in tomatoes resulted in increased heat tolerance because silicon helped in improving
antioxidants and regulated HSPs (Heat Shock Proteins). Similarly, Kothari and Lachowiec (2021) found that
brassinosteroids mitigated negative impacts of heat shocks (HS) in cereals crops. Under heat and drought
conditions, selecting stay-green (SG) genotypes is an effective strategy to enhance crop yield. This strategy
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involves choosing plant varieties that can maintain their green leaves and sustain photosynthesis for an
extended period, even in the presence of HS. By prolonging the period of grain filling, these plants can achieve
increased yield (Kamal ez 4/, 2019).

This review article aims to comprehensively examine the effects of heat stress on wheat, elucidate its
basic mechanisms, and present modern techniques for reducing heat stress in wheat. Furthermore, this article
delves into the heat stress impact on various attributes of wheat, offering valuable insights for addressing food
shortages. It also imparts fundamental knowledge and significant advancements in strategies to alleviate HS in
wheat. This whole section is the explanation of table of content.

Plants Abiotic Stress Response Mechanism

Physiological Responses
Affects nutrients uptake/
ROS generation/
Photosynthesis reduction/
Hormonal imbalance

Flooding

Heat and Cold Stress

~\
Transcriptional control
Transcriptional factors/
Chaperones/
OsmoprotectorsExpression
proteins

Alteration in gene expression/
Lipid peroxidation/Altered @
proteins synthesis

Heavy metals (Lead) Drought Stress

Figure 1. Plants response mechanisms to various abiotic stressors

Heat Stress Effect on Plants

Plants can sense changes in their environment and respond accordingly. Under HS, plants detect this
condition by their plasma membrane. Plants respond to heat stress by opening their calcium channels, allowing
the influx of calcium ions. This stress cause reduced growth due to increased water loss from plant cells
(Rodriguez ez al., 2005). Laizer e al. (2019) and Lipiec ez al. (2013) in their review also explained the harsh
impacts of heat on multiple facets of plants physiology and metabolism. High temperature stress disrupts
important cellular regulatory mechanisms, like respiration, photosynthetic machinery, transport of water, and
absorption of nutrients irrespective of the length of heat stress. Table 1 illustrates the consequences of HS on
plants during various growth stages. These effects can result in cell death caused by proteins, enzymes, nucleic
acid, and plasma membrane denaturation. Such disruptions significantly impact the regular operations like
physiology and plant metabolism (Faiz ez al., 2020). Heat stress inhibits the development of floral buds and
results in flower abortion. Furthermore, heat stress can persuade oxidative type of secondary stress.

Plants have evolved various responses to mitigate the effects of heat and protect themselves. Based on
transcriptomics and proteomics, plants might be grouped into two classes, considering genes and proteins
involved in heat stress response. The first category consists of signaling elements like transcription factors and
protein kinases (Zheng ef 4l., 2022). To some extent a plant can tolerate heat stress as they start to produce
signaling genes for the alteration of metabolism but with the passage of time plants metabolic pathways are
disturbed by heat which harms different tissues (Rehman ez 4/, 2023). According to Bharti ez al. (2021)
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transcription factors and protein kinases contributes to HS reduction through expression of genes and
regulation of cellular signaling pathways. The second category consists of functional genes like heat shock
proteins (HSPs) (Todaka ez a/., 2012). Under HS, production of heat stress transcription factors is triggered
in plants. These transcription factors promote the production of HSPs which help in regulating HS response
(Kotak ez al., 2007). According to Khan and Shahwar (2020) HSPs helps in numerous activities of cells, such
as protein folding, stabilization, and degradation. When cells are subjected to HS, it increases the synthesis of
HSPs which ultimately prevents the denaturation and aggregation of proteins. Under heat stress situations,
this protective mechanism ensures the maintenance of protein optimal functioning and structure.

Table 1. Effect of heat stress (HS) throughout different growth stages of plants

entifi
Crops SRS 2y Growth stage Major effect References
Name treatment
Brassica 25.40°C . Reduced vigor mdlfcs,.survwal Sakpal e .
Mustard ] (day/night) Seedling stage percentages, antioxidant (2023)
megra ayrmg activity, and proline content
15°C, 28 °C, chlorophyll a and total
R dos Santos
Saccharum | and 40 °C (0, 4, 65 days after chlorophyll indices increased,
Sugarcane ) . i o Panta et al.
officinarum 8,12,and 24 planting increased rate of respiration,
) (2022)
hours) enzyme denaturation
Solanum 28 °C (Day Seedling, b hotosyntf.le.sm, elect.rolyte Rajametov ez al.
Tomaro / ) time) R ducu conductivity, proline, (2021)
ycopersicum tme cproducaive Reduction in fruit parameters
Reduced plant weight,
. 40 °C for 15 days after mcr.cascd leaf temperature, Ayub et al.
Maize Zea mays ) Proline, total soluble sugars
6 hours sowing . . (2021)
and amino acid contents
increased
Reproductive
. R ion in fruit width
Chili Capsicum 38/30°C stage, maturity equctlon in fruit width and Pagamas and
epper annuum (day/night) and harvestin weight, enhanced abnormal Nawata (2008)
pepp Y/g level J seeds per fruit.
eve
Chlorophyll level, chlorophyll
4 fluorescence decreased,
decreased antioxidant enzyme
Hordewm 40/30°C 65 DAS to activity and photosystem II Djanaguiraman
Sorghum . . (PSII) photochemistry,
vulgare (day/night) maturity stage ) i et al. (2010)
increased reactive oxygen
species content, damage to
thylakoid membrane, and
reduction in yield
Grain yield, grain length, gain
) 32 °C (night width, and gain weight Mohammed and
. o .
Rice Tz sattva temperature) Reproduction decreased, increased spikelet Tarpley (2010)
sterility
Stomatal conductance, AQY
(Apparent Quantum Yield),
Nicoti i Tan et al.
Tobacco icotiana 43°C.2h Early growth net photosynt}}ctlc rate and aneta
tabacum stages CE (Carboxylation Efficiency) (2011)
decreased. Antioxidant
enzymes activities decreased.

Notes: DAS: Days After Sowing, AQY: Apparent Quantum Yield, CE: Carboxylation Efficiency
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Wheat response towards heat

Wheat growth is affected by HS due to alteration of important processes like photosynthesis,
respiration, proteins, antioxidants enzymes, water relations, and yield (Dutta ez 4/., 2023). It is affected by heat
stress in two ways directly and indirectly. Directly, heat stress cause denaturation of proteins, aggregation of
proteins and enhanced membrane fluidity while indirectly it causes poor germination of seeds, reduced growth,
increased leaf senescence and reduced photosynthesis (Aiqing ez al., 2018; Djanaguiraman e al., 2018).
According to Heckathorn ez a/. (2013) high temperatures have directly affected wheat roots by causing cellular
damage, affecting root growth and function. Direct heat stress caused physiological disruptions in root cells,
such as protein denaturation, membrane damage, and metabolic imbalances. According to findings recorded
by Alam ez al. (2014); Iqbal ez al. (2019); Nesar e al. (2022) heat might lead to pre- and post-harvest damages
in plants. It can result in various detrimental effects, including leaves scorching and sunburns on the entire
plant body, leaf abscission, root and shoot growth hinderance, discoloration of fruits, and low crop yield. These
effects highlight the vulnerability of plants to high temperatures and the potential impact on agricultural
productivity. Heat stress affects metabolic activities in wheat by triggering changes at hormonal levels. The
altered hormone levels lead to stomatal closure, changes in gene expression, enzyme activities, and perturbations
in hormonal crosstalk. These effects collectively influence various metabolic processes, compromising wheat
morphology and yield during heat stress. According to Khan ez 4/. (2013) and Lenzoni and Knight (2019)
plants have a responsive mechanism towards heat, involving calcium ijons accumulation and ROS.
Alternatively, this affects phytohormones like SA (Salicylic Acid) and JA (Jasmonic Acid). These
phytohormones help in plant defense systems. However, in wheat plants, HS leads to a decrease in grains
number per spike, their weight and tiller numbers. These observations highlight the HS negative impact on
wheat yield-related parameter (Plaut ez /., 2004; Afzal ez al., 2020). Harsh situations caused low wheat yield
because these conditions have harmful impacts on germination of seeds, and physio-biochemical processes
(Kheiri et al.,2021; Kheiri ez al., 2022).

Figure 2 showing the heat stress impact on wheat. Wheat may exhibit changes in protein expression
patterns, with some proteins being upregulated or downregulated under heat stress. These alterations in protein
expression can impact the overall cellular functions and the plant capacity to minimize heat stress. According
to Usman ez /. (2014) HS disrupted normal synthesis as well as expression of proteins in wheat plants. These
proteins regulate various cellular processes, including metabolism, signaling, and stress responses. Similarly
Poudel 7 al. (2021) confirmed that HS alters proteins expression, deteriorate mitochondria disrupting ATP
formation and provide less oxygen to embryos. These findings state that HS negatively affects wheat metabolic
activities. HS effect on various attributes of wheat is described below in detail.
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Figure 2. Effect of heat stress on wheat (The upward arrow means increase, and downward arrow means
decrease)

Wheat Morphology

Growth

Growth and development include stages like germination of seed, emergence of shoots, roots, stem,
flowering, pollination, fertilization, and yield. Heat has very harmful impacts on all these stages (Buttar ¢z al.,
2020; Fleitas ez al., 2020). When plants sense any change in the environment, they tend to change their
metabolism and adapt themselves according to the changing conditions (Rangan ez 4/., 2020). Different studies
were made to investigate heat impact on wheat at different stages and it is cleared that at high temperature
about 45 °C germination of seed is declined, and embryo is dead (Essemine ez 4/., 2010; Hasanuzzaman et al.,
2013; Lal ez a/.,2021). Diurnal temperature variations, such as high temperature at daytime (37 °C) and lower
temperature at night (28 °C) are observed to minimize period of grain filling and they affect the maturity level
of plants. It has been found that 26 °C is considered a threshold temperature, indicating that temperatures
above this threshold can have significant impacts on formation of grains and maturation (Zhao ez al., 2007;
Dubey ez 4l., 2020).

Physiology of Wheat

HS exerts detrimental influence on wheat physiology. It diminishes seed germination rates, prolongs the
germination period, reduces seed vigor, inhibits radicle and plumule growth, and can induce abnormal growth
patterns in plants (Hasanuzzaman ez al., 2013). According to Mirza (2021) under HS seed germination of
wheat was inhibited. Similarly, Debnath ez 4/. (2022) in their review paper also explained that heat stress
affected seed vigor, and plumule growth. Germination serves as the initial stage that can be influenced by
various types of stresses, including heat stress. Heat stress has the potential to impede the germination process,
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leading to delays. Moreover, it significantly disrupts the biochemical mechanisms involved in germination,
ultimately resulting in a reduction of growing time (Kamrun ez 4/., 2010; Nadeem ez al., 2018). Sattar et al.
(2020) explained that wheat flag leaf provides tolerance against abiotic stresses and has assimilation power for
carbohydrates but at high temperature flag leaf wilts and its area is dropped. Heat also has negative impacts on
the number of tillers of wheat plant and it is investigated that due to high temperature they reduced from 2.3
to 1.7 per plant. Flowering is an important trait for wheat adaptation during unfavorable conditions (Zahra e
al., 2021). Normally, flowering and grain filling period of wheat is 20 days but under heat stress it accelerates

by reducing period with 12 days and cause shorting of life cycle which leads to reduced weight and size of wheat
grain (Paudel ez al., 2021).

Photosynthesis

Plant productivity is determined by a biochemical mechanism occurring in plants known as
photosynthesis. Major reason of low productivity in plants during HS conditions is detrimental effect it has on
photosynthesis (Zahra ez al., 2023). It is investigated that heat causes decreased protein and relative water
contents (RWC), activity of PS II (Photosystem II), and chlorophyll (Chen ¢t 4/., 2017). Younis ez a/l. (2020)
revealed in their study that heat decreases PS II activity and results in low photosynthesis and ultimately low
production. PS I is a site where injury is incurred by different types of environmental stresses like heat stress
in photosynthesis. Under high temperature, byproducts formed during photosynthesis are reduced because of
instability of membrane and cannot be transferred to other plant parts (Poudel ez 4/., 2020). Heat stress leads
to structural changes in chloroplasts, including changes in the organization of thylakoid membranes, grana
swelling and structure loss (Ashraf and Hafeez, 2004). Photosynthesis is also disturbed by heat stress due to
because of specific proteins reductions such as Rubisco binding proteins and their subunits (Sumesh ez 4/,
2008). According to Sparrow-Mufioz e al. (2023) Rubisco is not affected by heat stress directly, but high
temperature causes negative effects on activase enzyme of Rubisco which help in Rubisco modulation. This
modulation of Rubisco results in reduced photosynthesis in wheat. Include some more research findings on
harsh impacts of heat on wheat physiology viz, stomatal conductance, cell membrane stability, biochemical
enzyme activities etc.

Water relations

Under changing environmental conditions like high temperature, water relation status of plants is very
sensitive. When the temperature is high, there is more loss of water leading to dehydration in plants and
ultimately death. Heat stress causes depletion of bonds in water molecules which have negative impact on soil
temperature and transpiration process in plants (Fortunato ez 4., 2023). Water deficit in plants is brought
through high temperature in two ways. Firstly, a condition when a plant loses more water through its aerial
portions than it takes up through its roots and stomata get closed, leading to a high rate of transpiration.
Secondly, at high temperature process of vaporization in soil is enhanced which cause inhibition of roots
extension downwards and less water is absorbed by roots (Tao et 4l., 2016). Heat stress can directly disturb
wheat metabolic pathways by increasing respiration rate, impaired photosynthesis, decreasing osmotic
potential and sugar level and can cause water deficit. According to Sattar ez al. (2020) heat disrupted water

relations in wheat because of increased rates of transpiration and reduced water uptake.

Oxidative damage

HS cause ROS formation (Reactive Oxygen Species) in wheat which leads towards oxidative damage.
Higher ROS production cause unbalanced redox homeostasis which damages the membrane and more
electrolytes are leaked from membrane that disturbs functioning of cell (Sharma ez 4/., 2012). ROS formation
takes place in the chloroplast region. But recent studies showed that ROS is also generated in mitochondria
(Suzuki, 2023). These two studies present the same result. Therefore, write one statement for these two
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references. They cause radicals formation and these radicals react with all biomolecules and cellular components
of plants that cause disturbance in metabolism (Meller ez 4/., 2007). Wheat crop have evolved a number of
defensive systems to combat ROS generation. These mechanisms help in ROS scavenging, protect membranes
and organelles from being damaged by ROS. Similarly, Lipid peroxidation is caused by denaturation of proteins
and this denaturation is result of heat stress. Due to this lipid peroxidation, heat stress induces oxidative stress
in wheat (Camcjo ez al., 2006).

Yield

One major factor that negatively affects productivity is abiotic stress, including wheat, with a global
average reduction of over 50% (Buttar ez al., 2020). Wheat crop is accounting for 2.2% of GDP of Pakistan and
known as king of cereals (Usman, 2016). HS has severe hazardous effects on wheat productivity cultivated in
low-altitude regions worldwide, where approximately 100Mha wheat is cultivated. According to Morgounov
et al. (2018) a 6% reduction in wheat production was recorded by increase in one-degree Celsius temperature.

Different yield related attributes such as no. of tillers, grains, plant height, spike length, weight of grain
have effect on wheat yield (Bhattarai ¢z 4/, 2017). The Federal committee on agriculture meeting has reported
that in 2021-22 from 8.99 million hectares about 26.8 million tonnes wheat is produced which is showing 2.5%
loss of yield from last year. Similarly, Ali ez 4/. (2011) revealed that HS cause decrease in wheat productivity by
minimizing tillers numbers. Loss of yield at higher temperature is due to the decreased Rubisco formation and
its substrates. According to Posch ez al. (2019) proper functioning of Rubisco is a major process for greater yield
and heat stress results in disturbing Rubisco activity. In tropical regions wheat yield is more affected because its

life cycle is completed faster. It is reported that HS changes grain filling time duration and inhibit kernel growth
of wheat which leads to loss of yield up to 7% (EI Sabagh e 4/., 2019).

Wheat biochemistry

Wheat biochemistry is affected by denaturation of enzymes due to heat stress (Rubisco, Rubisco
Activase (RCA), ATP Synthase, Starch Synthase). The primary component of wheat is starch which consists
of amylopectin and amylose. Most important indicator of starch quality is amylose level. During heat stress
amylose and amylopectin levels are decreased (Sharma ez 4/, 2015). Sehgal ez /. (2018) HS can affect multiple
aspects of starch metabolism in wheat grains, leading to a decrease in amylose and amylopectin levels. The
accelerated starch degradation, altered enzyme activity, impaired granule formation, and increased respiration
rates contribute to the reduction in these polysaccharides. Similarly, Liu e# 4/. (2011) reported that under heat

enzymes involved in starch synthesis are denatured that results in reduction of starch content in grain.

Respiration

Growth and survival of plants depends on respiration and mitochondrial respiration is an important
factor which has impact on productivity of wheat during heat stress. High rate of respiratory homeostasis is
shown by wheat and rice (Rai ez 4/, 2020). Under heat stress photosynthesis is inhibited and respiration rate is
increased. Temperature under 0 °C to 35 °C, respiration process tends to increase but at higher temperature
(>50 °C), respiration process is decreased, and its mechanism is stopped. Reduced respiration can result in low
yield and impaired growth of wheat. According to Bavita ez al. (2012) the fluctuation in respiration process
disrupts the movement of nutrients from the leaves to the grains, which cause inhibition of plant growth,
development, and ultimately crop productivity. This indicates that HS significantly affects the wheat
respiration process.
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HS Resistance Mechanism in Wheat

Heat tolerance described as capacity of plants to grow, survive, and produce viable yields during high
temperature conditions (Maj et al., 2023). Production of HSPs and SG (Stay Green) are important for HS
tolerance in wheat (Poudel and Poudel, 2020). According to Sable and Agarwal (2018) and Wu ez al. (2022)
the induction of HSPs helps plants cope with heat stress by maintaining cellular homeostasis, protecting
proteins from denaturation, and facilitating proper protein folding and assembly. Additionally in wheat plant
genetic components like QTL genes help in HS tolerance (Haider ez 4/., 2021). As Rabara ¢ al. (2021) found
that these genes are involved in alleviating HS by regulating physiology and biochemistry that enable plants to
withstand high temperatures. Plants have developed several adaptive mechanisms during heat stress.
Avoidance, escape or tolerance are some common defensive mechanisms of wheat plant during heat stress
(Janni ez al., 2020). Avoidance helps plants to tolerate any type of stress. Additionally, plants attempt to finish
their reproductive cycle during favorable time in order to endure periods of HS (Giordano ez al., 2021).
Abdelrahman et al. (2017) in their review also explained that plant avoidance mechanisms involve adaptive
strategies that help plants to minimize negative impacts of heat stress. Another stress mitigating mechanism is
the small size of leaves which helps plants to overcome HS. Under HS small leaves can effectively survive than
large leaves because in respiration process small leaves face less resistance on surface in expelling heat outside
(Salman et al., 2019). Shashikumara e al. (2022) reported that wheat leaves have a natural tendency to roll or
fold during periods of heat stress, which can reduce exposure to direct sunlight and minimize heat stress. This
leaf movement, coupled with changes in leaf angle and orientation, can help regulate leaf temperature and
protect the photosynthetic apparatus from thermal damage. These mechanisms are described below in detail.

HSPs: Key players for beat resistance

Functioning of proteins depends upon their folding and synthesis and any type of misfolding negatively
affect their function. Under HS conditions proteins are denatured and folding is disturbed (Sharma ez 4/.,
2019). Depending on their molecular masses, functioning and amino acids sequence HSPs are grouped in
several categories. These include HSP100, HSP90, HSP70, HSP60, and other small families (Gupta ¢z al.,
2013). In stressed conditions such as heat stress every family has a specific function as shown in Table 2. When
a plant sense high temperature then signals are transferred to heat shock transcription factors. These HSFs get

attached with HSE (heat shock elements) in DNA leading to show gene expression (Al-Whaibi, 2011).

Table 2. Distinct HSP (Heat Shock Proteins) classes and their functional role in overcoming heat stress

(HS)
Molecul i i
HSPs Classes S e R R Role References
(kDa) members
(0(‘?;52’:)312;— protein folding and stability,
Hsp27 12-43 C 11,' protein degradation, signal Mondal ez /. (2023)
( Crl}és\t(z]g; transduction, stress tolerance
. precise protein folding,
Hspl0 10 Chaperonin 10 or cooperation with hsp60, heat and | Abasi ez /. (2023)

CPN10

salt stress tolerance
Hsp60 60 Group I (CCT) protein folding and assembly Hu ez al. (2022)

serves as a molecular chaperone,

Hsp/Hsc70 ensuring balance of processes in
Hsp70 68-75 Hs.p70 cells, an.d regulates t.he actlvaflon Barna ez al. (2018)
Bipl of various factors involved in
Hsp9l signal transduction pathways

when confronted with HS.
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Role in supporting plastid proteins
like Rubisco, guaranteeing the
correct folding of proteins during

cellular protection during heat

stress.

Chaperonin/Hsp60 55-64 ((;;1:)11119 IH( ?(Pjn(ljé”l(")}z )) their transportation to Usman et al. (2014)
p chloroplasts and mitochondria,
and preventing assemblage of
proteins when exposed to HS
Collaboratively with HSP70
works to reduce HS in plants,
Hsp90-1 exhibit associated activity to other
Hsp90-5 chaperones in response to HS,
Hsp90 82-90 Hsg90—6 invol\P/)cs genetic bu?fcring and the Kaur et al. 2019)
Hsp90-7 maturation of upstream signalling
molecules related to stress
response.
Engaged in the renaturation
process of heat denatured proteins,
restoring their functionality, and
enabling them to resume their
Hsp100 100-104 Hsp100, Hsp101 biological activities. Also facilitates Jee (2016)
’ the degradation of proteins that
have been irreversibly damaged by
HS, enhance the survival rate of
cells during severe or prolonged
stress conditions.
Capacity to bind with partially
Hsp 17.6 folded or denatured substrate
Hspl7.9 proteins, preventing irreversible
Hsp21 unfolding or improper protein
Small Hsp (sHisp) 15-30 Hsp22 assembly, undergoes heat-induced| Bakthisaran ez al.
Hsp22.3 assembly into functional stress (2015)
Hsp235 granules or heat shock granules.
Hsp26.25 Play a crucial role in providing

Notes: kDa: Kilo Dalton, Hsp: Heat shock protein, HS: Heat Stress, Hsp/Hsc70: Heat shock protein/heat shock
cognate 70, CCT: chaperonin containing TCP-1, Bipl: Immunoglobulin Binding Protein, Cpn602 and CCT?3:

Chaperone family heat shock proteins

Heat stress initiates genes expressions that encode for HSPs. These proteins act as chaperones which

protect proteins from denaturation as mechanism of HSPs is shown in Figure 3. Similarly, according to Yadav
et al. (2020) thermotolerance in wheat is due to the presence and expression of HSP18.1 and HSP17.9. These

specific low molecular weight-heat shock proteins (LMW -HSPs) help in protecting wheat cells from heat stress

and ensuring the proper functioning of cellular processes. Overall, the correlation between thermotolerance

and the expression of HSP18.1 and HSP17.9 suggests that these HSPs have role in wheat plant response to HS,

potentially contributing to its ability to survive and adapt under heat stress conditions.
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Figure 3. Mechanism of HSPs (Heat Shock Proteins)
HSP: Heat Shock Protein, HSFs: Heat Shock Factors

Wheat membrane fluidity: A smart hack

Altered membrane fluidity is a critical factor for HS resistance in plants. The plasma membrane of plants
is very sensitive towards change in environmental conditions and any effect to membrane can cause disturbance
in metabolic functioning (Ul Hassan ¢ 4/.,2021). Bhunia ez 4/. (2016) found that plant cell membrane contains
high content of unsaturated fatty acids that make plants capable of surviving under low temperatures. Similarly,
during high temperature saturated fatty acids level is increased. Both types of fatty acids (saturated and
unsaturated) are controlled by an enzyme called lipid desaturase. This enzyme maintains membrane fluidity by
regulating different chemical reactions in thylakoid membrane under changing temperature. Likewise
according to Yamamoto (2016) lipids forms a matrix which helps in proper functioning of photosynthetic
pigments of PS T and PS IT in thylakoids. It is reported that membrane fluidity helps plants in maintaining ion
transport, enhancing enzymes activity, maintains protein’s structure, ROS scavenging and oxidative stress
management under high temperature (Rawat ez al., 2021). Moreover, Plants have also waxy coating layer on
their external surface which act as protector under harsh conditions like heat stress and also minimize loss of
water from plants surface (Bhunia ez 4/, 2018). Cuticular waxes are very long chains of fatty acids and their
derivatives. It is investigated that these waxes have important contribution in reducing temperature under HS
in wheat (Mohammed ez 4/, 2018).

Wheat transcription factors: Functions and mechanisms

Transcription factors have worked as primary regulators of gene expression in plants when exposed to
heat stress. They can repress or express gene expression by blocking or recruiting RNA polymerase to gene
promoter region (Hussain ¢# al., 2021). Some molecular components like transcription factors are involved in
plants’ response towards changing environment. However, temperature regulation expression is shown by heat
shock transcription factors. According to Barna er a/. (2018) instead of controlling HSPs, HSFs shows
expression of non-HSP genes. These HSPs bind heat shock responsive genes and elements which in the form
of proteins show expression and produce tolerance against heat stress in wheat. Currently, about 20 heat shock
transcription factors are discovered including AP2/ERF (APETALA2/Ethylene Responsive Factor) that
includes TuDREB2, TaERFI, and TaWWRKY. These factors regulate gene expression for salinity, pathogen,
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and drought tolerance. Similarly, MYB (Myeloblastosis) regulates genes for grain development and diseases
resistance. Another NAC (TaNAC2, TaNAC29, and TaNACG69) regulates genes for heat and salinity
resistance. Additionally, 6ZIP (TaABFI, TaABIS, and TaFDL2) regulates genes for drought and low
temperature stress resistance while WRKY (aWRKY10, TaWRKY33, and TaWRKY7I) regulates genes for

biotic and abiotic resistance (Figure 4).

TaABF1 Awrky10
TaABIS TaWRKY33

TaFDL2 TaWRKY71

!

¥ Biotic and
-";& Abiotic

Drought Cold stress
Stress  stress

TaDREB2 TaNAC2

TaERF1 TaNAC29
TaWRKY TaNAC69

QLS
Pathogens prought
Stress

Figure 4. Wheat Transcription Factors and their function regarding biotic and abiotic stresses

Notes: AP2/ERF: APETALA2/Ethylenc Responsive Factor, TaDREB2: Triticum aestivum Dchydration Responsive
Element-Binding protein 2, TaERF1: Triticum aestivum Ethylene Responsive Factor 1, 72/WRKY: Triticum aestivam
WRKY (a family of transcription factors), NAC: NAM, ATAF, and CUC (NAC) domain-containing protein,
TaNAC2: Triticum aestivum NAC 2, TaNAC29: Triticum aestivum NAC 29, TaNAC69: Triticum aestivum NAC
69, bZIP: Basic Leucine Zipper, TaABFI: Triticum aestivum ABRE-Binding Factor 1, T2A4BIS: Triticum aestivum
ABA Insensitive 5, TaFDL2: Triticum aestivum Flowering Locus D 2, WRKY: a family of transcription factors,
aWRKY10: Wheat WRKY 10, TaWRKY33: Triticum aestivam WRKY 33, TaWRKY7I: Triticum aestivum WRKY
71

Wheat Management Strategies: Innovations and Best Practices

Heat stress is a growing problem that negatively affects the growth and development of plants. Several
techniques have been developed in plants which mitigate heat stress in wheat. These techniques are briefly
discussed below.

Creating beat resistant wheat varieties: An omics technalagz’es roadmap

Many effective methods are employed to reduce biotic and abiotic stress in plants. These includes
genomics, transcriptomics, proteomics, and metabolomics (Figure 5) (Tiwari ez al., 2021). Gene’s function is
investigated in proteomics technique which shows that identified genes are involved in transcription,
translation, regulation, phosphorylation, or in signaling of lipids. These genes activate heat shock proteins
which help in inducing HS tolerance (Comastri ez al., 2018). According to Kaur ez al. (2021) the
transcriptomics technique has been employed to investigate alterations in gene expression within cereal crops
like maize, barley, rice under abiotic stress. Therefore, advanced transcriptomics techniques can be a useful
strategy to produce heat tolerance in wheat by genes expression.
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Figure 5. Omics techniques for heat stress tolerance in plants

Another technique, quantitative proteomics analysis reported some new proteins named SAAP (stress
associated active proteins). Approximately, 4272 SAAPs have been identified in wheat. These proteins produce
adaptation in wheat to tolerate heat stress by heat shock response, antioxidant defense, protein folding, energy
metabolism, and signal transduction mechanism (Kumar ez 4/.,2019). Jan ez al. (2023 ) revealed that proteomics
provides insights into functional aspects of proteins and their involvement in various biological processes.
Therefore, studying proteomic changes for stress conditions can assist in identifying stress-responsive proteins
and pathways, thereby enhancing our understanding of stress tolerance mechanisms in plants. Similarly in
tobacco plants SAPs showed plants natural or basal resistance against pathogen infections by over expression
of OsSAP1 (Tyagi et al., 2014). Therefore, quantitative proteomics can also be a helpful strategy to cope with
heat stress.

QTL mapping

Crop production is increased by making several progresses in molecular biology which helped in
improving crops. Different types of progress have been made like QTL (Quantitative Trait Locus) mapping,
MAS (Marker-Assisted Selection), map-based gene cloning, and genome editing (Hasan ez al., 2021). QTL
mapping technique was used to increase heat tolerance in wheat plant previously. Jha ez a/. (2014) identified
specific regions in genomes of various plants that are associated with HS resistance. They found genetic markers
linked to different traits related to a plant's susceptibility to heat, including yield traits like fruit set or grain
filling rate. Similarly, Ali ez /. (2013) found three QTLs and markers associated with HS resistance located on
chromosomes 1B, 2B, and 5A by using linkage analysis. Therefore, QTL mapping technique with MAS can be
useful for identifying wheat HS tolerant genotypes.

Breeding strategy to develop heat tolerant wheat varieties

In past, breeding and selection were applied for production of desired traits of plants and now it is being
used for breeding wheat cultivars (Bradshaw, 2017). According to Jagadish ez 4/. (2012) IRRI (International
Rice Research Institute) has developed heat-tolerant varieties of Oryza sativa such as TR64 subl’ through
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breeding which combines submergence tolerance with heat tolerance. A major source of genetic variability for
wheat plants to adapt drastic conditions like heat stress are landraces. Different genotypes of wheat have been
bred from landraces e.g. bread wheat variety ‘Aragon 03’ in Spain (Ullah ez a/., 2022). To reduce negative effects
of heat on wheat, advanced breeding techniques can be useful. New breeding techniques have been developed
for wheat cultivars adaptation to abiotic stress which include genetic modification (Zafar ez al., 2020).

Crop domestication, which is the initial stage of plant breeding, involves alterations in physical as well
as physiological characteristics of plants to meet human requirements (Krug ez 4/., 2023). However, the process
of domestication leads to a decrease in genetic diversity due to the similar lines” selection and breeding with
desirable traits. Due to selective breeding cultivated crops possess a limited set of genes and alleles compared to
their wild ancestors. This loss of genetic diversity has resulted in a decrease in the capacity of domesticated crops
to tolerate environmental stress (Driedonks ez a/., 2016). However, according to Capasso ¢f a/. (2021) it has
been shown that many wild relatives and traditional landraces still retain higher levels of stress tolerance but
more study is required on genetic diversity loss. Similarly, Yumurtaci (2015) described that wild relatives of
cultivated crops possess genetic traits that make wheat more tolerant to heat stress. By crossing these wild
varieties with cultivated ones, breeders can introduce heat stress tolerance genes into domesticated crops.
Therefore, crop domestication with new biotechnological breeding techniques will be useful to identify traits
of wild ancestor of wheat crops suitable for heat tolerance.

MAGIC (Multi-parent Advanced Generation Inter-Cross) population

Multi-parent Advanced Generation Inter-Cross is another breeding approach that involves creating
populations by crossing multiple parents with each other over several generations. This method is commonly
used in crop breeding. The purpose of MAGIC populations is to increase genetic diversity and recombination,
allowing for the mapping of complex characters and improving varieties. MAGIC population technique offers
a viable method for enhancing heat tolerance in wheat varieties during their development. As Bandillo ez 4.
(2013) developed four multi-parent populations that consist of improved rice varieties with desirable attributes
for stress resistance, productivity, and quality. Similarly, Huynh e /. (2018) also developed MAGIC
population from 8 founder parents that carried biotic and abiotic stress resistance traits related to cowpea.
Consequently, the employment of the MAGIC strategy in wheat breeding programs can result in synthesis and
advancement of heat tolerant varieties.

Table 3. Different omics techniques in contribution to mitigation of heat stress

T t
Strategy Phase em(;:g;l Hre Activities References
Evaluation of heat tolerance in
Transcriptomics Rice seedlings stage 45 rice varieties. Identification of | He ez al. (2023)
heat response genes
Integra.ted . . . Deterr.nmatlon of Zheng et al.
transcriptomics and Jojoba leaves 28 differentially abundant (2022)
proteomics proteins and genes
T ibtomi d Triti " Determination of genes and
n n riticum aestivum
@ SCHP omiesa . 30-40 proteins with differential Wu et al. (2021)
proteomics yield .
expression
Trans.criptomc T aestivim awn P Char;?ctcrization of Chaudhary ez al.
analysis transcriptome changes (2021)
Analysis of i
. Reproductive natysis o .gene <P rf’.sswn Kumar ez al.
Transcriptomes 32-36 patterns during flowering and
phase . (2021)
grain development
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Kernal I tigati flipid Djanaguiraman ez
Lipidomics development and 32 nvc.s' tgation ot fipt . Janagh
i composition and metabolism al. (2020)
flowering stage
Metabolomics Post flowering 35 Profiling of metabolites using Thomason et 4l.
(LC/HRMS) spikelet LC/HRMS (2018)

Notes: LC/HRMS: Liquid Chromatography High Resolution Mass Spectrometry

Phytoprotectants application

At present, to reduce harsh effects of abiotic stresses in plants different types of chemicals are applied
exogenously (Upreti and Sharma, 2016). In wheat plant different phytoprotectants including arginine,
putrescine, and a-tocopherol have been used. These molecules activate enzymatic and non-enzymatic
antioxidants which manage heat stress (Asthir, 2015). Studies have reported that abscisic acid exhibits favorable
stress tolerant properties as a phytohormone in plants (Hamayun ez 4., 2010; Ali ez al., 2020; Rehman ez 4l.,
2022). Ethylene is popular as growth regulator plant hormone under stressful environment. (Include some
findings on role of ethylene in mitigation of HS in wheat). Observations have reported that abscisic acid
application leads to enhance grain filling process, kernel weight, and overall yield under HS wheat (Ni ez al,
2018). Plant growth hormones like brassinosteroids help plants in mitigating heat stress and produce
adaptations of heat stress tolerance. According to Albertos ez al. (2022) brassinosteroids are steroids that
control morphological adaptive changes under stressed conditions like HS by regulating synthesis of Hsps.
Therefore, phytohormones application might be a powerful approach to cope with HS in wheat.

Climate-Smart agronomic practices

This strategy includes special practices for any cropping system like changing planting time, and nutrient
management. In the practice of altering planting time, seeds are typically sown in dry soil before the rainy
season. On receiving water, seeds start imbibition process. These practices are very helpful in minimizing harsh
impacts of climatic changes (Steward ez 4/., 2018). According to Nesar ez al. (2022) early planting helps plants
to avoid the most intense heat stress periods by reducing the risk of yield losses associated with heat-induced
sterility and impaired grain filling but it also depends on some factors like climate, specific cultivar selection as
well as soil conditions. According to Caubel ez 4/. (2018) artificial intelligence technologies can be applied to
improve prediction of the rainy season that will help in imbibition of seeds. Therefore, early planting with
selection of suitable and specific variety of wheat can be a good practice to reduce effects of HS in wheat and to
increase yield because eatly planted wheat can complete its growth cycle, including grain filling, before the onset
of extreme heat conditions.

Another strategy is managing nutrient levels to minimize heat impacts. According to Mendanha ez al.
(2018) nitrogen level adjustment can alleviate HS in wheat by enhancing stomatal activity, chlorophyll level,
as well as photosynthesis. Likewise, Hasanuzzaman ez al. (2018) explained that during HS environment
potassium orthophosphate application can be very helpful as it activates several metabolic processes occurring
in wheat crop like enhancing water relation which help in HS tolerance. Similarly, at flowering stage of wheat
foliar application of boron can increase antioxidants activities which results in minimizing HS (Eisvand ez 4/,
2018). These studies show that nutrients application in wheat can be helpful to alleviate HS as these nutrients
like boron activate defense system of wheat.

CRISPR/Cas9 Technology

CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats) is a revolutionary genetic
tool which consists of DNA segments, with Cas9 being the enzyme that functions as a molecular pair of scissors.
This powerful and adaptable tool is extensively employed worldwide for DNA editing purposes in diverse
organisms including animals and plants (Zhang ez 4/., 2021). CRISPR/Cas9 brought significant revolution in
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genetics and plant breeding by enabling major crop genomes editing to enhance productivity, quality, and their
ability to tolerate abiotic (heat, drought, salt), and biotic stresses (insects, weeds, diseases Figure 6) (Parmar ez
al.,2017). In this technique targeted changes are made to genes through insertion, deletion, and knock in/out
mutations, thereby improving the crop’s capacity to scavenge ROS. A gene named OsNTL3 has been
discovered through this technique in rice crops that involved in enhancing HS resistance (Liu e 4/., 2020; Raza
et al., 2021). This gene contains a NAC transcription factor that triggers a regulatory mechanism. Tian ez al.
(2022) employed a comprehensive strategy in wheat by combining CRISPR/Cas9 based gene editing, polysome
profiling, RN A-sequencing analysis, and protein-protein interactions. Their findings unveiled the significance
of a gene called TaMBFIc, which is upregulated during heat stress. TaMBFIc helps in wheat response towards
HS by regulation of translation process (Yadav ez al., 2022).

Heat stress
Tolerance

Grain quality
improvement e

Flower
Longevity

Flower and
Fruit color
modification

Figure 6. CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats) role in heat stress
resistance and improving different traits of wheat

Future Perspective

Omics technologies like genomics, transcriptomics, proteomics, and metabolomics have shown great
potential in understanding how wheat responds to heat stress at a molecular level. Further advancements in
these technologies might help for genes determination, metabolic pathways and proteins regarding to HS
tolerance in wheat. Integrating omics data with advanced breeding approaches can help in synthesizing heat
tolerant wheat varieties with higher yield and resilience. MAS and genomic selection approach can speed up
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this process by identifying and incorporating genomic regions associated with heat stress tolerance. Researchers
can enhance heat tolerance in wheat by exploring various germplasm resources and introducing new
Quantitative Trait Loci (QTLs) into breeding programs to expand the genetic basis. Breeding techniques like
MAGIC populations aid in discovering new combinations of genes and introducing desirable traits. In addition
to breeding techniques, CRISPR/Cas9 strategy can also enhance the creation of varieties with heat tolerance
by targeting and modifying genes involved in response to HS. Implementing climate smart agronomic practices
mitigate impact of HS on wheat production. Practices like cover cropping, mulching, and agroforestry systems
enhance soil moisture retention and create a microclimate that reduces heat stress on wheat plants. To provide
an additional layer of protection, phytoprotectants such as antioxidants, Osmo-protectants, and plant growth
regulators can be applied. Biochemical priming techniques, including seed priming with specific compounds or
microbial inoculants have shown promising results in improving HS tolerance in wheat. Similarly, providing
knowledge and training to farmers through educational programs empowers them to adopt proper irrigation
practices, nutrient management, and climate smart technologies. By interlinking these strategies, we can
develop heat tolerant wheat varieties through advanced breeding techniques, genomic research, and gene
editing technologies. Combined with climate smart agronomic practices, such as improved irrigation, soil
management, and protective compounds utilization, we can enhance HS resilience in wheat and can mitigate
its impacts on yield.

Currently these effective strategies are costly, and it is difficult for a common farmer to adopt them
therefore more research is needed so that these strategies become casily available. As nowadays refrigerators, air
conditioners are used in every house, offices, and buildings. They are becoming a big source of global warming
and increasing temperature as well as destroying the climate. Therefore, more study is needed to prepare these
eco—ﬁ'iendly electrical devices.

Conclusions

The primary factors contributing to reduced plant growth and productivity are the alterations in the
environment. Heat stress has negatively affected wheat crops at both germination and reproductive stages. Low
seed quality and reduced crop yield have been reported because of these climatic conditions. To handle these
situations, nutrient application, omics approaches, QTL mapping, breeding and other techniques are very
helpful. The integration of omics technologies, advanced breeding techniques, and climate-smart agronomic
practices are powerful emerging strategies which assist in mitigating heat stress effect on wheat crop by
developing heat tolerant varieties. Furthermore, advanced technology systems like MAGIC and CRISPR/Cas9
accelerate the gene editing process to develop heat tolerant cultivars. Through utilization of these techniques
different heat resistance varieties of crop plants already have been developed but there is still needed to develop
more heat resistance genetic varieties of wheat through an advanced breeding system by employing these
techniques. Similarly, to change climate and provide suitable environment for wheat crops to grow and produce
high yield, education should be given to farmers about proper irrigation system and nutrient application.
Overall, these strategies are best solution to enhance crop yield and develop heat stress resistance in wheat.
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