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Abstract High-temperature stress is one of the significant
abiotic stresses that reduce crop yields across the world.
Heat stress is more prevalent in arid and semiarid regions
of the tropics, and its occurrence has become more frequent
in the subtropical areas. However, concerns related to this
stress are significant due to the predicted rise in ambient
temperatures due to global warming. It necessitates
renewed phenotyping methods and crop breeding strategies
to develop high-temperature tolerant crop cultivars. These
strategies have a higher chance of success if the trait-based
selection approach is implemented to achieve higher pro-
ductivity under hotter environments. Hence, trait identifi-
cation and phenotyping for key traits will play a crucial
role in breeding programmes aiming at developing heat-
tolerant crops. Although the concept has been around for
decades, trait-based breeding has always been a challenge
as screening large number genotypes for traits of interest is
laborious and time-intensive. However, recent advances in
phenomics have opened up new avenues to address this
bottleneck efficiently and rapidly. It is attributed to the
potential of phenomics tools to capture temporal and spa-
tial changes in morphology and physiology and then rela-
ted to the biochemistry of plants. These changes can
provide clues about useful traits that can be used for
selection of heat-tolerant lines in breeding programs. For
this purpose, however, intensified efforts are needed to
translate existing knowledge of mechanisms underlying
heat tolerance into heritable traits and also into protocols
for high throughput screening. In this regard, this review
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attempts to summarize the current status of breeding efforts
to improve heat tolerance in crop plants and avenues for
employing phenomic tools.
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Introduction

Ambient air temperatures are increasing at an alarming rate
as a consequence of global climate change. During the last
three decades, Northern hemisphere has witnessed warmest
years over the past 1400 years (Singh and Singh 2012).
Plant stress due to supra-optimal ambient temperatures is
highly detrimental to the normal physiological activities in
plants (Wahid et al. 2007). An increase in temperature by
0.2 °C per decade, can lead to ambient temperatures
exceed by 1.8-4.0 °C above the present level by 2100
(IPCC 2007). This projection is a significant concern, as
high-temperature stress has several adverse effects on the
growth, development, physiology and metabolism of a
plant. Due to the sessile nature, plants are compelled to
endure the heat stress by structural and phenological
changes (Yang et al. 2020). Temperate crops are more
vulnerable to high temperature than the tropical crops,
which exhibit a relatively high level of stress tolerance
(Govindaraj et al. 2018). To cope with extreme tempera-
tures, crop plants exhibit adaptive traits and regulatory
mechanisms, viz. reduction in leaf and canopy size, mod-
ulating essential genes, physiological and biochemical
adjustments. The complexity of mechanisms and heredity
of resilience to extreme temperature offers ample
researchable issues to be addressed (Cossani and Reynolds
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2012; Chaudhary et al. 2020). There are several reviews
addressing mechanisms associated with high-temperature
tolerance in plants and the methods proposed for selecting
high-temperature tolerant genotypes (Asthir 2015; Janni
et al. 2020). This review primarily aims at emerging
opportunities to accelerate efforts through phenomics,
which integrates plant science with advances in imaging
tools, algorithms and automation for characterization of
plant responses to various factors in its growing
environment.

Impact of heat stress on crop plants
and mechanisms of tolerance

Several reports (Hasanuzzaman et al. 2013; Chaudhary
et al. 2020) explain many adverse effects of heat stress on
plant development that impact plant phenology, reproduc-
tion, physiology, metabolism, and ultimately economic
yield (Wahid et al. 2007). Phenological changes, which
mark critical developmental events starting from seed
emergence to grain development, respond to fluctuations in
ambient temperatures.

High temperature effects on phenology
and vegetative phase

The high-temperature effect on plant phenology results
from the reduction in duration of crop growth phases and
hence the overall duration of crop cycle (Rane et al. 2007;
Hasanuzzaman et al. 2013; Chaudhary et al. 2020). This
effect can be attributed to the fact that heat unit require-
ment for completion of each of the phenophases is met
rapidly due to high temperatures. This natural escape
mechanism can also help crop plants to complete their life
cycle successfully, but at the cost of yield as the net
duration of photosynthesis and carbon assimilation gets
reduced (Akter and Rafiqul 2017). Early flowering is one of
the key mechanisms at the whole plant level to escape the
terminal heat during the crop cycle. It has been frequently
exploited for improving grain yield of crops under high-
temperature environments (Wahid et al. 2007).

The high temperature of about 45 °C severely affects
embryonic cells in wheat, which reduces crop stands
through impairing seed germination and emergence
(Essemine et al. 2010). Heat stress mostly affects the
meristems and reduces plant growth by promoting leaf
senescence and abscission, and by lowering photosynthesis
(Kosova et al. 2011). Plants exposed to high ambient air
temperatures produce less biomass than those grown under
optimum or low temperature. Day and night temperature
around 30 and 25 °C, respectively, may have severe effects
on leaf development and productive tiller formation in

wheat (Rahman et al. 2009). There are reports that maxi-
mum tillering stage which coincides with flower primordia
and spikelet/floret differentiation formation is also highly
sensitive to rise in temperature. At this stage, the numbers
of grains are determined (Quinones et al. 2017). High-
temperature impact during the reproductive phase.

Though the reproductive phase of crop plant begins
before flowering (i.e. from panicle initiation), several
events that occur in sequence during anthesis, such as
pollination, pollen germination and fertilization are highly
sensitive to high-temperature stress (Jagadish et al. 2010).
Besides, heat stress during gametogenesis impairs meiosis
and the development of both male and female reproductive
organs, leading to reduced reproductive organ viability
(Jagadish 2020). Higher temperature coinciding with
flowering can directly affect pollen and ovules viability and
hence fertilization that is fundamental for grain formation
(Chaudhary et al. 2020; Jagadish 2020). It can be due to
impaired pollen germination, pollen tube growth, reduced
ovule viability and reduction in ovule size, alteration in
stigmatic and style morphology, reduction in stigma
receptivity which adversely affects fertilization processes
(Farooq et al. 2017; Prasad et al. 2017).

Post-fertilization events such as endosperm growth are
also negatively affected due to high temperatures. Cell
division, starch synthesis and starch accumulation are
affected by high temperature, exceptionally high night
temperature (Impa et al. 2019). These impaired processes
lead to significant yield loss in essential cereal crops like
rice (Jagadish et al. 2007), wheat (Jagadish et al. 2018),
maize (Zaidi et al. 2016) and sorghum (Prasad et al. 2006;
Nguyen et al. 2013). Increase in temperature by 1-2 °C
reduces grain weight by accelerating grain growth rate and
by shortening the grain-filling periods in wheat (Nahar
et al. 2010). High-temperature stress degenerates mito-
chondria, changes the protein expression profiles, reduces
ATP accumulation, and oxygen uptake in imbibing wheat
embryos, resulting in an increased occurrence of loss of
seed quality relating to seed mass, vigour, and germination
(Balla et al. 2019).

Enzymes involved in endosperm starch biosynthesis
pathway, soluble starch synthase (SSS) is very sensitive to
high temperature, particularly at temperatures above 34 °C
(Keeling et al. 1993). Soluble starch synthase has an
optimum temperature of 20-25 °C and temperatures above
25 °C badly affect the activity of this enzyme, which
results in reduced grain growth and starch accumulation
(Prakash et al. 2003). This effect is found to be reversible
in wheat after a short period of exposure to elevated tem-
perature (Keeling et al. 1994). However, prolonged expo-
sure to high temperature causes complete elimination of
activity of SSS, which is much slower to reverse in wheat
endosperm. Even short periods of high-temperature stress
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(3040 °C) causes a decline in the rate of starch deposition
due to a reduction in the activity of SSS. Keeling et al.
(1994) reported that several other enzymes in starch
biosynthesis pathway, including alkaline pyrophosphatase,
phosphoglucomutase, UDP- glucose pyrophosphorylase,
hexokinase, phosphoglucoisomerase, sucrose synthase,
ADP- glucose pyrophosphorylase and bound starch syn-
thase remained unaffected under elevated temperatures
(25-45 °C).

Impact on physiological processes

Reduction in plant growth can also be attributed to adverse
effects of high temperatures on various physiological pro-
cesses including photosynthesis, respiration and transloca-
tion of metabolites within the plants (Hasanuzzaman et al.
2013; Akter and Rafiqul 2017; Chaudhary et al. 2020).
High temperature affects both electron transport and CO2
fixation processes of photosynthesis. The sensitivity of
Photo System II of different crops to high temperature has
been reported in several crops. D1 proteins of the electron
transport chain is highly sensitive to extreme temperature
(Li et al. 2020). High temperature can drastically reduce
activities of enzymes like RuBisCo and RuBisCo activase
of Calvin cycle contributing to the reduction in photosyn-
thesis and can also enhance photorespiration (Hanuman-
thaRao et al. 2016; Bindumadhava et al. 2018). It can
accelerate leaf senescence in crop plants (Kim et al. 2020).
It limits the contribution of assimilates for crop growth due
to curtailed green leaf area duration (Gregersen et al. 2013)
in addition to the degradation of chlorophyll. Tissue
degenerating elements within plant cell such as reactive
oxygen species (ROS) get activated due to high tempera-
tures (Asthir 2015; Hassan et al. 2020). This is one of the
reasons for stress-induced senescence of plant parts. Hence,
stay green trait has been proposed as selection criteria for
many crops (Kamal et al. 2019).

Source limitation caused by high temperature can fur-
ther determine the partitioning of assimilates to grains.
Under such conditions, non-structural carbohydrate
translocation is crucial for grain development (Li et al.
2017). Since the biochemical composition of developing
grains is altered by high temperature, the quality of grains
can get severely affected (Akter and Rafiqul 2017).

Inherent or induced changes in phenology, anatomy,
morphology, metabolism and physiology of plants (Fig. 1)
have been reported to contribute to high-temperature tol-
erance in crop plants (Hasanuzzaman et al. 2013; Asthir
2015; Hassan et al. 2020). These changes can help plants to
escape, avoid or briefly tolerate high-temperature stress at
the whole-plant level, organ level or at the cellular level.

Morphological changes include the development of tri-
chomes, stomata distribution in upper to and suitable leaf
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angle to avoid heat load (Prasad et al. 2017). Anatomical
changes to survive under heat stress include reduced cell
size, increasing the xylem vessel diameter, expanding
stomatal aperture (Chen et al. 2012, 2014). Physiological
processes include transpirational cooling and delayed
senescence of leaves. Transpiration is an important mech-
anism of heat avoidance and acts as the primary mediator
of energy dissipation (Seginer 1994). In general, the tran-
spiration rate increases with increase in ambient tempera-
tures that affects both evaporation and vapour pressure
deficit (VPD). The capacity to sustain high stomatal con-
ductance at elevated temperatures helps transpirational heat
dissipation, as noticed in high-temperature tolerant wheat
cultivars (Dias et al. 2010) and also in gram genotypes
(Kaushal et al. 2013). Tolerance to high-temperature stress
is associated with enhanced tolerance of the photosynthetic
apparatus (Hemantaranjan et al. 2014), ROS scavenging
mechanisms (Das and Roychoudhury 2014; Nadeem et al.
2018; Huang et al. 2019), preservation of membrane sta-
bility (Das and Roychoudhury 2014). Biochemical adap-
tations have been attributed to enhanced production and
recycling of antioxidative compounds and heat shock
proteins, which can protect cell organelles and key
enzymes (Hasanuzzaman et al. 2013). At the molecular
level, heat stress leads to differential expression of genes
associated with osmoprotectants, ion transporters, detoxi-
fying of a free radicle, synthesis of LEA proteins and HSPs
production. High temperatures may also activate tran-
scriptional factors (TFs), involved in signalling cascades,
which control critical processes offsetting high-temperature
effects (Hasanuzzaman et al. 2013; Janni et al. 2020). All
these processes are generally regulated at the molecular
level by selective expression or suppression of genes
(Chaudhary et al. 2020). Differential gene expression
progressively results in improvement of heat tolerance in
the form of acclimation, or adaptation (Hasanuzzaman
et al. 2013). The details of mechanisms reported for high-
temperature tolerance in plants have been extensively
reviewed (Hasanuzzaman et al. 2013; Asthir 2015; Hassan
et al. 2020; Chaudhary et al. 2020; Janni et al. 2020).
However, much of the knowledge and insights generated so
far needs to be translated into the selection traits for
advancing breeding lines for high-temperature tolerance.

Traits for high temperature tolerance

Adaptation mechanisms allow crop plants to survive ele-
vated ambient temperatures and complete their life cycle.
During this process, yield and quality desired for human
requirements are compromised. Hence the heat tolerance in
the context of crop improvement has a dimension of eco-
nomic importance in contrast to that naturally existing in
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Fig. 1 Mechanisms of heat tolerance in crop plants. Plants adopted morphological, physiological, biochemical and molecular mechanism to

cope with heat stress during various stages of crop growth

resilient plant species. Therefore heat tolerance (HT) is the
“capacity of the plant to grow and produce economic yield
under high temperatures” (Wahid et al. 2007). While
several insights exist to explain the heat tolerance mecha-
nisms, conversion of these insights into the screening tools
and methods are immensely crucial for the development of
heat-tolerant cultivars of crops. Short duration crop culti-
vars mainly emerge from breeding strategies that focused
on the adaptation of plants to high-temperature environ-
ments by escape from stress during the crop season.
Opportunities for exploring diurnal escape emerge from
scientific leads that have emerged from investigations on
genetic variation in time of anthesis in crops such as rice.
Early anthesis coinciding with cooler hours of the day is
closely associated with reduced yield losses (Jagadish
2020). However, large scale screening of plants for the
escape of pollination and fertilization processes reported in
crops like rice is yet to be optimized for other crops. Other
avenues for translation of scientific insights exist in mor-
phological changes and short-term avoidance mechanisms
viz., altered leaf orientation, transpirational cooling, mod-
ified membrane lipid compositions (Wahid et al. 2007).

Leaf masking of tissues that are subtle to sunburn can be
another trait with the potential to contribute to a reduction
in high temperature-induced yield losses. Root branching
and deep rooting can be a critical trait that can enable
plants to reach more distant reserves of water (Chaudhary
et al. 2020).

The heat tolerance capacity of high yielding crops such
as wheat has been attributed to the conservation of pho-
tosynthesis, chlorophyll content, and maintenance of
stomatal conductance under elevated temperature stress
and extended grain filling duration even at increased ther-
mal stress (Balla et al. 2019). Such observations insinuate
that selection for grain yield takes into account the mech-
anisms of tolerance. However, the magnitude of heat stress
defined by intensity and duration to which crops were
exposed during the experiment under high temperature is
crucial in determining the crop yield. Further, different
traits and trait combinations may play a critical role in
alleviating high-temperature stress depending on the type
of agro-ecologies. Hence, insights gained so far on mech-
anisms of tolerance to high temperature in plants are cru-
cial for trait-specific plant breeding. Some of the traits and
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protocols suggested for screening germplasm of crops are
discussed in the following section.

Cell membrane thermo-stability

Increase in temperature can damage cellular membrane,
which in turn leads to enhanced permeability and leakage
of ions (Wahid et al. 2007; Govindaraj et al. 2018), which
can be easily measured by the efflux of electrolytes from
affected leaf tissue into an aqueous medium. This method
was devised by C.Y. Sullivan in the late 1960s for
assessing sorghum and maize heat tolerance (Govindaraj
et al. 2018). It has been widely employed to determine
cellular thermostability for heat in wheat (Bala et al. 2017,
ElBasyoni et al. 2017), soybean (Srinivasan et al. 1996)
maize (Naveed et al. 2016) and chickpea (Kumar et al.
2013a). A positive association between membrane injury
and grain weight was observed in wheat signifying that
membrane thermo-stability is a good indicator of HS tol-
erance (ElBasyoni et al. 2017). The membrane thermo-
stability can be estimated as MTS = (1 —T1/72) x 100,
where T1 is conductivity reading after heat treatment, and
T2 is conductivity reading after autoclaving (Ibrahim and
Quick 2001). This trait has been tested in bajra and found
effective under field condition (Govindaraj et al. 2018).
However, success depends on the time of measurement and
large replicates, which consumes time and labour that plant
breeders cannot afford.

Photosystem-II sensitivity

Photosynthesis is sensitive to elevated ambient temperature
as it severely affects photosystem II (Van der Tol et al.
2014; Kalaji et al. 2018). High temperature can also affect
energy associated with CO2 fixation (Dusenge et al. 2018).
Plants exhibit protective mechanisms to prevent photoin-
hibition when the elevated ambient temperature is coupled
with high levels of solar radiation (Lu et al. 2017). Hence
devices like photosynthetic meter and chlorophyll fluores-
cence meters have been extensively used to differentiate
responses of plants to high temperatures. However, only a
few plants can be screened by equipment such as IRGA,
while chlorophyll fluorescence meter enables screening of
a large number of plants.

Heat damage in photosynthetic tissue can be estimated
by chlorophyll fluorescence (Murchie and Lawson 2013).
In this method, leaf discs are subjected to short light period,
and the time of dark recovery of the fluorescence parameter
Fv/Fo (ratio of variable to minimum chlorophyll fluores-
cence) is estimated as a function of temperature. It is easy,
fast, and reasonable proven approach for the quick
screening in a large number of crops, e.g., barley (Rizza
et al. 2011), wheat (Balouchi 2010), maize (Sinsawat et al.
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2004), Olea europaea (Haworth et al. 2019) and legumes
(Herzog and Chai-Arree 2012).

Membrane lipid saturation

Plant cell membranes are mainly composed of proteins and
lipids, and this selectively permeable barrier is sensitive to
fluctuations in ambient temperature. Heat-induced increase
in the membrane fluidity is associated with a large pro-
portion of unsaturated fatty acids in membrane lipids. To
preserve the membrane fluidity, plants enhance the ratio of
saturated and monounsaturated fatty acids, in response to
raised temperatures. Therefore, the rise in the saturation
level of fatty acids seems to be essential for maintaining
membrane stability and increasing heat tolerance (Penfield
2008), Niu and Xiang 2018). High throughput mechanisms
to assess crop germplasm for such traits are yet to be
developed.

Canopy temperature depression (CTD)

Canopy temperature depression (CTD)—is the difference
between canopy temperature (Tc) and ambient temperature
(Ta)—acts as an indirect measure of transpiration (Rey-
nolds et al. 2001) and plant water status (Araus et al. 2003).
Infrared thermometer (IRT) has been extensively employed
for measuring canopy temperature (CT) directly during
peak sunshine hours (13:00 and 14:30 h) distantly and
without interfering with the crop. Studies suggested that
CT is associated with many physiological parameters such
as stomatal conductance, transpiration rate, plant water
status, water use, leaf area index, and crop yield (Sofi et al.
2019). Genotypes with cooler canopy temperatures main-
tain better hydration status. CTD has been proved to be a
rapid and stable test that can be used for selection of heat-
tolerant wheat (Al-Ghzawi et al. 2018). A study by Awika
et al. (2017) in barley suggested that a strong link between
epicuticular leaf wax QTL and CTD and that wax load
influences plant canopy temperature.

Morphological traits

In many of the crop plants, reproductive organs, especially
male reproductive tissues, are more sensitive to heat stress
than female gametophytes (Djanaguiraman et al. 2018),
and the threshold temperature for causing damage in these
tissues is lower than that for vegetative tissues. Heat stress
can cause damage either at pre- or post-pollination, which
affects fertilization and ultimately reduce seed set (Sage
et al. 2015; Prasad et al. 2017).

Pollen viability, stigma receptivity, tassel blasting, tassel
sterility in maize (Zaidi et al. 2016), grain sterility in rice
(Weerakoon et al. 2008), and asynchrony of male and
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female floral organ development in chickpea (Devasir-
vatham et al. 2012) have been reported as potential traits
for improvement of heat tolerance. By selecting for these
traits, several heat tolerance accessions have been identi-
fied in crop species like chickpea e.g., ICC1205 and
ICC15614 (Devasirvatham et al. 2012).

Stem reserve mobilization for grain development

When leaves lose their functions due to high temperature,
non-structural carbohydrates stored in stem are utilised for
grain development (Tahir and Nakata 2005). Non-struc-
tural carbohydrates are estimated by chromatographic
analysis in tree species (Raessler et al. 2010). Spectro-
scopic methods are employed to estimate non-structural
carbohydrates in the stem, but the process is time-con-
suming and labour intensive (Rane and Nagarajan 2004).
Dreccer et al. (2014) monitored quantitative dynamics of
stem water-soluble carbohydrates in wheat in the field
using hyperspectral reflectance (hyperspectral radiometer).
Wang et al. (2016) employed Near-infrared spectral mea-
surements in rice for estimation of NSC. Genetic vari-
abilities exist for this trait in crops like wheat (Pinto et al.
2017).

Stay green trait

Several morpho-physiological traits have been identified
for their utility in breeding for heat tolerance. Genotypes
with stay-green traits constitute potential genetic resources
for genetic enhancement of crop plants to overcome heat
and drought stresses. Stay green genotype is characterized
by delayed senescence because of prolonged chlorophyll
(Chl) retention compared with a non-stay green standard
genotype. Stay green trait that allows leaves to be photo-
synthetically active can improve the grain-filling process
even under stress conditions (Kamal et al. 2019). This trait
has been found desirable in developing heat-tolerant wheat
variety (Kumari et al. 2012). Stay-green has been assessed
in the field by using several techniques.

Visual assessment of stay-green is rapid and inexpensive
and requires no specific equipment (Christopher et al.
2014. Visual inspections have been performed for the
greenness of all fertile shoots (Foulkes et al. 2007) and
greenness of the flag leaf and peduncle (Joshi et al. 2007).
Stay green features can be measured in individual leaves by
instruments such as the Minolta SPAD meter (Harris et al.
2007; Christopher et al. 2008). However, such methods
time taking and not feasible for measurements of a large set
of genotypes, as they require repeated measurements of
multiple leaves to provide reliable information for a single
trial plot. Recently, methods have been developed using
normalized  difference  vegetative index (NDVI)

measurements from devices such as the hand-held Green
seeker (NTech Industries, Ukiah, CA, USA) (Kipp et al.
2014). The advantage of such methods is that they provide
objective, integrated measurements of canopy greenness
and only take a few seconds to measure a field plot (vs.
several minutes required for SPAD measurements). NDVI-
based methods can provide measurements of hundreds of
field plots in an hour and thus can be used to screen large
numbers of plots (e.g. breeding populations or structured
populations for genetic studies). As they are non-destruc-
tive and relatively rapid, repeated measurements can be
made on the same plots throughout crop development.
Studies reporting NDVI-based measurements of the stay-
green phenotype rely on measurements from one or a few
time points late in the crop cycle (Lopes and Reynolds
2012).

Breeding for heat tolerance: a next-generation
breeding approach

Plant breeding for high-temperature tolerant cultivars for
present and future global climate scenario need reoriented
strategy to bridge the gaps in conventional approaches that
are focused on yield and yield components for selection.
Such a strategy should build on experience and knowledge
gained from hotspot screening and application of trait-
based breeding and molecular markers approach.

Selection in hot environments

Simulating the natural heat stress environment, which is
often complicated by the presence of other stresses, has
been the challenge for plant scientists. However, selection
based on performance in hot growing environments was
found to be effective in wheat (Rane et al. 2007) and maize
(Zaidi et al. 2016). Essential criteria for selection of field
are high VPD, where low yield was correlated with VPD
during all the growing period, the high maximum tem-
perature during the cultivated period and low photothermal
quotient corrected by VPD in the critical period of grain set
before flowering (Dreccer et al. 2014).

Irrespective of the screening approach, the main objec-
tive of plant breeders is to develop a cost-effective set of
thermotolerance markers which can be utilised for further
implementation of breeding for heat tolerance in various
crop species. Identification of tolerant germplasm/genotype
is pre-requisite for significant genetic improvement
through plant breeding methods. Nevertheless, identifica-
tion of dependable and cost-effective heat screening
methods is a major limitation in conventional breeding to
facilitate identification of heat tolerance genotype (Wahid
et al. 2007). Some of the preliminary screening approaches
include the seedling thermo-tolerance index (STI)

@ Springer



600

Plant Physiol. Rep. (October—December 2020) 25(4):594-610

(Peacock et al. 1993), seed to seedling thermo-tolerance
index (SSTI) in bajra (Yadav et al. 2015), and heat toler-
ance index (HTI) in sorghum (Setimela et al. 2005). High-
temperature index (HTI) was found to be successful in
identifying heat-tolerant wheat genotypes under field con-
dition (Rane and Nagarajan 2004). High-temperature tol-
erance screening at germination and the early vegetative
stage is useful in bajra and maize (Ashraf and Hafeez
2004). Field-based tents were used for screening of dif-
ferent genotypes for high night temperature stress in crops
like rice (Shi et al. 2016, 2017). Recently Hein et al. (2019)
developed a protocol for screening winter wheat genotypes
for high night temperature stress by integrating field-based
heat tents and cyber-physical system technology. These
advanced field techniques can assist in screening and
identification of heat-tolerant genotypes. Nevertheless, the
current approaches for phenotyping high-temperature tol-
erance in crop plants require optimization of screening
protocols for a large number of genotypes of cops for
accelerating the development of heat-tolerant cultivars.

Physiological traits-based breeding

The effectiveness of direct selection for yield enhancement
under stressed conditions is slowed down by low heri-
tability and complex nature of major and minor QTLs
governing them (Manavalan et al. 2009). Breeding for
combined high yield and heat tolerance is hindered by the
influence of the environment, complex and poor knowledge
of genetic inheritance of high-temperature tolerance and a
limited number of validated QTLs/cloned gene(s) (Chaud-
hary et al. 2020; Janni et al. 2020). Trait-based breeding
would be an excellent approach for incorporating high-
temperature tolerance gene(s)/QTLs. Such strategies have
been implemented in wheat breeding at CIMMYT to
develop heat-tolerant varieties (Reynolds et al. 2009).
Traits used for selection of heat-tolerant accessions in
crops breeding programs include canopy structure, delayed
senescence, photosynthesis efficiency, lower transpiration
rates, resilience in reproductive traits, and also the harvest
index (Chaudhary et al. 2020). Genetic variability has been
recorded for the above traits in several crops.

Along with, selection for morphophysiological traits
conferring high-temperature adaptation, traits indirectly
associated with yield, can also be exploited as demon-
strated in wheat (Cossani and Reynolds 2012). Genetic
variability for photosynthetic rate under heat stress has
been reported in chickpea and tomato (Kumar et al. 2017;
Zhou et al. 2018). Chlorophyll fluorescence, Canopy tem-
perature depression (CTD) traits contributed positively to
high-temperature tolerance in wheat and cotton, respec-
tively (Sharma et al. 2012). The cooler canopy temperature
(CT) under HS leads to higher yield in wheat (Gautam
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et al. 2015) The CTD, flag leaf stomatal conductance and
photosynthetic rate positively associated with yield in
wheat during thermal stress (Fischer et al. 1998).
Membrane thermostability was found to be a promising
trait for estimating high-temperature tolerance while eval-
uating genetic variability in different crops (Shanahan et al.
1990; Srinivasan et al. 1996). Combination of high
chlorophyll content and membrane thermostability used as
selection criterion under HS in brassica and cotton (Ristic
et al. 2007; Kumar et al. 2013b). Khan et al. (2008) used
relative cell injury level (RCIL) index in assessing thermal
tolerance in cotton. Hence, focus on the specific physio-
logical trait in breeding is an ideal strategy to develop heat
tolerance genotypes without causing yield penalty.

Contemporary plant breeding approaches for high
temperature tolerance

Over the past decades’ research efforts by the conventional
breeding have provided insights into several genes asso-
ciated with tolerance to heat stress in addition to alleles and
their mode of inheritance (Chaudhary et al. 2020; Janni
et al. 2020). With the advent of molecular marker tech-
nology, QTLs and trait discovery for various morpho-
physiological traits have now added new dimensions for
improvements of different crops (Jha et al. 2014; Chaud-
hary et al. 2020; Janni et al. 2020). The identification of
markers associated with high-temperature tolerance QTLs
has expanded opportunities to stack them in crop plants
under desired agronomic background. An extensive list of
QTLs, marker interval, type of mapping population has
been summarized by Jha et al. (2014). Numerous major or
minor QTLs and associated markers for HT have been
mapped in many crops including rice (Shanmugavadivel
et al. 2017; Zhu et al. 2017; Kilasi et al. 2018) wheat
(Talukder et al. 2014; Sharma et al. 2016) and maize (Frey
et al. 2016; McNellie et al. 2018; Inghelandt et al. 2019).
Several QTLs have been mapped for component traits for
HS tolerance in several crops which includes QTLs for
pollen germination, pollen tube growth and cell membrane
stability in maize (Ottaviano et al. 1992; Frova and Sari-
Gorla 1994). Kamal et al. (2019) reviewed the significance
of QTLs for stay-green traits in cereals. Stable QTLs for
grain filling duration and grain number under terminal heat
stress in Triticum wheat identified by Sharma et al. (2016).

An array of markers was explored for identification of
high temperature tolerant and susceptible genotypes in
several crops. Garg et al. (2012) identified heat tolerance
and heat-sensitive cultivars in wheat by using SNPs.
Microsatellite markers which are associated with grain
filling rate under thermal stress were developed by Barakat
et al. (2012). In cowpea RIL population, five SNPs asso-
ciated with heat stress were identified (Lucas et al. 2013).
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A dominant gene OsHTAS was identified from the geno-
type HT54, which conferred thermal tolerance at 48 °C
during seedling and grain-filling stages in rice (Wei et al.
2013). However, utilization of QTLs through MAS or
MABB for crop improvement is hindered by large geno-
type x environment as well as epistasis interactions, which
often lead to low breeding efficiency (Salgotra and Stewart
2020). Hence marker-assisted recurrent selection (MARS)
or Genomic selection (GS) have been proposed (Godiki
et al. 2016). All these selection methods aided by gene
marker need assessment of a large set of breeding lines for
greater power of prediction about the relation between
desired trait and genes. Hence, phenomics tools assume
immense significance mainly to ensure high throughput
screening. It requires the identification of component traits
of high breeding value for high-temperature tolerance in
crops (Fig. 2).

Opportunities to employ plant phenomics

The conventional breeding methods contributed signifi-
cantly in the past to achieve genetic gains in crops
worldwide. However, it is possible to increase food pro-
duction globally, to meet projected food demand if current
breeding methods are complemented by modern tools
(Araus and Cairns 2014). Hence, now the focus has been
shifted towards the use of advanced genomics and other
breeding strategies for fast-tracking crop improvement
pipelines for cultivars resilient to abiotic stresses (Fig. 3).
These advances in science are being utilized in trait dis-
covery, genetic dissection of complex traits and discovery
of associated genes and their deployment in varieties
(Govindaraj et al. 2018). Despite these efforts, only a few
identified QTLs/genes could be transferred to main
breeding population mainly due to precision in phenotyp-
ing data of targeted traits and marginal differences in
parental lines selected for mapping population (Govindaraj
et al. 2018). Thus, the relationship of these QTL/genes with
the phenotype in a ‘real world’ environment remains subtle
as many false-positive QTL have been identified previ-
ously or these QTLs function only under specific genetic
background or specific abiotic stress environments. It
indicates that the phenotyping needs to be intensified to
ensure location specific and genome-specific approaches.
Hence high throughput phenotyping methods are essential
particularly for enhancing the power of prediction about
the association between genes and traits associated with
high-temperature tolerance.

Though large germplasm collection is available for
many crops across the countries, in many of the germplasm
sets phenotypic descriptors are rather limited. It has
restricted the use of genetic resources for identification of

allelic variation for several traits, including those for high-
temperature tolerance. The underutilization of genetic
resources is also due to the absence of effective methods
for precise and accurate phenotyping. Identification of key
traits involved in stress tolerance requires replicated trials
over multiple seasons and at multilocation. It cannot be
achieved through conventional phenotyping tools that are
slow, expensive and labour-intensive, often destructive and
also developmental stage-specific. These impediments in
phenotyping have driven extraordinary enthusiasm that has
led to progress in the advancement of new high throughput
phenotyping tools and techniques. These tools involve non-
invasive imaging, spectroscopy, image analysis, robotics
and high-performance computing and recently big data
analysis with Al interventions (Yang et al. 2020). Though
the initial focus of phenomics was on responses of plants
under controlled environments, now the techniques have
been optimized for field evaluation of plant performance in
a non-destructive manner (Rahaman et al. 2015). The
devoted high throughput phenomic facilities promise
enhanced precision and accuracy in data recording. These
facilities are equipped to facilitate structural responses of
both shoot and root nondestructively. The scope for
employing phenomics tools and technologies for translat-
ing ‘knowledge about mechanisms of heat tolerance’ to
‘trait identification’ and then phenotyping genotypes for
high-temperature tolerance is described in this section.

Visible light (300-700 nm) based imaging

Visual examination of abiotic stress-tolerance traits and
associated phenotypes has been a standard exercise in
breeding plants for tolerance to stresses. But lately, the
emphasis is on visual light-based imaging technologies due
to the greater feasibility of monitoring plant responses to
growth environment. Visible imaging techniques depends
on two-dimensional (2D) digital images, which are utilised
for measuring above the ground plant traits such as shoot
biomass (Neilson et al. 2015), leaf morphology, shoot tip
growth, panicle and seed morphology (Fahlgren et al.
2015). High temperatures influence all these traits during
the growth and development of plants. The 3D imaging
techniques have been improved to measure different traits,
including plant height, leaf morphology, and shoot dry
weight (Paproki et al. 2012) which can discriminate tol-
erant and intolerant genotypes grown at high temperatures
under natural or controlled environments. High-resolution
cameras configured for time series data have the potential
to assess genetic variation in the diurnal escape of critical
process such as pollination and fertilization, which are
highly vulnerable to high temperature. Leaf senescence,
which is one of the consequences of high-temperature
stress, can also be monitored by temporal and spatial
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Fig. 3 Strategy to employ
phenomics tools to derive
surrogate traits for heat
tolerance. Different strategies of
employing plant phenomics
from cell level to plant level to
identify key traits involved in
high temperature stress
tolerance in crop plants
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Infrared imaging

Infrared imaging technique uses two foremost wavelength
ranges, near-infrared (NIR) (0.9-1.55 pum) and far-infrared
(FIR) (7.5-13.5 pm). With the development in infrared
thermal technology, current thermal cameras can detect
plant canopy temperature with high accuracy. Combination
of NIR imaging with visible imaging, i.e., visible to short-
wave infrared (VSWIR; 0.4-2.5 pm), offers a more in-
depth insight into plant health under various stress situation
because it provides well-defined spectral features for pig-
ments, leaf water content, and biochemical parameters such
as lignin and cellulose (Yang et al. 2013). Thermal imaging
accurately estimates leaf and canopy temperature, which
can indirectly provide information about leaf water status.
Thermal infrared imaging can also be employed to deter-
mine relative chlorophyll content, leaf colour, and canopy
temperature (Jones et al. 2009; Munns et al. 2010). Infrared
thermal imaging systems have been used to measure
stomatal behaviour under various stress conditions (Iseki
and Olajumoke, 2020). Qiu et al. (2009) identified signif-
icant differences between leaf temperature, air temperature,
and canopy temperature under drought and high-tempera-
ture stress in melons, tomatoes, and lettuce. They also
suggested that the transpiration transfer coefficient can be
utilized to identify different abiotic stresses in plants. Since
transpiration is determined by plants capacity to extract
water from the soil, it is also possible to generate

preliminary information about the genetic variation in the
root system of plants through canopy temperature
measurements.

The NIR technique has been adopted for assessment of
leaf water content. NIR equipment is exclusively used for
quantification of protein and carbohydrates in seeds of
different crops (Jin et al. 2017). It is essential to optimize
high throughput methods for estimation of non-structural
carbohydrates in the stem of crop plants at the time of grain
development as conventional methods are not so efficient
to screen large number of genotypes for this trait (Singh
et al. 2018).

Chlorophyll fluorescence imaging

The basic principles of chlorophyll fluorescence as a tool to
assess plant health have been reviewed by many
researchers (Kalaji et al. 2016). Chlorophyll fluorescence
imaging systems are now replacing the chlorophyll fluo-
rescence meters for precise and rapid assessment of plant
responses to stresses taking into account temporal and
spatial changes. The imaging system captures fluorescence
emitted by plant parts and converts into false-colour signals
using computer software to interpret plant responses
(Weirman 2010; Rane et al. 2019). This technique has great
potential to identify genetic sources of heat tolerance as
elevated temperatures have a significant effect on compo-
nents of Photo System II (Weirman 2010). Further, high
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temperatures induced cell membrane injury can be a cause
of diminishing photosynthesis and changes in chlorophyll
fluorescence. Hence, it is predicted that methods for rapid
assessment of cell and thylakoid membrane injury may
emerge in future by engaging chlorophyll fluorescence
technique. Stomatal conductance (Omasa and Takayama
2003), phloem loading and unloading (Mehdi et al. 2019),
photosynthesis and growth inhibition (Pérez-Bueno et al.
2019), and plant metabolite content (Li et al. 2014) under
stress can also be studied using fluorescence imaging
(Osmond et al. 2004). Fluorescence imaging can also be
used to resolving heterogeneity in leaf photosynthetic
performance (Baker 2008). These scientific leads need to
be translated into high throughput methods to facilitate
crop breeding for high-temperature tolerance.

Hyperspectral imaging

Multispectral and hyperspectral cameras are engaged to
capture spectral signatures of plants in a particular envi-
ronment (Yang et al. 2013). Multispectral imaging systems
generally limited 3—10 bands each with a descriptive title.
For example, the channels may include red, green, blue,
near-infrared, and short-wave infrared. In contrast, hyper-
spectral imaging involves hundreds and thousands of nar-
rower (10-20 nm) bands that enhanced the capacity of the
system to provide a specific spectral signature of an object
like plants. Different spectral regions have been charac-
terized as distinct for plant science, including (1) NDVI
(normalized difference vegetation index) (2) CRI (car-
otenoid reflectance index), (3) PRI (photochemical reflec-
tance index (Fiorani et al. 2012). The vegetation indices are
associated with diverse characteristics such as water status,
pigment content, and photosynthetically active biomass,
which are used to compute total green biomass, leaf area,
chlorophyll content, and yield in various crop species (Din
et al. 2017). If optimized for high throughput, these tech-
niques can help to identify genetic markers associated with
critical plant processes such as leaf senescence with greater
precision. Also, the higher resolution of hyperspectral data
can predict leaf growth (Cheng et al. 2017) and panicle
emergence (Liu et al. 2010) in rice. These methods promise
the possibility of screening crop genotypes for a diurnal
escape from high-temperature tolerance. Further, hyper-
spectral techniques need to be optimized for plant meta-
bolic changes that impart tolerance to temperature.

Limitations in phenotyping tools
Though the image-based phenomics is being increasingly

focused for high throughput phenotyping, there are some
limitations in employing them in plant breeding programs.
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The successful implementation of high throughput pheno-
typing tools needs huge funds, experienced personnel in
data handling. Plant phenomics in fields is very compli-
cated as they are the outcome of considerable G x E x
management interaction. The effective use of UAVs for
field phenotyping relies on stability, safety, control, relia-
bility, positioning, autonomy, sensor mount, and controller.
Other factors are such as specific spectral wavelengths,
resolution, weight, calibration, and field of view. The UAV
operation is often limited by sensor pay-load (size/weight),
operating altitude (regulatory issues), and flight time
(Deery et al. 2014). Measurements of plant phenotypes are
complicated as it includes measurement morphological,
biochemical, physiological traits to identify critical traits
responsible for stress tolerance. The challenge is to sepa-
rate the developmental changes from high temperature-
induced changes.

Conclusion and way forward

Novel strategies are essential to developing heat-tolerant
cultivars to make them climate-smart as conventional
approaches are not sufficient to meet the expectations.
Traits b