
27

Harnessing Genetic Variation
in Physiological and Molecular Traits
to Improve Heat Tolerance in Food
Legumes

2

Poonam Devi, Shikha Chaudhary, Anjali Bhardwaj, Manu Priya,
Uday Jha, Aditya Pratap, Shiv Kumar,
HanumanthaRao Bindumadahva, Inderjit Singh, Sarvjeet Singh,
P. V. Vara Prasad, Kadambot H. M. Siddique, and Harsh Nayyar

Abstract

Plant genetic variations provide opportunity to develop new and improved
cultivars with desired characteristics, hence gaining major attention from the
scientists and breeders all over the world. Harnessing genetic variability is the
key factor in the adaptation of plants to ever-rising temperature. Nowadays, such
characteristic traits among the population can be used to develop various heat-
resilient crop varieties and have a profound effect on restoring the balance
between climate change and agriculture. Genetic variations in physiological and
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molecular traits proved to be the major components for breeding programs to
augment the gene pool. With genetic variations, it is possible to identify the
phenotypic variations governed either by a single gene or by many genes that will
be helpful for mapping associated quantitative trait loci. Genetic variations can
also be traced by examining various physiological traits of a crop plant like
growth traits (biomass, plant height, and root growth), leaf traits (stomatal
conductance, chlorophyll content, chlorophyll fluorescence, photosynthetic rate,
membrane stability, sucrose content, and canopy temperature depression), and
floral traits (mainly associated with male gametophyte). Yield traits can also
display enormous variation, making it highly useful/reliable for screening
purposes. Further, genetic variation at the biochemical level can be assessed by
measuring the expression of enzymes (related to oxidative stress and
antioxidants) and metabolites (both primary and secondary). Evaluating how
genetic variation influences phenotype is the ultimate objective of genetics, and
using omics approaches can improve the understanding of heat tolerance-
governing mechanisms. Further, collecting molecular data at different levels of
plant growth and development will help to accelerate our understanding of the
mechanisms linking genotype to phenotype.
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2.1 Introduction

The Earth’s rising average surface temperature, possibly due to global warming,
poses a significant threat to the production potential of plants (Bita and Gerats 2013).
Temperature is one of the main factors affecting plant phenology and plays a
significant role in plant species distribution around the globe (Li et al. 2018). All
plant species have a threshold temperature for growth to reach their yield potential;
temperatures beyond the threshold are stressful at all plant growth stages, affecting
overall performance (Wahid et al. 2007). Heat stress is supraoptimal temperatures
that cause irreversible damage to plants (Hasanuzzaman et al. 2013). The impact of
heat stress depends on species, specific growth stage, and intensity and duration of
the stress (Farooq et al. 2017; Li et al. 2018).

Heat stress affects all stages of plant growth, viz., (1) seed germination (decreases
seed germination rate and seedling root and shoot lengths), (2) vegetative growth
(decreases plant height, biomass production, and root growth), (3) leaf structure and
function (damages membrane structure, increases canopy temperature, decreases
stomatal conductance, chlorophyll fluorescence, photosynthetic rate, and sucrose
metabolism), (4) reproductive traits (mainly male gametophyte), (5) cellular homeo-
stasis (elevated reactive oxygen species production), and (6) yield (reduced seed
number, seed weight, and seed-filling rate). The reproductive stage is much more

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/agronomic-traits
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Fig. 2.1 Impacts, defense mechanisms against heat stress, and possible screening traits used for
selecting temperature-resilient crops. High temperature adversely affects plant growth, causes tissue
damage, and impairs vital processes such as photosynthesis, respiration, and reproduction. The
injuries caused by heat stress lead to oxidative stress due to the production of reactive oxygen
species, reducing crop yields. Plants implement various mechanisms to cope with heat stress,
including antioxidant and metabolite production, accumulation and adjustment of compatible
solutes, and most importantly chaperone (heat-stress proteins, HSPs) signaling and transcriptional
activation. These mechanisms, regulated at the molecular level, enable plants to thrive under heat
stress. Various growth traits [e.g., plant biomass, plant height, root system architecture (RSA)], leaf
traits [e.g., cell membrane thermostability (CMT), canopy temperature depression (CTD), stay-
green trait (SGT), stomatal conductance, chlorophyll fluorescence, photosynthetic rate], reproduc-
tive traits (e.g., pollen viability, pollen germination), biochemical traits [e.g., reactive oxygen
species (ROS) detoxification, various metabolites, HSP levels], and yield traits have been explored
as heat-tolerance indicators for screening and breeding for heat tolerance

sensitive to heat stress than the vegetative stages, leading to lower seed weights and
thus yield (Farooq et al. 2017). Plants are sessile organisms that can develop various
adaptive mechanisms to endure heat waves, such as antioxidant production, synthe-
sis of low-molecular-weight secondary metabolites, increasing heat-shock proteins
(HSPs), and upregulating various transcription factors (Fig. 2.1). These endurance
mechanisms vary between crop species, growth stage, and growth traits (Bita and
Gerats 2013; Prasad et al. 2017).
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2.2 Heat Stress and Legumes

Food legumes are an indispensable part of the human diet in developing countries.
The major food legumes consumed worldwide are pea (Pisum sativum L.), chickpea
(Cicer arietinum L.), common bean (Phaseolus vulgaris L.), lentil (Lens culinaris
Medik.), mung bean/green gram (Vigna radiata L.), urdbean/black gram (Vigna
mungo L.), and cowpea [Vigna unguiculata (L.) Walp.], and the major oilseed
legumes include peanut (Arachis hypogaea L.) and soybean (Glycine max L.)
(Maphosa and Jideani 2017). Due to their high nutritional value, legumes are ranked
second after cereals. They are rich in protein (20–45%), carbohydrates (60%),
dietary fiber (5–37%), and mineral matter (calcium, iron, potassium, phosphorus,
copper, and zinc) with no cholesterol and low fat (Iqbal et al. 2006). Environmental
factors, mainly rising temperatures, are major constraints on the growth and yield of
food legumes. Heat stress adversely affects physiological and reproductive stages,
resulting in poor seed yield and quality (Sita et al. 2017). Table 2.1 shows the
threshold temperatures for commonly grown legumes in different regions of the
world. Various studies have reported the impact of heat stress on seed germination,
including poor emergence, germination percentage and radicle and plumule growth,
and abnormal seedling vigor. For instance, chickpea germinated well at temperatures
from 15 to 35 °C but poorly at temperatures above 40 °C (Kumari et al. 2018).
Temperature beyond the threshold range showed lethal effects on the chickpea
seedlings (Kumari et al. 2018). Similarly, a 50 °C heat treatment for 30 min signifi-
cantly reduced seed germination, seed vigor, and seedling growth of dry black gram
(Piramila et al. 2012).

Heat stress affects early vegetative growth, decreasing biomass accumulation and
root growth and stunting plant height (Huang and Xu 2008; Kaushal et al. 2013).

Table 2.1 Threshold temperatures of few selective food legumes

Threshold temperature (°
C)

Pulses

Chickpea (Cicer arietinum L.) 16–27 Devasirvatham et al.
(2013)

Common bean (Phaseolus vulgaris
L.)

27–30 Rainey and Griffiths
(2005)

Cowpea (Vigna unguiculata L.) 18–28 Craufurd et al. (1998)

Faba bean (Vicia faba L.) 22–23 Lavania et al. (2015)

Lentil (Lens culinaris Medik.) 18–30 Sita et al. (2017)

Mung bean (Vigna radiata L.) 28–30 Kaur et al. (2015)

Pea (Pisum sativum L.) 18–24 Jiang et al. (2015)

Urdbean/black gram (Vigna mungo
L.)

30–35 Anitha et al. (2016)

Oilseeds

Peanut (Arachis hypogaea L.) 22–28 Prasad et al. (1999)

Soybean (Glycine max L.) 20–26 Nahar et al. (2016)
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Various studies have reported that heat stress inhibits physiological processes and
cellular response activation, including decreased cellular membrane thermostability
(Xu et al. 2006). Heat stress dramatically affects the photosynthetic process by
disrupting chloroplast structures (thylakoid leakiness and grana stacking) and dam-
aging the D1 protein of PSII due to the accumulation of reactive oxygen species
(ROS) (Allakhverdiev et al. 2008; Sharkey 2005). Deactivation of the RuBisCo
enzyme even at moderate–high temperatures further hampers photosynthesis
(Allakhverdiev et al. 2008).

High temperatures significantly affect the reproductive phase, as reported in
various food legumes, including mung bean (Kaur et al. 2015), chickpea (Kaushal
et al. 2013), lentil (Bhandari et al. 2016; Sita et al. 2017), and peanut (Prasad et al.
1999). The main reproductive events affected by heat stress are male gametophyte
development (meiosis in microspore mother cell, tapetum development in viable
pollen, reduced pollen germination, reduced pollen tube growth), female gameto-
phyte development (meiosis in the megaspore mother cell, tapetum development in
viable eggs, altered stigmatic and style positions, reduced stigma receptivity), and
fertilization (double fertilization and triple fusion) (Farooq et al. 2017; Prasad et al.
2017). Heat stress accelerates seed filling, inhibiting the accumulation of reserves in
developing seeds, resulting in poor-quality seeds (Calderini et al. 2006) and reduced
seed yields in food legumes such as chickpea (Awasthi et al. 2014) and lentil (Sehgal
et al. 2018).

Understanding the impact of heat stress and the related mechanisms will help
improve crop genotypes under heat stress. Therefore, identifying traits through
extensive screening experiments related to heat tolerance is important for selecting
better performing heat-tolerant genotypes of food legumes. This chapter identifies
various traits in genotypes of various food legumes with different heat sensitivity/
tolerance levels (Fig. 2.1) and offers insight into the overall traits and mechanisms
used to select heat-tolerant genotypes.

2.3 Growth-Based Studies

High temperature adversely affects the growth and development of various legumes,
restricting the growth cycle from emergence to seed set (Sehgal et al. 2018). Seed
germination and seedling establishment, including root and shoot lengths and
seedling vigor, are highly sensitive to high temperature. For instance, mung bean
seedlings exposed to 45/35 °C had reduced growth (Kumar et al. 2011), and
chickpea seedlings exposed to 40 °C for 96 h died (Kumari et al. 2018). Heat stress
accelerates early vegetative growth, decreasing leaf number and dry matter accumu-
lation (Tahir et al. 2008). Even moderate heat stress leads to rapid growth and
development, resulting in shorter crop duration and less carbon assimilation over
the plant’s life cycle (Driedonks et al. 2016; Hatfield and Prueger 2015). Many
studies have shown that disturbances in fundamental physiological processes, such
as photosynthesis, respiration, water status, membrane stability, primary and sec-
ondary metabolites, and ROS generation, due to metabolic disparity resulted in
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fewer and malformed plant parts (Wahid et al. 2007). Reduced vegetative growth
also results from various anatomical and structural changes in cellular organelles,
leading to necrosis, chlorosis, sunburn, senescence, and abscission of leaves, twigs,
branches, and stems. Further, heat stress negatively affects plant architecture,
including branching pattern, leaf area, internode elongation, and leaf/branch angles
(Sabagh et al. 2020). The above studies indicate that several processes and molecules
are involved in heat stress, reducing plant growth. Many studies have reported
reduced vegetative growth in legumes, suggesting an interaction between potential
yield and vegetative growth traits, for instance, in chickpea (Awasthi et al. 2014),
common bean (Soltani et al. 2019; Yoldas and Esiyok 2009), faba bean (Siddiqui
et al. 2015), lentil (Sita et al. 2017), mung bean (Kumar et al. 2011; Sharma et al.
2016), and soybean (Sabagh et al. 2020). Thus, the impact of heat stress on plant
growth can be evaluated by assessing traits such as plant height, biomass, and root
system architecture. Studies on contrasting genotypes revealed genetic variation in
these traits in response to heat stress, which will help identify the mechanisms
associated with heat tolerance in legumes.

2.3.1 Biomass

Biomass is an indicator of dry matter accumulation during plant growth, which is
adversely affected by heat stress in various legumes (Sabagh et al. 2020). Several
studies have revealed genetic variations in biomass accumulation in legumes under
high temperatures. Thus, chickpea under heat stress (>32/20 °C) in a greenhouse
had 22–30% less biomass than control plants (Kaushal et al. 2013). High tempera-
ture decreased biomass more in heat-sensitive chickpea genotypes (ICC5912,
ICC10685) than heat-tolerant genotypes (ICC15614 and ICCV92944) (Kaushal
et al. 2013). In another greenhouse study, heat stress (38/35 °C) decreased alfalfa
(Medicago sativa) biomass, more so in heat-sensitive Wl712 than heat-tolerant
Bara310SC, compared to the control (25 °C) (Wassie et al. 2019). In the field,
heat stress (>32/20 °C) significantly decreased lentil biomass (Sita et al. 2017).
Genotypes IG3263, IG2507, IG3297, IG3312, IGG3327, IG3330, IG3546, IG3745,
IG4258, and FLIP2009 retained the most biomass and were considered heat tolerant,
while genotypes IG2519, IG2802, IG2506, IG2849, IG2821, IG2878, IG3326,
IG3290, IG3973, IG3964, IG4242, DPL15, DP315, IG4221, and IG3568 were
considered heat sensitive. High temperature (>40/28 °C) in the field significantly
reduced (76%) plant biomass in 45 mung bean accessions from the World Vegetable
Center, compared to control conditions (34/16 °C)—genotypes EC693357,
EC693358, EC693369, Harsha, and ML 1299 retained the most biomass under
heat stress and were considered heat tolerant, while genotypes EC693363,
EC693361, KPS1, EC693370, and IPM02-3 retained the least biomass and were
considered heat sensitive (Sharma et al. 2016).
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2.3.2 Plant Height

Heat stress suppresses the overall vegetative growth of plants by affecting various
growth-related mechanisms involving hormones and enzymes (Siddiqui et al. 2015).
Plant height at different growth stages is a vital indicator of plant growth under stress
situations and has been correlated with heat stress sensitivity (Prasad et al. 2008). A
field study was undertaken to screen 12 Kabuli chickpea lines through delayed
sowing for heat exposure (39.4 °C) (Mishra and Babbar 2014). Four chickpea
lines—KAK2, JGK2, ICCV07311, and ICCV06301—were selected as heat tolerant
based on plant height and other yield traits, with positive correlations between
phenological traits (days to flowering, days to 50% flowering, maturity days, number
of secondary branches, plant height) and yield traits (Mishra and Babbar 2014).
Soybean genotypes (64) exposed to heat stress (40/32 °C; seedling stage for 20 days)
varied in plant height—IREANE, CZ4898RY, CZ5242LL, CZ5375, ELLIS,
5N393R2, CZ4181, and 45A46 were categorized as heat tolerant, and 5115LL,
S47-K5, S45-W9, 483C, 38R10, R01-416F, JTN-5110, S48RS53, and
DG4825RR2/STS as heat sensitive, with the remainder categorized as moderately
heat tolerant or moderately heat sensitive (Alsajri et al. 2019). Similarly, high
temperature imposed on four common bean genotypes (Gima, Volare, Amboto,
Nassan) by delaying normal sowing (late-sown) significantly reduced yields, relative
to normal-sown plants, due to a shorter vegetative cycle, and genotypes Gima and
Volare maintained taller plants than Amboto and Nassan (Yoldas and Esiyok 2009).
In a greenhouse study, ten faba bean genotypes raised under high temperatures
(HT1: 31 °C and HT2: 37 °C) had markedly reduced plant height compared to the
control plants. Genotype C5 produced the tallest plants (heat tolerant), while Espan
produced the shortest plants (heat sensitive) (Siddiqui et al. 2015).

2.3.3 Root System Architecture

Root system architecture (RSA) is the structure and spatial and temporal configura-
tion of plant root systems (de Dorlodot et al. 2007). On a macroscale, RSA can
determine the organization of the primary and secondary roots (Smith and De Smet
2012). On a microscale, RSA can determine root microstructures, such as fine root
hairs and root tips and their interactions with soil and soil microorganisms responsi-
ble for water and mineral uptake (Wu et al. 2018). The spatial and temporal
distribution of roots determines the crop’s ability to exploit heterogeneously
distributed soil resources (Brussaard et al. 2007). Heat stress directly affects plant
roots by restricting carbohydrate transport from shoots to roots (Huang and Xu
2008). A comprehensive understanding of RSA helps us understand the effect of
environmental conditions and management practices on crops, decreasing the devi-
ation between potential and actual average yields (Garnett et al. 2009; Judd et al.
2015; Ryan et al. 2016). RSA plays an important role in plant–soil–microbe
interactions and resolving the cross talk with beneficial soil microbes in the rhizo-
sphere (Ryan et al. 2016).
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Root architecture adapts to fluctuating environments. Therefore, we can improve
crop performance by increasing root traits, such as root development allocation, and
morphological, anatomical, or developmental plasticity (Sultan 2000). Thus, under-
standing the genetic and molecular mechanisms determining root phenotypic plas-
ticity is necessary for effective selection and crop breeding efforts. Direct
relationships between individual root architectural plasticity and yield have been
reported across changing environments in various species (Niones et al. 2013;
Sadras 2009). Root branching is important for improving soil anchorage and root
surface area, enabling plants to reach more distant water reserves. In plants, high-
and low-temperature stress generally reduces primary root length, lateral root density
(number of lateral roots per unit primary root length), and emergence angle of lateral
roots from the primary root, but does not affect the average lateral root length
(McMichael and Quisenberry 1993; Nagel et al. 2009). Heat stress affects nutrient
uptake due to a decline in root biomass and root hair surface area. In mung bean,
high temperatures of 40/30 °C and 45/35 °C inhibited root growth by 13% and 23%,
respectively (Kumar et al. 2011).

Root growth has lower optimal growth temperatures and is more sensitive to high
temperatures than shoot growth (Huang and Gao 2000; Xu and Huang 2000). Some
plant roots synthesize heat-shock proteins (HSPs) by ameliorating their working
efficiency (Nieto-Sotelo et al. 2002). Root phenotyping of 577 common bean
genotypes in variable heat environments revealed significant relationships between
seed yield and seedling basal root number, seedling adventitious root abundance,
and seedling taproot length (Strock et al. 2019). The Mesoamerican genotypes
yielded higher than the Andean genotypes under heat stress (Strock et al. 2019). In
another study, five chickpea genotypes were assessed for thermotolerance at 30, 35,
and 40 °C using root length and root branching as criteria, which identified CSJD
884 and RSG 895 as heat tolerant and C 235 as heat sensitive (Kumari et al. 2018).
The 40 °C treatment for 96 h negatively affected root branching in chickpea (Kumari
et al. 2018).

Similarly, screening 48 lentil genotypes in a growth chamber at 34 °C using root
length as one of the selection criteria identified Ranjan, Moitree, 14-4-1, IC 201710,
and IC 208329 as heat tolerant (Choudhury et al. 2012). In another lentil study, heat-
tolerant genotypes (IG2507, IG3263, IG3745, IG4258, and FLIP2009) had 1.8–22-
fold more root nodulation than heat-sensitive genotypes (IG2821, IG2849, IG4242,
IG3973, IG3964) under heat stress (>32/20 °C) (Sita et al. 2017).

2.4 Yield-Based Traits

Heat stress negatively impacts reproductive efficiencies and seed development
stages, reducing crop yield and quality (Sehgal et al. 2018). Various studies have
shown that the relative performance of plants in terms of yield under heat stress is
useful for selecting genotypes for crop improvement programs (detailed below).
Heat stress severely affects seed development and seed filling in many crop species,
resulting in abnormal and shriveled seeds (Egli 1998). The direct effect of heat stress
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on the sink potential of maturing seeds (Commuri and Jones 1999) disrupts cell
division in the endosperm, decreases the number of starch granules, and reduces
starch accumulation. Many screening studies under heat stress have included yield
traits, such as seed number, seed weight, seed-filling rate, and duration (Farooq et al.
2017).

2.4.1 Seed Number

Heat stress disrupts pollination and fertilization events that directly curtail seed
number. For instance, high temperature (45/32 °C) reduced seed number in mung
bean genotypes relative to the control (34/16 °C), more so in heat-sensitive
genotypes (EC693363, EC693361, KPS1, EC693370, and IPM02-3) than heat-
tolerant genotypes (EC693357, EC693358, EC693369, Harsha, and ML 1299)
(Sharma et al. 2016). Similarly, in a greenhouse study, the 33/30 °C treatment
reduced pod number and seed number per pod the most in 24 common bean
genotypes exposed to varying temperatures (24/21 °C, 27/24 °C, 30/27 °C,
33/30 °C), more so in heat-sensitive genotypes (-66%; A55, Labrador, Majestic,
IJR) than heat-tolerant genotypes (-31%; Brio, Carson, G122, HB1880, HT38,
Venture) (Rainey and Griffiths 2005). In another study, heat stress (36/27 °C)
reduced seed number per pod in all but two cowpea lines (heat-tolerant B89-600
and TN88-63) evaluated for heat tolerance in a greenhouse (Ehlers and Hall 1998).
In another greenhouse study, high temperature (38 °C) during the reproductive stage
of 211 pea genotypes revealed HUDP-25, IPF-400, HFP-4, and DDR-56 as heat
tolerant and VL-40, KPMR-615, DDR-61, and KPMR-557 as heat susceptible based
on yield parameters; for example, heat-tolerant genotypes had more seeds per plant
(35–197) than heat-sensitive genotypes (1–58) (Mohapatra et al. 2020).

2.4.2 Seed Weight

Seed weight is one of the major traits governing crop yield and is thus used as a
screening trait in many studies to select heat-tolerant varieties. For example, chick-
pea exposed to different temperatures (35/25 °C, 40/30 °C, and 45/35 °C) in a
growth chamber decreased seed weight at 40/30 °C by 37–45% in sensitive
genotypes (ICC14183, ICC5912) relative to tolerant genotypes (ICCV07110,
ICCV92944). However, higher temperature (45/35 °C) had a more severe effect,
with fewer seeds in tolerant genotypes and no pod set in sensitive genotypes (Kumar
et al. 2013). Similar findings were recorded in mung bean when high temperatures
(45/32 °C) coincided with reproductive growth; seed weights declined by 48.3% in
the sensitive genotype (SML668) and 35.1% in the tolerant genotype (SML832),
relative to the control (Kaur et al. 2015). Likewise, seed weight of lentil plants
exposed to high temperature (>32/20 °C) in the field declined, relative to control
plants (Bhandari et al. 2016), more so in the heat-sensitive genotypes (-50%; LL699
and LL1122) than the heat-tolerant genotype (-33%; LL931).
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In common bean, a high temperature of 33/30 °C was adequate for selecting heat-
tolerant (Carson, G122, Brio, HB1880, HT38, Venture) and heat-sensitive
genotypes (Labrador, A55, Majestic, IJR), based on seed weight trait in the field;
seed weights decreased by 88% in heat-sensitive genotypes compared with 35% in
heat-tolerant genotypes (Rainey and Griffiths 2005). Different location-based yield
trials—Coachella (USA; 41/25 °C) and Riverside (USA; 36/17 °C)—were used to
screen three groups of cowpea genotypes differing in heat sensitivity (Ismail and
Hall 1999). Yield parameters, mainly seed weight, and seeds/pod, decreased signifi-
cantly as the temperature increased. Tolerant genotypes (H36, H8-9, DLS99)
retained more seed weight (193 mg/seed) at higher temperature (41/25 °C) than
heat-sensitive genotypes (168 mg/seed; CB5, CB3, DLS127). Mohapatra et al.
(2020) reported that heat stress reduced 25-seed weight in pea in heat-susceptible
genotypes (VL-40, KPMR-615, DDR-61, KPMR-557) to a mean value of 4.13 g,
while heat-tolerant genotypes (HUDP-25, IPF-400, HFP-4, DDR-56) had higher
seed weights (4.60 g).

Heat stress accelerates the seed-filling rate but decreases the seed-filling duration.
In cowpea, increasing the temperature from 15.5 to 26.6 °C increased the seed-filling
duration by 14–21 days (Nielsen and Hall 1985). During seed development, heat
stress (>32/20 °C) increased the seed-filling rate in six chickpea genotypes relative
to the optimum temperature, and shortened the seed-filling duration, more so in heat-
sensitive (ICC4567) than heat-tolerant (ICC1356, ICC15614) genotypes (Awasthi
et al. 2014). Thus, reduced seed weight due to heat stress could be related to a decline
in seed-filling processes (Sehgal et al. 2017).

2.5 Pollen Grain Traits

Pollen grains are sensitive to extreme temperatures from early pollen development to
fertilization, including meiosis I and meiosis II of the microspore mother cell, early
dissolution of the tapetum layer, anther dehiscence, pollen shedding, pollen viability,
pollen germination, pollen tube growth, and fertilization (Barnabas et al. 2008;
Hedhly 2011; Kumar et al. 2013). Observations on heat stress-induced arrest of
male gametophyte development revealed the importance of starch accumulation
during pollen development because it gives rise to carbohydrates at maturity (Raja
et al. 2019). Heat stress prevents starch accumulation during pollen development,
which possibly contributes to reduced pollen viability (Pressman et al. 2002). High
temperature during anthesis leads to yield losses due to poor pollen traits such as
pollen viability, pollen production, and pollen tube length in crop plants, including
chickpea (Devasirvatham et al. 2012; Kaushal et al. 2013), common bean (Suzuki
et al. 2001), mung bean (Kaur et al. 2015), lentil (Kumar et al. 2016; Sita et al. 2017),
and soybean (Salem et al. 2007). Heat-tolerant and heat-sensitive common bean
genotypes were identified based on pollen stainability—exposure to high tempera-
ture (>28 °C) for 8–11 days before anthesis decreased pollen stainability and
increased flower abortion, reducing pod yield (Suzuki et al. 2001). Heat-sensitive
genotypes (Kentucky Wonder, Oregon, and Okinawa Local) had <20% pollen
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stainability, while the heat-tolerant genotype (Haibushi) had 60% pollen stainability
under heat-stress conditions. Heat stress (43/30 °C and 45/32 °C) in mung bean
adversely affected reproductive components, reducing pollen viability, pollen ger-
mination, and pollen tube length (Kaur et al. 2015), compared to the controls (>40/
25 °C). Moreover, high temperature during microsporogenesis reduced pollen num-
ber and produced shriveled pollen grains, more so in the heat-sensitive genotype
than the heat-tolerant genotype. Another field study exposed 45 mung bean
genotypes to high temperature (42 °C) during the flowering stage (Sharma et al.
2016).

An in vitro pollen study revealed that heat-tolerant mung bean genotypes
(C693357, EC693358, EC693369, Harsha, ML1299) had better pollen viability
and pollen germination than sensitive genotypes (KPS1, EC693361, EC693363,
EC693370, IPM02-3) (Sharma et al. 2016). Other pollen traits (pollen germination
and pollen load) were used to screen chickpea, identifying heat-tolerant (ICC15614,
ICCV92944) and -sensitive (ICC10685, ICC5912) genotypes (Kaushal et al. 2013).
Another study identified tolerant and sensitive chickpea genotypes using pollen traits
(Devasirvatham et al. 2013) under heat stress (≥35 °C); pollen grains were more
sensitive to high temperature than stigmas, with genotype ICC1205 identified as heat
tolerant and ICC4567 as heat sensitive. Kumar et al. (2016) screened 334 lentil
accessions for heat tolerance under field conditions (>35/25 °C) and selected heat-
tolerant genotypes (FLIP2009-55L, IG2507, and IG4258) based on pollen traits. Sita
et al. (2017) revealed that high temperature (>32/20 °C) in the field reduced pollen
viability to a greater extent than control (<32/20 °C), with higher pollen germination
in heat-tolerant genotypes (48–50%; IG2507, IG3263, IG3745, IG4258, and
FLIP2009) than heat-sensitive genotypes (28–33%).

Sixteen pea accessions were screened for heat tolerance by exposing plants to 45 °
C for 2 h; the Ran1 line was selected as heat tolerant and R–Af-1, C–Af-2, and Cs–
Af–3 as heat sensitive based on pollen traits (pollen viability, pollen germination,
pollen tube growth) (Petkova et al. 2009). In another study, two pea cultivars were
tested for their differential sensitivity to high temperature (27/18 °C, 30/18 °C,
33/18 °C, and 36/18 °C) based on in vitro pollen germination, pollen tube length,
pollen surface morphology, and pollen wall structure; as a result, CDC Sage was
classified as tolerant and CDC Golden as sensitive genotype based on its higher
pollen germination and stable lipid composition in pollen than the heat-sensitive
genotype at 36 °C (Jiang et al. 2015).

Pollen-based traits were also used to screen 44 soybean genotypes for heat
tolerance at 38/30 °C (Salem et al. 2007). The total stress response index based on
reproductive traits such as pollen germination and pollen tube length was used to
categorize the genotypes. Three of these genotypes, heat tolerant (DG 5630RR), heat
intermediate (PI 471938), and heat sensitive (Stewart III), were selected for pollen
grain morphology; the heat-sensitive genotype had deformed pollen with reduced
aperture. Based on the studies mentioned above, pollen grain structure and function
could be used as a screening tool for heat tolerance in soybean (Salem et al. 2007).
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2.6 Leaf-Based Parameters

2.6.1 Stomatal Conductance

Stomatal conductance is a measure of stomatal opening or the rate of passage of CO2

entering and water vapor releasing through leaf stomata. Stomatal conductance is
affected by many environmental factors, including high temperature. Stomatal
conductance increases with increasing temperature to increase photosynthesis,
which can help plants endure short heat waves (Urban et al. 2017). Moreover, plants
acclimatize to high temperatures by evaporating more water, keeping their canopies
cool despite the presence of fewer stomata (Crawford et al. 2012). Therefore,
regulating stomatal conductance under high temperatures is a useful trait for screen-
ing contrasting genotypes. Stomatal conductance can be recorded with a leaf
porometer and expressed in mmol m-2 s-1 (Priya et al. 2018). Heat-tolerant chick-
pea genotypes (ICC15614, ICCV92944) had higher stomatal conductance
(265–271 mmol H2O m-2 s-1) than heat-sensitive genotypes (ICC5912,
ICC10685; 187–210 mmol H2O m-2 s-1) under high temperatures (>32/20 °C)
imposed by late sowing (Kaushal et al. 2013). Similarly, for late-sown mung bean
genotypes, the heat-tolerant genotype (SML 868) had higher stomatal conductance
(99 mmol m-2 s-1) than the heat-sensitive genotype (SML 668; 90 mmol m-2 s-1)
(Kaur et al. 2015). In another study, five common bean genotypes (SB761, SB776,
SB781, Jaguar, TB1) were screened in the greenhouse at three temperature regimes
(35/30 °C, 40/35 °C, 45/40 °C); stomatal conductance in all genotypes increased
with increasing temperature until 40/35 °C but declined at 45/40 °C except in
genotype TB1, which was identified as heat tolerant (Traub et al. 2018). Similarly,
Sita et al. (2017) identified heat-tolerant (IG2507, IG3263, IG3745, IG4258,
FLIP2009) and heat-sensitive (IG2821, IG2849, IG4242, IG3973, IG3964) lentil
genotypes based on stomatal conductance—the heat-tolerant genotypes had higher
stomatal conductance values (390–497 mmol m-2 s-1) than heat-sensitive genotype
(205–313 mmol m-2 s-1) in a late-sown environment.

2.6.2 Stay-Green Trait

Heat stress negatively affects photosynthesis by decreasing leaf pigment content and
damaging leaf ultrastructure in heat-sensitive genotypes. Chloroplasts play a vital
role in photosynthesis as one of the most heat-sensitive organelles (Abdelmageed
and Gruda 2009; Krause and Santarius 1975). Decreased total chlorophyll content
and changes in the chlorophyll a/b ratio have been correlated with reduced photo-
synthesis during heat stress due to reduced “antenna (pigment unit)” size that
reduces light harvesting (Blum 1986; Harding et al. 1990; Shanmugam et al.
2013). Chlorophyll retention (chlorophyll content) is an integrative trait and is
considered a good criterion for screening heat-stress tolerance in legume crops.
For example, high-temperature (38/28 °C) stress for 14 days at the flowering stage
in a growth chamber caused anatomical and structural changes, including damaged
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plasma membrane, chloroplast membrane, and thylakoid membranes and reduced
leaf photosynthetic rate, in the leaves of soybean genotype K 03-2897. Plant
chlorophyll maintenance, also known as the stay-green (SGR) trait, is affected by
high temperature. Understanding the physiological and molecular mechanisms of
the stay-green trait is important for controlling photosynthetic ability (Abdelrahman
et al. 2017). The SGR trait, or delayed leaf senescence (DLS), allows plants to retain
leaves in an active photosynthetic state under high temperatures to maintain assimi-
lation and increase crop yield (Gregersen et al. 2013; Kumari et al. 2013). Stay-green
genotypes can carry out photosynthesis for longer than senescent types, often with
yield benefits (Borrell et al. 2014). The development of contrasting F6 and F7
recombinant-inbred lines of cowpea for the DLS trait under heat stress revealed
that the DLS trait increased plant survival and seed size under heat stress (Ismail
et al. 2000). Of ten common bean genotypes, only BRS Expedito, FT-Taruma, and
BAF071 had the stay-green trait, with higher initial chlorophyll a contents, less
chlorophyll degradation, and higher grain yields under heat stress than the other
genotypes (Schmit et al. 2019).

A field experiment screening 58 chickpea genotypes for high-temperature toler-
ance (25–40 °C) during the reproductive phase identified eight genotypes—Pusa
1103, Pusa 1003, KWR 108, BGM 408, BG 240, PG 95333, JG 14, and BG 1077—
as heat tolerant, with higher chlorophyll contents than the heat-sensitive genotypes
(ICC1882, PUSA 332, PUSA 112, RSG 803) (Kumar et al. 2017). Two heat-tolerant
chickpea genotypes (ICC1356, ICC15614) maintained higher chlorophyll contents
under heat stress (>32 °C/20 °C) in the field than two heat-sensitive genotypes
(ICC4567, ICC5912) (Awasthi et al. 2017). In another study, chickpea genotypes
were grown in the greenhouse to flowering (42 and 46 DAS) and then in a growth
chamber under increasing temperatures (by 2 °C per day from 27/18 °C to 42/25 °C;
day/night) for 8 days (anthesis), which revealed that genotype JG14 (heat tolerant)
had higher total leaf chlorophyll content than genotype ICC16374 (heat sensitive)
(Parankusam et al. 2017). Similarly, heat-tolerant chickpea genotypes Pusa-1103
and BGD-72 had significantly higher chlorophyll contents than heat-sensitive
genotypes Pusa-256 and RSG-991 under high temperatures (25/35 °C) in wooden
polyethylene chambers (Singh et al. 2018). Likewise, Kaushal et al. (2013) identified
two heat-tolerant (ICC15614, ICCV92944) and two heat-sensitive (ICC10685,
ICC5912) chickpea genotypes based on the chlorophyll content, after exposure to
heat stress (>32/20 °C) in the field during reproductive development. A field study
on lentils measured the stay-green trait as the loss of total chlorophyll (Chl) in leaves
under high temperature (>32/20 °C) during the reproductive phase; heat-stressed
plants had lower total chlorophyll concentrations than the control plants, and the
heat-tolerant genotype (IG3263) retained more Chl than the heat-sensitive genotype
(IG4242) (Sita et al. 2017). Similarly, lentil genotypes LL699 and LL931 (heat
tolerant) retained more chlorophyll than genotype LL1122 (heat sensitive) in out-
door conditions (>32/23 °C), which was confirmed in a controlled environment with
plants subjected to 33/15 °C or 35/20 °C during reproductive growth (Bhandari et al.
2016). Heat stress in the field (>30/20 °C) during reproductive growth and seed
filling revealed two lentil heat-tolerant genotypes (1G 2507 and 1G 4258) with high
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leaf chlorophyll concentrations and two heat-sensitive genotypes (1G 3973 and 1G
3964) with lower chlorophyll concentrations (Sehgal et al. 2017). In another study,
common bean genotypes exposed to 32/25 °C at the V4 developmental stage
identified two genotypes (Sacramento and NY-105) with high chlorophyll contents,
indicating their high thermotolerance, relative to the thermosensitive genotype
Redhawk with low chlorophyll content (Soltani et al. 2019). Likewise, in a heat-
sensitive mung bean genotype (SML668), chlorophyll content declined, relative to
the heat-tolerant genotype (SML832), grown under heat stress (43/30 °C and 45/32 °
C) in outdoor late-sown conditions, contributing to an increase in leaf temperature
(Kaur et al. 2015). Mung bean genotypes EC693357, EC693358, EC693369,
Harsha, and ML 1299 produced more chlorophyll content under heat stress than
genotypes EC693363, EC693361, KPS1, EC693370, and IPM02-3 (Sharma et al.
2016). Screening of ten faba bean genotypes for heat-stress tolerance (37 °C)
revealed that genotype C5 tolerated high temperature by retaining more chlorophyll,
while genotype Espan had less chlorophyll and was relatively more sensitive to heat
stress (Siddiqui et al. 2015). In a recent study, 4-week-old seedlings of 15 alfalfa
cultivars were exposed to heat treatment (38/35 °C) for 7 days in a growth incubator;
genotypes Gibraltar, WL354HQ, Golden Queen, Siriver, WL712, and Sanditi had
significantly lower Chl contents (heat sensitive) than genotypes Bara310SC,
WL363HQ, WL656HQ, and Magna995 (heat tolerant) (Wassie et al. 2019).

2.6.3 Chlorophyll Fluorescence

Chlorophyll (Chl) fluorescence (Fv/Fm ratio) is used as an indicator of functional
changes in photosynthetic apparatus under abiotic or biotic stress (Yamada et al.
1996). The relationships between essential photosynthetic responses and chlorophyll
fluorescence are pivotal as they provide information on the plant’s photosynthetic
ability and acclimation limit under stress conditions (Kalaji et al. 2018; Lichtenthaler
1987). Chlorophyll fluorescence is a fast, nondestructive, and effective common tool
for determining heat-stress responses as it can reveal damage before visible stress
symptoms appear (Baker 2008; Méthy et al. 1994; Wilson and Greaves 1990). Of the
photosynthetic apparatus, photosystem II (PSII) is the most heat-labile cell structure
(Vacha et al. 2007). Since damage to PSII is often the first response of plants
subjected to thermal stress (Mathur et al. 2011), measuring chlorophyll
a fluorescence is an effective and noninvasive technique for identifying damage to
PSII efficiency (Baker 2008; Baker and Rosenqvist 2004). The ratio between
variable fluorescence (Fv) and maximum fluorescence (Fm), or Fv/Fm, reflects the
maximum quantum efficiency of PSII (Butler 1978). When plants are exposed to
abiotic stress, including thermal stress, Fv/Fm often declines (Molina-Bravo et al.
2011; Sharma et al. 2012; Willits and Peet 2001). Screening methodologies have
used chlorophyll fluorescence to detect and quantify damage in PSII and thylakoid
membranes in several legume crops under heat stress, including chickpea, ground-
nut, pigeon pea, and soybean (Herzog and Chai-Arree 2012; Srinivasan et al. 1996).
Recent study assessed the response of four chickpea genotypes to a natural
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temperature gradient during the reproductive stage in the field and a climate chamber
using chlorophyll fluorescence. Field experiments were conducted over two winter
seasons; two genotypes (Acc#RR-3, Acc#7) showed tolerance (Fv/Fm 0.83–0.85)
and two (Acc#2, Acc#8) showed sensitivity (Fv/Fm 0.78–0.80) to heat stress. The
field results were validated in the climate chamber experiment, where Fv/Fm

declined more in the heat-sensitive (0.74–0.75 at 35/30 °C) than heat-tolerant
(0.78–0.81 at 35/30 °C) genotypes when exposed to short-term heat treatments
(30/25 °C and 35/30 °C) (Makonya et al. 2019). In another chickpea study, heat
stress (>30 °C) in the field during the reproductive stage reduced Fv/Fm more in two
heat-sensitive genotypes ICC10685 and ICC5912 (0.48, 0.41) than in two heat-
tolerant genotypes ICC15614 and ICCV92944 (0.64, 0.60) (Awasthi et al. 2014;
Kaushal et al. 2013). A similar study, where four contrasting chickpea genotypes—
two heat tolerant (ICC1356, ICC15614) and two heat sensitive (ICC4567,
ICC5912)—were analyzed in the field, revealed that the tolerant genotypes
maintained higher chlorophyll fluorescence (Fv/Fm 0.60) on exposure to heat stress
(>32/20 °C) than the sensitive genotypes (Fv/Fm 0.50) (Awasthi et al. 2017). In
lentils, photosynthetic efficiency was measured as PSII function (Fv/Fm ratio) in the
field by exposing plants to heat stress (>32/20 °C) during the reproductive stage.
Heat-tolerant genotypes—IG2507, IG3263, IG3297, IG3312, IG3327, IG3546,
IG3330, IG3745, IG4258, and FLIP2009—maintained higher chlorophyll fluores-
cence (Fv/Fm 0.71) under stress than heat-sensitive genotypes IG2821, IG2849,
IG4242, IG3973, and IG3964 (Fv/Fm 0.58) (Sita et al. 2017). Similarly, two heat-
tolerant lentil genotypes (1G 2507 and 1G 4258) exposed to heat stress (>25 °C)
during reproductive growth and seed filling in the field had higher chlorophyll
fluorescence (Fv/Fm 0.67) than two heat-sensitive genotypes (1G 3973 and 1G
3964; Fv/Fm 0.57) (Sehgal et al. 2017). Likewise, the screening of 41 mung bean
lines grown outdoors and exposed to high temperatures (>40/28 °C) during the
reproductive stage revealed several promising heat-tolerant lines (EC693358,
EC693357, EC693369, Harsha, ML1299) with high Fv/Fm ratios (0.73–0.75) com-
pared to sensitive lines (0.61–0.67), which could serve as useful donor/s for breeding
programs and as a suitable base plant source to gain insight into heat stress-induced
effects in cell metabolism (Sharma et al. 2016). Nine common bean lines were
evaluated for changes in chlorophyll fluorescence under heat stress during flowering
(45 °C for 2 h) in a greenhouse; thermotolerant lines 83201007 and RRR46 had
higher Fv/Fm values under heat stress than the heat-sensitive line Secuntsa (Petkova
et al. 2009). In another study, 12 varieties and lines of common bean were exposed to
42 °C in the field during the reproductive period; two genotypes (Ranit and Nerine)
maintained their Fv/Fm values at 42 °C, relative to the controls at 26 °C, and were
considered heat tolerant. These two genotypes also showed good productivity and
quality and can be used as parental lines in bean breeding programs (Petkova et al.
2007). Screening of 15 alfalfa genotypes by exposing seedlings to 38/35 °C day/
night for 7 days in a growth chamber identified Bara310SC (Fv/Fm 0.79) andWL712
(Fv/Fm <0.79) as heat-tolerant and heat-sensitive cultivars, respectively (Wassie
et al. 2019), showing that Fv/Fm is an effective tool for phenotyping contrasting
genotypes for heat tolerance.



42 P. Devi et al.

2.6.4 Photosynthetic Rate

Heat stress affects the stay-green trait, chlorophyll content, and chlorophyll fluores-
cence, which affects RuBisCo activation, decreasing the photosynthetic rate
(Salvucci Michael and Crafts-Brandner 2004; Sharkey 2005). Hence, photosynthetic
rate can be used as a screening parameter for selecting heat-tolerant genotypes.
Variation in photosynthetic rate among plant species in response to heat stress has
been well documented. For example, the response of four chickpea genotypes to a
natural temperature gradient in the field at the flowering stage identified two heat-
tolerant genotypes (Acc#RR-3, Acc#7) with high Pn and two heat-sensitive
genotypes (Acc#2, Acc#8) with lower Pn; these results were validated in a climate
chamber experiment set at 30/25 °C and 35/30 °C (Makonya et al. 2019). In another
study, 56 chickpea genotypes were exposed to high temperatures in the field from
flowering to crop maturity (maximum temperatures 25–40 °C)—the tolerant
genotypes (PUSA1103, PUSA1003, KWR108, BGM408, BG240, PG95333,
JG14, BG) had higher Pn than the sensitive genotypes (ICC1882, PUSA372,
PUSA2024) (Kumar et al. 2017). In a similar study in lentil, two heat-tolerant
(1G 2507 and 1G 4258) genotypes had higher photosynthetic rate (Pn) than two
heat-sensitive (1G 3973 and 1G 3964) genotypes exposed to heat stress (>25 °C) in
the field during reproductive growth and seed filling (Sehgal et al. 2017).

Soybean cultivars IA3023 and KS4694 and PI lines PI393540 and PI588026A
expressed heat tolerance and susceptibility with high and low Pn, respectively
(Djanaguiraman et al. 2019). The two cultivars had less thylakoid membrane damage
than the PI lines. In an earlier study on soybean, genotype K 03-2897, exposed to
high temperature (38/28 °C) in a growth chamber for 14 days at the flowering stage,
significantly decreased Pn due to anatomical and structural changes (increased
thickness of palisade and spongy layers and lower epidermis) in cells and cell
organelles, particularly damage to chloroplasts and mitochondria (Djanaguiraman
and Prasad 2010).

2.6.5 Sucrose

Leaf photosynthates are transported to sink organs primarily as sucrose, and sucrose
synthase (SS) is a key enzyme for sucrose to enter various metabolic pathways
(Calderini et al. 2006). Downregulation of SS indirectly inhibits carbohydrate
production, eventually reducing yield and quality. Maintaining sucrose levels is
vital during stressed conditions, which depend on its synthesis and hydrolysis.
Heat-stressed plants had significantly lower activities of key enzymes—sucrose
phosphate synthase (SPS) and SS—involved in sucrose synthesis than
non-stressed plants. Sucrose availability to reproductive organs is crucial for sus-
taining their function (Kaushal et al. 2013). Heat-tolerant genotypes can stabilize the
photosynthetic process better than heat-sensitive genotypes. Heat stress disturbs
sucrose production in leaves and impairs its transportation to reproductive organs
(Kaushal et al. 2013; Li et al. 2012). Limitations in sucrose supply to reproductive



2 Harnessing Genetic Variation in Physiological and Molecular Traits. . . 43

organs, particularly under thermal stress, restrict flower development and function
and pod and seed filling, reducing crop yield (Kaushal et al. 2013; Li et al. 2012).
Measuring sucrose concentrations reveals the photosynthetic status of plants under
heat stress (Awasthi et al. 2014). Sucrose synthase is strongly associated with heat
tolerance in chickpea; heat-sensitive genotypes produced far less leaf sucrose than
heat-tolerant genotypes, which impaired its supply to developing reproductive
organs (flowers, pods, and seeds) in chickpea (Kaushal et al. 2013). Screening a
large core collection of chickpea genotypes for heat tolerance (32/20 °C) in field
condition identified two heat-tolerant (ICC15614, ICCV92944) and two heat-
sensitive (ICC10685, ICC5912) genotypes. The heat-sensitive genotypes had sig-
nificantly greater inhibition of RuBisCo (carbon-fixing enzyme), SPS, and SS than
the heat-tolerant genotypes and thus produced less sucrose than the tolerant
genotypes (Kaushal et al. 2013). Heat-sensitive (ICC16374) and heat-tolerant
(JG14) chickpea genotypes exposed to gradually increasing temperatures (2 °C per
day from 27/18 °C to 42/25 °C; day/night) for 8 days at anthesis in a growth chamber
revealed greater sucrose synthase expression in JG14 than ICC16374 (Parankusam
et al. 2017). Two tolerant chickpea genotypes (Acc#7 and Acc#RR-3) had higher
starch contents and were relatively unaffected by heat-stress exposure compared to
two heat-sensitive genotypes (Acc#2, Acc#8) at high temperature (35/30 °C) in a
control chamber (Makonya et al. 2019). Therefore, an increased abundance of
sucrose synthase in the tolerant genotype reasserted its potential role during heat-
stress tolerance; this may ensure successful fertilization due to sustained pollen
viability under heat stress, enhancing pod set and yield, as reported earlier for the
tolerant genotype (ICC15614) (Krishnamurthy et al. 2011).

In lentil, sucrose production is vital for leaf and anther function and has been
correlated with SPS activity in natural high-temperature environments (>32/20 °C).
Heat-tolerant lentil genotypes (IG2507, IG3263, IG3297, IG3312, IG3327, IG3546,
IG3330, IG3745, IG4258, FLIP2009) produced more sucrose in leaves (65–73%)
and anthers (35–78%) than heat-sensitive genotypes (IG2821, IG2849, IG4242,
IG3973, IG3964), which was associated with superior reproductive function and
nodulation in tolerant genotypes (Sita et al. 2017). Limitations in sucrose supply may
disrupt the development and function of reproductive organs (Prasad and
Djanaguiraman 2011; Snider et al. 2011). In a similar study, two heat-tolerant
(1G 2507 and 1G 4258) lentil genotypes exposed to heat stress (>25 °C) in the
field had higher SS activity and thus higher sucrose contents in leaves and seeds than
two heat-sensitive (1G 3973 and 1G 3964) genotypes (Sehgal et al. 2017). Thus,
sucrose synthase in seeds and leaves is strongly correlated with seed yield; therefore,
reductions in seed size and weight are attributed mainly to reductions in sucrose
content.

Mung bean genotypes tested under heat stress (>40/25 °C day/night) during
flowering and podding outdoors and in a controlled environment showed that two
heat-tolerant genotypes (SML832 and SML668) had more sucrose than the heat-
susceptible genotype (SML832). Thus, sucrose concentrations in leaves and anthers
and SS and SPS activities declined significantly in sensitive genotypes under heat
stress (Kaur et al. 2015). Exposure of common bean genotypes at the V4
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developmental stage to heat treatment (32/25 °C) in a growth chamber significantly
reduced leaf sucrose concentration in genotype Redhawk (most heat-sensitive geno-
type) and increased sugar contents in Sacramento (58%) and NY-105 (most heat
tolerant) (Soltani et al. 2019).

2.6.6 Cell Membrane Thermostability

Under heat stress, protein denaturation, lipid liquefaction, and loss of membrane
integrity are some of the chief physiological, biochemical, and molecular changes in
plant metabolism (Gulen and Eris 2004). Most of the changes that appear during
acclimation to heat stress are reversible, but death can occur if the stress is too
intense (Saelim and Zwiazek 2000). Cell membranes are the principal target of
environmental stresses, including heat stress (Chen et al. 2014; Sita et al. 2017).
Protein denaturation and increased membrane fluidity, enzyme inactivation,
decreased protein synthesis, protein degradation, and alterations in membrane integ-
rity are documented injuries under heat stress (Howarth 2005). By accelerating the
kinetic energy and movement of molecules across membranes, heat stress releases
chemical bonds within the molecules of biological membranes, resulting in mem-
brane fluidity by protein denaturation or increased unsaturated fatty acids
(Savchenko et al. 2002). Decreased cell membrane thermostability or increased
ionic leakage caused by the alteration of membrane protein structure is an important
indicator of heat stress. The increased membrane fluidity caused by protein denatur-
ation and increased unsaturated fatty acids in the membrane under high temperatures
affect membrane structure and function (Wahid et al. 2007), causing symptoms, such
as photooxidation of chlorophyll pigments, impaired electron flow, inhibited carbon
fixation, and water loss from leaves (Prasad et al. 2017; Sharifi et al. 2012; Sita et al.
2017). The relationship between cell membrane thermostability (CMT) and crop
yield changes from plant to plant under high temperatures. Ion leakage from plant
tissues has been used as a membrane damage indicator in plants exposed to heat
stress. Thus, CMT is an indirect indicator of heat-stress tolerance in legumes, such as
soybean (Martineau et al. 1979), lentil (Sita et al. 2017), chickpea (Kaushal et al.
2013), and mung bean (Sharma et al. 2016). Membrane damage occurs under heat
and cold stress, more so under heat stress, as reported forMedicago (Mo et al. 2011).
Cell membrane thermostability (CMT) tends to decline during the late developmen-
tal phase of plants (Ahmad and Prasad 2011).

In addition to conventional breeding techniques, noticeable variations in mem-
brane thermostability among genotypes, combined with biochemical and physiolog-
ical screening methods, could be used to improve the selection for breeding
objectives (Hemantaranjan et al. 2014). Membrane thermostability has been used
to assess thermotolerance in many food crops worldwide. Depending on the growing
season, electrolyte leakage in plants varies among tissues, organs, and growth stages
and is affected by plant/tissue age, sampling organ, developmental stage, growing
season, degree of hardening, and plant species. A significant positive relationship
between CMT and yield was reported in sorghum (Sullivan and Ross 1979). In crop
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plants such as barley (Hordeum vulgare L.), cotton (Gossypium spp.), sorghum, and
cowpea, increased electrolyte leakage decreased membrane thermostability (Wahid
et al. 2007; Wahid and Shabbir 2005). In leguminous crops, electrolyte leakage has
been used to assess thermotolerance. For example, heat stress at 34 °C in lentil
revealed genotypes Ranjan, Moitree, 14-4-1, IC201710, and IC208329 as heat
tolerant and genotypes ICC201655, ICC201661, ICC201662, ICC201670,
ICC201675, ICC201681, ICC201698, ICC201743, ICC201794, ICC248959,
Asha, Sagardeep Local, and UP local as heat sensitive, based on cell membrane
stability in field and growth chamber studies (Choudhury et al. 2012). In another
study, lentil genotypes exposed to high temperature (45 °C) at the flowering stage
revealed Qazvin and B4400 as heat-tolerant and -sensitive genotypes, with 98.13%
and 33.19% CMT, respectively (Barghi et al. 2013). At 38/28 °C and 40/30 °C in a
controlled environment, heat-tolerant lentil genotypes IG2507, IG3263, IG3745,
IG4258, and FLIP2009 had less membrane damage (<20% electrolyte leakage)
than heat-sensitive genotypes IG2821, IG2849, IG4242, IG3973, and IG3964
(>30%) (Sita et al. 2017).

Among various legumes (pigeon pea, peanut, chickpeas, and soybean), chickpea
was the most sensitive to high temperature based on CMT (Devasirvatham et al.
2012). Heat-tolerant chickpea genotypes ICCV07110 and ICCV92944 had less
membrane damage (22.6% and 20.6%) than heat-sensitive genotypes ICC14183
and ICC5912 (30.4% and 33.3%) under high temperatures of 40/30 °C and 45/35 °C
(Kumar et al. 2013). In another study, high temperature (>32/20 °C) during the
reproductive stage caused the most membrane damage in heat-sensitive chickpea
genotypes ICC10685 (28.3%) and ICC5912 (26.3%) and the least membrane dam-
age in heat-tolerant genotypes ICC15614 (17.3%) and ICCV 92944 (19.6%)
(Kaushal et al. 2013). A gradual rise in temperature (42/25 °C) at anthesis for
8 days increased electrolyte leakage (EL) by 20–25% greater in heat-sensitive
chickpea genotype ICC16374 compared to heat-tolerant genotype ICCV92944
(Parankusam et al. 2017). At 37/27 °C, electrolyte leakage increased by a maximum
of 16–25% in chickpea genotypes (Pareek et al. 2019), with ICC1205 identified as
heat tolerant (13–14%). Similarly, Dua et al. (2001) reported ICCV88, ICC512, and
ICC513 as heat-tolerant chickpea genotypes under heat stress. Another study on six
chickpea genotypes revealed DG36 (EL: 36.7%) and Pusa 372 (EL: 50.7%) as
heat-tolerant and heat-sensitive genotypes, respectively, when exposed to high
temperature (>38 °C) under field conditions, based on EL (Singh et al. 2004). Of
115 chickpea genotypes screened at high temperature (36.5 °C) in the field, GNG
663 and Pusa 244 were selected as heat tolerant and heat sensitive, with electrolyte
leakage values of 23% and 50%, respectively (Kumar et al. 2012). Among 30 chick-
pea genotypes screened for heat tolerance (>30 °C), Pusa 240 and GG2 genotypes
were identified as heat-tolerant and -sensitive genotypes, respectively, with mini-
mum (45%) and maximum (69%) cell membrane injury (Kumar et al. 2013).

Screening of nine cowpea genotypes exposed to heat stress (33/20 °C) during
flowering and pod revealed less leaf electrolyte leakage in heat-tolerant genotypes
H36, H8-9, and DLS99 (35.8–36.7%) than heat-susceptible genotypes CB5, CB3,
and DLS127 (66.2–79.0%) (Ismail and Hall 1999). In another study at high
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temperature (38/30 °C), cell membrane injury was negatively corelated with yield in
heat-tolerant (CB 27, Prima, UCR 193) and heat-sensitive genotypes (CB 5, CB 46)
(Singh et al. 2010), with less membrane damage in heat-tolerant genotypes.

Screening of 15 Medicago cultivars at high temperature (38/35 °C) using mem-
brane damage revealed “Bara310SC” and “WL712” as heat-tolerant and heat-
sensitive genotypes with 24.07% and 53.2% electrolyte leakage, respectively
(Wassie et al. 2019). Similarly, screening studies on 116 green gram genotypes at
high temperature (45/25 °C) identified EC 3398889 and LGG460 as heat tolerant
and heat sensitive, with minimum and maximum cell membrane damage, respec-
tively (Basu et al. 2019). Gradual exposure to high temperature (35–50 °C) of
4-week-old three common bean genotype seedlings in a growth chamber revealed
“local genotype” and “Ferasetsiz” as heat-sensitive genotypes, while “Balkız” was a
relatively heat-sensitive genotype (Tokyol and Turhan 2019). Gross and Kigel
(1994) used electrolyte leakage as a criterion for assessing heat tolerance at
32/28 °C during the reproductive stage and reported PI 271998 and BBL 47 as
heat-tolerant and heat-sensitive genotypes in common bean, respectively. High-
temperature studies (>40/28 °C) at the reproductive stage in mung bean showed
high electrolyte leakage (21.8–23.6%) in heat-sensitive lines (EC 693363, EC
693361, EC 693370, KPS1, IPM02-3) compared to heat-tolerant lines
(16.8–20.4%; EC693357, EC693358, EC693369, Harsha, ML1299) (Sharma et al.
2016). Another study on mung bean at high temperature (>35 °C) identified
genotype MH 421 as heat tolerant and Basanti as heat sensitive, with low
(34.88%) and high (41.34%) electrolyte leakage, respectively (Jha et al. 2015).
Screening of ten faba bean genotypes exposed to heat stress (37 °C) 60 days after
sowing revealed C5 as heat tolerant and Espan as heat sensitive, based on low
(57.67%) and high (76%) membrane damage, respectively (Siddiqui et al. 2015).

2.6.7 Canopy Temperature Depression

Canopy temperature depression (CTD) is the plant canopy temperature deviation
from the ambient temperature (Balota et al. 2007). At the whole-crop level, leaf
temperature decreases below air temperature when water evaporates. CTD acts as an
indirect measure of transpiration (Reynolds et al. 2001) and plant water status (Araus
et al. 2003) and indicates the relative metabolic fitness of genotypes in a given
environment (Reynolds 1997). CTD is a key trait for assessing the response of
genotypes to low water usage, high temperature, and other stresses (Balota et al.
2007). At high temperatures, transpiration increases for some time, with plants using
more water during growth due to more open stomata and lower CTD. A positive
CTD value [i.e., difference between air temperature (Ta) and canopy temperature
(Tc)] occurs when the canopy is cooler than the air (CTD = Ta - Tc) (Balota et al.
2008).

Canopy temperature depression is heritable and can be measured on cloudless
days using an infrared thermometer (Reynolds et al. 1997). To maintain canopy
temperature at a metabolically comfortable range, plants transpire through open
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stomata. Plants close stomata during stress acclimation, increasing the canopy
temperature (Kashiwagi et al. 2008). Canopy temperature can be affected by
biological and environmental factors, such as soil water status, wind, evapotranspi-
ration, cloudiness, conduction systems, plant metabolism, air temperature, relative
humidity, and continuous radiations (Reynolds et al. 2001). Canopy temperature is
an indicator of plant water status or the equilibrium between root water uptake and
shoot transpiration (Berger et al. 2010). CTD can act as a desirable criterion for
selecting heat-tolerant genotypes based on phenotypic variation (Mason and Singh
2014). It can be used to determine yield potential and metabolic fitness of crop plants
under specific environmental conditions (Kumari et al. 2013). It acts as a mechanism
of heat escape and is strongly correlated with yield (Reynolds et al. 2001); affected
by many physiological factors, it is a strong trait for determining genotype fitness.

Epicuticular leaf wax QTL and CTD are strongly interlinked, with wax load
affecting plant canopy temperature (Awika et al. 2017). Stay-green genotypes have
high CTD values and thus low canopy temperature due to transpirational cooling
under heat stress (Fischer et al. 1998; Reynolds et al. 1994). In chickpea, CTD is
negatively correlated with water potential, osmotic pressure, relative leaf water
content, and seed yield (Sharma et al. 2015). Differences in canopy temperature
are not detectable in high-humidity environments because the effect of evaporative
leaf cooling is negligible (de Souza et al. 2012). CTD has been successfully used to
select for heat tolerance in various crop species, including legumes. For example,
heat-tolerant chickpea genotypes ICCVs 95311, 98902, 07109, and 92944 had
higher CTD values than sensitive genotypes ICCVs 07116, 07117, and 14592,
which had negative CTD values (Devasirvatham et al. 2015). Another study
screened 30 chickpea genotypes exposed to temperature >30 °C to reveal Pusa
240 as a heat-tolerant genotype due to its cooler canopy than other genotypes
(Kumar et al. 2013). Similarly, screening chickpea genotypes subjected to 36.5 °C
identified GNG 663 and Vaibhavaas as heat tolerant and heat sensitive, respectively,
with CTD values of 4.8 °C (maximum) and 1.8 °C (minimum) (Kumar et al. 2012).
In a screening study of 56 chickpea genotypes for heat tolerance (40 °C), CTD
values ranged from 5.0 to 7.5 °C; eight genotypes (Pusa 1103, Pusa 1003, KWR
108, BGM 408, BG 240, PG 95333, JG 14, BG 1077) were identified as heat
tolerant, with maximum CTD values compared to other genotypes (Kumar et al.
2017). In mung bean, seed yield positively correlated with CTD, while canopy
temperature negatively correlated with root traits, such as the number of lateral
branches and dry root weight (Raina et al. 2019). In another study, mung bean
genotype MH 421 (CTD 5.78 °C) was selected as heat tolerant compared to Basanti
(CTD 4.37 °C) when tested at high temperature (>35 °C) (Jha et al. 2015). In pea,
CTD is affected by canopy structure, and increased pod number and pod-to-node
ratio associated with CTD (Tafesse et al. 2019).
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2.7 Biochemical Traits

2.7.1 Oxidative Stress and Antioxidants

Heat stress is a major environmental factor affecting vital metabolic processes in
plants, hampering proper growth and development. Disturbances in these metabolic
processes lead to ROS generation, such as hydrogen peroxide, hydroxyl radicals,
and superoxides (Chakraborty and Pradhan 2011). ROS production damages cellular
activity by inactivating enzymes, denaturing proteins, and damaging membranes and
DNA. Plants shield such injuries by activating cascades of enzymatic activities, such
as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate
peroxidase (APX), and glutathione reductase (GR), and nonenzymatic activities,
such as glutathione (GSH) and ascorbic acid (ASC) (Suzuki et al. 2012). The
selection of contrasting genotypes based on the expression level of these
antioxidants is effective in leguminous plants (Kumar et al. 2013). For example,
chickpea genotypes raised under natural conditions until 50% flowering and then in
a growth chamber for heat treatment (30/20 °C, 35/25 °C, 40/30 °C, and 45/35 °C)
revealed that heat-tolerant genotypes (ICCV92944, ICCV07110) had lower H2O2

and MDA concentrations than sensitive genotypes (ICC5912, ICC14183). Tolerant
genotypes face fewer injuries due to greater expression of antioxidants, such as APX
and GR (Kumar et al. 2013). Similarly, 41 mung bean genotypes were screened, and
contrasting genotypes were selected based on oxidative stress damage and antioxi-
dant activity. Heat-tolerant genotypes (EC693357, EC693358, EC693369, Harsha,
ML1299) experienced less oxidative damage (1.52–2.0-fold increase in MDA;
1.59–1.96-fold increase in H2O2) than sensitive genotypes (2.2–2.4-fold increase
in MDA; 2.21–2.93-fold increase in H2O2) (Sharma et al. 2016). Moreover, heat-
tolerant genotypes increased APX activity (by 1.48–1.77-fold) more than sensitive
genotypes (1.27–1.37-fold). Likewise, of 38 lentil genotypes screened for heat
tolerance (>35/20 °C) during the reproductive phase, heat-tolerant genotypes
(IG2507, IG3263, IG3745, IG4258, FLIP2009) had less oxidative damage (MDA
and H2O2 contents increased) and higher SOD, CAT, APX, and GR activities than
heat-sensitive genotypes (IG2821, IG2849, IG4242, IG3973, IG3964) (Sita et al.
2017). In another study on lentil exposed to heat stress (30, 35, 40, 45, and 50 °C for
4 h) in plant growth chambers, SOD, CAT, and APOX activities initially increased
in four heat-tolerant lentil varieties (IPL 81, IPL 406, Asha, Subrata) at 35, 40, and
45 °C but decreased at 50 °C, and decreased in heat-sensitive genotypes (Sehore and
Lv) at all temperatures, except 30 °C (Chakraborty and Pradhan 2011). Further
accumulation of carotenoids and ascorbate followed a similar trend, indicating the
association of heat sensitivity with antioxidant expression.

2.7.2 Metabolites

Metabolite detection and quantification are an effective and powerful tool for
selecting genotypes in response to environmental stresses (Bueno and Lopes
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2020). Metabolites include low-molecular-weight compounds, including precursors
and intermediate metabolic pathways, which are an indispensable part of plant
metabolism, regulating vital biological processes and involved in stress tolerance
(Wahid et al. 2007). The primary metabolites upregulated during abiotic stress are
amino acids (proline), carbohydrates (sucrose, hexoses, polyhydric alcohols),
polyamines (spermidine, spermine, putrescine), and glycine betaine. Correspond-
ingly, secondary metabolites include terpenoids (saponins, tocopherols), phenolic
compounds (flavonoids, isoflavonoids, anthocyanins), and nitrogen-containing
metabolites (alkaloids and glucosinolates) (Rodziewicz et al. 2014). About one
million specific metabolites varying in chemical structures, polarity, and
physiochemical properties are present in the plant kingdom and can be analyzed
through metabolomics profiling and metabolic fingerprinting. Due to heat stress,
plants reshuffle their metabolites to sustain plant growth (Serrano et al. 2019).
Metabolite production is regulated by genes; thus, the activation of heat-shock
factors, mainly HSFA2 and HSFA3, increases metabolite content, such as galactinol
(Song et al. 2016). Knowledge on metabolite production is important for developing
metabolite markers to select heat-tolerant varieties.

Chebrolu et al. (2016) raised heat-tolerant (04025-1-1-4-1-1) and heat-sensitive
(DT97-4290) soybean genotypes in a growth chamber, which were maintained
under control conditions (28/22 °C) until flowering. Heat stress [moderate (36/24 °
C) and severe (42/26 °C)] was imposed from flowering to maturity, with metabolite
profiling undertaken on harvested seeds. The seeds of genotypes collected at 42/26 °
C were highly abnormal and small and had high nitrogen levels compared with the
sensitive genotype. Two hundred and seventy-five metabolites were traced and
compared for 36/24 °C and 28/22 °C; 83 metabolites (48 downregulated and
35 upregulated were differentially altered in tolerant than sensitive genotypes)
significantly differed between genotypes at 36/24 °C, compared to 61 metabolites
(-30 and +31 in tolerant than sensitive genotypes) at 28/22 °C. Most traced
compounds were antioxidants belonging to tocopherol, terpenoid, and flavonoid
precursors. The tolerant genotype had more gulono-1,4-lactones (precursor for
ascorbic acid) than the sensitive genotype, which was attributed to its higher
tolerance to heat stress and positively correlated with seed vigor, seed germination,
seed weight, and oil content.

Proline is a multifunctional amino acid involved in plant growth and development
that acts as a compatible osmolyte and ROS scavenger to regulate plant function in
stressed environments (Szepesi and Szőllősi 2018). Under stress, proline has diverse
roles, such as stabilizing membranes, proteins, subcellular structures, and energy
sources, thus maintaining cellular homeostasis. Therefore, an increase in compatible
solutes such as proline under stressful conditions is valuable for plants (Kaur and
Asthir 2015). Leaf proline concentrations were measured in four chickpea genotypes
varying in their sensitivity to high temperature (4.5 °C higher than the ambient
temperature for 15 days); heat-treated genotypes had significant higher proline
concentrations than the control, more so in Pusa 1103 and BGD-72 (tolerant
genotypes) than Pusa 256 and Pusa 261 (sensitive genotypes) (Arunkumar et al.
2012). Similarly, a high-temperature treatment (45 °C for 8 h) on 6-day-old common
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bean seedlings increased proline content compared to control plants (25 °C) (Babu
and Devaraj 2008).

2.7.3 Heat-Shock Proteins

Heat-shock proteins are specific proteins accumulated during rapid heat stress. Heat-
shock genes are upregulated for plant survival under heat stress and responsible for
encoding HSPs (Chang et al. 2007). A sudden change in temperature increases HSP
production (Wahid et al. 2007). In all organisms, HSP expression is a general
response to high temperature (Vierling 1991). HSP90, HSP70, and low-molecular-
weight proteins are three classes of proteins according to molecular weight. Under
stress conditions, HSPs perform chaperone-like functions in protein synthesis,
maturation, targeting, renaturation, and membrane stabilization (Reddy et al. 2010,
2016). HSPs also play a role in protein translation and translocation, perform
proteolysis and protein folding, and reactivate denatured proteins (Zhang et al.
2005). Under heat stress, the expression of HSPs protects the machinery of protein
biosynthesis (Miroshnichenko et al. 2005). Membrane lipid composition, membrane
integrity osmoprotectants, and HSPs play important roles in heat tolerance (Blum
2018). HSPs are located mainly in the cytoplasm, nucleus, mitochondria, chloro-
plast, and endoplasmic reticulum (Waters et al. 1996). In plant species such as
potato, maize, soybean, and barley, specific HSPs have been identified in
mitochondria in response to high temperature (Neumann et al. 1994). HSPs maintain
membrane stability and protect PSII from oxidative stress (Barua et al. 2003). In
Medicago truncatula, the role of HSPs was determined by cloning and characteriza-
tion (Li et al. 2016). The roots of some plants also synthesize HSPs to cope with heat
stress (Nieto-Sotelo et al. 2002). The expression profiles of HSPs have been com-
pared in plant species/genotypes contrasting in heat sensitivity. In a comparative
study on cowpea and eight common bean varieties at 40 °C, cowpea showed more
HSP expression than common bean and was thus more tolerant to high temperature.
IPA 7 had the highest HSP expression of the eight common bean genotypes (Simões-
Araújo et al. 2003).

In chickpea exposed to high temperature (42/25 °C) at anthesis, the levels of
HSPs increased in genotype JG14 compared to ICC16374 (Parankusam et al. 2017).
In another study, five chickpea genotypes were assessed for thermotolerance at
30, 35, and 40 °C, with CSJD 884 and RSG 895 identified as heat tolerant and C
235 as heat sensitive (Kumari et al. 2018). In peanut genotypes exposed to 50 °C for
30 min, ICGS 76, COC038, COC050, COC041, and COC068 were identified as heat
tolerant and COC812, COC166, COC115, COC277, COC227, Tamrun OL 02, and
Spanco as heat sensitive (Selvaraj et al. 2011). Heat-tolerant peanut genotype ICGS
44 had higher HSP expression than heat-sensitive genotypes AK 159 and DRG
1 under heat stress (45 °C) (Chakraborty et al. 2018). The level of thermotolerance
positively correlated with HSP accumulation. Thirty varieties of pea seedlings
exposed to high temperature (46–49 °C) in growth chambers for different time
intervals (1–3 h) identified Acc#623 and Acc#476 as heat-tolerant and heat-sensitive
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varieties, respectively, with Acc#623 having higher levels of HSP70, HSP90, and
HSP104 than Acc#476 (Srikanthbabu et al. 2002). In soybean under 38/30 °C,
cultivar PI 471938 had higher HSP expression (especially HSP70), conferring heat
tolerance, than R95-1705 (Katam et al. 2020).

2.8 Genes for Heat Tolerance

Diverse genes have been identified using omics analyses (transcriptomics, genomics,
and proteomics) in various plant species for heat resilience mechanisms; these genes
are essential for developing stable cultivars (Singh et al. 2019). A lentil population
was developed by crossing heat-tolerant (PDL-1 and PDL-2) and heat-sensitive
(JL-3 and E-153) genotypes for molecular mapping and genetics studies (Singh
et al. 2017). For this purpose, simple sequence repeat (SSR) marker analysis and
QTL analysis were performed, using 495 SSR markers, which detected seven SSR
markers and two QTLs—qHt_ss and qHt_ps were closely linked with SSR markers
(PBA_LC_1507, PLC_105, PBA_LC_1288, LC_03, PBA_LC_1684,
PBA_LC_1752, PBA_LC_1480). Further, SSR marker PBA_LC_1507 was closely
linked to pod set and seedling survival trait. Another lentil study revealed genetic
diversity for heat tolerance among 119 genotypes using SSR markers (Zhang et al.
2005). High-temperature stress was applied at the seedling (35/33 °C) and anthesis
(35/20 °C) stages to study the effects on morphophysiological and reproductive traits
of non-stressed and stressed plants in the field. A set of 209 alleles were identified
using 35 SSR markers. Genotypes were clustered into nine groups based on SSR
markers. Clusters 1 and 6 had significant variation, which could help produce better
segregants for heat tolerance. The genotypes in clusters 2, 3, 4, 5, 7, 8, and 9 were
moderately tolerant or moderately sensitive to heat stress. Significant differences
among clusters were observed for seedling survivability, heat tolerance scores,
membrane stability index, pollen viability, pollen germination, pod and seed set,
and seed yield. The finding suggests that identifying the genetic distances between
clusters will maximize their use for breeding heat-tolerant lentils. Results from the
RT-PCR confirmed differential gene expression in heat-sensitive fescue genotype
PI283316 and heat-tolerant genotype PI297901 (Zhang et al. 2005).

Similarly, in chickpea, phenotyping of RILs developed from a cross between
ICC4567 (heat-sensitive) and ICC156614 (heat-tolerant) genotypes exhibited two
genomic regions (CaLG05 and CaLG06) with four QTLs for the number of filled
pods, seed number, grain yield, and pod set. Further, 25 genes responsible for heat
tolerance were reported in these two genomic regions—five encoding HSPs and
heat-shock transcription factors, three responsible for detoxifying ROS, five
encoding proteins like farnesylated protein 6 and ethylene-responsive transcription
factors, and all these genes collectively upregulating other genes like MYB4, AKH3,
and RAN1 that are involved in the mitigation of heat stress in chickpea (Paul et al.
2018). Molecular characterization in mung bean genotype VC1973A revealed
24 VrHsf genes responsible for the synthesis of heat-shock transcription factors
that mediate plant responses under heat stress, suggesting their potential role in
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investigating mechanisms related to heat tolerance (Liu et al. 2019). Similarly, in a
soybean study, 26 GmHsf genes coded for heat-shock transcription factors, with
GmHsf12,GmHsf28,GmHsf34,GmHsf35, and GmHsf47, highly upregulated during
heat stress (Chung et al. 2013).

2.9 Scope of Harnessing Germplasm for Designing Heat
Tolerance

Harnessing crop germplasm variability is one of the cheapest and most environmen-
tally friendly approaches for developing abiotic stress, including heat stress tolerance
(Jha et al. 2014). Like other crops, substantial genetic variation has been harnessed to
develop grain legumes that tolerate heat stress (Craufurd et al. 2003; Jha et al. 2017;
Krishnamurthy et al. 2011). Several breeder-friendly techniques, such as field-based
screening of grain legumes in targeted heat-stress environments, enabled the selec-
tion of potential heat-tolerant grain legumes in chickpea, soybean, common bean,
pea, lentil, and cowpea. Based on the early phenology, an important heat stress,
some important chickpea genotypes, viz., ICC 14346, ACC 316, and ACC
317, showing heat stress escape mechanisms have been reported (Canci and Toker
2009; Upadhyaya et al. 2011). Selection relying on yield and yield-related traits,
such as high pod and seed set, low grain yield reduction, and maintaining high
biomass, has been used to directly identify heat-tolerant lines, including ICC1205,
ICC15614, BG256, and Vaibhav in chickpea (Devasirvatham et al. 2013; Gaur et al.
2012; Jha et al. 2015; Jumrani et al. 2018); G122, PI 163120, PI 271998, G122, A55,
and Cornell 503 in common bean (Miklas et al. 2000; Rainey and Griffiths 2005;
Shonnard and Gepts 1994); TN88-63, Tvu 4552, and Prima in cowpea (Nielsen and
Hall 1985; Warrag and Hall 1983); 55-437, 796, 796, 55-437, ICG 1236, ICGV
86021, ICGV 87281, and ICGV 92121 in groundnut (Craufurd et al. 2003; Ntare
et al. 2001); 72578, 70548, 71457, and 73838 in lentil (Delahunty et al. 2015);
Dieng, IA3023, and KS4694 in soybean (Djanaguiraman et al. 2019; Puteh et al.
2013); C.52/1/1/1 and C.42 in faba bean (Abdelmula and Abuanja 2007); and
JP-625, IARI-2877, PMR-38 II, EC-318760, EC-328758, and IARI-2904 in pea
(Mohapatra et al. 2020). Similar studies based on various physiological parameters,
including cell membrane stability, identified heat-tolerant ILC 482, Annegiri, and
ICCV 10 in chickpea (Srinivasan et al. 1996), PI 271998 in common bean (Marsh
et al. 1985), and SPT 06-07 in groundnut (Singh et al. 2016), and studies based on
pollen germination and fertilization under heat stress identified heat-tolerant ICC
15614, ICCV 92944, and ICC1205 in chickpea (Devasirvatham et al. 2010; Kaushal
et al. 2013), 55-437, ICG 1236, TMV 2, and ICGS 11 in groundnut (Kakani et al.
2002), DG 5630RR, NRC 7, and EC 538828 in soybean (Jumrani et al. 2018; Salem
et al. 2007), and Haibushi in common bean (Tsukaguchi et al. 2003). In addition,
studies based on superior yield performance and genotype × genotype × environment
biplot analysis identified heat-tolerant ICC 4958, RVG 203, RVG 202, JAKI 9218,
and JG 130 in chickpea (Jha et al. 2018, 2019), and studies based on several heat-
stress tolerance indices identified heat-tolerant lines in soybean (Sapra and Anaele
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1991), chickpea (Jha et al. 2018), and common bean (Porch 2006). Harnessing
existing genetic variability in crop wild relatives and landraces should be considered
to broaden the genetic base of grain legumes for higher heat tolerance in the future.

2.10 Genetics of Heat Tolerance

Classical genetics and quantitative genetics approaches, such as generation mean
analysis and diallel analysis, provided preliminary information on heat-stress toler-
ance in chickpea (Jha et al. 2019), cowpea (Marfo and Hall 1992; Patel and Hall
1988), and common bean (Miklas et al. 2000; Rainey and Griffiths 2005) based on
yield and yield-related traits under heat stress. However, this genetic information
does not provide a complete picture of heat tolerance in these grain legumes, as this
trait is governed by multigenes and highly influenced by G × E interactions
(Upadhyaya et al. 2011).

2.11 Genomic Resources for Heat Tolerance

Unprecedented advances in genomic resource development have enabled the precise
mapping of various traits of breeding importance, including heat-stress tolerance in
various grain legume crops (Jha et al. 2021; Paul et al. 2018; Pottorff et al. 2014;
Varshney et al. 2019). In parallel, the availability of reference genome sequences for
major grain legumes has enriched the genomics resources in legume crops. Using a
biparental mapping approach, several QTLs controlling heat-stress tolerance have
been elucidated in chickpea (Jha et al. 2019; Paul et al. 2018), cowpea (Lucas et al.
2013; Pottorff et al. 2014), lentil (Singh et al. 2017), and pea (Huang et al. 2017). In
chickpea, four important QTLs related to yield traits were identified on CaLG05 and
CaLG06 from an ICC15614 × ICC4567 RIL population under heat stress (Paul et al.
2018). Jha et al. (2021) reported that 37 major QTLs related to heat tolerance in
chickpea were discovered. Five QTLs were elucidated in cowpea under heat stress
(Lucas et al. 2013). Similarly, an evaluation of IT93K-503-1 × CB46 and IT84S-
2246 × TVu14676 RIL populations identified three QTLs (Hbs-1,Hbs-2, andHbs-3)
contributing to heat tolerance in cowpea (Pottorff et al. 2014). Many QTLs contrib-
ute to phenological traits, such as days to flowering, with yield-related QTLs
reported in pea under heat stress (Huang et al. 2017).

The availability of high-throughput SNP markers elucidated genomic regions
controlling heat tolerance across the whole genome in a large set of chickpea
germplasm using a genome-wide association mapping approach (Tafesse et al.
2020; Varshney et al. 2019). In this context, several marker-trait associations
(MTAs) for various heat-stress traits have been deciphered in chickpea (Thudi
et al. 2014; Varshney et al. 2019), pea (Tafesse et al. 2020), and common bean
(López-Hernández and Cortés 2019). In whole genome resequencing derived SNP
markers based GWAS analysis involving a large panel of chickpea germplasm,
several significant MTAs for various physiological and yield traits were unveiled
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under heat stress (Varshney et al., 2019). Likewise, Tafesse et al. (2020) identified
several significant MTAs for chlorophyll content, photochemical reflectance index,
canopy temperature, and pod number in pea under heat stress. In common bean,
GWAS in 78 “geo-referenced” wild common bean accessions revealed several
candidate genes (e.g., MED23, MED25, HSFB1, HSP40, HSP20, phospholipase
C,MBD9, PAP) related to heat-stress tolerance (López-Hernández and Cortés 2019).
These MTAs could be important in marker-assisted breeding for developing heat-
tolerant grain legumes.

2.12 Transcriptomics for Unfolding Candidate Genes for Heat
Tolerance

In the past decade, technical interventions in functional genomics, especially next-
generation sequencing-based RNA-seq facility, have offered great insights into
gaining function of candidate gene(s) controlling various complex traits, including
heat stress in various grain legumes (Agarwal et al. 2016; Singh et al. 2019; Wang
et al. 2018). Using the RNA-seq technique, Ca_25811, Ca_23016, Ca_09743,
Ca_17680, and Ca_25602 candidate genes were deciphered from heat-treated
reproductive tissues of heat-tolerant and heat-sensitive chickpea genotypes (Agarwal
et al. 2016). In soybean, RNA-seq analysis of contrasting genotypes treated with
combined drought and heat stress revealed several differentially expressed genes,
primarily involved in the defense response, photosynthesis, and metabolic processes
(Wang et al. 2018). RNA-seq analysis of heat-treated soybean leaf tissue at the
reproductive stage revealed a plethora of up- and down-regulatory differentially
expressed genes and unearthed genes involved in flowering, oxidative stress, osmo-
regulation, HSPs, and ethylene biosynthesis (Xu et al. 2020). Transcriptional analy-
sis of heat-treated soybean root tissue revealed numerous differentially expressed
genes involved in regulating the heat-stress response (Valdés-López et al. 2016). In
lentil, transcriptome analysis of contrasting heat-tolerant and heat-sensitive
genotypes (PDL-2 and JL-3) revealed several genes encoding a WRKY transcription
factor, DnaJ homolog subfamily B member 13, and 17.1 kDa class II heat-shock
protein and cell wall (Singh et al. 2019). However, higher expression of NAC and
WRKY transcription factor genes conferred heat tolerance in the PDL-2 genotype.

2.13 Proteomics and Metabolomics Resolving Gene Networks
for Heat Tolerance in Grain Legumes

A proteomics approach could endow us with the whole landscape of proteins
responding to various biotic and abiotic stresses (Ramalingam et al. 2015). A series
of proteins contributing to switching on various complex signal transduction
mechanisms and intricate gene networks associated with adapting the plant response
to heat stress have been investigated (Rathi et al. 2016). However, the role of
proteomics in mediating heat-stress tolerance remains limited in grain legumes.
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Various types of HSPs, such as ClpB/HSP100 and VfHsp17.9-CII (Kumar et al.
2015), EF-Tu protein (Das et al. 2016), tissue-specific proteins (Ahsan et al. 2010),
and early response to dehydration (ERD)-related proteins (ERD10 and ERD14)
(Kovacs et al. 2008), act as chaperones, protecting cells from heat stress-related
injuries. Similarly, heat stress increased HSP expression in chickpea genotype JG14
(Parankusam et al. 2017) and groundnut genotype ICGS 44 (Chakraborty et al.
2018). Further, Das et al. (2016) reported 25 proteins contributing to various cellular
metabolic activities under heat stress in soybean. Furthermore, the participatory role
of dehydrin-like proteins recovered from mitochondria and their plausible role in
safeguarding mitochondrial membrane in yellow lupin under heat stress are worth
noting (Rurek 2010). Valdés-López et al. (2016) reported 30 commonly up- and
downregulated heat stress-responsive proteins involved in cell wall formation,
amino acid and lipid biosynthesis, and ROS reduction in soybean.

Like proteomics, metabolomics is a robust approach for enriching our under-
standing of various primary and secondary metabolites produced in response to
abiotic stresses, including heat stress (Janni et al. 2020; Ramalingam et al. 2015).
Among the various metabolites, tocopherol and its isoforms, ascorbate, flavonoids,
phenolic compounds, proline, polyamines, and glycine betaine help plants adjust to
heat stress (Chebrolu et al. 2016; Kaplan et al. 2004). For example, a heat-tolerant
soybean genotype had a higher abundance of flavonoids and tocopherols acting as
antioxidants than a heat-sensitive genotype (Chebrolu et al. 2016). Further technical
innovations and bioinformatic analysis of metabolomics-derived data could shed
light on the complex gene network of heat-stress adaptation in grain legumes.

2.14 Conclusions

Increasing episodes of heat stress are becoming a serious issue worldwide, challeng-
ing the yield potential of various crops, including grain legumes. Harnessing genetic
resources could be an important approach for sustaining legumes under rising
temperatures. In addition to yield traits, incorporating various physiological traits
could enable plants to adapt and sustain grain yield under heat stress (Reynolds and
Langridge 2016).

As crop wild relatives are the reservoir of novel gene(s)/QTLs for various stress
tolerance including heat-stress tolerance, introgression of heat-tolerance genomic
region into elite legume cultivars using a pre-breeding approach could sustain
legume yields under rising global temperatures (Chaudhary et al. 2020). Likewise,
capitalizing on the various adaptive traits conferring heat tolerance from legume
landraces could assist in developing grain legumes that tolerate heat stress. Further-
more, advances in grain legume genomics, especially molecular markers, and
availability of grain legume genome assemblies have helped pinpoint heat-tolerance
genomic regions in various legumes. Whole-genome resequencing efforts have also
enabled the discovery of novel haplotypes controlling heat tolerance (Varshney et al.
2019). In parallel, progress in functional genomics, including RNA-seq-based
transcriptomics, has enabled the discovery of underlying candidate gene
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(s) involved in heat tolerance and putative functions (Agarwal et al. 2016; Singh
et al. 2019; Wang et al. 2018). Additionally, advances in proteomics and
metabolomics have uncovered various participatory proteins, especially HSPs and
heat stress-responsive metabolites, and various novel signaling molecules in
legumes (Chebrolu et al. 2016; Parankusam et al. 2017). Therefore, leveraging
various breeding, physiological, and “omics” approaches combined with emerging
“speed breeding,” genomic selection, and genome editing technology could help
develop climate-resilient grain legumes to meet the increasing demand for plant-
based dietary protein.
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