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Abstract. Heat and drought stresses are the most important abiotic factors that reduce crops productivity
by affecting various physiological and biochemical processes. Thus, selecting cultivars with better
drought or heat stress tolerance or breeding for stress tolerance will be helpful in enhancing crop
productivity under harsh environments. This review elaborates the physiological basis of high
temperature and drought stress tolerance in wheat which can be used as selection criteria in wheat
breeding program. In addition, some agronomic selection criteria which are valid and useful in selecting
stress tolerant wheat species and cultivars. The review also discussed the valid usage of stress tolerance
indices (such as mean productivity (MP), geometric mean productivity (GMP), yield index (Y1), yield
stability index (YSI), relative productivity (RP%), stress susceptibility index (SSI), and the tolerance
index (TOL)) to scan the genotypes against drought and heat stress. Beside these, exogenous application
of stress signaling compounds, osmolytes, or certain inorganic salts play a vital role for alleviating
adverse effects of abiotic stresses for sustainable wheat production. In addition, applications for soil
amendments will also helpful in increasing wheat crop productivity under stressful conditions. All these
strategies may be helpful to meet the food demands of the increasing population.

Keywords: wheat, drought, heat stress, stress tolerance indices, agronomic approaches

Abbreviations: AsA, ascorbic acid; CAT, catalase; DRI, drought resistance index; ES, early sowing; GB,
glycine betaine; GMP, geometric mean productivity; GY, grain yield; HSI, heat susceptibility index; MP,
mean productivity; LS, late sowing; OS, optimum sowing; POX, peroxidase; RH, relative humidity;
%RP, relative performance; SSI, stress susceptibility index; Se, selenium; SA, salicylic acid; STIs, stress
tolerance indices; TOL, tolerance index; YE, Yeast extract; Y, yield index; YSI, yield stability index

Introduction

Wheat (Triticum aestivum L.) is one of the leading cereals and used as a staple food for
1.2 billion people worldwide (Afzal et al., 2015; Igbal et al., 2018). To feed the increasing
population, the global demand for wheat is expected to increase up to 40% by 2050 to
meet the food security (Rosegrant and Agcaoili, 2010; Abdelaal et al., 2018; Jahan et al.,
2019). In view of the global climate change, drought ,salinity and heat stresses are the
major abiotic constraints for wheat productivity and adversely affects the yield and
quality through altering the physiological activity (Kosina et al., 2007; Otu et al., 2018;
Yassin et al., 2019). Short or long-term exposure to heat and drought stresses can
significantly affect the growth and yield, particularly at sensitive growth stages (Prasad et
al., 2008). Hoegh — Guldberg et al. (2018) estimated that due to climate change and 2-3°C
rise in global temperature, losses of wheat yield will increase by up to 30% by 2050. As
water availability is a major factor limiting crop production in many parts of the world,
the management practices focus on enhancing water use efficiency of the future crops
(Majid et al., 2017). In addition, drought tolerance traits must be incorporated in crops
anticipating the climate changing scenario (EL-Shawy et al., 2017). To cope climate
change, selection of suitable varieties as well as optimization of irrigation water are
needed for maintaining sustainable food supplies (Bernardi, 2011).

Various approaches are suggested to overcome crop losses due to drought and heat
stresses such as stress management practices, breeding for developing stress-tolerant
cultivars, use of physiological mechanisms in developing stress tolerant cultivars and
exogenous use of chemicals which improve stress tolerance (Faroog et al., 2011,
Hossain and Teixeira da Silva, 2012, 2013). Since most of the modern wheat varieties
are not sufficiently tolerant to drought and heat (Alghabari et al., 2015), development of
wheat cultivars that are tolerant to drought and heat is one of the main challenges for
wheat breeders around the world (EL Sabagh et al., 2018a). The present review aimed
to assess the current status of knowledge of the physiological basis of stress tolerance in
plants, the applicability of this knowledge in developing stress tolerant crop cultivars,
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limitations or deficiencies in understanding mechanism of stress tolerance, and
efficiency of different approaches in mitigating adverse effects of drought and heat
stress on plants. In other words, the main objective of the present review is to rationalize
the physiological breeding for drought and heat stress tolerance in wheat. This will help
in deciding future directions in developing high yielding wheat cultivars under heat and
drought stress conditions.

Impacts of drought and heat stress on phenology, growth, and productivity of wheat

A temperature above or below the optimum can hamper the growth and development
of wheat crop by influencing various processes such as uptake of water and nutrients,
however, such effects may vary with plant developmental stages (Wahid et al., 2007).
Under high temperature, the crop completes its life cycle relatively faster which
ultimately lead to decrease the final biomass and yield (Rahman et al., 2009; Nahar et
al., 2010; Hakim et al., 2012; Hossain et al., 2009, 2011, 20123, b, c, 2013, 2017,2018).
In the Sub-Tropical region of South-Asia such as Pakistan, India, Bangladesh, delayed
planting significantly reduces the days to maturity and grain filling period and grain
yield of wheat (Mahboob et al., 2005). Similarly, Barutcular et al. (2016b, c; Yildirim et
al.,2018) noticed that delayed planting cause the exposure of wheat plants to high
temperature and moisture stress that resulted in a reduction in growth and yield of
wheat. In view of these reports, it is suggested that efforts should focus on identifying
drought and heat resistant ideotypes and selection should be based on vyield traits to
increase the economic yield under heat and drought stress conditions. However, traits
responsible for drought and/or heat resistance in wheat are not well defined. Drought
tolerance in crop species can be defined as the ability of crop cultivar to produce
satisfactory harvestable yield under water deficit conditions (Basu et al., 2016).
However, yield stability is better to stress tolerance indicator under heat stress or water
stress conditions (Fleury et al., 2010). In addition, a little progress has been made in
identifying key mechanisms associated with high yield and stress tolerance against high
temperature and drought stress (Ogbaga et al., 2018).

Drought and heat stress in relation to sowing time
Days to germination

Seed germination in wheat is one of the most critical growth stages that influence
initial plant population, stand establishment, and finally yield of wheat under stress
condition (Almansouri et al.,, 2001). Environmental factors such as seed-bed soil
moisture, temperature, as well as seed vigour/quality, play an important role in seed
germination and stand establishment of the crops (Khajeh-Hosseini et al., 2003). Since
soil moisture availability and temperature both regulate seed germination, lower
moisture and/or low soil temperature hinder or delay seed germination which results in
unequal seedling establishment and ultimately reduce the final grain yield of crops
(Hampson and Simpson, 1990; Hossain et al., 2012). Generally, in the arid and semi-
arid region, seed germination in spring wheat occurs at the range of air and soil
temperature of 20-30°C (Hossain et al., 2012a,b,c). However, late sown (LS) wheat
crop takes longer time to germinate than sown at optimum sowing in temperate region
(like Russia), due to reduced soil moisture and low temperature (<12°C) (Hossain and
Teixeira da Silva, 2012; Hossain et al., 2012b; Fig. 1).
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The impact of heat stress in combination with deficit soil moisture (drought stress) is the
most critical to impact seed germination than the individual stress (Al-Karaki et al., 2007;
Hossain et al., 2013). Similarly, Hossain and Teixeira da Silva (2012) found significant
differences in days to germination among the three wheat varieties in OS (optimum sowing)
and LS (late sowing) conditions (Fig. 2). They found that the days to germination were
increased by 25 to 50% in late sown condition due to a low temperature at germination,
while under OS, all varieties showed no variation in germination time (Fig. 3; Hossain and
Teixeira da Silva, 2012). Likewise, while conducting a field experiment Chakrabarti et al.
(2011) reported that air temperature greater than 15°C is appropriate for seed germination
and seedling stand establishment of spring wheat.

18 + OES B80S aLs O Mean A %Increased in ES m %increased in LS 40

+ 35

+ 30

+ 25

Days to germination

—+ 20

% increased/decreased in ES and LS

Zernograd.77!
Sok
Nutans
Ratnik
Saratov.70
Line 4
Mean

Genotypes

Figure 1. Days to start germination of wheat and barley as influenced by low temperature in
early sown and high temperature with drought stress in late sown condition in the arid region of
south-eastern Russia; ES, early sowing; OS, optimum sowing; LS, late sowing (Source:
Hossain et al., 2012b)
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Figure 2. Days to seed germination of three wheat varieties as influenced by late sown heat
stress conditions in the north-western part of Bangladesh (Source: Hossain and Teixeira da
Silva, 2012)

Days to booting

The reproductive stages are the most sensitive to high temperature and drought stress
(Foolad, 2005). Heat stress induced by late sowing of wheat reduced days to booting by 4-
14% in variety ‘Shatabdi’, ‘BARI Gom 27 and ‘BARI Gom 28' in the north-western part of
Bangladesh (Hossain and Teixeira da Silva, 2012; Hossain et al., 2017; Fig. 4). Similarly,
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Hakim et al. (2012) noticed that days to maturity in different wheat cultivars were
significantly decreased under late sown condition (LS) as compared to optimum sowing
(OS), which was probably due to heat stress at the reproductive phase. These reports
suggested that number of days to attain specific phenological stage are affected by the
change in sowing date and alterations in soil moisture availability and prevailing
temperature. However, such effects were lesser for drought and heat stress tolerant wheat
cultivars (Hassanuzzaman et al., 2013).
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Figure 3. Days to booting of wheat varieties as influenced by very late sown heat stress
conditions in north-western part of Bangladesh. (Source: Hossain and Teixeira da Silva, 2012)
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Figure 4. Number of days to booting in three wheat varieties when sown on three different dates
in North-Western Bangladesh (Source: Hossain et al., 2017)

Days to first awn development

Ear emergence or first vishle awn developmental stage is sensitive to heat stress. For
example, Foolad (2005) reported that heat stress is most detrimental to wheat crops at the first
awn development stage and this heat sensitivity in wheat continues up to 10 to 15 days after
flowering. Hossain and Teixeira da Silva (2012) found a considerable genetic variation in
days to first visible awn in late sowing wheat genotypes (Fig. 5). They further added that such
variation in first awn development was associated with degree of sensitivity to heat stress.

Similarly, Reynolds et al. (2000) reported a reduction in the crop growth period in
response to the shortage of favourable resources under heat stress, resulting in low total plant
biomass, finally low grain yield. Nahar et al. (2010) also found a decrease in the life span of
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wheat under late sown induced heat stress condition in Bangladesh. In their study, in late
sown condition, the maximum temperature at vegetative and reproduction phases were 25 to
27°C and 30 to 32°C, respectively. However, under environmental condition of south-eastern
part of Russian, Hossain et al. (2012b) observed that wheat and barley genotypes took a long
time until the first visible awn in early sowing as compared to optimum and late sowing, due
to the delay of germination and a long period of vegetative growth due to the low of
temperature (Fig. 6). They also reported that days to first awn visible was reduced by 19 to
25% (Fig. 6) in late sowing conditions, due to high temperature in combined with drought
stress (Hossain et al., 2012b). From these reports, it is clear that soil moisture availability and
high temperature shorten the time to visible awn, which might have been due to the adverse
impact on plant metabolism and available resources.
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Figure 5. Number of days to the first visible awn of wheat varieties sown at different dates. Due
to different sowing times, wheat plants become exposed to different temperatures at a specific
growth stage (Source: Hossain and Teixeira da Silva, 2012)
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Figure 6. Days to first awn visible of wheat and barley is influenced by low-temperature at
early sown and high temperature with drought stress at late sown condition in the south-eastern
part of Russia (Source: Hossain et al., 2012b)

Days to anthesis

Development of flowers with visible mature anthers is called anthesis stage in wheat.
Flowering is regulated by temperature, duration of light and dark (photoperiodic) and
plant vigour. Change in temperature alters the time of flowering in wheat plants by
changing sowing time. It has been observed that anthesis time can be modulated by
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15-20 days (Reynolds and Trethowan, 2007; Prasad et al., 2008). By optimizing sowing
date, the temperature at the anthesis stage can be modulated in wheat plants which may
favour fertilization. In the environmental condition of Bangladesh, Hossain and Teixeira
da Silva (2012) carried out a field research in north-western part of Bangladesh with
three wheat varieties sown at optimum (OS) and late sowing (LS) conditions and
observed that all evaluated wheat varieties took less time to anthesis, due to the harmful
effect of high temperature and drought and all varieties decreased the life span from 10
to 21% to complete anthesis (Fig. 7).
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Figure 7. Days required to anthesis of wheat varieties are influenced by the very late sown heat
stress condition in the climatic condition of north-western Bangladesh (Source: Hossain and
Teixeira da Silva, 2012)

Similar results were also reported by Ubaidullah et al. (2006), who found that late
sown wheat faced adverse effect of high temperature (25-33°C) stress at a reproductive
stage under the condition of Pakistan that ultimately leads to decrease the yield of
wheat. However, heat stress tolerant wheat cultivars had a lesser impact on yield. These
reports suggested that exposure of wheat plants to episodes of high temperature at the
initial stage of reproductive phase cause yield losses due to either shortening of plant
growth period or due to adverse effects of high temperature on fertilization, or grain
filling process. It is already well established that high temperature affects meiosis and
gametogenesis in anthers which results in poor development of pollen grain and hence
fertilization.

Days of physiological maturity

Under stress condition, most of the crops try to finish their developmental phases
within a shorter period of time (Hakim et al., 2012; Hossain et al., 2012a,b,c, 2013).
Araus et al. (2007) argued that environmental factors such as temperature and drought
accelerate the time to reach different growth stages of wheat but this effect may vary
with the type of cultivar and stress imposition at the specific phenological stage.
Ubaidullah et al. (2006) found that heading, grain-filling and physiological maturity
period of wheat crops in Pakistan were significantly different with the change in sowing
time. Similarly, Prasad et al. (2008) found that late-sown spring wheat took fewer days
to anthesis, grain-filling, and physiological maturity due to exposure to heat stress in
India. The effect of heat stress on late-sown heat wheat crops was also confirmed by
Hossain and Teixeira da Silva (2012) (Fig. 8) in the north-western climate condition of
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Bangladesh, where they observed that a temperature >30°C during grain-filling forced
late-sown crop to mature earlier than the crop sown at the optimum time. These reports
suggested that detailed understanding of differential sensitivity to varying temperature
and soil moisture availability induced by different sowing times in different agro-
ecological zones is necessary for selection of superior wheat genotypes.
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Figure 8. Required days to physical maturity of three wheat varieties are influenced by very
late sown heat stress conditions of north-western Bangladesh (Source: Hossain and Teixeira da
Silva, 2012)

Growth and development of wheat as affected by drought and heat stress

High temperatures along with low moisture availability particularly in late sown crop
reduced the growth and yield of spring wheat in different agro-ecological regions of the
world including the arid and semi-arid region of the Mediterranean environment. Heat
stress in late sown induced accelerate leaf senescence, abscission of the shoot and cause
poor root growth (Vollenweider and Gunthardt-Goerg, 2005; Martiniello and Teixeira
da Silva, 2011). These reports suggested that the adverse effect of heat stress due to late
sowing reduced the wheat growth and yield by affecting vegetative growth traits that are
translated in to yield. Understanding the effects of heat and soil moisture availability on
these agronomic traits and its relationship with wheat yield will help in devising
management strategies to overcome this problem.

Plant population of wheat in relation to stress tolerance

Plant population of field crops generally depends on seed rate, genotypes,
germination percentage and seed-bed environment, especially soil moisture and
temperature (Khajeh-Hosseini et al., 2003; Hossain et al., 2013). Similarly, Wazid et al.
(2004), Hossain et al. (2012a,b,c) and Mumtaz et al. (2015) observed that the number of
plants m2 was higher in early sown wheat genotypes followed by optimum sowing and
late sowing. Planting density was strongly influenced by the availability of soil moisture
and favourable temperature at germination. They also reported that plants m reduced
by 12-70% in late sowing due to low temperature and low soil moisture. Al-Karaki et al.
(2007) reported that the combined effect of high air temperature and drought was
critical for reducing the per cent seed germination, finally plant population was lower
under combined stresses than the individual stress. Hampson and Simpson (1990) and
Hossain et al. (2012b; Fig.9) reported that soil moisture deficit postpones the
germination rate of wheat, causes unequal plants per unit area, and finally reduce the
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seed yield and quality of wheat. Although above-mentioned reports suggested that
temperature variation during seed germination affect plant density which results in
lower yield, there are published reports which demonstrated that plant density 80-400
plants/m? did not show any change in yield because of other factors such as tillering
(Fischer et al., 2019).
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However, the yield of spring wheat cultivars with erect growth habit planted at
higher altitude is highly sensitive to plant density and row spacing. In addition, yield
sensitivity to plant density and row spacing is moderate in winter wheat. However, at
low soil moisture availability, optimum plant density become reduced (Fischer et al.,
2019).

Tillering capability of wheat under heat and drought stresses

Wheat tillers generally grow from the axils of the main shoot leaves, the potential
numbers of tillers depend on the type of species or its genetic makeup and prevailing
temperature (Hossain et al., 2012a,b). Shifting in sowing dates (early or late sown)
change temperature at a specific plant reduced the number of tillers (Patil et al., 2001;
Singh and Pal, 2003; Subhani, 2010). While assessing the impact of different planting
dates on tillering in wheat in a two-year experiment in Pakistan, Mumtaz et al. (2015)
reported that late sowing reduced the number of tillers. They further added that the
reduction in the number of tillers per unit area is positively associated with an increased
temperature at the tillering stage. Upadhyay et al. (2015) stated that numbers of
effective tillers were significantly superior for crop sown on 20" November followed by
10" December, to late sown on 30" October. The effective number of tillers decreased
with early and delayed sowings, due to environmental stresses (Herbek and Lee, 2009;
Hossain et al., 2012b; Fig. 10). Although a substantial amount of evidence is available
that number of tillers per unit area is co-determined by cultivar characteristics,
agronomic practice such as sowing date and environmental factors mainly thermal
conditions, developing general consensus on phenological responses to changing
sowing dates as climate warming is not an easy task because of different genetic
makeup of different wheat cultivars.
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stress in early sowing and high temperature combine with drought in late sowing conditions
(Source: Hossain et al., 2012b)

Genotypes

Dry matter partitioning of wheat and barley genotypes as influenced by high-
temperature

Under favourable environment, 80 to 90% of the carbohydrates is translocated to the
grain and rest of 10 to 20% is reserve to wheat plant’s (Spiertz and Vos, 1985). Ahamed
et al. (2010) found that dry matter partitioning and yield in five wheat varieties was
influenced by the heat stress (30 to 32°C) under late sowing. Hossain et al. (2012b;
Fig. 11) found that most of the existing spring wheat and barley genotypes in the south-
eastern part of Russia were highly sensitive to high temperature and drought in late
sown condition, whereas in early sowing generally rainfed spring wheat and barley face
low-temperature stress. Despite a higher plant population in early sowing, tillers
production plant? was low due to low-temperature stress. This caused 10 to 42%
reduction in dry biomass of early-sown crop. While, the late sown crop suffered 57 to
81% reduction in dry biomass due to high temperature (with low soil moisture and low
relative humidity in air) that ultimately affected rate of seed germination (Fig. 9), tillers
plant? (Fig. 10), and grain yield (Reynolds et al., 2000; Hossain et al., 2012b; Fig. 11).

Gupta et al. (2002) found the maximum dry weight in wheat genotypes under
optimum sown conditions as compared to those of late sown conditions. The late sown
wheat genotypes faced unfavourable conditions during germination to reproductive
stages that ultimately lead to decreased final biomass accumulation of wheat cultivars.
Similarly, Jat et al. (2013) found the maximum dry matter at optimum sown crops as
compared to late sown crops. Ahamed et al. (2010) conducted an experiment with five
wheat varieties (‘Sourav’, ‘Pradip’, ‘Sufi’, ‘Shatabdi’ and ‘Bijoy’) under two sowing
times (at November 30 and December 30) and found the highest dry matter partitioning
in ‘Shatabdi’ under heat stress environment but ‘Prodip’ and ‘Sufi’ produced the lowest
dry matter partitioning, which indicated that dry matter partitioning of a genotype fully
depend on genetic makeup of the specific variety. Similarly, Khichar and Niwas (2007)
reported that delayed sowing resulted in a decrease in biomass and grain yields, due to
the unfavourable environment during late sown conditions, especially high temperature
and water deficit. Mondal et al. (2016) also reported that optimizing of sowing date can
significantly enhance biomass yield of wheat. These reports suggested that
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environmental factors affect plant metabolism associated with translocation of photo-
assimilates from source to sink.
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Figure 11. Dry and green biomass of rainfed spring wheat and barley are affected by in early
sowing low-temperature stress and heat stress in combination with drought stress in late sowing
conditions in south-eastern part of Russia. GB-green biomass and DB-dry biomass (Hossain et
al., 2012b)

Plant height of wheat and barley genotypes as affected by high-temperature stress

Hossain et al. (2012b) observed a significant genotypic and environmental effect on
the height of wheat genotypes under early and late sown conditions (Fig. 12). They also
found that plant height in early and late sowing was lower, due to low-temperature in
early sowing, while high temperature combined with drought in late sowing (Hossain et
al., 2012b; Fig. 12). It is suggested that prevailing temperature at early growth stage
regulated plant height probably through gibberellic acid biosynthesis or GA signaling
response pathway.

Yield and yield attributes of wheat genotypes influenced by heat and drought stress

Tillers m?, spikes m, grains spike*, number of fertile tillers m, 1000-grain weight,
spike length, spike weight, stem weight and awn length in wheat are considered most
important yield contributing characters that are positively correlated with final grain
weight of wheat and thus are the most important parameter for screening wheat
genotypes in breeding programs (Forgone, 2009). However, drought and heat are the
two significant environmental factors that limiting crop productivity through
influencing the yield attributes of wheat (Prasad et al., 2008). However, interaction of
environmental and genetic factors has a significant role in obtaining high productivity
as reported by Shahin and Valiollah (2009). Maralian et al. (2010) observed that
tillering and heading stages were sensitive to drought, and can reduce up to 37% grain
yield. Mirbahar et al. (2009) reported that drought stress significantly decreased the
spike length, spikelets per spike, grains spike™® and 1000-grain weight of wheat. The
maximum reduction in all traits was observed in terminal drought, while post- and pre-
flowering drought significantly influenced the 1000-grain weight (Abdoli et al., 2013).

Grain vyield of wheat genotypes is strongly influenced by heat stress. Hossain and
Teixeira da Silva (2012) found that the grain yield of wheat varieties significantly
decreased when sown late compared with optimum sowing time (Fig. 13). Similarly,
Barutgular et al. (2017) reported that cultivation of wheat under heat stress conditions
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recorded significantly lower grain yield. The inhibited kernel weight at maturity was the
result of high temperature which shortened the grain filling period (Wardlaw, 2002).
The grain yield reduction in wheat was associated with delayed sowing, which exposed
the reproductive phase of plants to high temperature (Mostafa et al., 2009). Menshawy
(2007) found that delayed sowing reduced the grain yield by shortening the grain filling
process, and kernels achieved maturity before completion of filling.
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Figure 12. Plant height (cm) of wheat and barley genotypes is influenced by low-temperature
stress in early sowing and high temperature combine with drought stress in late sowing
conditions (Hossain et al., 2012b)
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Figure 13. Grain yield of wheat varieties is influenced by late sown heat stress condition
(Hossain and Teixeira da Silva, 2012)

Stone and Nicolas (1994) reported that high temperature during grain filling reduced
grain weight and pre-anthesis decreased the grain number in wheat (Wardlaw et al.,
1989; Wardlaw and Moncur, 1995). Subedi et al. (2007) found variation in grain yield
and yield attributes among wheat genotypes grown at delay sowing comparing optimum
sowing could be attributed through hampering of grain filling process that is high
temperatures arisen at late sown wheat shortened the grain filling period.

The occurrence of drought stress along with the high temperature in the arid region is
the most frequent after heading and grain filling that remarkably influences grain yield
of wheat crop (Balla et al., 2011; Saleh, 2011). Hozayn and EI-Monem (2010) reported
that the decrease in growth and yield attributes of wheat might be due to water stress
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during grain filling stage; while Zeidan et al. (2009) associated grain yield reduction in
wheat with drought-induced photosynthetic inhibition.

Physiological and biochemical traits

High-temperature and water availability influence the photosynthetic capacity of
plants including wheat (Chaves et al., 2009; Efeoglu et al., 2009). Chlorophyll content
and stem reserves are very sensitive to high-temperature (Mohammadi et al., 2009).
Singh (2009) observed the variation in the thermo-tolerance and physiological traits of
wheat varieties under high-temperature stress. Hence, leaf chlorophyll content could be
used as an indicator to determine the performance of the photosynthetic rate and reflect
the photosynthetic potential (Hussain et al., 2018). Li et al. (2006) found that drought
tolerance in wheat genotypes was associated with leaf chlorophyll content. Xia (2012)
reported that heat, as well as drought stress tolerance, was positively associated with
photosynthetic capacity. Recently, Ogbaga et al. (2018) suggested that developing
thermos-tolerance in photosynthetic machineries such as in rubisco or rubisco activase
will result in enhanced crop productivity. Stay-green plants have been used to select for
yield stability and a selection criterion for heat stress tolerance in wheat (Joshi et al.,
2007; Christopher et al., 2008). Reynolds and Trethowan (2007) reported that leaf
chlorophyll content or stay-green was correlated with the leaf transpiration efficiency,
which enhances the water use efficiency (WUE) under drought stress conditions. The
studies on the stay-green trait of wheat genotypes are largely elusive (Rehman et al.,
2009) and are yet to be evaluated for their association with stress tolerance in the wheat
(Cao et al., 2015). Yeganehpoor et al. (2016) noticed that grain yield had a significant
positive correlation with leaf area and chlorophyll content. Furthermore, chlorophyll
content can simultaneously enhance grain yield, and plants with large leaves and higher
chlorophyll content can also produce higher grain yield. These reports suggested that
the amount of chlorophyll regulates the light harvesting capacity of plants which is
sensitive to both heat and drought stress. In addition, photosynthetic pigment sensitivity
to abiotic stresses is cultivar specific in wheat, thus could be used as selection criteria
for selecting tolerant cultivars.

The reduction in the CO> assimilation rate in drought-stressed plants is mainly due to
the reduction in leaf stomatal conductance (Chaves et al., 2009). Therefore, stomatal
conductance could be used as a reliable indicator of growth rate responses to drought
stress at the whole plant or canopy level (Munns et al., 2010). However, metabolism
limitation to photosynthesis in drought or heat stressed plants are also well established.
For example, the reduction in photosynthesis is the result of adverse effects on the
metabolic process that lead to growth inhibition, stomatal closure with consecutive
reduction of transpiration (Yordanov et al., 2003). Similarly, Zhang et al. (2009)
reported that the soluble carbohydrate content was lower in stressed plants than that of
well-watered wheat plants. Araus et al. (2007) reported that leaf physiological aspects
such as water potential, chlorophyll content, photosynthetic rate, stomatal conductance,
and transpiration rate are associated with the physiological adaptation of crops to
environmental stress. Increase in transpiration lowers the plant water status which
affects cell division and cell enlargement. For example, Manivannan et al. (2007)
suggested that water deficit can significantly reduce leaf area development in wheat
genotypes by arresting the cell enlargement. Similarly, Almeselmani et al. (2011)
reported that relative water content (RWC) indicates the water status of the cells and
have a positive correlation with production and stress tolerance. However, transpiration
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through stomates regulates leaf or canopy temperature. For instance, when transpiration
rate is low in wheat plants under drought stress conditions, the canopy temperatures of
plants at both vegetative and anthesis stages were higher than in plants under control
conditions (Siddique et al., 2000). Balota et al. (2007) proposed that low canopy
temperature can be used as a selection criterion for drought tolerance in wheat.

Reactive oxygen species (ROS) are generated in chloroplast, mitochondria and in the
cytoplasm upon explore to heat and drought stresses and can cause membrane damage
(Larkindale and Knight, 2002). The reduction in the activity of ROS scavenging
enzymes has been found under drought conditions (Ahmadi and Baker, 2001). Maria et
al. (2008) reported that water deficit could significantly reduce phenoloxidase activity
of wheat plants, however, such effect is lesser in stress tolerant genotypes. Although an
increase in activities of one or more than two ROS scavenging enzymes may have a role
in inducing stress tolerance, it is not necessary that higher activities of ROS scavenging
enzymes are associated with stress tolerance. Membrane damage due to ROS generation
can be assessed by measuring the extent of lipid peroxidation or leaf electrolyte leakage.
Under stress, cellular membrane permeability of plants become increased and often
correlated with reduced growth of wheat (Igbal, 2009). The heat tolerant cultivars had
lower leaf electrolyte leakage under heat stress (Thiaw and Hall, 2004) and selection
based on low leaf electrolyte leakage can be used as selection criteria for enhancing heat
and drought tolerance. Proline accumulation enhances membrane stability under heat or
drought stress conditions (Ashraf and Foolad, 2007). The accumulation of proline with
high rate in leaves under stressed occurs during the grain filling phase under moderate
stress and the role of proline is correlated to a protective action against stress (Zhu et al.,
2004). Sugar alcohols enhance the stability of membranes and protein to high-
temperature denaturation (Heber and Santarius, 1973).

Correlation among yield attributes and stress tolerance

In the previous section, some physiological indicators for heat and drought stress
have discussed. However, agronomic traits and their derived parameters can also be
used as selection criteria in the breeding program. Here we describe the importance of
agronomic criteria in brief. The relationship between the stress tolerance indices (STIs)
and grain yield (GY) can be used to screen the wheat genotypes that are suitable to grow
under stress conditions. A positive relationship between GY and each of (stress
tolerance indices) MP, GMP, Y1, YSI, and RP% were observed (Khan and Kabir,
2014). Mitra (2001) suggested that a significant correlation between GY and STIs of a
genotype is suitable to grow under heat stress conditions. Such correlations also hold
true for other stresses such as drought. Toorchi et al. (2012) and Khalili et al. (2012)
reported that GY was positively correlated with each of GMP, MP, Y1, and YSI under
heat stress conditions.

The mean values of drought resistance index (DRI) are used for characterizing
drought and heat stress tolerance and adaptation of genotypes to stress conditions.
Drought stress index (DSI) was negatively correlated with grain yield under cool
supplement irrigation. Moreover, heat stress index (HSI) was also positively correlated
with grain yield under warm conditions inferring that heat stress was more effective for
grain yield than drought stress under the warm environment. The higher values of DRI
indicated more tolerance in wheat genotypes under stress environments and might be
used as stress tolerant index (STI) in wheat breeding programs (EL-Shawy et al., 2017;
Barutgular et al., 2016a, 2017). Since modern wheat varieties are not sufficiently
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stressed tolerant, developing cultivars tolerant to heat is challenging for wheat breeders
(Timsina and Connor, 2001). Rahman et al. (2009) found that stress resistance genotype
had a higher value (%) of relative performance (RP %). Similarity, compared with RP%
at late sown condition (high temperature and drought) genotype ‘Nutans’ (57%)
performed better than ‘Saratov.70' (18%), while at early sowing low-temperature stress
condition, genotype ‘Zernograd.770’ (74%) was highly resistant to low-temperature
stress and ‘Saratov.70' (27%) was recorded as heat sensitive (Hossain and Teixeira da
Silva, 2012; Fig. 14).
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Figure 14. Relative performance (%) and heat susceptibility index of three wheat varieties in
very late heat stress condition, as compared with optimum sowing (Hossain and Teixeira da
Silva, 2012)

Similarly, Hossain et al. (2012a) found that three genotypes had SSI higher than 1.0
under late sowing condition (high temperature) indicating susceptible to stress, while
other two genotypes (SSI <1, indicating tolerant to high temperature in combined with
drought) (Fig. 15). A number of researchers suggested that stress tolerance indices
(STIs), stress tolerance (TOL) (Rosielle and Hamblin, 1981), mean productivity (MP)
(Clarke and McCaig, 1982), geometric mean productivity (GMP) (Ramirez and Kelly,
1998), stress susceptibility index (SSI) (Fischer and Maurer, 1978), and STI (Fernandez,
1992) can be used to identify high-yielding varieties with improved tolerance to stress.

Approaches to enhance drought and heat stress tolerance in wheat

Development and selection of wheat genotypes are aimed at enhancing yield under
existing climatic conditions. Various strategies including seed dressing/coating, seed
soaking, and foliar application of plant growth regulators, osmoprotectants and
antioxidants have been used to enhance stress tolerance in wheat plants. Moreover,
another organic compound like yeast extract (YE) is a natural source of several growth
substances that positively effect to mitigate the deleterious influence of drought stress
(Hammad and Ali, 2014). Barnett et al. (1990) found that YE has a significant role in
regulating vegetative and reproductive growth of plant under stress condition.
Nagodawithana (1991) found that exogenous application of amino acids or yeast on
wheat lead to a significant improvement in all growth traits under stress conditions
compared to control. EI-Nabarawy (2001) reported that amino acids or yeast play a
significant role in the synthesis of chlorophyll content. Furthermore, Wanas (2002)
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recorded that the yeast improved the chlorophyll while delayed the degradation and
senescence in plants. Osmoregulators protect plants through osmotic adjustment by
maintaining membrane integrity, protecting the macromolecular structure, and
stabilization of proteins and enzymes (Ashraf and Foolad, 2007; Hayat et al., 2012).
There are several reports indicating that abiotic stress triggers the accumulation of
proline in plant tissues (Slama et al., 2014). Moreover, exogenous application of proline
caused an increase in endogenous level in plants subjected to water stress conditions
and induced plant tolerance (Ashraf and Foolad, 2007; Ali et al., 2008). Glycine betaine
(GB) plays an essential role in the protection of photosynthetic apparatus from photo-
damage (Zhao et al., 2007), and involvement of GB in the regulation of the activities of
antioxidant enzymes has been reported by Wang et al. (2010).
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Figure 15. Relative yield performance (%) and stress susceptibility index of different genotypes
under ES-early sowing and LS-late sowing (Source: Hossain et al., 2012a)

In addition to osmoprotectants, antioxidants are also being used to regulate stress
tolerance such as salicylic acid, ascorbic acid etc. Salicylic acid (SA) is useful for the
establishment of systemic acquired resistance in plants (Larkindale and Huang, 2005).
Ascorbic acid (AsA), is an antioxidant that plays a beneficial role in cell growth and
division, differentiation and metabolism in plants (Athar et al., 2009). Xu et al. (2015)
observed that foliar application of AsA ameliorates the adverse effects of drought stress
by controlling the stomatal closure, nutrient uptake, total chlorophyll content, protein
synthesis, transpiration, photosynthesis, and plant growth. Bakry et al. (2012) applied
AsA aiming to control pattern of growth and development coupled with improvement of
systemic tolerance against different stressful environments of plants and they reported
that AsA enhances plants growth to survive under stress conditions by changing plant
structure and function.

Recently, selenium (Se) has been reported to counteract with the detrimental effects
of various environmental stresses such as excess water stress (Wang et al., 2010),
chilling (Hussain et al., 2016a,b), submergence (Hussain et al., 2016¢) and high-
temperature stress (Djanaguiraman et al., 2010). It may regulate water status (Kuznetsov
et al., 2003), and increase biomass production (Nawaz et al., 2013) by the activation of
antioxidant apparatus of water-stressed plants (Hasanuzzaman and Fujita, 2011).
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Conclusion and future prospect

The drought and heat stresses may occur simultaneously under natural environments
and cause huge crop losses. Thus, selecting cultivars with better drought or heat stress
tolerance or breeding for stress tolerance will help in developing stress tolerant cultivars
to enhance crop productivity under harsh environmental conditions. The present review
synthesizes and elaborates the physiological basis of high temperature and drought
stress tolerance in wheat which can be used as selection criteria in wheat breeding
program. In addition, some agronomic selection criteria which are valid and useful in
selecting stress tolerant wheat cultivars. In addition, to mitigate the adverse effects of
these stresses on wheat, optimization of production technology package especially
sowing dates, selection of appropriate irrigation at critical growth stages, and/or
development of drought and heat-tolerant cultivars will help to sustain grain yield
production. Application of natural bio-stimulants, especially amino acids lead to
overcome the damaging effects and consequently lead to enhance the growth and yield
of wheat under stress environments. In addition, exogenous application of signaling
compounds, osmolytes, and certain inorganic salts play a significant role in alleviating
stress. Any suitable combinations of these management strategies can enhance stress
tolerance of wheat in the Mediterranean environment and similar eco-regions elsewhere.
Beside these approaches, applications for soil amendments will also helpful in
increasing wheat crop productivity under stressful environments. The review also
discussed a positive and negative correlation between (grain yield) GY and stress
tolerance indices (such as mean productivity (MP), geometric mean productivity
(GMP), yield index (Y1), yield stability index (YSI), relative productivity (RP%), stress
susceptibility index (SSI), and the tolerance index (TOL)) to scan the genotypes against
drought and heat stress. In the future, stress adversities might be minimized by
improving tolerance in genotypes and by adopting better agronomic strategies. In the
present review, field phenotyping for heat and drought stress tolerance in wheat
discussed at length which is based on visual scoring, weighing biomass, stress tolerance
indices and physiological traits. However, such practices are time consuming and labor
intensive. With the advent of artificial intelligence, robotics, communication and
immage processing large number of studies are focused on high throughput phenotyping
using spectral sensors and algorithms to assess in depth genotypic variation at specific
growth stages. Such advance phenoimic approaches not only helped in identifying
physiological responses of crops to drought and heat stress, it will aid in developing
stress tolerant crop cultivars. Global interest will increase in this area of research in
future for agricultural sustainability.
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