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Abstract: Sorghum is one of the staple crops for millions of people in Sub-Saharan Africa (SSA) and
South Asia (SA). The future climate in these sorghum production regions is likely to have unexpected
short or long episodes of drought and/or high temperature (HT), which can cause significant yield
losses. Therefore, to achieve food and nutritional security, drought and HT stress tolerance ability
in sorghum must be genetically improved. Drought tolerance mechanism, stay green, and grain
yield under stress has been widely studied. However, novel traits associated with drought (restricted
transpiration and root architecture) need to be explored and utilized in breeding. In sorghum,
knowledge on the traits associated with HT tolerance is limited. Heat shock transcription factors,
dehydrins, and genes associated with hormones such as auxin, ethylene, and abscisic acid and
compatible solutes are involved in drought stress modulation. In contrast, our understanding of
HT tolerance at the omic level is limited and needs attention. Breeding programs have exploited
limited traits with narrow genetic and genomic resources to develop drought or heat tolerant lines.
Reproductive stages of sorghum are relatively more sensitive to stress compared to vegetative stages.
Therefore, breeding should incorporate appropriate pre-flowering and post-flowering tolerance in
a broad genetic base population and in heterotic hybrid breeding pipelines. Currently, more than
240 QTLs are reported for drought tolerance-associated traits in sorghum prospecting discovery of
trait markers. Identifying traits and better understanding of physiological and genetic mechanisms
and quantification of genetic variability for these traits may enhance HT tolerance. Drought and
HT tolerance can be improved by better understanding mechanisms associated with tolerance and
screening large germplasm collections to identify tolerant lines and incorporation of those traits
into elite breeding lines. Systems approaches help in identifying the best donors of tolerance to
be incorporated in the SSA and SA sorghum breeding programs. Integrated breeding with use of
high-throughput precision phenomics and genomics can deliver a range of drought and HT tolerant
genotypes that can improve yield and resilience of sorghum under drought and HT stresses.
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1. Introduction

Sorghum (Sorghum bicolor L. Moench) is widely grown as a staple food in arid and semi-
arid regions of Sub-Saharan Africa (55A) and South Asia (SA) for its food and fodder use.
Drought and high temperature (HT) stresses are the most important abiotic stresses limiting
sorghum yield potential in arid and semi-arid regions, leading to food and nutritional
insecurity in SSA and SA. Drought is defined as a prolonged shortage of plant available
water, primarily due to insufficient rainfall or precipitation. It can also occur due to
exceptionally HTs and low humidity driving the evapotranspiration in plants. Drought
is one of the significant environmental factors affecting crop growth and productivity
worldwide. Several sorghum producing regions in Africa are vulnerable to drought
stress [1]. Occurrences of drought are projected to increase in future climates [2]. However,
impacts of drought and its effects on crop production are dependent on rainfall distribution
patterns rather than on the total seasonal rainfall. Therefore, drought has become an acute
problem for crop growth and development, especially in tropical regions [3]. Drought
stress affects almost all the developmental stages of a plant; however, seed germination
and early seedling growth phase [4] and reproductive stages are highly sensitive and
critical, including in sorghum [5]. Drought stress decreases carbon assimilation, stomatal
conductance, and cell turgor, thereby reducing crop normal growth and development and
limiting yield [5,6]. Visible moisture stress symptoms on crop plants include wilting of
leaves and reduction in leaf area, bud/flower formation, sink numbers and overall growth
and yield [5,7].

Another important abiotic stress limiting crop production is HT. The temperature
beyond the physiological optimum that disturbs the normal growth and development is
considered as HT stress. In the future, unexpected short or long episodes of HT stress
are predicted to occur more frequently [2,8], which can cause a severe yield decrease.
It is projected that the global air temperature may increase by 3.7-4.8 °C by the end of the
21st century [8], due to increases in carbon dioxide concentrations and other greenhouse
gases [9]. Studies have shown that frequent HT events and increased mean temperatures
will destabilize food systems and threaten local and global food security [8]. In arid and
semi-arid regions of SSA and SA, the air temperature is often well above the optimum
(32 °C) for sorghum growth and yield. Temperature increases above optimum can decrease
yields of sorghum [5] and wheat (Triticum aestivum L.) [10], and other food grain crops.
Therefore, the expected increases in HT will significantly disturb sorghum production in
semi-arid regions of SSA and SA.

Sorghum breeding programs target two types of products, namely variety (using a
population improvement approach) and hybrid (using a heterosis breeding approach).
The type of product further depends on the trait inheritance patterns (additive and non-
additive), growing environment (homogenous or heterogeneous), and availability of farm
inputs including nutrients and irrigation. Improving the drought tolerance in sorghum has
been a long-term breeding goal. Breeding for HT tolerance is an emerging area in sorghum
because of the changing climate in sorghum growing regions. Therefore, understanding
of drought tolerance (stay green and yield under stress) is relatively better understood
compared to HT tolerance. However, genetic as well as breeding gaps exist in both stresses
in addressing the required tolerance levels in cultivated sorghum varieties or hybrids.

The above facts indicate that the variability in rainfall patterns and increased air
temperature in semi-arid regions are associated with decreased sorghum grain yield.
Therefore, it is essential to understand traits and mechanisms that are directly and indirectly
affected by drought and HT stress in sorghum. Understanding such trait-associated
mechanisms will improve the breeding pipelines to develop a drought or HT sorghum
variety or hybrids to sustain the grain yield. This review provides an overview of the
impacts of drought and HT stress on sorghum and highlights various physiological, genetic,
and molecular insights, key traits, and genomic resources to enhance drought or HT
tolerance and their utilization in sorghum breeding programs.
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2. Sensitive Stages to Drought or High Temperature Stress

In general, reproductive stages of sorghum development are relatively more sensitive
to environmental (abiotic) stresses compared to vegetative stages [5,7,11]. In sorghum,
the drought stress-sensitive stages are the panicle development, flowering, and grain
filling stages [11]. Similarly, for most cereals, the reproductive stage is more sensitive
to HT stress than the vegetative stage, as the former leads to greater yield loss than the
latter. In sorghum, the periods between 10 d and 5 d before anthesis (the micro- or mega-
sporogenesis stage) and between 5 d before and 5 d after anthesis were most sensitive to
HT, causing maximum decreases in floret fertility, leading to a poor seed set [12]. However,
like HT stress, the more refined stage sensitivity to drought stress from the vegetative to
grain maturity stage needs further attention to reveal the trade-off patterns.

3. Physiological Traits Associated with Drought Stress Tolerance

An overview of various traits associated with drought tolerance in sorghum was
summarized by Prasad et al. [5]. In sorghum, stay green is an integrated drought adaptative
and a constitutive trait. The ability of the plant to retain chlorophyll molecules during the
post-flowering stage, resist lodging, and produce well-filled grain is typically referred to as

‘stay green’ [13,14]. Sorghum line B35, a derivative of a cross between Ethiopian durra and

Nigerian landrace, is the most promising line harboring the ‘stay green” phenotype and
widely used as a trait source across regions [15]. In addition, a few promising sources of stay
green traits in sorghum were also identified [15,16]. Drought aggravates the chlorophyll
loss in susceptible genotypes resulting in less expression of stay green. Delay in the onset of
leaf senescence or rate of progression of leaf senescence relates to the functionality of stay
green [13]. The leaf senescence rate was negatively correlated with yield under pre- and
post-flowering drought stress [14]. The stay green trait is modulated by nitrogen demand
by the grain and supply by the leaf through translocation and the roots by uptake. Targeting
the quantitative trait loci (QTL) associated with the ‘stay green’ phenotype has identified
four QTLs, namely, Stg1, Stg2, Stg3, and Stg4, which are collectively responsible for nearly
54% of phenotypic variance observed in stay green sorghum genotypes. Chromosome
mapping has tagged the QTLs Stg1 and Stg2 on the 3rd chromosome and 5tg3 and Stg4 on
the 2nd and 5th sorghum chromosomes [17]. In addition, it was observed that the stay green
trait is associated with the water supply and water loss phenotype [18]. Sorghum genotypes
harboring the stay green QTLs reduce the tiller number, canopy size, and coverage and
thus reduce the water use during the vegetative stage and make more water available
for use during the post-anthesis drought stress, which coincides with the grain filling
period [17,19]. However, detailed root architecture of the stay green genotype needs to be
explored to understand root-to-shoot communication under drought stress. A recent study
indicates that canopy size at pre-flowering is weakly associated with stay green, whereas
the canopy size at post-flowering is highly associated with leaf senescence [20]. Thus, the
sorghum stay green phenotype contributes to grain yield both under well-watered as well
as drought stress conditions.

In plants, one of the essential and prerequisite phenotypes to withstand drought is
long and branched roots to penetrate deep and extract the moisture available in the deep
layers of soil [21]. Bawazir and Idle [22] reported that the sorghum genotypes having
a higher number of seminal roots with large vessel diameters showed more drought
tolerance. The genotype with the longest root length with the smallest diameter captured
more soil water than the genotype with a shorter root length and large diameter. These
results indicate that drought tolerance in sorghum is primarily associated with root length
rather than root diameter. Furthermore, root angle is positively correlated with the soil
penetration capacity, and a wide root angle reduces the energy demand required for its
penetration [23,24]. A narrow root angle with deeper roots allows exploration of soil
moisture in deeper layers of stored soil moisture, while a wider root angle with shallow
roots allows exploration of soil moisture in the top layers of soils. Studies indicated
that deep and better rooting systems improve yields of crops [25-29]. The root system
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architecture can be manipulated through genetic selection and irrigation management to
ensure optimal performance under deficit soil moisture [28-31].

Osmotic adjustment is defined as a net solute increase leading to lowered tissue
osmotic potential. As the water potential is decreased due to lower osmotic potential,
water movement from higher concentration (soil) to lower concentration (tissue) occurs,
resulting in enhanced turgor [31,32]. Following the relief of stress, the accumulated solutes
are decreased [33]. In addition, there is diurnal variation in osmotic potential and net solute
accumulation. Sorghum can generally adjust its leaf area, shoot development, canopy
architecture, and leaf surface properties according to soil moisture availability [33]. As the
minimum leaf water potential decreased at approximately 0.15 MPa per day, the leaves
adjusted osmotically at a rate of at least 0.1 MPa per day in sorghum [34]. The stomatal
aperture closes at —1.4 MPa to —1.5 MPa of leaf osmotic potential to avoid water loss under
severe drought stress. At low leaf potential, around —1.4 MPa, stomata remain closed,
which is associated with a rise in the abscisic acid level. If the leaf potential reduces further
to —3.7 MPa, swelling of the outer chloroplast’s membrane occurs [34]. Sorghum genotypes
exposed to post-anthesis drought stress showed high osmotic adjustment and produced
24% higher yield than their control, which had a low adjustment mechanism. The yield
difference was attributed to grain size, and grain number variations are associated with a
higher harvest index [35]. Compared to rice (Oryza sativa L.) and wheat (Triticum aestivum
L.), the osmotic adjustment traits are less explored in sorghum. The QTLs and genes related
to osmotic adjustment and transgenics in sorghum expressing osmotic adjustment genes
have not been studied in detail. Therefore, the osmotic adjustment trait needs further
exploration in sorghum.

Canopy temperature, a surrogate trait for stomatal conductance, is directly related.
Sorghum can maintain its stomata in open conditions even at low water potential and under
a wide range of leaf turgor [36]. In general, plants with high stomatal conductance transpire
more and thus maintain a cooler canopy temperature. Therefore, canopy temperature
depression (CTD) is a parameter for studying variations across different crop genotypes for
transpiration, stomatal conductance, and water use [37]. There were correlations observed
between canopy temperatures, WUE, and grain yield in grain sorghum that can be explored
for improving drought tolerance [38].

Conservation of water use during early stages of crop development even under
high evaporative demand can help with drought tolerance. This trait is termed limited
transpiration and is expressed under high vapor pressure deficit (VPD) and was observed in
sorghum genotypes [39—41]. It can be exploited to enhance drought tolerance in sorghum.

4. Physiological Traits Associated with High Temperature Stress Tolerance

Maintenance of membrane stability under HT stress is essential for optimum photo-
synthesis and respiration. In general, maintaining membrane stability under a stressful
environment is an adaptation mechanism because cell membranes are the primary target
for abiotic stresses, especially HT stress [42]. Increased cell membrane stability is associ-
ated with decreased reactive oxygen species (ROS) production and increased antioxidant
levels and antioxidant enzyme activity [42,43]. The major sites of ROS production are
chloroplast photosystem (PS) I and PS II reaction centers, peroxisomes, and mitochondria.
Decreased membrane stability reflects the lipid peroxidation of the membranes caused by
ROS. In addition, the reduced utilization of ATP (adenosine tri phosphate) and NADPH,
(nicotinamide adenine dinucleotide phosphate—reduced) in dark reactions (Calvin-Benson
cycle), which are produced during light reactions, enhances ROS formation due to stomatal
and non-stomatal limitations [44]. Manavalan and Nguyen [45] indicated that chloro-
phyll fluorescence measurements could be a potential non-destructive tool to measure
HT tolerance because the Fo/Fm ratio of chlorophyll a fluorescence can be considered as
thylakoid membrane damage [46]. Studies have documented high genetic variability and
heritability for this trait. In addition, the unsaturation level of plastidic and extraplastidic
glycerolipids of the leaf was deceased under HT stress as an adaptation mechanism [47].
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Detailed research on lipids may help in identifying lipid molecular markers for HT stress
improvement in sorghum.

The impact of HT on respiration is less understood. With the increase in air tem-
perature, the respiration rate increases and reaches a point where the carbon demand for
respiration cannot be compensated by carbon assimilation through photosynthesis, result-
ing in carbon starvation [48]. The response of respiration to HT depends on the age of the
crop. In general, the respiration rate increases exponentially from 0 to 35-40 °C and reaches
the peak value 4045 °C, and a further increase in temperature decreases the respiration
rate [49,50]. The increase in respiration rate indicates increased consumption of assimilates
for maintenance or growth respiration. High day or nighttime temperatures increased the
night respiration rate [51]. Overall, increasing the efficiency of respiration can lead to in-
creases in growth rates, yield, or tolerance to HT stress and to efficient use and partitioning
of carbon [5]. A rice genotype that was susceptible to HT had greater respiration rates and
had lower yield compared to a tolerant genotype [52]. Diurnal changes in respiration rate,
genotypic variability in response to HT stress, and QTLs for respiration-associated traits
have been less explored in sorghum and need to be studied in detail.

In sorghum, grain yield is the final product of the number of spikes/panicles per
plant, number of grains per spike/panicle, and individual grain weight. The number of
seeds (or >80% seed set) is a good indicator of reproductive success, which is dependent
on floret fertility (viability of gametes). Selection for improved seed set and seed numbers
under HT will be helpful if a reduction in individual seed size does not offset increased
seed numbers. High temperature during gametogenesis or anthesis is associated with
reduced seed set percentage due to decreased pollen production, pollen, or stigma (gametes)
viability and pollen germination tube growth, an unsuccessful fertilization process, and
early embryo abortion [42,47,53]. The loss of pollen viability under HT stress is associated
with degeneration of the tapetum layer and/or altered carbohydrate metabolism [53].
The tapetal cells are involved in providing the necessary carbohydrate and nutrients for
the developing pollen grains; premature degeneration of tapetal cells under HT stress
causes sterile pollen under drought [54] and HT stress [55] in wheat. Jain et al. [56]
observed a decrease in carbohydrates in the anther wall and pollen of sorghum along with
reduced pollen germination under HT. The individual grain weight is a product of the
rate and duration of grain filling. Under optimum growing conditions, a reduction in seed
number can increase individual seed weight because of increased assimilate availability
per grain [51]. However, under HT stress at early flowering, which led to decreased seed,
numbers did not result in increased seed size in grain sorghum [12]. Ovary development
in sorghum was associated with genotypic differences in grain weight [57]. Singh et al. [58]
observed that the effect of temperature on seed-set percentage was much greater than
the effect on individual seed weight, indicating that a reduced seed set in temperature
susceptible genotypes was not compensated for by increased seed weight. Sorghum
genotypes with a higher seed filling rate and longer seed filling duration within the
physiological maturity range (days) under HT stress can provide higher grain yields.

A few other potential traits associated with HT stress tolerance such as early morning
flowering and canopy temperature depression in sorghum are reported by Prasad et al. [5].
An early morning flowering trait will allow plants to avoid or escape HT that occurs later
in the morning. Genotypes of rice varied in their time-of-day of anthesis among species
and cultivars [59] and this must be explored in sorghum. The ability of plants to cool
their canopies under HT is another trait that has potential to avoid high canopy or tissue
temperatures. Mutava et al. [60] identified different sorghum genotypes with a cooler
canopy (escape) and high canopy temperature (tolerance) with higher grain yield.

5. Mechanisms Associated with Drought Tolerance

In response to drought, plants exhibit various morphological, physiological, and
biochemical adaptive mechanisms to cope and survive under adverse conditions. These re-
sponses can be broadly classified into drought escape, drought avoidance, and drought
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tolerance [61]. The genotypes with drought escaping mechanisms complete their lifecycle
before the onset of severe drought stress. In most field experiments, an early flowering
phenotype is critically considered as a main drought escape selection index over yield
under drought situations. Apart from this, germplasm exhibiting differential responses to-
wards photoperiodism and homeostasis for heading date is considered a drought escaping
sorghum phenotype [62].

Crops experiencing drought avoid desiccation by maintaining relatively higher tissue
water content either by increased water uptake or by limiting the water loss through
transpiration. The crops or genotypes exhibiting the former phenotype are referred to as
water spenders and the latter as water savers. In water spenders, the plants avoid the
drought by increasing the rooting length, which aids in more water absorption. In contrast,
the water savers partially close their stomata, minimize transpiration water loss, and
conserve soil moisture. Further, the plant avoids drought stress by activating the osmotic
adjustment process, including accumulating compatible solutes [5,63]. Sorghum is known
both for its intermittent and terminal drought stress tolerance. Tolerance behavior is
attributed to the presence of a dense and prolific root system, ability to maintain a relatively
high level of stomatal conductance, and maintenance of internal tissue water potential
through osmotic adjustment and phenological plasticity [5,63,64]. The main processes are
shown in Figure 1.

| Drought Stress (Reduced Soil Water Availability) |

Decreases Tissue Water Potential

{ [}
Mechanism 1: Mechanism 2:
Water Savers Water Spenders
3 4

Conserves Soil Increases Rooting

=Y Moisture to Increase Water | <
by Stomata Uptake
High Leaf Abscisic Efficient Root
= Acid Level System S
b | Stomatal Closure Increased
Hydraulic
Low Stomatal =
Conduct

= Conductance oncuctance

Small Narrow High Stomatal -
-~ Leaves Conductance

Limited Shoot Ragld Sh}?"t o
= Growth rowt

Efficient Water Greater Water Use ‘ S
= Use

4»{ Enhanced Growth and Survival }47

Figure 1. Drought tolerant mechanisms in crop plants. Reduced soil moisture causes drought stress

plants to adapt either water saver or water spender mechanisms. The plants expressing water saver
mechanisms conserve soil moisture for later stages of growth through reduced transpiration achieved
by decreased leaf area, stomatal conductance, and increased abscisic acid levels. In contrast, the
water spenders increase rooting depth to improve the water uptake, increase hydraulic conductance,
and development of efficient root systems to extract more water from the soil to avoid drought stress.

6. Mechanisms Associated with High Temperature Tolerance

Studies indicate that sorghum yield declines when the temperature crosses the opti-
mum threshold of about 32 °C for grain yield [53,65]. A summary of cardinal temperatures
for different growth stages of sorghum has been reported [5]. Thus, in each environment,
sorghum’s critical stage must coincide with the optimal air temperatures to realize its poten-
tial yield. In general, sorghum adapts and thrives well when the air temperature is between
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15 °C and 40 °C. HT-induced decrease in photosynthesis is associated with cell organelles’
structural and functional deformities. The structural deformities include damage to thy-
lakoid membranes, the chloroplast envelope, and chloroplast-protein complexes [47,66,67].
The functional implications of HT on the photosynthesis process include inhibition/or
inactivation of the Calvin-Benson cycle enzymes and structural changes in grana.

High-temperature stress decreases pigment concentration, photosystem II quantum yield,
electron transport system, photosynthesis-related enzyme activities, and gas exchange in
plants [66,67]. The enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) does
not appear to limit photosynthesis at HT. However, the activity of Rubisco activase was de-
creased under HT, resulting in a decreased photosynthetic rate. The effect of HT on chlorophyll
and photosynthetic apparatus could be linked with the production of ROS such as superoxide
radical (O, ™), hydrogen peroxide (H,O,), and hydroxyl radical (OH™) [67]. High temperatures
during flowering and gametogenesis decreased the number of grains per panicle; however,
there was no influence on individual grain weight [12]. Membrane thermostability is highly
correlated with HT stress tolerance in various crops. At HT, a decrease in the level of unsatu-
ration in both plastidic and extra-plastidic glycerolipids was observed. A summary of HT at
whole plant levels is represented in Figure 2.

High Temperature Stress — Whole Plant

Responses
Higher Canopy Higher ;alf).of Pressure |
Temperatures eficits
Decreased Increased Respiration
Photosynthesis Losses
—> Shorter Growing Decreased Biomass
Season Production
_>| Reproductive Failure Shorter Grafn Filling
Duration
—>| Fewer Grain Number | Smaller Grain Size | <
Lower Grain Yield
. 5

and Harvest Index -

Figure 2. Effects of high temperature stress on physiological and yield processes in grain crops. In
brief, when plants are exposed to high air temperatures it leads to higher vapor pressure deficit
and increased canopy temperatures, increased respiration, and decreased photosynthesis, leading
to decreased biomass production. Higher temperatures shorten the growing season and shorten
the grain filling duration, resulting in smaller grain size. Similarly, higher temperature causes
reproductive failure leading to lower grain numbers. Fewer grain number and smaller grain size
results in lower grain yield and harvest index.

7. Genes Associated with Drought Tolerance

To cope with environmental stress, plants tend to reprogram their gene expression,
which subsequently regulates various responses at the molecular, biochemical, and phys-
iological levels. In plants, the role of individual genes that promote and impart stress
tolerance has been well known. For example, SPSNAC1 promotes drought tolerance in
sorghum [68], but in most cases, a single gene is not sufficient to provide tolerance against
a particular or an array of stresses [69]. Instead, transcription factors are master switches,
and they orchestrate the expression of several genes that play an essential role in the plant’s
adaptation to stresses [70]. Shanker et al. [71] identified a protein in the sorghum genome
that has a similarity to the HARDY gene in Arabidopsis (AtHRD). The AtHRD contains
an APETELAZ2/ethylene responsive factor (AP2/ERF) domain, which is associated with
drought tolerance. Structural prediction indicates that the sorghum homolog of AtHRD
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binds to the GCC box of drought-responsive genes, suggesting its role in drought tolerance
in sorghum. The APETALA2 (AP2)/ethylene responsive element binding factor (EREB)
subfamily of transcription factors is highly induced in drought tolerant sorghum genotypes
(BTx623 [DR1] and SC56 [DR2]) under drought. Apart from AP2/EREB, several abiotic
stress-related transcription factors, including bZIP, bHLH, zinc finger, GRAS, and MYB
were upregulated in drought tolerant sorghum genotypes [72].

The Dof (DNA binding one finger) transcription factors are known to play a role
in drought tolerance in sorghum [73]. The SbDof genes, SbDof12, SbDof19, and SbDof24,
were upregulated in response to drought, whereas SbDof6, SbDof15, SbDof16, SbDof18,
and SbDof20 were downregulated in sorghum under a similar situation [73]. The SbDof
genes also exhibit time-dependent differential expression in response to drought stress.
For example, SbDof19 and SbDof24 expressions were high immediately after the onset of
drought while SbDof21, SbDof22, SbDof23, SbDof25, SbDof27, and SbDof28 were upregulated
only at later stages of drought [73]. This differential expression pattern of SbDofs supports
their role in drought stress tolerance in sorghum. The transcription factor, namely, auxin
response factor (ARF), regulates the expression of auxin-responsive genes, including
GRETCHEN HAGENS (GH3) and LATERAL ORGAN BOUNDARIES (LBD). The expression
of genes SbGH3 and SbLBD was highly upregulated in sorghum under drought conditions,
indicating the role of auxin in drought response [73,74]. One of the largest families of plant-
specific transcription factors includes NAC regulating several other genes’ transcription in
response to abiotic stress. The five members of SOINAC (SbNAC014, SEINAC034, SINAC035,
SbNACO037, and SbNAC041) were found to regulate the response of sorghum under post-
flowering drought stress positively. In contrast, SINAC052, SbNACO073, and SONAC116
were downregulated during the post-flowering drought in sorghum [75]. Moreover, in
sorghum genes coding transcription factors, including NAC, HSF, and ethylene-responsive
transcription factor (ERF), were upregulated in the leaves, while in roots, the expression of
transcription factor coding genes, including NAC, HSF, WRKY, ERF, HD-ZIP, MYB, and
bHLH, were below optimum even under mild and severe drought stress [76].

WRKY family transcription factors have been shown to play a key role during plant
adaptation against drought stress. Studies have identified a novel SPWRKY gene, namely,
SbWRKY 30, which is mainly expressed in the taproot and leaves of sorghum under drought
situations. SPWRKY30 specifically binds to the W-box element in the promoter of drought
stress-responsive gene SbRD19 in sorghum. The study supports the notion that SPWRKY30
is a positive regulator in response to drought and is a candidate gene for imparting drought
tolerance in several crop plants [77]. Furthermore, other SOWRKY genes, SVWRKY45,
SbWRKY79, SOWRKY83, and SbWRKY16, were highly expressed in sorghum under drought
stress [78]. Altogether, the expression patterns of SOWRKY's in sorghum under drought
suggest their significant role in drought tolerance.

In sorghum, the expression of auxin transporters SbPIN/5/8/9/11 was highly increased
under ABA and drought treatments, whereas SbPIN/3/6/7/10 were found to be downregu-
lated under similar conditions [79]. Aglawe et al. [80] discovered that auxin response factors
(ARFs) also get activated upon drought stress. Fifty differentially expressed sorghum-
specific drought-responsive gene orthologs were identified in maize, rice, or Arabidopsis,
which were previously thought to be non-functional. These orthologs include transcrip-
tion factors coding ABREs and CGTCA-motifs, or motifs that are involved in the ABA
signaling pathway [81].

Glycine betaine is a compatible solute known to be involved in drought tolerance in
many plants, including sorghum. Betaine aldehyde dehydrogenase BADH1/15 expression
was found to be induced under drought conditions in sorghum, and its expression coin-
cides with the accumulation of glycine betaine. There was a 26-fold increment in glycine
betaine and a 108-fold increment in proline content under water-deficient situations in
sorghum [82]. The mannitol-1-phosphate dehydrogenase (mt!D) gene from E. coli was
introduced into sorghum, and the transgenics were found to possess higher leaf water
content and better growth than control sorghum plants under drought conditions [83].
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SbP5CS1 and SbP5CS2 genes play an important part in proline biosynthesis and were found
to be upregulated under drought stress [84]. These studies provide evidence for the role of
various genes in modulating drought stress tolerance in sorghum.

8. Use of Drought Responsive Genes in Developing Tolerant Genotypes

Abou-Elwafa and Shehzad [85] studied genetic diversity among 96 sorghum acces-
sions in association with molecular markers linked with morphological traits under drought
stress and assessed the expression profile of drought-responsive genes. They identified
three drought-responsive QTLs, i.e., Xtxp69 on chromosome 3, SbAGA01 on chromosome 8,
and SbAGBO03 on chromosome 9, which are associated with the drought-resistant linked
phenotypic trait. Furthermore, they also found the upregulated expression of drought-
responsive genes using in silico methods, i.e., aldehyde oxidase 3 (SbAO3), aspartic protease
G 1 (ShASPG1), CBL-interacting protein kinase 15 (ShCIPK15), cytokinin dehydrogenase 4
(SbCKX4), glutathione S-transferase (SbGST), G-type lectin S-receptor-like serine/threonine-
protein kinase (SbGsSRK), mitogen-activated protein kinase 7 (SbMAPKKK?Y), mitogen-
activated protein kinase 10 (SbMAPK10), pentatricopeptide repeat-containing protein
(SbPPR3), S-type anion channel (SbSLAH?), thaumatin-like protein 1b (SbTLP1b), U-box
domain-containing protein 43 (SbPUB43), WRKY transcription factor 46 (SWRKY46), and
zinc finger protein (SbZFP). The CKX4 protein family catalyzes the activity of cytokinin
dehydrogenase enzymes, which results in either improved root biomass or altered root
morphology. Overexpression of CKX4 has significantly enhanced drought tolerance and
influences plant morphology and fertility [86]. PUB43 is a U-box protein induced by PUB
under drought stress conditions [87]. Glutathione S-transferases (GSTs) are ubiquitous
enzymes and catalyze diverse functions in plants and are found to be induced under both
oxidative and drought stress situations in plants [88]. WRKY46 transcription factor was
found to be involved in osmotic and drought stress in Arabidopsis. WRKY overexpression
improved osmotic stress tolerance either by downregulating the expression of its down-
stream targets or through the regulated expression of the abiotic stress-responsive genes
in an ABA-independent manner [89]. Calcineurin interacting protein kinase (CIPK) is a
group of positive drought regulators that play a crucial role in plant response towards
abiotic stress tolerance, and their expression is found to be upregulated under drought.
Furthermore, CIPKs enhance the expressions of several genes associated with drought [90].

Zinc finger protein (ZFP) transcription factor shows elevated expression under drought,
and it plays a negative role in drought stress signaling by downregulating the expression
of several HyO, homeostasis genes [91]. Two mitogen-activated protein kinase genes
(MAPK10 and MPKKK?) are involved in the drought tolerance mechanism by regulat-
ing stomatal responses via the ABA signaling mechanism [92]. S-type anion channel
(SLAH2) plays a crucial role in drought stress response by impairing light-induced stom-
atal opening [93]. Fracasso et al. [94] observed that differentially expressed genes (DEGs)
complemented in “response to abiotic stimulus and stress” were upregulated more in a
drought tolerant genotype of sorghum. Furthermore, Zhang et al. [95] studied several

v

DEGs responding to mild and severe drought enriched in “response to stimulus”, “wa-
ter deprivation”, “abscisic acid stimulus”, “temperature stimulus”, and “reactive oxygen
species”. In response to mild and severe drought, 66 DEGs were identified, and they belong
to ERF (six upregulated and three downregulated), HSF (six genes upregulated), bHLH,
HD-ZIP, MYB, NAC, and WRKY group of transcription factor families. They showed that
several HSP genes responsive to drought stress are pinpointed in a tandem zone of the
sorghum genome, which indicated the importance of the HSF transcriptional regulatory
system in drought tolerance. Eight chaperone and eleven LEA genes in roots and one
chaperone and three LEA genes in leaves were found to be upregulated under mild and
severe drought stresses [95].

Li et al. [96] overexpressed the sorghum leucine-rich repeat-receptor-like kinase gene
(SPER2-1) under maize ubiquitin promoter to improve the drought tolerance in maize
by exploiting the Agrobacterium-mediated genetic transformation and observed a grad-
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ual increase in the expression of SVER2 and SPERI with the severity of drought stress.
The transgenic sorghum lines showed delayed leaf senescence, higher photosynthetic rate,
and higher lignin content compared to wild type (WT) under drought conditions [96].
Similarly, the sorghum DREB2 gene was exploited to enhance drought tolerance and yield
in rice, and it is also observed that under drought, rd29A: SO DREB2 expressing transgenic
rice plants produced more panicles as compared to that of rice lines expressing SbDREB2
under CaMV 35S promoter. In Arabidopsis, overexpression of Sb'SNAC1 confers drought
tolerance [90]. Mannitol-1-phosphate dehydrogenase (mtID) gene expressing transgenic
sorghum lines exhibit high root growth, more soluble sugar content, and lower malondi-
aldehyde content under drought conditions and thus showed enhanced tolerance under
drought conditions [97].

9. Genes Associated with High Temperature Stress Tolerance

Proveniers and Van Zanten [98] discovered the role of a basic helix-loop-helix (tHLH)
transcription factor, phytochrome interacting factor 4 (PIF4) under HT stress, and its
orthologs were found in several crops including sorghum (https:/ /www.arabidopsis.org/
servlets/TairObject?accession=Locus:2053733, accessed on 21 August 2020). The ARF
genes were also induced by HT stress in sorghum; for example, expression levels of nine
SbARF genes (SbARF4, SVARF7, SARF9, SbARF15, SbARF17, SbARF19, SbARF21, SbARF22,
and SbARF24) were constitutively upregulated after HT stress, while eleven SbARF genes
(SbARF1, SbARF5, SbARF6, SbARFS, SbARF10, SbARF11, SbARF12, SbARF16, SbARF18,
SbARF20, and SDARF25) induced their expression levels during HT stress [99].

10. Genes Associated in Both Drought and High Temperature Stress Tolerance

Drought and HT stress signaling induces the expression of several trans-acting fac-
tors, which trigger the expression of drought and HT-responsive genes to help the plants
survive under adverse conditions. Mitogen-activated protein kinase (MAPK/MPKs), Ca-
dependent protein kinases (CDPKs), sugar (as signaling molecule), nitric oxide (NO), and
phytohormone are the main signaling molecules that regulate the expression of several
stress-responsive genes [100]. Drought-hypersensitive mutantl (DSM1) is the drought in-
ducible gene that confers tolerance against drought via the MAPK pathway. Activated
stress-responsive genes detoxify the reactive oxygen species (ROS), reactivate the vital
structural proteins and enzymes, and maintain the cellular homeostasis, which ultimately
leads to tolerance against abiotic stresses, including HT and drought stress [101].

Heat shock transcription factors (HSFs) regulate the expression of heat shock proteins
(HSPs), which play a significant role in HT stress response. In sorghum, the expression of
different HSFs was induced by HT and drought stress. For example, high-level expression
of HSF1 was observed during HT stress, while HSF5, HSF6, HSF10, HSF13, HSF19, HSF23,
and HSF25 were upregulated during drought [102]. A study on five genotypes of sorghum
revealed the role of heat shock transcription factors under drought stress [103]. Heat shock
factors SbHSF5 and SbHSF13 were upregulated in the leaf tissues of all five sorghum
genotypes under drought.

Glutathione reductases (GRs) are known to play an important part in antioxidant
machinery. Additionally, rice heterotrimeric G-protein complexes (G « subunit) show high
homology with sorghum. Rho-type GTPase-activating protein 1 (RGA1) of sorghum com-
prises cis-regulatory elements such as ABA, ARE, GT-1 boxes, LTR, and MeJAE, suggesting
their role in abiotic stress signaling. Further, under drought situations, transcript profiling
of RGA1 showed its upregulation while its expression was downregulated under HT stress.
These findings confirm the vital role of G- protein complexes in drought and HT stress
tolerance in sorghum. A list of genes along with its function is provided in the Table 1.
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Table 1. List of genes and their function reported under drought and/or high temperature stress in sorghum.

S. No. Gene(s) Function Reference
1. SbSNAC1 Confers drought tolerance [68,90]
5 SENAC052, SENAC073 and SENAC116 Negatively regulate the expression of stress

~ responsive genes 175]
3 SENACO14, SENAC035 and SENAC041 Tr'anscnptlonal activator, plays important role
during post-flowering drought stress in sorghum
4. SbNAC037 Nutrient remobilization during drought stress
5. SbDof12, SbDof19 and SbDof24 Imparts tolerance during the onset of drought stress (73]
6 SbDof21, SbDof22, SbDof23, SbDof25, SbDof27 Imparts tolerance during later stage of drought :
' and SbDof28 stress
7 SbGH3 and SVLBD Involved in the auxin and drought stress signaling [74]
cross talk
8. SbPIN4/5/8/9/11 Exhibits ABA-induced expression [79]
9. SBWRKY30 Positive regulator and highly expressed in sorghum 1771
taproot and leaves
SbWRKY74, SBWRKY75, SYWRKY19, SYWRKYS, Involved in the drought stress response durin,
10. SbWRKY45, SWRKY79, SSWRKY25, S(WRKY odlin floweri%l Ta Ph : g [78]
83, SYWRKY 16 and SbWRKY72 =4 g, and dough stages
11. SbWRKY46 Implicated in drought stress tolerance [85]
Highly expressed under drought stress. SbP5CS1
shows high expression in vegetative and
12. SbP5CST and SbPSCS2 reproductivge orggns, whereas gng5CSZ shows [84]
expression in all the tissues
SbAO3, SbASPG1, SbCIPK15, SbCKX4, SbGST,
13 SbGsSRK, StMAPKKK7, SbMAPK10, SVER2-1, Implicated in drought stress tolerance
’ SbZFP, SLAH2, SEXOB1, SbPUB43, ShPPR3 P 8
and SbTLP1b

Important role in drought stress responses and

14. SbER2-1 implicated in photosynthetic systems and [96]

phenylpropanoid metabolism in crop plants.

11. Molecular Marker Resources and Quantitative Trait Loci (QTL) Mapping

Major agricultural traits, including yield, biotic, and abiotic stress responses, are
controlled by multiple quantitative trait loci (QTLs). To date, several QTLs have been
identified in sorghum that are involved in drought and HT tolerance. Many genetic linkage
maps have been constructed in sorghum using molecular markers, such as amplified frag-
ment length polymorphism (AFLPs), restriction fragment length polymorphism (RFLPs),
diversity arrays technology (DArTs), randomly amplified polymorphism DNA (RAPDs),
and simple sequence repeats (5SRs) [104-111]. These genetic linkage maps lead to the
identification of several QTLs for stress tolerance, including drought and HT tolerance.

In sorghum, the drought response depends on the time of stress occurrence, and
pre-flowering drought tolerance is most widely studied than post-flowering drought
tolerance [106,112,113]. Yet, very limited information is available on genetic mapping
and QTLs associated with pre-flowering drought tolerance traits. For the identification of
QTLs associated with pre-flowering drought tolerance in sorghum, recombinant inbred
lines (RILs) were obtained by crossing two contrasting sorghum genotypes, viz., “Tx7078”
(pre-flowering tolerant, post-flowering susceptible) and “B35” (pre-flowering susceptible,
post-flowering tolerant). The RILs were genotyped with RFLP and RAPD markers and
six QTLs on linkage groups D, F, and M specific for pre-flowering drought tolerance were
identified [113]. The expressions of these QTLs were found to be in line with the severity
of the drought stress levels. Kebede et al. [112] identified four QTLs on linkage groups
C, E, F, and G for pre-flowering drought tolerance from RILs obtained from the cross
“SC56 x Tx7000”. A major QTL was found to be on linkage group G, (Pfr G) and the locus
encompasses an allele linked with a pre-flowering drought tolerance trait introgressed from
the tolerant parent TX7000. Pfr G contributed 15-37.7% of the phenotypic variations in two
different environments, suggesting strong genotype (G) x environment (E) interaction at
this locus. Pfr G co-localized with QTLs for agronomic traits, including flowering time,
stay green, plant height, and lodging resistance, and these three QTLs accounted for 34%
variance in the stay green trait [114]. Nineteen QTLs were identified from TX7078 and B35
background associated with drought stress, of which two QTLs accounted for stay green
and yield-related traits. Furthermore, three QTLs were identified for the transpiration ratio
associated with pre-flowering drought tolerance using 70 RILs of sorghum. These QTLs
were found in SBI-09 and SBI-10 and accounted for 17-21% of the phenotypic variance [115].
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The QTLs influencing the transpiration ratio co-segregated with agricultural traits, which
indicates that the introgression of these QTLs through MAS could help the sorghum crops
survive if they experience pre-flowering drought. The post-flowering drought response in
sorghum is related to the stay green trait [116]. The stay green trait plays a beneficial role
in yield improvement and provides tolerance against drought and HT stresses [117]. Many
QTLs for post-flowering drought tolerance (stay green) have been mapped among several
RILs in sorghum. Kebede et al. [112] identified three stay green QTLs on linkage groups A,
G, and ] (namely Stg A, Stg G, and Stg J) from RILs derived from the cross of two contrasting
genotypes “SC56 x Tx7000”. Most of the studies on mapping the QTLs for post-flowering
drought tolerance used B35 or its derivatives as stay green sources. Sixty-one QTLs for
the stay green trait were identified from RILs, derived from a M35-1 (more senescent)
x B35 (less senescent) cross, and each trait is controlled by 1-10 QTLs [118]. Each QTL
accounted for 3.8-18.7% phenotypic variation. Among these 61 QTLs, Stg2, Stg3, and StgB
were expressed prominently under all situations. Borrell et al. [17] showed that the four Stg
QTLs modulate the sorghum canopy size by reducing the number of tillers, enhancing the
size of lower leaves, and decreasing the size of upper leaves and the number of leaves per
culm. Mapping of the stay green QTLs on chromosomel0 in sorghum from an introgression
line cross, RSG04008-6 (stay green) x J2614-11 (moderately senescent), revealed several
genes associated with delayed senescence [119].

12. Breeding for Drought and High Temperature Stress Tolerance

Direct and indirect traits-based selective breeding are the two basic approaches that
are widely followed to screen and develop genetic materials for drought tolerance. Direct
selection for drought tolerance is conducted under conditions where stress factors occur
uniformly and predictably, whereas indirect selection involves selecting genotypes under
managed stress environments closer to or away from target locations. However, environ-
mental factors such as temperature and moisture are highly variable from one location to
another and difficult to predict. Variation for stress tolerance exhibits a large environmental
component or substantial genotype-by-environment interaction forcing direct selection for
a physiological trait under a single environment. As a result, indirect selection breeding
is the most preferred selection method based on developmental traits or assessing plant
water status and plant function [120].

The objectives in the sorghum drought tolerant breeding program involve identifying
a cultivar that produces maximum grain from a given quantity of water (i.e., high water use
efficiency). Substantial genetic variations exist among sorghum genotypes for grain yield and
water use efficiency. Therefore, the sorghum breeders should find a hybrid that can efficiently
utilize available water resources from its surroundings. Thus, understanding root variations
among sorghum genotypes should be well investigated and should be included as a major
component in the breeding programs aiming towards developing hybrids to cater to the global
need. From a crop production perspective, drought tolerance is defined as the crop yield’s
consistency under a specific target drought stress environment (broadly the target population
environment) due to underlying drought tolerance mechanisms [32,33,36]. However, to be
agronomically useful, a drought tolerant cultivar should also have a good yield potential
under favorable conditions since it is challenging to predict spatial and temporal drought
effects. Concerted breeding towards developing tolerant lines against a specific pattern of
drought occurrence in a target region is the best way to improve grain yield under moisture-
limited conditions. This task demands the availability of large-scale, cost-effective screening
techniques, which can facilitate efficient discrimination of genotypes for drought tolerance.
Examining the germplasm for drought adaptive traits is the preliminary and most important
step towards identifying drought tolerant genotypes. Sorghum tolerant genotypes [121-123] to
drought stress at various growth stages are presented in Table 2. These will be useful for further
genomics and physiological studies. India has a more than 60% monsoon-based cropping
system, and the most effective way to minimize the drought-induced yield losses is through
the development of early-maturing genotypes that can escape from terminal or late-season
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drought. Breeding for early-maturing varieties may not always be associated with higher
yield in regions with erratic rainfall patterns. The replacement of traditional, long-duration
(130 to 180 days), and open-pollinated varieties (OPVs) with early hybrids and OPVs that
mature at 100 to 110 days before the monsoon end or before the onset of late-season drought has
resulted in a remarkable increase in rainfed sorghum production. In India, the long duration
(>110 days) sorghum varieties experiencing terminal drought, especially during the monsoon
season, show a drastic reduction in the yield as compared to that of early-maturing improved
sorghum cultivars (100 days) (Table 2).

Evolving sorghum varieties harboring diverse productivity traits can also perform
better towards drought tolerance. For instance, the presence of epicuticle wax on leaf
and stalk may reduce evapotranspiration in sorghum under field conditions [124]. The
“Physiological Breeding” concept is gaining momentum in the sorghum drought tolerant
breeding program, useful for post-rainy breeding pipelines in India. The most critical
drought tolerance trait in sorghum is the stay green phenotype [13,14,17]. Several stay
green trait introgressed sorghum hybrids has been evolved and are successfully being
cultivated across the globe. Borrell et al. [14] reported no decline in sorghum grain yield
when stay green sorghum fields were irrigated, but under drought conditions, hybrids
with the stay green phenotype out-performed the non-stay green hybrids. Using indirect
selection for stay green trait that may have been overlooked in the past but can help
improve the drought adaptations in different flowering and maturity groups should be
considered in future. Stay green in sorghum also helps improve forage quality besides
its water-use efficiency (WUE) and resistance to Anthracnose. Both public and private
sector breeding programs uses a similar set of female pool for different end-use products.
Strengthening the female parental pipeline with stay green could be more rewarding across
end-use products of grain, forage, and dual purposes. To achieve a higher rate of genetic
gain in stay green and drought tolerance traits requires a breeding strategy with other
key agronomic traits while maintaining focus on sterility, grain quality, and heterosis.
The proposed fast-track varietal and hybrid breeding approaches for drought tolerance in
sorghum are depicted in Figure 3.

The conventional breeding approaches strongly advocate testing materials in target
locations and a selection strategy based on trait genetics. Varieties mostly exploit the
highly heritable traits and additive genetic variances to maintain a broader genetic base
for varietal plasticity towards different drought situations. Selection and inbreeding are
largely exercised to fix the additive genes for a given trait. In contrast, the hybrids express
the dominantly inherited traits (non-additive variances) for drought tolerance like other
traits. Therefore, one of the two parents (of a hybrid) is adequate to express such dominant
traits in hybrids. In this context, examining the inheritance of traits contributing to drought
tolerance is essential. The current approach is needed to choose the drought tolerance traits
at the screening level and select parents for hybrid and varietal development.

Traditional breeding methods, including pure line selection methods, are exercised
in many national and regional sorghum research programs in Africa and Asia. Alterna-
tively, pedigree and bulk selection methods are commonly used in international breeding
programs. If the objective is to introgress only a few selected traits relating to drought resis-
tance into a high-yielding cultivar, backcross is the most appropriate breeding method [35].
Drought tolerance breeding pipelines are primarily targeted for the post-rainy season in
India and for the rainy season in Africa. For instance, the average yield in the post-rainy is
lower (~750 kg ha~!) than the rainy season crop in India [125]. In general, genetic enhance-
ment for drought tolerance is accomplished mostly through yield gain under drought.
However, selection for yield itself is challenging because of the low heritability of yield.
Furthermore, yield under drought is determined by the spatial and temporal variation
in the field environment alongside genetic potentials. Therefore, conventional drought
tolerance breeding approaches are very slow in progress [126]. Developing genomic tools
and the use of diagnostic markers for drought tolerance-associated traits selection in the
segregating generations (F2s) will fast track the breeding program. About 40-50% of India’s
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sorghum production is under post-rainy cultivation prospects for drought resilience vari-
eties or hybrids. The availability of high throughput drought screening techniques, wide
genetic variation for traits of relevance, and genomic discovery under different types and
magnitude of drought stress are prerequisites for success in selecting desirable genotypes
and designing the best-fit product through a multidisciplinary breeding approach in the
middle of the 21st century.

Table 2. Germplasm identified for drought stress tolerance at the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT), India.

Pedigree/Parent

SL. No Genotype Group Centre Sources Reference
Emergence
1. 1S 4405 Germplasm ICRISAT 1S 4405
2. 1S 4463 Germplasm ICRISAT 1S 4463
3. 1S 17595 Germplasm ICRISAT 1817595
4. 151037 Germplasm ICRISAT 1S 1037
5. VZM1-B Inbred NA* Unknown
6. 2077 B Germplasm ICRISAT 1518790
7. 15 2877 Germplasm ICRISAT 152877 [121]
8. 1S 1045 Germplasm ICRISAT 151045
9. D 38061 Inbred NA Unknown
10. D 38093 Inbred NA Unknown
11. D 38060 Inbred NA Unknown
. (IS 27043 x 1S
12. ICSV 88050 Variety ICRISAT 10469)-1-1-BK-1-BK-BK
: (1S 24737 x IS
13. ICSV 88065 Variety ICRISAT 18729)-2-1-BK-1-BK-BK
14. SPV 354 Variety NRCS Unknown
Seedling
[(BTx 622 x UChV2)B
15. ICSB 3 Inbred ICRISAT lines bulk]-4-2-1-1
N [(BTx 623 x UChV2)B
16. ICSB 6 Inbred ICRISAT 1ings bulk]-3-1.4-3 121
[(BTx 624 x UChV2)B
17. ICSB 11 Inbred ICRISAT Jings bulk}-5-1.1.1
[(BTx 623 x MR 862)B
18. 1CsB 37 Inbred ICRISAT lines bulk]-5-1-2-5
19 ICSB 54 Inbred ICRISAT Diallal 346-8556-2-1
[(ICSB 22 x ICSB 53) x
20. ICSB 88001 Inbred ICRISAT Diallel 7-2-862]-1-1
Pre-flowering
21 DKV 1 Variety NA Unknown
22. DKV 3 Variety NA Unknown
23. DKV 7 Variety NA Unknown
24. DJ 1195 Variety NA Unknown
[(M35-1 x
25. ICSV 272 Variety ICRISAT M-1009)-3-2-1 x [121]
F5-6]-5-2-3-1-1
[(M35-1 x
26. 1Csv 273 Variety ICRISAT M-1009)-3-2-1 x
F5-6]-5-2-3-1-2
[(M-35-1 x
27. 1CsV 295 Variety ICRISAT M-1009)-3-2-1 x 6
F5'S]-5-1-4-1-1
. [CSV4 (M 35-1 x M
28. 1Csv 378 Variety ICRISAT 1007)-3-1-1}-1-1-1-1-1
) (D71283 x 2219
29. 1CsV 572 Variety ICRISAT B)-1-1-1-2-2
30. ICSB 58 Inbred ICRISAT (2219B x 148)-8-1-1-1-2
31 ICSB 196 Inbred ICRISAT Unknown
Post-flowering
32. 1519153 Germplasm ICRISAT 1519153
33. 1523514 Germplasm ICRISAT 1523514 122
34, 1529392 Germplasm ICRISAT 1529392 (122
N (CS 3541 x M 35-1) x
35. RS 585 Inbred NRCS Nandyal Rabi Local
Terminal drought
36. E 36-1 Variety ICRISAT 15 30469
37. DJ 1195 Variety NA Unknown
38. DKV 3 Variety NA Unknown
39. DKV 4 Variety NA Unknown [121]
40. DKV 17 Variety NA Unknown
41. DKV 18 Variety NA Unknown
[(BTx 623 x 1807B)B
42. ICSB 17 Inbred ICRISAT lines bulk]-18-1-1
Maturity
43. CSH 1 Hybrid NRCS CK60A x 15 84
44. CSH 6 Hybrid NRCS 2219A x 18 3541
45. NK 300 Variety NA Unknown [123]
. ARS, Mohol,
46. M35-1 Variety Maharashtra 1537185
47. SPV 86 (CSV 8R) Variety NRCS CS 3541 x Tall Mutant

* NA—not available.



Int. J. Mol. Sci. 2021, 22, 9826 15 of 25

GERMPLASM (Traits Variability)

OPVs/

Restorer
Landraces

Pool

Seed Parent
; Pool

Drought Adaptive Drought Adaptive °

Early / Tolerant
A/B-Lines R-Lines

Progenies

4

7
v
Drought Tolerance Drought Tolerance Drought Tolerance Population
5 Testcross (A x R) RXRE P
BXB F;s 18 Improvement
> = | - '
i BEE 53 ’
=l ~ H v i z & i
g 3 - i = O i
£E = °© . g e ooz :
g 2F, /7 = F, 7 5 - Drought Tolerant Versions, |
Y = oR) <
©3

Multi-Site Testing

On-Farm Trial

A T | IVT to AVT|
Testing

Figure 3. Fast-track breeding approaches for developing variety and hybrids for drought tolerance in sorghum. Briefly,
genetic variation for drought tolerance in sorghum is sourced from elite breeding populations or germplasm. In sorghum,
development of hybrid requires a male sterile line (A-line), a maintainer line (B-line), and a restorer line (R-line). A-line is
male sterile and used as female; B-line is an isogenetic line of A-line and serves as maintainer line, and R-line is a male fertile
line used as pollen parent. Identified tolerant lines will be crossed within gene pool (B-lines/R-lines) of sorghum (without
interrupt maintainer or restoration genes) to produce recombinants to select and fix in subsequent generations (i.e., F2-F7).
At >F7 stage, crosses between two gene pool rewards the hybrids population to test in target sites to release a candidate
hybrid with tolerance and on parallel, respective B-lines to be converted to its male sterile version (A-line) for commercial
production. Various test crosses between A and R lines go through testing at initial hybrid trials (IHTs) to advanced hybrid
trials (AHTs) in on-farm tests, whereas in open pollinated varieties (OPVs) breeding, the selected intra-population progenies
crosses were recommended to be released as a final product after sequential testing at multiple locations under initial variety
trials (IVT) and advanced variety trials (AVT).

Breeding for HT tolerance in sorghum is emerging and, so far, not well described, as
this is a complex trait contributed by environments and interaction of various component
traits, which are poorly understood from seedling to maturity stage. On the side, the
confounding effect of HT and drought is imposing challenges for breeders and physiologists
in understanding the HT stress tolerance underlying mechanism in sorghum. Opting for
the right breeding method for HT stress tolerance largely depends on the trait genetics
discoveries that come from robust screening and phenotyping methods. Identifying the of
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primary traits for HT is crucial in sorghum followed by measuring the genetic variability
for HT among the different sets of genotypes. Variability for HT at seedling stage was
demonstrated in sorghum [127]. Understanding the genetic control of HT is a prerequisite
for formulating an appropriate sorghum breeding method. To date, positive correlation
between grain yield and HT has been used as a viable initial selection criterion for HT. For
instance, most tolerant genotypes showed a marginal decrease in seed set at 38 °C, whereas
there was a significant reduction reported in susceptible genotypes at 36 °C [52]. The seed
set was positively correlated with pollen viability. The seed set under HT stress in field
study was correlated with controlled environmental conditions [52]. In sorghum, the most
efficient way to minimize the harmful effect of HT is to adjust the planting date so that the
critical reproductive stages do not coincide with HT stress. For instance, in a hybrid plot,
50% of its population commences its flowering phase after 65 days, which indicates that
the critical growth stage of sorghum will begin approximately 50-60 days after emergence.
Therefore, adjusting the sorghum planting date can help to avoid stress and minimize
yield loss.

Integrated breeding for drought tolerance will be a game changer in future sorghum
breeding since more than 240 QTLs have been reported for drought tolerance traits across
the globe (Table 3; Figure 4). Of these, almost all of them were physiological and growth
factor traits including stay green. These traits are not routinely used in sorghum breeding
programs due to various reasons, including (i) availability of screening facility, (ii) avail-
ability of low-cost trait markers; (iii) most of these QTLs being on leaf-based assessment
and becomes laborious when dealing with a large set of progenies and the breeding traits
largely being panicle traits-oriented. The availability of many reported QTLs (Figure 4)
opens the avenue for identifying SNP markers—traits association and further validation in
the breeding population to select the segregating generation derived from the breeding
strategy (Figure 3) for drought-based traits. Leveraging the validated QTLs for drought
and use of high throughput phenomics platforms will accelerate the breeding for drought
tolerance pipelines.

Table 3. QTLs identified for drought tolerance traits in sorghum.

Type of . Number of
SI. No Population Cross Trait(s) QTLs Name of QTLs/Markers Reference
1 NILs RTx7000 Stay green 4 Stg1, Stg2, Stg3, Stgd [17]
2 Inbred panel NA* Drought 3 Xtxp69, SbAGAOL, ShAGBO3 1851
tolerance
Pre-flowering b465/140, tK12/115, bDII/65, tM5/75,
3 RiLs Tx7078 > B35 drought 6 £C13/150, bC18/820 [113]
Pre-flowering
4. RILs SC56 x Tx7000 drought 3 Stg A, Stg G, Stg | [112]
5. RILs TX7000 Stay green 3 Stgl, Stg3, Stgd [114]
AE80%-E1-1, AE80%-E1-2, -
6. RILs TX7078 x B35 Stay green 2 AE80%E1-3, [115]
7. RILs M35-1 x B35 Stay green 3 Stg2, Stg3, and StgB [118]
8. RILs RSG04008-6 x Stay green 5 Gl7,Gl14,Gl 21, Gl 28, [119]

J2614-11 associated trait

* NA-Not available.
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Figure 4. Quantitative traits and Quantitative Trait Loci (QTLs) identified for drought or heat stress in sorghum. Briefly, there were several QTLs reported for abiotic stress tolerance in
sorghum. These were grouped into two categories, i.e., drought tolerance and heat tolerance. There were twelve traits associated with drought tolerance with 245 QTLs, while there were
26 QTLs for five traits associated with heat tolerance (HT) in sorghum. Validation of these QTLs and genes under these loci will add value for precise selection and direct transfer major
effect QTLs for target traits (drought or HT) in sorghum crop improvement. Represented stay- green, green leaf area and chlorophyl content for drought are widely studied and may help
in decoding the probable mechanisms governing drought tolerance genetic control, whereas QTLs for HT are limited and yet to be exploited for potential traits.
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The International Crops Research Institutes for the Semi-Arid Tropics (ICRISAT) es-
tablished leasyscan—a high throughput and precision phenomics platform that can help
in dissecting HT tolerance traits in sorghum at seedling stage to initial vegetative stage
(3040 days). This facility may provide new opportunity to capture 3D images and IR
images on canopy temperatures and other HT tolerance traits (shoot length, shoot fresh
weight, chlorophyll content, leaf firing, leaf blotching). The variability of these traits can
improve the understanding of HT tolerance genetic control in sorghum for formulating
an appropriate breeding method. Very few sorghum lines (RTx430, BTx3197, RTx7000,
and B35) have been studied for HT stress. A study involving these lines and their crosses
indicated inbreds were more HT tolerant compared to their crosses for flowering period HT
tolerance. In addition, cultivars possessing late season field drought tolerance (stay green
traits) appeared to be HT tolerant, suggesting a possible relationship between drought and
HT responses [128]. An interesting area of research yet to be explored is the cytoplasmic ef-
fects on HT in sorghum. Sorghum has about five different cytoplasmic male sterility (CMS)
lines; A1 CMS are largely exploited worldwide, and other CMS lines’ potential uses are be-
ing evaluated for their commercial hybrid breeding (Govindaraj Pers. Commn.). Since HT
effects are attributed to spatial and temporal nature, variations bring significant masking
epistasis effects while studying the traits genetics, the heritability of HT tolerance traits.
In general, low to moderate heritability like in sorghum or other similar crops suggests
the feasibility of genetic enhancement, as open-pollinated varieties or broad-based hybrids
(top-cross and three-way cross) which depends on traits gene effects. Two lines, B35 and
BTx3197, were used as HT tolerant sources in sorghum improvement programs [128,129].
HT and drought tolerance are independent traits, however, discriminating the confounding
effects during breeding pipeline evaluation and their selection is challenging. This con-
founding effect also assumes that selection for drought tolerance traditionally improves
HT tolerance in sorghum. The proposed breeding scheme (Figure 5) is largely in the early
stages of understanding the crop variability spectrum to HT and can be improved with
future understating of associated traits and their efficient screening tools [130].

At ICRISAT, about 1000 breeding lines (600 B-lines, 300 R-lines and 100 varieties) are
screened for flowering and seed set. Of the 1000 lines, the flowering time of only eight
lines (ICSR 14001, ICSR 8, ICSR 21, ICSB 55, ICSB 84, ICSB 603, ICSV 162, ICSV 376) is
unchanged in the rainy and post-rainy season with 100% seed set, indicating the potential
HT tolerance of these lines [131]. It is important to note that sorghum photo-insensitivity
may be linked to HT expression and this needs further investigations. In India, it is critical
to plant the field screening material in the first week of March (southern and central zone)
where the maximum temperature noncoinciding during sorghum flowering in April-May
will give appropriate data on HT tolerance traits including flowering time, seed set %, and
panicle harvest index as proxy traits for selecting for HT tolerance in sorghum.

As described in drought tolerance (stay green) breeding, HT tolerance breeding re-
quires systematic relevance traits discovery more than pollen germination and its viability
to achieve a higher rate seed set under HT. The primary (contributing directly to HT toler-
ance) and secondary traits (indirectly contributing HT tolerance) can play a key role in the
proposed breeding scheme and selection strategies. The integrated breeding of phonemics
and genomics may provide a new opportunity for incorporation and validation of the
reported 26 QTLs for five traits (Figure 4) claimed for HT tolerance in breeding pipelines,
which may yield a wider spectrum of HT tolerance progenies with better agronomic traits.
The maximum QTLs identified for leaf firing as a HT tolerance trait may attract accelerated
validation in different genetic backgrounds to assess the co-segregation pattern of multiple
QTLs to pyramid HT tolerance traits in breeding pipelines. HT tolerance breeding pipelines
are likely to be smaller compared to mainstream breeding pipelines. They are appropriate
to be handled independently at early breeding stages to understand the target level of HT
(average higher temperature prevalence in target growing crop ecology) and the type of
genetic materials suitable for target ecology and amenable for trait introgression. A simu-
lation study was conducted using a sorghum model to quantify the potential benefits of
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altering the crop cycle, enhancing yield potential traits, and incorporating drought and
HT tolerance in India and Mali [132]. There were benefits in grain yield observed for
drought and HT tolerance in different locations. Overall, they concluded that different
combinations of traits would be needed to increase and sustain sorghum yield in current
and future climates [132].

‘ Heat Tolerant Sources ‘

Tolerant Crops QTLs/Markers/Genes/Alleles F— Germplasm Resources —
Breeding lines, populations,
o Related Species - Genetic inheritance land races, or crop wild
- Mapping population . /
- Gene discovery relatives
‘ Approaches ‘
Genomic Assisted Physiological Traits- Genetic Conventional Breeding
Breeding Based Breeding Engineering Approaches
- Population breeding
- Backcrosses
- Pedigree breeding

Integrated Breeding Approaches

Target Environment / Multi Environment Screening
J
Agronomically Superior and Heat Stress Tolerant
Genotypes / Cultivars / Hybrids

Figure 5. Proposed breeding approaches for development of sorghum heat (high) temperature
(HT) stress tolerant cultivars (adopted from Govindaraj et al. [131]). Briefly, HT breeding requires
HT sources from the breeding lines or germplasm collections from the source; dissecting HT trait
genetics and inheritance in the future will guide the discovery of the candidate genes and loci
(QTLs) in future. Identified sources/QTLs/genes can be transferred to elite cultivars that require
HT for wider cultivation. To date, no straightforward breeding approach is available for HT. The
proposed model is a combination of pre-breeding to product development. Breeding approaches will
depend on the mode of trait inheritance (few/major genes or many/minor genes) in conventional
breeding or physiological traits-based breeding methods. Genomic approaches will assists the
breeding HT sorghum through advanced markers association studies, diagnostic markers, whereas,
genetic engineering method helps in gene editing, provided a key candidate gene is identified for
HT in sorghum. The reported 26 QTLs for HT in sorghum can be validated and used in regular
breeding with support of diagnostic markers (for screening), and forward through genomic selection
in breeding pipelines is recommended. Integrated breeding approaches with appropriate testing
and screening in target and multi-environments are needed to identify and develop agronomically
superior heat tolerant cultivars or hybrids.

13. Conclusions

Drought and HT stress causes significant and negative impacts on various physiologi-
cal, genetic, and molecular changes that adversely affect sorghum growth, development,
yield, and yield components. The resilience of future sorghum varieties and hybrids to
climate change can be improved with better understating of physiological and molecular
basis of tolerance or susceptibility. Mechanisms of tolerance or susceptibility to drought
or HT stress indicate that the mechanism of abiotic stress tolerance has been relatively
less explored in sorghum compared with rice or wheat. Systematic research needs to be
conducted on the identification of primary and secondary traits associated with tolerance
at above critical stress levels. The severity of drought and HT stress and negative impacts
on growth and yield will be greater if these stresses occur at the reproductive stages of crop
development which are more sensitive to stresses. The primary effects of drought stress
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include lower tissue water content leading to decreased membrane stability, loss of green
leaf area, carbon assimilation, and partitioning leading to lower growth, biomass, and
yields. Similarly, the membranes are the primary sites of action for temperature extremes.
High temperature stress leads to lower membrane stability, lower carbon assimilation,
greater respiration, and decreased floret fertility, leading to lower seed numbers, seed size,
and yield. The key traits associated with drought tolerance include stay green, canopy
temperature depression, limited transpiration, higher reproductive success, and root archi-
tecture, while the key traits associated with HT stress include higher membrane stability,
greater gamete viability and reproductive success leading to higher seed number, canopy
temperature depression, favorable respiration, and early flowering. Many QTLs, genes,
and molecular mechanisms associated tolerance or susceptibility for some of traits are
known, but they are not clearly understood and must be systematically studied and used in
the breeding programs. Further studying the relationship between traits related to drought
and HT is essential to devise a combined selection strategy as these two stresses commonly
occur in many sorghum-producing geographies. The recent developments in genomics
and precision genotyping and phenotyping techniques will pave the way to identify the
potential genes underlying drought and HT traits. High-throughput phenotyping meth-
ods (e.g., leasyscan and use of imaging techniques) to characterize the large and diverse
breeding material and populations are needed. High-throughput precision phenotyping
of key traits of tolerance needs further exploration to improve the abiotic stress tolerance
of sorghum. Crosstalk among crop breeding and allied disciplines (e.g., genetics, statis-
tics, physiology, genomics, and agronomy) while designing the drought and HT tolerant
breeding approach and pipelines is critical to accelerate drought and HT resilient product
development. A holistic contribution-based collaborative breeding team and the pipeline
must be employed to improve stress tolerance and increase genetic gains in sorghum,
particularly in semi-arid regions of SSA and SA where sorghum is a key crop for food and
nutritional security with multiple uses (food, feed, and fuel).

Author Contributions: Conceptualization, M.G., M.D., PV.V.P, A.P. and S.L.S.-P,; writing—original
draft preparation, V.B.R.P, A.S. and N.R,; writing—review and editing, M.G., LD., PV.V.P. and M.D;
visualization, M.G., M.D. and P.V.V.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The study did not report any data.

Acknowledgments: The authors thank their organizations and institutions, which supported their
stress physiology research. Contribution number 22-067-] from Kansas Agricultural Experiment
Station.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1. Eggen, M.; Ozdogan, M.; Zaitchick, B.; Ademe, D.; Foltz, J.; Simane, B. Vulnerability of sorghum production to extreme,
sub-seasonal weather under climate change. Environ. Res. Lett. 2019, 14, 045005. [CrossRef]

2. IPCC, Intergovernmental Panel on Climate Change. Summary for policymakers. In Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to V Assessment Report of the Intergovernmental Panel on Climate Change; Stocker, T.E, Qin, G.K.,
Plattner, M., Tignor, S.K., Allen, J., Boschung, A., Nauels, A., Xia, Y., Bex, V., Midgley, PM., Eds.; Cambridge University Press:

Cambridge, UK, 2013.
Xu, Z.; Zhou, G.; Shimizu, H. Plant responses to drought and rewatering. Plant Signal. Behav. 2018, 5, 649—-654. [CrossRef]

W

4. Patane, C,; Saita, A.; Sortino, O. Comparative effects of salt and water stress on seed germination and early embryo growth in
two cultivars of sweet sorghum. J. Agron. Crop Sci. 2013, 199, 30-37. [CrossRef]


http://doi.org/10.1088/1748-9326/aafe19
http://doi.org/10.4161/psb.5.6.11398
http://doi.org/10.1111/j.1439-037X.2012.00531.x

Int. J. Mol. Sci. 2021, 22, 9826 21 0f 25

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

29.

30.

Prasad, P.V.V,; Djanaguiraman, M.; Jagadish, S.V.K.; Ciampitti, I.A. Drought and high temperature stress and traits associated
with tolerance. In Sorghum: A State of the Art and Future Perspectives; Ciampitti, I.A., Prasad, P.V.V,, Eds.; ASA, CSSA, SSSA:
Madison, WI, USA, 2019; Volume 58, pp. 245-265.

Earl, H.J.; Davis, R.F. Effect of drought stress on leaf and whole canopy radiation use efficiency and yield of maize. Agron. J. 2003,
95, 688-696. [CrossRef]

Djanaguiraman, M.; Prasad, P.V.V.; Ciampitti, I.A.; Talwar, H.S. Impact of abiotic stress on sorghum physiology. In Sorghum in the
21st Century: Food—Fodder—Feed—Fuel for a Rapidly Changing World; Springer Nature: Singapore, 2020; pp. 157-188.

IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 1I and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Core Writing Team, Pachauri, R K., Meyer, L.A., Eds.; IPCC: Geneva, Switzerland, 2014;
p- 151.

Frank, D.A.; Reichstein, M.; Bahn, M.; Thonicke, K.; Frank., D.; Mahecha, M.D.; Smith, P.; van der Velde, M.; Vicca, S.; Babst, E,;
et al. Effects of climate extremes on the terrestrial carbon cycle: Concepts, processes and potential future impacts. Glob Chang.
Biol. 2015, 21, 2861-2880. [CrossRef] [PubMed]

Asseng, A.; Ewert, E; Martre, P; Rotter, P; Lobell, D.B.; Cammarano, D.; Kimball, B.A.; Ottman, M.].; Wall, G.W.; White, ] W.; et al.
Rising temperatures reduce global wheat production. Nat. Clim. Chang. 2015, 5, 143-147. [CrossRef]

Prasad, P.V.V,; Staggenborg, S.; Ristic, Z. Impacts of drought and/or heat stress on physiological, developmental, growth, and
yield processes of crop plants. In Response of Crops to Limited Water: Understanding and Modeling Water Stress Effects on Plant Growth
Processes; Ahuja, L.R., Reddy, V.R., Saseendran, S.A., Yu, Q., Eds.; ASA, CSSA, SSSA: Madison, WI, USA, 2008; pp. 301-355.
[CrossRef]

Prasad, P.V.V,; Djanaguiraman, M.; Perumal, R.; Ciampitti, . A. Impact of high temperature stress on floret fertility and individual
grain weight of grain sorghum: Sensitive stages and thresholds for temperature and duration. Front. Plant Sci. 2015, 6, 820.
[CrossRef]

Jordan, D.R.; Hunt, C.H.; Cruickshank, A.W.; Borrell, A.K.; Henzell, R.G. The relationship between the stay-green trait and grain
yield in elite sorghum hybrids grown in a range of environments. Crop. Sci. 2012, 52, 1153-1161. [CrossRef]

Borrell, A K.; Hammar, G.L.; Henzell, R.G. Does maintaining green leaf area in sorghum improve yield under drought II. Dry
matter production and yield. Crop. Sci. 2000, 40, 1037-1048. [CrossRef]

Mahalakshmi, V.; Bidinger, F.R. Evaluation of putative stay-green sorghum germplasm lines. Crop Sci. 2002, 42, 965-974.
Kassahun, B.; Bidinger, ER.; Hash, C.T.; Kuruvinashetti, M.S. Stay-green expression in early generation sorghum (Sorghum bicolor
(L.) Moench) QTL introgression lines. Euphytica 2009, 172, 351-362. [CrossRef]

Borrell, A.K.; Mullet, ].E.; George-Jaeggli, B.; van Oosterom, E.J.; Hammer, G.L.; Klein, PE.; Jordan, D.R. Drought adaptation
of stay-green cereals associated with canopy development, leaf anatomy, root growth and water uptake. J. Exp. Bot. 2014, 65,
6251-6263. [CrossRef]

Mace, E.S.; Singh, V.; Oosterom, E.J.; Hammer, G.L.; Hunt, C.H.; Jordan, D.R. QTL for nodal root angle in sorghum (Sorghum
bicolor L. Moench) co-locate with QTL for traits associated with drought adaptation. Theor. Appl. Genet. 2012, 124, 97-109.
[CrossRef] [PubMed]

Jaegglia, B.G.; Mortlockb, M.Y.; Borrell, A. Bigger is not always better: Reducing leaf area helps stay-green sorghum use soil
water more slowly. Environ. Exp. Bot. 2017, 138, 119-129. [CrossRef]

Liedtke, ].D.; Hunt, C.H.; George-Jaeggli, B.; Laws, K.; Watson, J.; Potgieter, A.B.; Cruickshank, A.; Jordan, D.R. High-throughput
phenotyping of dynamic canopy traits associated with stay-green in grain sorghum. Plant Phenomics 2020, 2020, 4635153.
[CrossRef] [PubMed]

Fenta, B.A.; Beebe, S.E.; Kunert, K.J.; Burridge, ].D.; Barlow, K.M.; Lynch, PJ. Field phenotyping of soybean roots for drought
stress tolerance. Agronomy 2014, 4, 418-435. [CrossRef]

Bawazir, A.A.; Idle, D.B. Drought resistance and root morphology in sorghum. Plant Soil. 1989, 119, 217-221.

Singh, V.; van Oosterom, E.J.; Jordan, D.R.; Hunt, C.H.; Hammer, G.L. Genetic variability and control of nodal root angle in
sorghum. Crop Sci. 2011, 51, 2011-2020. [CrossRef]

Wasson, A.P; Richards, R.A.; Chatrath, R.; Misra, S.C.; Prasad, S.V.; Rebetzke, G.J.; Kirkegaard, J.A.; Christopher, J.; Watt, M.
Traits and selection strategies to improve root systems and water uptake in water limited wheat crops. J. Exp. Bot. 2012, 63,
3485-3498. [CrossRef]

Monti, A.; Zatta, A. 2009. Root distribution and soil moisture retrieval in perennial and annual energy crops in northern Italy.
Agric. Ecosyst. Environ. 2009, 132, 252-259. [CrossRef]

Liang, X.; Erickson, J.E.; Vermerris, W.; Rowland, D.L.; Sollenberger, L.E.; Silveira, M.L. Root architecture of sorghum genotypes
differing in root angles under different water regimes. J. Crop. Improv. 2017, 31, 39-55. [CrossRef]

Wang, A.-Y; Li, Y,; Zhang, C.-Q. QTL mapping for stay-green in maize (Zea mays). Can. J. Plant Sci. 2012, 92, 249-256. [CrossRef]
Robertson, M.J.; Fukai, S.; Ludlow, M.M.; Hammer, G.L. Water extraction by grain sorghum in a sub-humid environment. II.
Extraction in relation to root growth. Field Crop. Res. 1983, 33, 99-112. [CrossRef]

Rostamza, M.; Richards, R.A.; Watt, M. Response of millet and sorghum to a varying water supply around the primary and nodal
roots. Ann. Bot. 2013, 112, 439-446. [CrossRef] [PubMed]

Trachsel, S.; Kaeppler, S.M.; Brown, K.M.; Lynch, ].P. 2013. Maize root growth angles become steeper under low N conditions.
Field Crop. Res. 2013, 140, 18-31. [CrossRef]


http://doi.org/10.2134/agronj2003.6880
http://doi.org/10.1111/gcb.12916
http://www.ncbi.nlm.nih.gov/pubmed/25752680
http://doi.org/10.1038/nclimate2470
http://doi.org/10.2134/advagricsystmodel1.c11
http://doi.org/10.3389/fpls.2015.00820
http://doi.org/10.2135/cropsci2011.06.0326
http://doi.org/10.2135/cropsci2000.4041037x
http://doi.org/10.1007/s10681-009-0108-0
http://doi.org/10.1093/jxb/eru232
http://doi.org/10.1007/s00122-011-1690-9
http://www.ncbi.nlm.nih.gov/pubmed/21938475
http://doi.org/10.1016/j.envexpbot.2017.03.002
http://doi.org/10.34133/2020/4635153
http://www.ncbi.nlm.nih.gov/pubmed/33313557
http://doi.org/10.3390/agronomy4030418
http://doi.org/10.2135/cropsci2011.01.0038
http://doi.org/10.1093/jxb/ers111
http://doi.org/10.1016/j.agee.2009.04.007
http://doi.org/10.1080/15427528.2016.1258603
http://doi.org/10.4141/cjps2011-108
http://doi.org/10.1016/0378-4290(93)90096-6
http://doi.org/10.1093/aob/mct099
http://www.ncbi.nlm.nih.gov/pubmed/23749473
http://doi.org/10.1016/j.fcr.2012.09.010

Int. J. Mol. Sci. 2021, 22, 9826 22 of 25

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Passioura, J.B. Phenotyping for drought tolerance in grain crops: When is it useful to breeders? Funct. Plant Biol. 2012, 39, 851-859.
[CrossRef]

Turner, N.C.; Begg, ].E.; Tonnet, M.L. Osmotic adjustment of sorghum and sunflower crops in response to water deficits and its
influence on the water potential at which stomata close. Funct. Plant Biol. 1978, 5, 597-608. [CrossRef]

Hsiao, T.C. Plant responses to water stress. Annu. Rev. Plant Physiol. 1973, 24, 519-570. [CrossRef]

Assefa, Y.; Staggenborg, S.A.; Prasad, P.V.V. Grain sorghum water requirement and responses to drought stress: A review. Crop.
Manag. 2010, 9, 1-11. [CrossRef]

Amelework, B.; Shimelis, H.; Tongoona, P.; Laing, M. Physiological mechanisms of drought tolerance in sorghum, genetic basis
and breeding methods: A review. Afr. |. Agric. Res. 2015, 10, 3029-3040.

Turner, N.C. Drought resistance and adaptation to water deficits in crop plants. In Stress Physiology of Crop Plants; Mussel, H.,
Staples, R.C., Eds.; Wiley Interscience: New York, NY, USA, 1979; pp. 344-372.

Rebetzke, G.J.; Condon, A.G.; Rattey, A.R.; Farquhar, G.D.; Richards, R.A. Genomic regions for canopy temperature and their
genetic association with stomatal conductance and grain yield in bread wheat (Triticum aestivum L.). Funct. Plant Biol. 2013, 40,
14-26. [CrossRef]

Mutava, R.N. Evaluation of Sorghum Genotypes for Variation in Canopy Temperature and Drought Tolerance. Doctoral
Dissertation, Kansas State University, Manhattan, KS, USA, 2012.

Gholipoor, M.; Prasad, P.V.V,; Mutava, R.; Sinclair, T.R. Genetic variability of transpiration response to vapor pressure deficit
among sorghum genotypes. Field Crop. Res. 2010, 119, 85-90. [CrossRef]

Gholipoor, M,; Sinclair, T.R.; Prasad, P.V.V. Genotypic variation within sorghum for transpiration response to drying soil. Plant
Soil. 2012, 357, 35-40. [CrossRef]

Choudhary, S.; Sinclair, T.R.; Prasad, P.V.V. Hydraulic conductance of intact plants of two contrasting sorghum lines, SC 15 and
SC1205. Funct. Plant Biol. 2013, 40, 730-738. [CrossRef]

Djanaguiraman, M.; Perumal, R.; Jagadish, S.V.K,; Ciampitti, I.A.; Welti, R.; Prasad, P.V.V. Sensitivity of sorghum pollen and pistil
to high-temperature stress. Plant Cell Environ. 2018, 41, 1065-1082. [CrossRef] [PubMed]

Djanaguiraman, N.; Prasad, P.V.V.; Murugan, M.; Perumal, R.; Reddy, U K. Physiological differences among sorghum (Sorghum
bicolor L. Moench) genotypes under high temperature stress. Eviron. Exp. Bot. 2014, 100, 43-54. [CrossRef]

Song, Y.; Chen, Q.; Ci, D.; Shao, X.; Zhang, D. Effects of high temperature on photosynthesis and related gene expression in
poplar. BMC Plant Biol. 2014, 14, 111. [CrossRef] [PubMed]

Manavalan, L.P.; Nguyen, H. Drought tolerance in crops: Physiology to genomics. In Plant Stress Physiology; Shabala, S., Ed.;
CABI Publisher: Oxfordshire, UK, 2012; pp. 1-24.

Alemu, S.T. Photosynthesis limiting stresses under climate change scenarios and role of chlorophyll fluorescence: A review article.
Cogent Food Agric. 2020, 6, 1785136. [CrossRef]

Prasad, P.V.V,; Djanaguiraman, M. High night temperature decreases leaf photosynthesis and pollen function in grain sorghum.
Funct. Plant Biol. 2011, 38, 993-1003. [CrossRef] [PubMed]

Levitt, ]. Response of plants to environmental stresses. In Chilling, Freezing and High Temperature Stresses. I.; Academic Press: New
York, NY, USA, 1980; p. 497.

Almeselmani, M.; Deshmukh, P.S.; Sairam, R.K. High temperature stress tolerance in wheat genotypes: Role of antioxidant
defense enzymes. Acta Agron. Hungar. 2009, 57, 1-14. [CrossRef]

Almeselmani, M.; Deshmukh, P.S.; Chinnusamy, V. Effect of prolonged high temperature stress on respiration, photosynthesis
and gene expression in wheat (Triticum aestivum L.) varieties differing in their thermotolerance. Plant Stress 2012, 6, 25-32.
Djanaguiraman, M.; Prasad, P.V.V.; Schapaugh, W.T. High day- or nighttime temperature alters leaf assimilation, reproductive
success, and phosphotidic acid of pollen grain in soybean [Glycine max (L.) Merr.]. Crop. Sci. 2013, 53, 594-1604. [CrossRef]
Bahuguna, R.N.; Solis, C.A.; Shi, W.; Jagadish, S.V.K. Post-flowering night respiration and altered sink activity account for high
night temperature-induced grain yield and quality loss in rice (Oryza sativa L.). Physiol. Plant. 2017, 159, 59-73. [CrossRef]
Prasad, P.V.V,; Bheemanahalli, R.; Jagadish, S.V.K. Field crops and the fear of heat stress—Opportunities, challenges and future
directions. Field Crop. Res. 2017, 200, 114-121. [CrossRef]

Saini, H.S.; Sedgley, M.; Aspinall, D. Developmental anatomy in wheat of male sterility induced by high temperature stress, water
deficit or abscisic acid. Aust. J. Plant Physiol. 1984, 11, 243-253.

Saini, H.S.; Aspinall, D. Abnormal sporogenesis in wheat (Triticum aestivum L.) induced by short periods of high temperatures.
Ann. Bot. 1982, 49, 835-846. [CrossRef]

Jain, M.; Prasad, P.V.V,; Boote, K.J.; Allen, L.H., Jr.; Chourey, P.S. Effects of season-long high temperature growth conditions on
sugar-to-starch metabolism in developing microspores of grain sorghum (Sorghum bicolor L. Moench). Planta 2007, 227, 67-79.
[CrossRef]

Yang, Z.; van Oosterom, E.J.; Jordan, D.R.; Hammer, G.L. Preanthesis ovary development determines genotypic differences in
potential kernel weight in sorghum. J. Exp. Bot. 2009, 60, 1399-1408. [CrossRef]

Singh, V.; Nguyen, C.T.; van Oosterom, E.J.; Chapman, S.C.; Jordan, D.R.; Hammer, G.L. Sorghum genotypes differ in high
temperature responses for seed set. Field Crops Res. 2015, 171, 32—40. [CrossRef]

Prasad, P.V.V,; Boote, K.J.; Allen, L.H., Jr.; Sheehy, J.E.; Thomas, ]. M.G. Species, ecotypes and cultivar differences in spikelet
fertility and harvest index of rice in response to high temperature stress. Field Crop. Res. 2006, 95, 398—411. [CrossRef]


http://doi.org/10.1071/FP12079
http://doi.org/10.1071/PP9780597
http://doi.org/10.1146/annurev.pp.24.060173.002511
http://doi.org/10.1094/CM-2010-1109-01-RV
http://doi.org/10.1071/FP12184
http://doi.org/10.1016/j.fcr.2010.06.018
http://doi.org/10.1007/s11104-012-1140-8
http://doi.org/10.1071/FP12338
http://doi.org/10.1111/pce.13089
http://www.ncbi.nlm.nih.gov/pubmed/29044571
http://doi.org/10.1016/j.envexpbot.2013.11.013
http://doi.org/10.1186/1471-2229-14-111
http://www.ncbi.nlm.nih.gov/pubmed/24774695
http://doi.org/10.1080/23311932.2020.1785136
http://doi.org/10.1071/FP11035
http://www.ncbi.nlm.nih.gov/pubmed/32480957
http://doi.org/10.1556/AAgr.57.2009.1.1
http://doi.org/10.2135/cropsci2012.07.0441
http://doi.org/10.1111/ppl.12485
http://doi.org/10.1016/j.fcr.2016.09.024
http://doi.org/10.1093/oxfordjournals.aob.a086310
http://doi.org/10.1007/s00425-007-0595-y
http://doi.org/10.1093/jxb/erp019
http://doi.org/10.1016/j.fcr.2014.11.003
http://doi.org/10.1016/j.fcr.2005.04.008

Int. J. Mol. Sci. 2021, 22, 9826 23 of 25

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Mutava, R.N.; Prasad, P.V.V,; Tuinstra, M.R.; Kofoid, K.D.; Yu, J. Characterization of sorghum genotypes for traits related to
drought tolerance. Field Crop. Res. 2011, 123, 10-18. [CrossRef]

Turner, N.C.; Wright, G.C.; Siddique, K.H.M. Adaptation of grain legumes (pulses) to water limited environments. Adv. Agron.
2001, 71, 193-231.

Craufurd, P.Q.; Qi, A. Photothermal adaptation of sorghum (Sorghum bicolor) in Nigeria. Agric. For. Meteorol. 2001, 108, 199-211.
[CrossRef]

Barnabas, B.; Jager, K.; Feher, A. The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ.
2008, 31, 11-38. [CrossRef]

Chen, X,; Wu, Q.; Gao, Y,; Zhang, ].; Wang, Y.; Zhang, R.; Zhou, Y,; Xiao, M.; Xu, W.; Huang, R. The role of deep roots in sorghum
yield production under drought conditions. Agronomy 2020, 10, 611. [CrossRef]

Prasad, P.V.V,; Boote, K.J.; Allen, L.H., Jr. Adverse high temperature effects on pollen viability, seed-set, seed yield and harvest
index of grain sorghum (Sorghum bicolor (L.) Moench) are more severe at elevated carbon dioxide concentration due to higher
tissue temperatures. Agric. For. Meterol. 2006, 139, 237-251. [CrossRef]

Djanaguiraman, M.; Boyle, D.L.; Welti, R.; Jagadish, S.V.K,; Prasad, P.V.V. Decreased photosynthetic rate under high temperature
in wheat is due to lipid desaturation, oxidation, acylation, and damage of organelles. BMC Plant Biol. 2018, 18, 55. [CrossRef]
Djanaguiraman, M.; Narayanan, S.; Erdayani, E.; Prasad, P.V.V. Effects of high temperature stress during anthesis and grain filling
periods on photosynthesis, lipids and grain yield in wheat. BMC Plant Biol. 2020, 20, 268. [CrossRef]

Lu, M.; Zhang, D.F.; Shi, Y.S.; Song, Y.C.; Wang, T.Y.; Li, Y. Expression of SbSNAC1, a NAC transcription factor from sorghum,
confers drought tolerance to transgenic Arabidopsis. Plant Cell Tissue Organ Cult. 2013, 115, 443-455. [CrossRef]

Roy, S.J.; Tucker, E.J.; Tester, M. Genetic analysis of abiotic stress tolerance in crops. Curr. Opin. Plant Biol. 2011, 14, 232-239.
[CrossRef]

Joshi, R.; Wani, S.H.; Singh, B.; Bohra, A.; Dar, Z.A.; Lone, A.A.; Pareek, A.; Singla-Pareek, S.L. Transcription factors and plants
response to drought stress: Current understanding and future directions. Front. Plant Sci. 2016, 7, 1029. [CrossRef]

Shanker, A.K,; Maddaala, A.; Kumar, M.A_; Yadav, S.K.; Maheswari, M.; Venkateswarlu, B. In silico targeted genome mining and
comparative modelling reveals a putative protein similar to an Arabidopsis drought tolerance DNA binding transcription factor in
Chromosome 6 of Sorghum bicolor genome. Interdiscip. Sci. 2012, 4, 133-141. [CrossRef] [PubMed]

Abdel-Ghany, S.E.; Ullah, F; Ben-Hur, A.; Reddy, A.S. Transcriptome analysis of drought-resistant and drought-sensitive sorghum
(Sorghum bicolor) genotypes in response to PEG-induced drought stress. Int. J. Mol. Sci. 2020, 21, 772. [CrossRef] [PubMed]
Gupta, S.; Arya, G.C.; Malviya, N.; Bisht, N.C.; Yadav, D. Molecular cloning and expression profiling of multiple Dof genes of
Sorghum bicolor (L.) Moench. Mol. Biol. Rep. 2016, 43, 767-774. [CrossRef]

Wang, S.; Bai, Y.; Shen, C. Auxin-related gene families in abiotic stress response in Sorghum bicolor. Funct. Integr. Genom. 2010, 10,
533-546. [CrossRef]

Sanjari, S.; Shirzadian-Khorramabad, R.; Shobbar, Z.S.; Shahbazi, M. Systematic analysis of NAC transcription factors” gene
family and identification of post-flowering drought stress responsive members in sorghum. Plant Cell Rep. 2019, 38, 361-376.
[CrossRef] [PubMed]

Baillo, E.H.; Kimotho, R.N.; Zhang, Z.; Xu, P. Transcription factors associated with abiotic and biotic stress tolerance and their
potential for crops improvement. Genes 2019, 10, 771. [CrossRef] [PubMed]

Yang, Z.; Chi, X.; Guo, F,; Jin, X.; Luo, H.; Hawar, A.; Chen, Y.; Feng, K.; Wang, B.; Qi, J.; et al. SbWRKY30 enhances the drought
tolerance of plants and regulates a drought stress-responsive gene, SbRD19, in sorghum. J. Plant Physiol. 2020, 246-247, 153142.
[CrossRef] [PubMed]

Baillo, E.H.; Hanif, M.S.; Guo, Y.; Zhang, Z.; Xu, P,; Algam, S.A. Genome-wide Identification of WRKY transcription factor family
members in sorghum [Sorghum bicolor (L.) Moench]. PLoS ONE 2020, 15, e0236651. [CrossRef]

Shen, CJ.; Bai, Y.H.; Wang, S.K. Expression profile of PIN, AUX/LAX and PGP auxin transporter gene families in Sorghum bicolor
under phytohormone and abiotic stress. FEBS J. 2010, 277, 2954-2969. [CrossRef]

Aglawe, S.B.; Fakrudin, B.; Patole, C.B. Quantitative RT-PCR analysis of 20 transcription factor genes of MADS, ARF, HAP2, MBF
and HB families in moisture stressed shoot and root tissues of sorghum. Physiol. Mol. Biol. Plants 2012, 18, 287-300. [CrossRef]
Anami, S.E.; Zhang, L.M.; Xia, Y. Sweet sorghum ideotypes: Genetic improvement of stress tolerance. Food Energy Secur. 2015, 4,
3-24. [CrossRef]

Wood, A.J.; Saneoka, H.; Rhodes, D. Betaine aldehyde dehydrogenase in sorghum: Molecular cloning and expression of two
related genes. Plant Physiol. 1996, 110, 1301-1308. [CrossRef]

Maheswari, M.; Varalaxmi, Y.; Vijayalakshmi, A.; Yadav, S.K.; Sharmila, P.; Venkateswarlu, B.; Saradhi, P.P. Metabolic engineering
using mtlD gene enhances tolerance to water deficit and salinity in sorghum. Biol. Plant. 2010, 54, 647-652. [CrossRef]

Su, M,; Li, X.E; Ma, X.Y. Cloning two P5CS genes from bioenergy sorghum and their expression profiles under abiotic stresses
and MeJA treatment. Plant Sci. 2011, 181, 652-659. [CrossRef] [PubMed]

Abou-Elwafa, S.F,; Shehzad, T. Genetic identification and expression profiling of drought responsive genes in sorghum. Environ.
Exp. Bot. 2018, 155, 12-20. [CrossRef]

Pospisilova, H.; Jiskrova, E.; Vojta, P. Transgenic barley overexpressing a cytokinin dehydrogenase gene shows greater tolerance
to drought stress. Nat. Biotechnol. 2016, 33, 692-705. [CrossRef]


http://doi.org/10.1016/j.fcr.2011.04.006
http://doi.org/10.1016/S0168-1923(01)00241-6
http://doi.org/10.1111/j.1365-3040.2007.01727.x
http://doi.org/10.3390/agronomy10040611
http://doi.org/10.1016/j.agrformet.2006.07.003
http://doi.org/10.1186/s12870-018-1263-z
http://doi.org/10.1186/s12870-020-02479-0
http://doi.org/10.1007/s11240-013-0375-2
http://doi.org/10.1016/j.pbi.2011.03.002
http://doi.org/10.3389/fpls.2016.01029
http://doi.org/10.1007/s12539-012-0121-1
http://www.ncbi.nlm.nih.gov/pubmed/22843236
http://doi.org/10.3390/ijms21030772
http://www.ncbi.nlm.nih.gov/pubmed/31991584
http://doi.org/10.1007/s11033-016-4019-6
http://doi.org/10.1007/s10142-010-0174-3
http://doi.org/10.1007/s00299-019-02371-8
http://www.ncbi.nlm.nih.gov/pubmed/30627770
http://doi.org/10.3390/genes10100771
http://www.ncbi.nlm.nih.gov/pubmed/31575043
http://doi.org/10.1016/j.jplph.2020.153142
http://www.ncbi.nlm.nih.gov/pubmed/32112957
http://doi.org/10.1371/journal.pone.0236651
http://doi.org/10.1111/j.1742-4658.2010.07706.x
http://doi.org/10.1007/s12298-012-0135-5
http://doi.org/10.1002/fes3.54
http://doi.org/10.1104/pp.110.4.1301
http://doi.org/10.1007/s10535-010-0115-y
http://doi.org/10.1016/j.plantsci.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21958707
http://doi.org/10.1016/j.envexpbot.2018.06.019
http://doi.org/10.1016/j.nbt.2015.12.005

Int. J. Mol. Sci. 2021, 22, 9826 24 of 25

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Song, J.; Mo, X.; Yang, H. The U-box family genes in Medicago truncatula: Key elements in response to salt, cold, and drought
stresses. PLoS ONE 2017, 12, e0182402.

Xu, J.; Xing, X.J.; Tian, Y.S. Transgenic Arabidopsis plants expressing tomato glutathione S-transferase showed enhanced resistance
to salt and drought stress. PLoS ONE 2015, 10, e0136960. [CrossRef] [PubMed]

He, G.H.; Xu, J.Y,; Wang, Y.X,; Liu, ] M.; Li, P.S.; Chen, M.; Ma, Y.Z.; Xu, Z.S. Drought-responsive WRKY transcription factor
genes TaWRKY1 and TaWRKY33 from wheat confer drought and/or heat resistance in Arabidopsis. BMIC Plant Biol. 2016, 16, 116.
[CrossRef] [PubMed]

Wang, Y.; Sun, T.; Li, T.; Wang, M.; Yang, G.; He, G. A CBL-interacting proteinkinase TaCIPK2 confers drought tolerance in
transgenic tobacco plants through regulating the stomatal movement. PLoS ONE 2016, 11, e0167962. [CrossRef]

Zhang, D.; Tong, J.; Xu, Z.; Wei, P,; Xu, L.; Wan, Q.; Huang, Y.; He, X,; Yang, ].; Shao, H.; et al. Soybean C2H2-type zinc ringer
protein GmZFP3 with conserved QALGGH motif negatively regulates drought responses in transgenic Arabidopsis. Front Plant
Sci. 2016, 7, 32.

Wang, N.; Liu, Y.; Cong, Y. Genome-wide identification of soybean U-Box E3 ubiquitin ligases and roles of GmPUBS in negative
regulation of drought stress response in Arabidopsis. Plant Cell Physiol. 2016, 57, 1189-1209. [CrossRef]

Zhang, A; Ren, HM,; Tan, Y.Q.; Qi, G.N,; Yao, EY.,; Wu, G.L.; Yang, L.W,; Hussain, J.; Sun, S.J.; Wang, Y.F. S-type Anion channels
SLAC1 and SLAHS3 function as essential negative regulators of inward K* channels and stomatal opening in Arabidopsis. Plant
Cell 2016, 28, 949-965. [CrossRef]

Fracasso, A.; Trindade, L.M.; Amaducci, S. Drought stress tolerance strategies revealed by RNA-Seq in two sorghum genotypes
with contrasting WUE. BMC Plant Biol. 2016, 16, 115. [CrossRef] [PubMed]

Zhang, D.E; Zeng, T.R,; Liu, X.Y,; Gao, C.X,; Li, Y.X,; Li, C.H.; Song, Y.C.; Shi, Y.S.; Wang, T.Y.; Yu, L.I. Transcriptomic profiling of
sorghum leaves and roots responsive to drought stress at the seedling stage. J. Int. Agri. 2019, 9, 1980-1995. [CrossRef]

Li, H;; Han, X,; Liu, X.; Zhou, M.; Ren, W.; Zhao, B.; Zhao, ]J. A leucine-rich repeat-receptor-like kinase gene SbER2-1 from
sorghum (Sorghum bicolor L.) confers drought tolerance in maize. BMC Genom. 2019, 20, 737. [CrossRef] [PubMed]

Maheswari, M.; Varalaxmi, Y.; Yadav, S.K.; Jyothilakshmi, N.; Vanaja, M.; Venkateswarlu, B. Enhanced tolerance of transgenic
sorghum expressing mtlD gene to water-deficit stress. Indian |. Biotechnol. 2017, 16, 63-67.

Proveniers, M.C.G.; Van, Z.M. High temperature acclimation through PIF4 signaling. Trends Plant Sci. 2013, 18, 59-64. [CrossRef]
Chen, D.; Wang, W.; Wu, Y.; Xie, H.; Zhao, L.; Zeng, Q.; Zhan, Y. Expression and distribution of the auxin response factors in
Sorghum bicolor during development and temperature stress. Int. |. Mol. Sci. 2019, 20, 4816. [CrossRef]

Ahmad, P; Bhardwaj, R.; Tuteja, N. Plant signalling under abiotic stress environment. In Environmental Adaptations and Stress
Tolerance of Plants in the Era of Climate Change; Ahmad, P, Prasad, M.N.V,, Eds.; Springer: New York, NY, USA, 2012; pp. 297-323.
Ciarmiello, L.F; Woodrow, P; Fuggi, A.; Pontecorvo, G.; Carillo, P. Plant genes for abiotic stress. In Abiotic Stress Plants
Mechanisms and Adaptation; Shanker, A., Venkateswarlu, B., Eds.; Intech Open: London, UK, 2011; pp. 283-308. Available online:
https:/ /www.intechopen.com/chapters /18407 (accessed on 25 July 2021). [CrossRef]

Nagaraju, M.; Reddy, S.P.; Kumar, A.S; Srivastava, K.R.; Kavi, K.P.B.; Rao, D.M. Genome-wide scanning and characterization of
Sorghum bicolor L. heat shock transcription factors. Curr. Genom. 2015, 16, 279-291. [CrossRef] [PubMed]

Sudhakar, R.P; Srinivas, R.D.; Sivasakthi, K.; Bhatnagar, M.P.; Vadez, V.; Sharma, K.K. Evaluation of sorghum [Sorghum bicolor
(L.)] reference genes in various tissues and under abiotic stress conditions for quantitative real-time PCR data normalization.
Front Plant Sci. 2016, 7, 529. [CrossRef]

Jedmowski, C.; Ashoub, A.; Beckhaus, T.; Berberich, T.; Karas, M.; Briiggemann, W. Comparative analysis of Sorghum bicolor
proteome in response to drought stress and following recovery. Int. J. Proteom. 2014, 2014, 395905. [CrossRef]

Goche, T.; Shargie, N.G.; Cummins, I.; Brown, A.P,; Chivasa, S.; Ngara, R. Comparative physiological and root proteome analyses
of two sorghum varieties responding to water limitation. Sci. Rep. 2020, 10, 1-18. [CrossRef] [PubMed]

Tari, I.; Laskay, G.; Takacs, Z.; Po6r, P. Response of sorghum to abiotic stresses: A review. J. Agron. Crop Sci. 2013, 199, 264-274.
[CrossRef]

Pavli, O.I; Ghikas, D.V.; Katsiotis, A.; Skaracis, G.N. Differential expression of heat shock protein genes in sorghum (Sorghum
bicolor L.) genotypes under heat stress. Austr. . Crop. Sci. 2011, 5, 511-515.

Mulaudzi-Masuku, T.; Mutepe, R.D.; Mukhoro, O.C.; Faro, A.; Ndimba, B. Identification and characterization of a heat-inducible
Hsp70 gene from Sorghum bicolor which confers tolerance to thermal stress. Cell Stress Chaperon 2015, 20, 793-804. [CrossRef]
[PubMed]

Halder, T.; Upadhyaya, G.; Ray, S. YSK2 type dehydrin (SbDhn1) from Sorghum bicolor showed improved protection under high
temperature and osmotic stress condition. Front. Plant Sci. 2017, 8, 918. [CrossRef]

Harris-Shultz, K.R.; Hayes, C.M.; Knoll, J.E. Mapping QTLs and identification of genes associated with drought resistance in
sorghum. Methods Mol. Biol. 2019, 1931, 11-40.

Rajkumar; Fakrudin, B.; Kavil, S.P; Girma, Y.; Arun, S.S.; Dadakhalandar, D.; Gurusiddesh, B.H.; Patil, A.M.; Thudi, M.;
Bhairappanavar, S.B.; et al. Molecular mapping of genomic regions harbouring QTLs for root and yield traits in sorghum
(Sorghum bicolor L. Moench). Physiol. Mol. Biol. Plants 2013, 19, 409-419. [CrossRef]

Kebede, H.; Subudhi, PK.; Rosenow, D.T.; Nguyen, H.T. Quantitative trait loci influencing drought tolerance in grain sorghum
(Sorghum bicolor L. Moench). Theor. Appl. Genet. 2001, 103, 266-276. [CrossRef]


http://doi.org/10.1371/journal.pone.0136960
http://www.ncbi.nlm.nih.gov/pubmed/26327625
http://doi.org/10.1186/s12870-016-0806-4
http://www.ncbi.nlm.nih.gov/pubmed/27215938
http://doi.org/10.1371/journal.pone.0167962
http://doi.org/10.1093/pcp/pcw068
http://doi.org/10.1105/tpc.15.01050
http://doi.org/10.1186/s12870-016-0800-x
http://www.ncbi.nlm.nih.gov/pubmed/27208977
http://doi.org/10.1016/S2095-3119(18)62119-7
http://doi.org/10.1186/s12864-019-6143-x
http://www.ncbi.nlm.nih.gov/pubmed/31615416
http://doi.org/10.1016/j.tplants.2012.09.002
http://doi.org/10.3390/ijms20194816
https://www.intechopen.com/chapters/18407
http://doi.org/10.5772/22465
http://doi.org/10.2174/1389202916666150313230812
http://www.ncbi.nlm.nih.gov/pubmed/27006630
http://doi.org/10.3389/fpls.2016.00529
http://doi.org/10.1155/2014/395905
http://doi.org/10.1038/s41598-020-68735-3
http://www.ncbi.nlm.nih.gov/pubmed/32678202
http://doi.org/10.1111/jac.12017
http://doi.org/10.1007/s12192-015-0591-2
http://www.ncbi.nlm.nih.gov/pubmed/26072391
http://doi.org/10.3389/fpls.2017.00918
http://doi.org/10.1007/s12298-013-0188-0
http://doi.org/10.1007/s001220100541

Int. J. Mol. Sci. 2021, 22, 9826 25 of 25

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Tuinstra, M.R.; Grote, E.M.; Goldsbrough, P.B.; Ejeta, G. Identification of quantitative trait loci associated with pre-flowering
drought tolerance in sorghum. Crop. Sci. 1996, 36, 1337-1344. [CrossRef]

Sanchez, A.C.; Subudhi, PK.; Rosenow, D.T.; Nguyen, H.T. Mapping QTLs associated with drought resistance in sorghum
(Sorghum bicolor L. Moench). Plant Mol. Biol. 2002, 48, 713-726. [CrossRef]

Kapanigowda, M.H.; Payne, W.A.; Rooney, W.L.; Mullet, ].E.; Balota, M. Quantitative trait locus mapping of the transpiration
ratio related to preflowering drought tolerance in sorghum (Sorghum bicolor). Funct. Plant Biol. 2014, 41, 1049-1065. [CrossRef]
Dalal, M.; Mayandi, K.; Chinnusamy, V. Sorghum: Improvement of abiotic stress tolerance. In Improving Crop Resistance to Abiotic
Stress; Tuteja, N., Gill, S.S., Tiburcio, A.E,, Tuteja, R., Eds.; Wiley-VCH Verlag GmbH & Co, KGaA: Weinheim, Germany, 2012; pp.
923-949.

Kamal, N.M.; Gorafi, Y.5.A.; Abdel, R M.; Abdellatef, E.; Tsujimoto, H. Stay-green trait: A prospective approach for yield potential,
and drought and heat stress adaptation in globally important cereals. Int. ]. Mol. Sci. 2019, 20, 5837. [CrossRef] [PubMed]
Reddy, N.R.R.; Ragimasalawada, M.; Sabbavarapu, M.M.; Nadoor, S.; Patil, ].V. Detection and validation of stay-green QTL in
post-rainy sorghum involving widely adapted cultivar, M35-1 and a popular stay-green genotype B35. BMC Genom. 2014, 15, 909.
[CrossRef] [PubMed]

Kiranmayee, K.N.S.U.; Hash, C.T.; Sivasubramani, S.; Ramu, P.; Amindala, B.P.; Rathore, A.; Kishor, PB.K.; Gupta, R.; Deshpande,
S.P. Fine-mapping of sorghum stay-green QTL on chromosome10 revealed genes associated with delayed senescence. Genes 2020,
11, 1026. [CrossRef]

Ludlow, M.M.; Muchow, R.C. A critical evaluation of traits for improving crop yield in water-limited environments. Adv. Agron.
1990, 43, 107-153.

Reddy, B.V.S.; Ramesh, S.; Reddy, P.S.; Kumar, A.A. Genetic enhancement for drought tolerance in sorghum. Plant Breed. Rev.
2009, 31, 189-222.

Verma, R.; Kumar, R.; Nath, A. Drought resistance mechanisms and adaptation to water stress in sorghum (Sorghum bicolor (L.)
Moench). Int. J. Bio-Resour. Stress Manag. 2018, 9, 167-172. [CrossRef]

Seetharama, N.; Sivakumar, M.V.K.; Bidinger, ER.; Singh, S.; Maiti, R.K.; Reddy, B.V.S.; Peacock, ].M.; Reddy, S.J.; Mahalakshmi,
V.; Sachan, R.C. Physiological basis for increasing and stabilizing yield under drought in sorghum. Proc. Indian Nat. Sci. Acad.
1983, B49, 498-523.

Jordan, WR; Shouse, PJ.; Blum, A.; Miller, ER.; Monk, R.L. Environmental physiology of sorghum. II. Epicuticular wax load and
cuticular transpiration. Crop. Sci. 1984, 24, 1168-1173. [CrossRef]

Patil, J.; Sanjana, R.; Prabhakar, B.; Umakanth, A.; Sunil, G.; Ganapathy, K.N. History of post-rainy season sorghum research in
India and strategies for breaking the yield plateau. Indian |. Genet. Plant Breed. 2014, 74, 271-285. [CrossRef]

Belete, T. Breeding for resistance to drought: A case in sorghum (Sorghum bicolor (L.) Moench). J. Agric. For. Meteorol. Res. 2018, 1,
1-10.

Wilson, G.L.; Raju, P.S.; Peacock, ].M. Effect of soil temperature on seedling emergence in sorghum. Indian J. Agric. Sci. 1982, 52,
848-851.

Khizzah, B.W.; Miller, ER.; Newton, R.J. Inheritance and heritability of heat tolerance in several sorghum cultivars during the
reproductive phase. Afr. Crop. Sci. ]. 1993, 1 (Suppl. 2), 81-85. [CrossRef]

Ashok Kumar, A.; Sharma, H.C.; Sharma, R.; Blummel, M.; Sanjana Reddy, P.; Reddy, B.V.S. Phenotyping in Sorghum [Sorghum
bicolor (L.) Moench]. In Phenotyping for Plant Breeding; Springer: New York, NY, USA, 2013; pp. 73-109.

Govindaraj, M.; Pattanashetti, S.K.; Patne, N.; Kanatti, A.A. Breeding cultivars for heat stress in staple food crops. In Next
Generation Plant Breeding; Ciftci, Y.O., Ed.; Intech Open: London, UK, 2018; pp. 45-76.

Ashok Kumar, A.; Reddy, B.V.S.; Grando, S. Global millets improvement and its relevance to India and developing world. In
Millets: Promotion for Food, Feed, Fodder, Nutritional and Environment Security, Proceedings of Global Consultation on Millets Promotion
for Health & Nutritional Security; Society for Millets Research, Indian Council of Agricultural Research Indian Institute of Millets
Research: Hyderabad, India, 2015; pp. 154-172.

Singh, P.; Nedumaran, S.; Traore, P.C.S.; Boote, K.J.; Rattunde, H.EW.; Prasad, P.V.V; Singh, N.P; Srinivas, K.; Bantilan, M.C.S.
Quantifying potential benefits of drought and heat tolerance in rainy season sorghum for adapting to climate change. Agric. For.
Meterol. 2014, 185, 37-48. [CrossRef]


http://doi.org/10.2135/cropsci1996.0011183X003600050043x
http://doi.org/10.1023/A:1014894130270
http://doi.org/10.1071/FP13363
http://doi.org/10.3390/ijms20235837
http://www.ncbi.nlm.nih.gov/pubmed/31757070
http://doi.org/10.1186/1471-2164-15-909
http://www.ncbi.nlm.nih.gov/pubmed/25326366
http://doi.org/10.3390/genes11091026
http://doi.org/10.23910/IJBSM/2018.9.1.3C0472
http://doi.org/10.2135/cropsci1984.0011183X002400060038x
http://doi.org/10.5958/0975-6906.2014.00845.1
http://doi.org/10.4314/acsj.v1i2.69893
http://doi.org/10.1016/j.agrformet.2013.10.012

	Introduction 
	Sensitive Stages to Drought or High Temperature Stress 
	Physiological Traits Associated with Drought Stress Tolerance 
	Physiological Traits Associated with High Temperature Stress Tolerance 
	Mechanisms Associated with Drought Tolerance 
	Mechanisms Associated with High Temperature Tolerance 
	Genes Associated with Drought Tolerance 
	Use of Drought Responsive Genes in Developing Tolerant Genotypes 
	Genes Associated with High Temperature Stress Tolerance 
	Genes Associated in Both Drought and High Temperature Stress Tolerance 
	Molecular Marker Resources and Quantitative Trait Loci (QTL) Mapping 
	Breeding for Drought and High Temperature Stress Tolerance 
	Conclusions 
	References

