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Abstract Heat stress is a significant threat that limits crop
yield and fecundity all over the world. Prevalent strategies
for heat adaptation that alter technical and management
systems are inadequate to sustain yield. As such, the
identification of heat-tolerant genotypes with improved
yield potential is crucial. Raising tolerant and stable culti-
vars can be tedious as heat-stress responses are highly
variable across different developmental stages. While
molecular breeding has progressed in engineering heat-
tolerant lines, the complexity of genetic networks and
divergence of heat tolerance mechanisms is the main hin-
drance for plant breeders. Hence, insight into the physio-
logical and reproductive traits associated with heat
tolerance could assist in the development of strategies to
screen germplasm for heat tolerance. Exploitation and use
of landraces and wild relatives in breeding may enhance
favorable genetic diversity in crop plants. A holistic
approach to delineate molecular markers, where quantita-
tive trait loci (QTLs) for different traits linked to heat
tolerance involving physiological and reproductive traits
are characterized in well-controlled field environments,
may be an option for optimizing germplasm under heat
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stress. Here, we present an outline of the effects of heat
stress and its associated tolerance mechanisms in food
crops, along with some physiological, molecular and
reproductive characteristics such as ‘stay-green,” mem-
brane thermostability, canopy temperature depression,
metabolites, genes, QTLs, and pollen fertility. Further, we
provide information on conventional and molecular
breeding approaches as well as different selection strate-
gies for heat stress tolerance.
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Introduction

Plants as immobile organisms face fluctuating environ-
mental conditions and abiotic stress factors such as
drought, salt, temperature and oxidative stress (Mittler
et al. 2012). When plants are exposed to aberrant envi-
ronmental constraints, several physiological and biological
changes occur in cells that threaten plant survival (Jenks
and Hasegawa 2008). In recent decades, global climate
change and related weather conditions have become a
serious challenge, with the increase in the earth’s surface
temperature (Usman et al. 2014). The combined earth and
ocean temperature has increased by 0.72 °C from 1951 to
2012 (Team et al. 2014). Further, the fourth IPCC report
projected the risk of an additional 2 °C warming and
reduction in the water table by the end of the tweenty-first
century (IPCC 2014). In many parts of the world, the
increase in temperature has been higher and more abrupt
than the global averages, resulting in serious losses in crop
yields (Kaushal et al. 2016). Among environmental factors,
surging global temperatures will severely impact plant
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growth and productivity, especially in the arid and semiarid
tropics (Hatfield and Prueger 2015). Seasonal shifts in plant
phenologies have occurred in different plant species and
within species due to the continual rise in temperature (Li
et al. 2014a, b). Heat stress shortens crop life cycles and
reduces yield; however, premature flowering can serve as
an escape mechanism for terminal heat stress in crop plants
(Prasad et al. 2017). Photosynthesis and the reproductive
phase of plant growth are highly sensitive to high-tem-
perature stress, which can severely affect pollen viability,
anthesis and grain set (Awasthi et al. 2014). The molecular
targets of heat stress involve protein denaturation, and
damage to lipids, nucleic acids, and other molecules due to
the high production of reactive oxygen species (ROS) (Qu
et al. 2013). Plants overcome these adversities by synthe-
sizing various protective molecules, such as antioxidants,
stress chaperones (which prevent protein motifs from
thermoaggregation) and scavengers to maintain cellular
homeostasis (Sita et al. 2017a, b). The inherent ability of
plants to survive in warmer temperatures without any yield
loss is termed ‘heat tolerance’, which is a highly sophis-
ticated phenomenon and requires synchronization of vari-
ous physiological, biochemical and molecular events at the
whole plant level (Hatfield and Prueger 2015).
Comparatively little progress has been made towards
breeding tolerant cultivars with high heat resilience,
despite the severe damage caused to different crops, even
with moderate rises in temperature (Grover et al. 2013).
Hence, a concerted effort is needed to raise plant cultivars
that can adapt to sudden environmental disturbances using
prime molecular tools and by studying the underlying
thermotolerance mechanisms (Driedonks et al. 2016).
Molecular biologists had limited success in the develop-
ment of heat-tolerant varieties due to the complexity of
gene expression during heat stress (de Souza et al. 2012).
Conventional breeding approaches employing screening
methods have identified few promising tolerance-related
traits (Devasirvatham et al. 2016), which could be incor-
porated into commercial cultivars, via genetic engineering
to enhance heat tolerance in crop plants (Singh and Grover
et al. 2008). Relevant information regarding heat sensitiv-
ity in different plant species may assist in the development
of new selection criteria that address the factors responsible
for tremendous yield losses (Fahad et al. 2017). Various
morpho-physiological traits have been explored as indica-
tors of heat tolerance (Fahad et al. 2017). This review
emphasizes on the adversities of heat stress as well as
molecular, physiological, morphological, and yield traits
associated with thermotolerance. Generally, plant adapta-
tion to heat stress is determined by minimum photosyn-
thetic damage and enhanced synthesis of protective
molecules (Bita and Gerats 2013). A heat-resilient geno-
type should perform better in terms of membrane
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thermostability, photosynthetic efficiency, and fruit set
(Nagarajan et al. 2010). Other indirect indices for selection
include stomatal conductance, chlorophyll fluorescence,
canopy temperature depression (CTD), stay-green trait,
duration of grain filling, grain weight, and pollen fertility
(Yang et al. 2002a, b; Sharma et al. 2008), which have been
briefly highlighted below. An overview of conventional as
well as advanced breeding techniques is provided, with a
focus on the effective utilization of existing genetic
resources, along with an exploration of the scope for
articulating an array of surging forward and reverses
breeding techniques. Furthermore, current strategies for
raising transgenic plants with improved thermotolerance
have been reviewed.

Effects of heat stress on plants

With rapid climatic transitions and large-scale industrial-
ization, the severity of heat stress is increasing worldwide,
which is adversely affecting plant growth and fecundity
(Jha et al. 2014). High temperature-induced reductions in
plant phenology, shortened life cycles, and yield losses are
a major concern for plant breeders (Han et al. 2009;
Fig. 1). Heat stress severely affects the vegetative stage of
plant growth causing leaf chlorosis, senescence, and
abscission, inhibited root and shoot growth, and reduced
internode lengths (Kaushal et al. 2016). Reproductive
development in higher plants is highly susceptible to
unfavorable environmental conditions, especially thermal
changes; a single, hot day in the warm season can prove
fatal to reproductive vigor (Zinn et al. 2010). Heat stress
injures the reproductive tissues that contribute to harvest
index (Harsant et al. 2013). For instance, a heat wave can
impair reproductive development by affecting anther
dehiscence and pollen dispersal, and consequently grain set
(Das et al. 2014). Such responses are highly variable
depending on the duration and severity of the heat stress
(Barnabas et al. 2008). Various studies have assessed the
impact of heat stress on the cellular and developmental
behavior of anther/pollen (Harsant et al. 2013; Sage et al.
2015) using Alexander’s triple stain as an effective method
to point pollen maturation as a determinant of anther
function (Harsant et al. 2013). Knowledge on anther/pollen
structure as well as the exact timing of their development
would be useful in determining the factors responsible for
heat stress-induced male sterility or for enhancing ther-
motolerance (Sage et al. 2015). Heat stress also affects
almost every developmental phase of the female gameto-
phyte; for instance, reduced stigma receptivity in chickpea
at 40/30 and 45/35 °C (Kumar et al. 2013), and decreased
ovule viability in common bean at 30 °C (Suzuki et al.
2001). Most importantly, heat stress has an adverse impact
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Fig. 1 Effect of heat stress on plants. The major impact of heat stress in various crop species involves inhibition of root and shoot growth,
senescence and abscission of leaves, reduced flower and pod set, loss of membrane function, and reduced photosynthetic and respiration rate

on flowering including reduced flower numbers, small-
sized flowers, and mutilated floral structures (Morrison and
Stewart 2002), which reduces crop yield and productivity,
as reported in faba bean (Bishop et al. 2016), mungbean
(Kaur et al. 2015), chickpea (Kausal et al. 2013: Shukla
2013), lentil (Sita et al. 2017a, b) and kidney bean (Prasad
et al. 2002). Heat stress limits the yield potential of field
crops by accelerating phenology and reducing the seed
filling duration (Boote et al. 2005). The detrimental effects
of heat stress on staple food crops like wheat (Talukdar
et al. 2014a, b; Vignjevic et al. 2015), maize (Debnath et al.
2016; Shi et al. 2017) and rice (Jagadish et al. 2014; Shi
et al. 2015) were also studied in detail by various plant
scientists (Barnabas et al. 2008; Bita and Gerats 2013; Jha
et al. 2014; Kaushal et al. 2016).

High temperatures beyond the optimum range disrupt
various physiological processes, including photosynthesis,
respiration, nitrogen fixation and water relations (Milter
2006; Fig. 1), causing flower and pod abortion, and ulti-
mately yield losses (Gaur et al. 2013). Several pieces of
evidence advocate that the composition of membranes,
especially lipids, may alter during high temperature

(Hofmann and Todgham 2010) and hasten the kinetic
energy of molecules across membranes (Savchenko et al.
2002). Such structural alterations, including phase transi-
tion of membrane components, are related to characteristic
functional disruption of differential permeability and
membrane transport (Wahid and Shabbir 2005). Membrane
and protein destruction consequently enhance ROS pro-
duction, which causes oxidative damage in plants (Jha et al.
2014). Relevant data show that heat stress negatively
influences plant growth and N, fixation, particularly at
temperatures > 25 °C (Erice et al. 2006). Warmer tem-
peratures also alter enzyme functioning that can imbalance
metabolic pathways and terminate cellular activities com-
pletely (Peverelli and Rogers 2013). It is clear that there is
an immediate need to understand the mechanisms that
control heat tolerance at molecular, physiological and
morphological levels in the current era of global warming
for future successful development of heat-tolerant crop
cultivars (Jha et al. 2017). Molecular and genetic approa-
ches for understanding heat-induced detrimental effects
may play a critical role in sustaining plant growth under
such conditions.
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Traits associated with heat—stress tolerance
in plants

Leaf traits
Stay-green trait

Stay-green (SGR) or delayed leaf senescence is one of the
most dominant traits that enable plants to retain their
photosynthetic activity during stress conditions (de Luche
et al. 2015). Exploring the SGR trait could enhance plant
productivity and yield (Thomas and Oughum 2014). In the
current era of global climate change, the introduction of
SGR trait would be vital for developing heat-resistant
cultivars (Kumar et al. 2013). The term SGR refers to a
variant that shows delayed leaf senescence when compared
to a standard reference type (Joshi et al. 2007). The onset of
senescence during early growth adversely affects grain
filling as well as assimilation; hence, any protective
mechanism that keeps leaves in the active photosynthetic
state by delaying senescence is likely to enhance the yield
potential of crops (de Luche et al. 2015). During grain
filling, the SGR character establishes a senescence pattern
for plant survival whereby the stems and leaves retain their
photosynthetic ability, thus increasing sugar production
from photosynthesis (Pinto et al. 2016) Recently, this trait
was characterized as an essential component in the genetic
recovery of various crops to improve heat resilience and
yield gain (Kusaba et al. 2013). It has been suggested that
the stay-green character may enhance yield potential
(Thomas and Oughum 2014), making it a significant
genetic tool for breeding heat tolerance (Parry et al. 2010).
Recently, more heat tolerance was observed in SGR wheat
genotypes due to increased stability of photosynthetic
structures and less accumulation of reactive oxygen species
(Tian et al. 2012).

The practicality of the stay-green character is related to
reduction of canopy temperatures and retention of photo-
synthesis even during warmer temperatures (> 30 °C);
hence, this feature can serve as a useful trait for engi-
neering heat-tolerant wheat cultivars (Kumari et al. 2013).
A significant co-relation was detected between heat resi-
lience and the stay-green trait in 936 elite wheat genotypes
(Kumari et al. 2007), suggesting that delayed senescence is
an essential selection criterion for heat adaptability. Fur-
ther, photosynthetic activity declined less in plants with the
stay-green trait during grain filling (Ahlawat et al. 2008).
Likewise, the wheat cultivar “Mairaj-2008”, possessing
stay-green traits, had greater yield gains under heat stress
than heat-susceptible cultivars lacking the stay-green
ability (Nawaz et al. 2013). A recent study, based on
computational re-modeling for the climatic change
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scenario in 2050, revealed that delaying senescence and
shifting the grain-filling duration increased wheat produc-
tivity in warmer environments (Stratonovitch and Semenov
2015). Panigrahy et al. (2011) revealed that four heat-tol-
erant rice mutants with stay-green characteristics had
higher chlorophyll and carotenoids’ contents and lower
reactive oxygen species (ROS) levels than wild plants
when exposed to prolonged heat. A field assay of 15 spring
wheat genotypes showed that the “Vee/Nac” and “Dena”
genotypes with SGR traits (flag leaf area and chlorophyll
content) were highly tolerant to both heat and drought
stress during flowering (Zarei et al. 2013). Moreover, a
strong positive link between stay-green traits, grain filling,
and total seed weight was observed and attributed to better
photosynthetic activity (Pinto et al. 2016). Similarly, the
introduction of the stay-green character in some superior
wheat lines resulted in higher grain yields and stability
during high-temperature conditions and may serve as a
promising technique for raising more tolerant and pro-
ductive wheat lines (de Luche et al. 2015). A constant
supply of assimilates to the ovaries and anthers is necessary
to fulfill energy demands and to maintain pollen and ovule
viability under heat stress; this can be achieved by incor-
porating functional SGR traits that enhance photosynthetic
efficiency (Jagadish et al. 2014). The advantages of the
SGR trait for increased yield production during heat stress
have also been described in other crop plants including
barley (Hordeum vulgare; Gous et al. 2016), sorghum
(Sorghum bicolor; Borrell et al. 2014) maize (Zea mays;
Almeida et al. 2014), rice (Oryza sativa; Jiang et al. 2007)
and cowpea (Vigna unguiculata; Muchero et al. 2013).

While the cumulative effect of the SGR character in
providing thermotolerance and improving yield potential in
all crops has been described here, detailed knowledge of
the physiology of senescence in different crops may serve
as a key tool for improving productivity under heat stress.
Though, SGR is identified as a potential tool for heat stress
tolerance, the optimal pattern of pigment loss/senescence
in terms of improving grain yield is difficult to determine.
Furthermore, chlorosis is an elemental part of programmed
senescence; maintenance of photosynthetic efficiency and
remobilization of nutrients to the maturing grain is tedious
task (Vijayalakshmi et al. 2010).

Canopy temperature depression

Canopy temperature depression (CTD) is an indirect
measurement of the yield potential of crop plants and
represents their metabolic fitness under specific environ-
mental conditions (Kumari et al. 2012). Canopy tempera-
ture depression may serve as a desirable criterion for
selecting heat-tolerant genotypes on the basis of pheno-
typic variation (Mason and Singh 2014). Previous data
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have shown a strong correlation between CTD and yield
performance in both warm and temperate conditions
(Reynolds et al. 1998). CTD is easy to measure, and even a
single reading can articulate the temperature of scores of
leaves, thus decreasing experimental error (Balota et al.
2008). As such, the integrated CTD value can be assessed
rapidly in a small breeding field; a successful attempt has
been made to interpret its potential as a dominant physio-
logical trait for genetic improvement in yield (Chandra
et al. 2017). Cornish et al. (1991) showed the crucial
involvement of CTD in imparting heat tolerance to cotton
plants. Likewise, CTD was authenticated as an effective
physiological trait against heat stress in wheat (Amani et al.
1996; Fischer et al. 1998) and lower canopy temperatures
reportedly enhanced yield potential in wheat exposed to
warmer temperatures (Mason et al. 2013). Moreover, a
significant level of phenotypic variation has been observed
in wheat (Sant Pierre et al. 2010), indicating a correlation
between the CTD value and heat resilience (Pradhan et al.
2012). Reynolds et al. (1994) revealed that in wheat, CTD
along with flag leaf photosynthesis and stomatal conduc-
tance were positively associated with grain yield under heat
stress. In another study, Indian and CIMMYT wheat
germplasm was screened for the SGR trait and CTD (Ku-
mari et al. 2013). In all of the lines, higher CTD values
occurred in the SGR genotypes, due to transpirational
cooling and lower canopy temperatures (Kumari et al.
2013). Similarly, four heat-tolerant (Gourab, Sourav,
Kanchan, and Shatabdi) and two heat-sensitive (Sonora and
Kalyansona) wheat genotypes were tested under normal as
well as late-sown conditions for post-anthesis heat sensi-
tivity (Sikder and Paul 2010). The heat-tolerant lines
exhibited higher CTD than the heat-sensitive lines in both
growing seasons, suggesting that heat-tolerant cultivars
retained cooler canopies than heat-sensitive cultivars
(Sikder and Paul 2010). Similarly, 40 wheat varieties were
tested for heat sensitivity in two growing seasons (Saxena
et al. 2014). All of the tolerant lines had high CTD scores
during the vegetative stage, which reduced transpirational
loss and helped to retain the stay-green trait for longer,
further enhancing yield potential (Saxena et al. 2014). Ray
and Ahmed (2015) demonstrated that, during the post-an-
thesis heat period, wheat genotypes maintaining high CTD
performed better in terms of yield and grain growth, and
may serve as a promising selection criterion for heat tol-
erance (Ray and Ahmed 2015).

From above it is clear that, CTD is highly useful trait for
genetic improvement in the early breeding generations
where yield tests are not performed, however further con-
siderations are required for experimental design that uti-
lizes a repeated yield tests for cultivars to regulate spatial
variation. Further, high throughput tools for measuring

CTD are also necessary for breeders to the enhance accu-
racy and speed of genetic gain from CTD.

Stomatal conductance

One possible mechanism for heat adaptation in plants is
stomatal control of transpirational activities, which will
determine the extent to which leaf temperatures can be
lowered by evaporation (Condon et al. 2007). As leaves
open their stomata, differences in the rate of gaseous
exchange may create differences in stomatal behavior
under stressed conditions, which can be observed with a
leaf porometer (Chandra et al. 2017). Fully opened stomata
in high-yielding varieties will increase their transpiration
rate, and photosynthetic efficiency may also improve due to
enhanced diffusion of CO, and water vapor (Condon et al.
2007). An advanced breeding and selection program in the
USDA-ARS developed the cotton cultivar Pima S-6, but
the basis for its heat adaptation was unknown (Cornish
et al. 1991). A heat-tolerant advanced cotton line (Pima
S-6) showed significant increases in stomatal conductance
(gS) and photosynthetic rate (Py) under heat stress, possi-
bly due to the cooling ability of plants through transpiration
and high gaseous exchange (Cornish et al. 1991). Likewise,
heat-tolerant wheat genotypes had high gS under heat
stress (Chauhan et al. 2009). Similarly, heat-tolerant
chickpea lines increased gS under heat stress to improve
water status (Kaushal et al. 2013). Sharma et al. (2015)
identified a heat-tolerant wheat cultivar with high gS and
photosynthetic efficiency under severe heat stress as a
valuable genetic resource for developing heat tolerance.
Likewise, gS in heat-tolerant lentil genotypes increased
with increasing temperatures up to 38/28 °C (Sita et al.
2017). In mungbean, a heat-tolerant genotype had higher
¢S than a heat-sensitive genotype under both normal and
late-sown conditions (Kaur et al. 2015). Since high tem-
perature is strongly correlated with gS and grain yield
(Rekika et al. 2000), it could be a valuable physiological
trait for enhancing yield under stressed conditions and may
provide a robust understanding of plant thermostability in
future breeding programs. Although heritability of this trait
is moderately high; the gain yield and retrospective gains
from selection are small and require future investigation.

Chlorophyll fluorescence

A recent emphasis and evaluation of chlorophyll fluores-
cence (ChlF; F,/F,, ratio) under changing environments
have indicated that this imaging technique, which is used
for indirect measurement of photosynthetic efficiency, may
be effective in screening crop plants for stress tolerance
(Guanter et al. 2014; Malaspina et al. 2014). More
importantly, ChlF is advancing as an effective
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physiological trait against heat stress in agricultural, eco-
logical and environmental studies (Gottardini et al. 2014).
As ChlIF allows scientists to non-destructively score pho-
tosynthetic efficiency, it may act as a powerful component
of plant heat-stress analysis (Kalaji et al. 2016). ChlF
indicates photosystem II (PSII) quantum efficiency and is
widely implicated in determining initial stress in plants
(Sharma et al. 2014). Photosynthetic processes are highly
susceptible to high-temperature stress with adverse effects
on quantum efficiency (Mathur et al. 2014). For instance,
heat stress markedly reduced the ratio of reduced electron
acceptors (plastoquinone) to electron donors in apple
Malus x domestica Borkh (Chen et al. 2009), increased
the minimal fluorescence value, and decreased the maximal
quantum yield of PSII (Chen et al. 2009; Brestic et al.
2013). ChIF is also a fast and useful technique to measure
PSII thermolability under heat stress; plants with high F,/
F., values could be used in breeding for heat tolerance
(Kalaji et al. 2016). In a field experiment, 30 wheat (77i-
ticum aestivum L.) genotypes were evaluated for PSII
thermostability during heat stress by using fast ChlF
kinetics (Brestic et al. 2013). The basal ChlF (common
criterion for PSII thermostability) increased above 44 °C in
all genotypes, indicating PSII damage due to the rise in
temperature (Brestic et al. 2013). High temperature
adversely affects the growth and productivity of upland
cotton (Gossypium hirsutum L.) (Wu et al. 2014). A ChIF
assay was used to screen G. hirsutum landraces to deter-
mine heat-tolerance in terms of photosynthetic ability,
independent of agronomic yield and productivity; three
genotypes (TX 2287, TX 2285 and TX 761) maintained
high photosynthetic efficiency (high F,/F,, values) and
could be used as potential heat-tolerant genetic resources to
improve upland cotton yield under heat stress (Wu et al.
2014). Similarly, in a field trial, a positive correlation
between cotton yield and ChlF was observed in 15 upland
cotton cultivars (Karademir et al. 2012). Another study
tested the heat resilience of nine common bean (Phaseolus
vulgaris L.) lines with regard to changes in ChlF; the heat-
tolerant line RRR46 with a high ChIF value performed
better under heat stress (measured by JIP test) and could be
used in future breeding programs (Stefanov et al. 2011).
Sharma et al. (2014) tested some previously selected wheat
cultivars (categorized in two groups with high or low F,/F,
values) for heat sensitivity in terms of growth and photo-
synthesis. The cultivars with high F,/F,, values had a high
photosynthetic rate (Py) and chlorophyll content, accom-
panied by high (gS), transpiration rate (E) and evaporative
cooling of the leaf (AT) (Sharma et al. 2014). Similarly,
ChlF was more efficient for screening durum wheat
genotypes than conventional methods (e.g., harvest index,
grain filling, etc.) (Gautum et al. 2014). In mungbean, heat-
tolerant genotypes had higher photosynthetic efficiencies
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(measured as F,/F,, ratio) than heat-sensitive genotypes
under both normal and late-sown conditions (Sharma et al.
2016). Similar results were obtained in lentil, where a heat-
tolerant genotype (IG3263) maintained high photosynthetic
efficiency under heat stress (Sita et al. 2017) and could be
used in future breeding programs.

It is highly apparent that ChlF is a highly sensitive probe
for physiological status of leaves that can assess plant
performance rapidly in a wide range of conditions. The
successful implementation of ChlF in crop breeding pro-
grammes requires careful selection of suitable fluorescence
parameters to determine plant performance (Malaspina
et al. 2014). Altogether, technical advancements in fluo-
rescence imaging technique with automated sampling
systems are necessary to improve the accuracy as well as
rate of many different plant screening programmes.

Membrane thermostability

Membrane thermal-stability is an important selection cri-
terion for heat tolerance and is measured by the electrical
conductivity of heat-exposed leaf tissues (Asthir et al.
2015). Membrane stability tends to decline during the late
developmental phase of the plant (Ahmad and Prasad
2011); the significant genetic variation in membrane
thermostability among genotypes could be used for
breeding purposes. Further, biochemical and physiological
screening could enhance selection in addition to conven-
tional breeding methods (Hemantaranjan et al. 2014).
Enhanced ion leakage is an indirect indication of heat-
stress tolerance in many crop species, including soybean
(Martineau et al. 1979), wheat (Blum et al. 2001), sor-
ghum (Marcum 1998), cowpea (Ismail and Hall 1999),
and barley (Wahid and Shabbir 2005). Membrane damage
as an indicator of stress injury has been observed in
chickpea at 40/30 °C, which was further enhanced at
45/35 °C (Kumar et al. 2013). Similarly, reduced cellular
thermostability has been observed in rice, and was closely
related to yield potential of the crop (Maavimani and
Saraswathi 2014). Wheat lines with high membrane sta-
bility during grain filling performed better than those with
less membrane stability under hot environments (Gupta
et al. 2013). Another study measured the membrane
thermostability index in wheat genotypes at different
developmental stages; the heat-tolerant wheat genotypes
had higher membrane thermostability (56.83%) than the
heat-sensitive genotypes (31.43%) at grain filling (Ramani
et al. 2017). Genetic variation for membrane stability has
been observed in other crops facing severe heat stress,
including cotton (Cottee et al. 2010), lentil (Sita et al.
2017a, b), chickpea (Kaushal et al. 2015), and mung bean
(Sharma et al. 2016). Further, Abro et al. (2015) identified
several heat-tolerant cotton genotypes with high
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membrane thermostability at temperatures > 50 °C,
which could be used to develop heat-tolerant germplasm.
In a recent investigation, maize genotypes were assessed
for genetic responses in cell membrane thermostability
and leaf temperature for heat tolerance and to determine
the inheritance pattern (Naveed et al. 2016). Their findings
validated that cell membrane thermostability at the
reproductive stage is beneficial for identifying heat-toler-
ant maize lines (Naveed et al. 2016). Similarly, heat tol-
erance has been observed on the basis of cellular
membrane stability in wheat genotypes (BAW-1143,
BARI Gom-25, BARI Gom-26 and Prodip) (Bala and
Sikder 2017). Based on the above findings, cell membrane
thermostability has potential as an effective trait for
identifying stable and heat-tolerant genotypes suitable for
heat-prone areas. However, detailed research is required to
explain genetic variation in membrane thermostability and
its relation with unsaturation/saturation of fatty acids to
provide heat stress tolerance in plants.

Photosynthetic efficiency

High temperature disrupts photosynthetic ability in all
plants by modulating the structural integrity of cellular
organelles and the concentrations of numerous pigments,
metabolites and the associated enzymes (Ashraf and Harris
2013). Inhibition of photosynthesis during mildly high and
extreme temperatures is generally attributed to the dis-
ruption of mesophyll activity and stomatal closure (Dias
and Bruggemann 2010). Prolonged exposure to heat stress
also results in premature leaf senescence and reduced leaf
area, which adversely affect the total photosynthetic effi-
ciency of plants (Yuan et al. 2017). As photosynthesis
contributes to most of the plant biomass, improvements in
photosynthesis efficiency are essential for increasing crop
productivity and could be a suitable approach for yield gain
under heat stress (Mathur et al. 2014). For instance, high
temperatures strongly inhibited photochemical efficiency
and chlorophyll content in chickpea (Kumar et al. 2013).
Prolonged high temperatures for 45 days (40/30 °C day/
night) markedly reduced the F,/F, ratio, photosynthetic
rate, and antioxidant activities in sorghum leaves
(Djanaguiraman et al. 2011). Tan et al. (2011) reported that
heat stress (43 °C for 2 h) reduced photosynthetic effi-
ciency (38%) in tobacco (Nicotiana tabacum L.) leaves. In
maize, the photosynthetic rate was not affected by heat
stress (Suwa et al. 2010); however, in tomato, increased
temperature (32 °C) at both pre-anthesis and anthesis
stages inhibited photosynthesis (Camejo et al. 2005).
Average photosynthetic rates declined in grape (Vitis
vinifera L.) leaves when the temperature increased from 25
to 45 °C, due to 15-30% closure of stomata (Greer and
Weedon 2012).

Heat-tolerance was found to be strongly associated with
maintenance of high photosynthetic efficiency. For
instance, in cotton, a heat-tolerant Australian cotton culti-
var (Sicot 53) exhibited high gaseous exchange, ChlF and
Rubisco activity under high-temperature stress (Cotte et al.
2012). Investigation of photosynthetic efficiency of flag
leaves during grain filling identified a heat-tolerant cultivar
‘Jimai22’ with 6% yield gain under heat stress (Feng et al.
2014). Moreover, this cultivar exhibited PSII stability and
high carboxylation activity under heat stress (Feng et al.
2014). Paul et al. (2017) reported heat-induced damage to
the PSII antenna complex and photosynthetic efficiency in
potato (Solanum tuberosum L.). Based on the above find-
ings, the heat-tolerance ability of plants is generally related
to adaptation of photosynthetic metabolism, which should
be evaluated thoroughly to assess crop tolerance to various
environmental conditions. As yield enhancement mostly
depends upon photosynthetic efficiency and assimilate
partitioning, genetic gains in assimilation requires signifi-
cant investigation. Further, photosynthesis and Rubisco
regulation is difficult to maintain and is promising targets
with high payoffs.

Metabolites

The emergence of metabolomics in heat-stress responses
has allowed greater understanding of survival mechanism
at the metabolic level (Obata and Fernie 2012). Metabo-
lomics has had limited application in governing the heat
resilience pathways/adaptation in plants (Arbona et al.
2013). Given the high susceptibility of seed germination
and emergence to heat stress, metabolite profiling in soy-
bean revealed that antioxidants such as flavonoids, toco-
pherols, ascorbate, and phenylpropanoids confer heat
tolerance in tolerant genotypes (Chebrolu et al. 2016).
Likewise, accumulation of soluble sugars (maltose,
sucrose, and trehalose), amino acids (o-alanine) and sugar
alcohols (glycerol) are also involved in heat-stress resi-
lience in plants (Rodziewicz et al. 2014). Recently, the
responses of rice floral organs to heat and drought stress
and the integrative examination of transcriptomic and
metabolomics of floral organs affirmed that sugar depri-
vation is the main cause of reproductive failure under heat
and drought stress (Li et al. 2015). The anthers of a heat-
tolerant rice genotype (N22) had low levels of fructose-6-P
and glucose-6-P, while those of heat-sensitive (Mor-
oberekan) had low levels of myo-inositol and sucrose and
high levels of raffinose and galactinol (Li et al. 2015).
Metabolomic changes in Moroberekan rice anthers upreg-
ulated the expression of the carbon starved anthers (CSA)
gene (an intercellular sugar transport regulation gene)
(Zhang et al. 2010). However, the expression of INV4 (a
cell wall invertase gene) and MSTS8 (a sugar transporter
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gene) increased in N22 rice (Li et al. 2015; Zhang et al.
2010). In Arabidopsis, darkness and high-temperature
stress responses in leaves were determined using GC-MS
profiling along with transcriptomic analysis. As protein
degradation occurs rapidly during heat stress, the supply of
cellular energy occurs via breakdown of amino acids in the
absence of photosynthesis, as evidenced by the strong
relationship between the Krebs cycle and amino acid
metabolism (Guy et al. 2008).

Limited insight of stress-related metabolism in plants is
a major flaw in the perception of stress signals (Roy-
choudhary et al. 2011). Hence, complete profiling of stress-
related metabolites is necessary for successful engineering
of stress-resilient crop species (Jha et al. 2017).

Reproductive traits
Pollen fertility

Plants have an inherent ability to thrive under a wide range
of temperatures during vegetative growth; however, plants
are more temperature sensitive during the reproductive
phase of growth, even with moderate rises in temperature
(Mesihovic et al. 2016). Breeding for pollen thermotoler-
ance and the heat-stress response is important for molec-
ular biologists and agronomists to improve heat tolerance
in core germplasm (Mittler et al. 2012). While considerable
information is available on standard methods for screening
thermotolerance in plants (Li et al. 2011), there is currently
no realistic approach for assessing pollen thermotolerance
that offers consistent results.

Jagadish et al. (2008) revealed that, during heat stress,
rice genotype CGl14 (Oryza glaberrima) reaches peak
anthesis stage earlier than Oryza sativa. Further, they
reported that rice cultivar N22 exhibited significant heat
tolerance (Jagadish et al. 2010; Madan et al. 2012) with
more spikelet fertility (64-86%) at high temperature
(38 °C) than sensitive cultivars (Azucena and Mor-
oberekan), which had reduced fertility (8%) (Jagadish et al.
2008). Similarly, two rice cultivars (Todorokiwase and
Dular) had high thermotolerance at 39 °C during booting,
while Milyang 23 was thermotolerant to 38 °C at flower-
ing, and Giza 178 was highly thermotolerant at both stages
(Tonorio et al. 2013). Further, two rice cultivars (N22 and
NH219) increased spike fertility and pollen viability under
heat stress (Poli et al. 2013). Recent breeding programs in
rice facilitated the transfer of heat tolerance from N22 to
Xieqingzao B by producing BC1F8 lines (Liao et al. 2011).
Moreover, an advanced variety from N22 x Gayabyeo
exhibited enhanced thermotolerance and increased yield
(Norvie et al. 2014). Considering the significance of anther
dehiscence in dispensing heat tolerance, rice plants were
analyzed for anther characteristics, particularly locule
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closure during heat stress (Matsui and Omasa 2002); two
japonica rice cultivars (Nipponbare and Akitakomachi)
showed high fertility at 37.5 °C/26 °C at flowering (Matsui
and Omasa 2002). Various heat-tolerant lines of various
crop species have been developed from pollen-based
screening; for instance, AZ100 in maize (Petolino et al.
1992), DG 5630RR in soybean (Salem et al. 2007) and
ICC15614 and ICC1205 in chickpea (Devasirvatham et al.
2012, 2013). Recently, two heat- and drought-tolerant lines
in maize (La Posta Sequia C7-F64-2-6-2-2 and DTPYC9-
F46-1-2-1-2) were identified on the basis of pollen traits
(Cairns et al. 2013). In a similar way, a chickpea breeding
line (ICCV 92944) with high heat-tolerance has been
released in two countries (JG 14 in India and Yezin 6 in
Myanmar), which is performing better under heat stress
(Gaur et al. 2013). In a recent study, heat-tolerant tomato
genotypes (LA2854, LA1478, and LA0417) were identified
on the basis of pollen fertility (Paupiére et al. 2017) with a
high fraction of viable pollen grains. Similarly, two tomato
(Solanum lycopersicum) varieties (Nagcarlang and Salad-
ette) from Radboud University, Nijmegen, were identified
in the database of TGRC as heat-stress tolerant based upon
pollen traits (Paupiere et al. 2017). In a field trial, Sharma
et al. (2016) identified five heat-tolerant mungbean geno-
types (EC693357, EC693358, EC693369, Harsha, and
ML1299) that performed better in terms of pollen viability,
yield, and biomass under both normal and late-sown con-
ditions. Likewise, in a study on lentil, Sita et al. (2017a, b)
revealed five heat-tolerant genotypes (IG2507, 1G3263,
1G3745, 1G4258, and FLIP2009) that had superior pollen
function under heat stress (40/30 °C) and could be used in
future breeding programs for developing heat tolerance.
Similar results were obtained in chickpea, where two heat-
tolerant genotypes (ICC15614 and ICCV92944) exhibited
high pollen germination and pollen viability under heat
stress (Kaushal et al. 2016). The evaluation of pollen
sensitivity to high temperatures might be an important trait
for plant breeders to unravel the existing germplasm for
heat tolerance (Mesihovic et al. 2016). Despite, there is
sufficient literature on pollen fertility and selection; the
molecular mechanisms underpinning this selection are still
controversial due to genetic variability among different
crops.

Conventional breeding for heat tolerance

A simple method for identifying heat-resilient cultivars is
the analysis of breeding material in a warmer environment
and recognition of better performing lines (Jha et al. 2014).
Several morphological and physiological attributes can be
used as potential traits for identifying heat-tolerant culti-
vars (Jha et al. 2014; Fig. 2). Heat-stress resilience in
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plants is generally characterized by a minimum loss of
photosynthetic efficiency and enhanced synthesis of pro-
tective biomolecules (Bita and Gerats 2013). The repro-
ductive development and photosynthetic ability of plants
are highly susceptible to heat stress-induced damage. Heat-
resilient lines should perform better in terms of photosyn-
thesis, membrane thermostability, and pod set during the
period of heat shock (Nagarajan et al. 2010). A few other
components which could be used in selection and breeding
include the grain-filling period, grain number and grain
weight (Sharma et al. 2008). Further, the heat tolerance
index is a suitable stress tolerance indicator to assess the
ability to recover after heat shock (Setimela et al. 2005).
Through conventional breeding, novel heat-tolerant
genotypes can be developed; for instance, an early matur-
ing variety of broccoli with improved head quality will
avoid exposure of the heat-sensitive floral stage to warmer
days later in the season (Farnham and Bjorkman 2011).
Repeated selection using T. fauschii as a gene donor was
beneficial for enhancing wheat (BC1F6) yield in terms of
increased grain filling and grain size (Gororo et al. 2002).
In tropical legumes, direct selection for yield enhancement
identified heat-stress tolerance in a cowpea species, ‘Cali-
fornia Blackeye No. 27 (CB27)’ during the reproductive

strategies for managing genotypes under field conditions that involve
various physiological and reproductive traits for heat tolerance are
also illustrated

stage in terms of high flower production and pods set under
hot environments (Ehlers et al. 2005). Similarly, four
common bean genotypes (SRC-1-12-1-48, SRC-1-12-1-
182, 98020-3-1-7-2, and 98012-3-1-2-1) exhibited high
heat resilience based on the evaluation of stress indicators
including the heat susceptibility index, heat tolerance
index, and geometric mean analysis (Porch 2006). Further,
screening of various chickpea genotypes in the field iden-
tified the heat-tolerant genotype ICCV 92944 (Gaur et al.
2012) and others (Jha et al. 2014). Some hybrid varieties of
maize (K J. Surabhi, YH-1898, NK 64017, and FH-793
ND-6339) also contributed to yield stability under heat
stress (Rahman et al. 2013). In potato, genetic gain through
breeding occurred after periodic selection for heat toler-
ance that also improved yields by up to 37.8% (Benites and
Pinto 2011). Even though conventional breeding is a fun-
damental criterion in developing stress tolerance, its rele-
vance and application in a wide range of crop species are
still questionable (Jha et al. 2014).

Some potential traits related to physiology and repro-
ductive biology of plants under heat stress can be used
successfully to screen and breed for heat tolerance. For
example, Zhou et al. (2015) screened four tomato geno-
types (two heat-tolerant and two heat-sensitive) for
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maximum quantum efficiency (F,/F,,) under heat stress;
the heat-resilient group maintained high photosynthetic
rates, gS, and total phenolic contents, suggesting that F,/F,,
is an important indicator of heat tolerance in plants. Fur-
ther, the heat-resilient lines had better pollen germination,
fruit set, and yield under heat stress than the heat-sensitive
lines (Zhou et al. 2015). Analysis of yield-associated
physiological traits for heat tolerance in 16 cotton
(Gossypium hirsutum L.) cultivars identified two tolerant
genotypes (Ersan92 and Sayar314) that performed well
under heat stress and could be used in trait-associated
breeding for improved yield (Demirel et al. 2016). Like-
wise, various pollen and physiological traits were assessed
in 38 cotton cultivars for heat tolerance during the boll-
filling stage; based on the screening details, genotype
PX532211WRF was marked as tolerant to both heat and
drought stress (Singh et al. 2018). Trait-based screening of
potential heat-resilient genotypes indicates the likelihood
of using genetic variation at both vegetative and repro-
ductive stages of growth to improve heat adaptation under
changing climate conditions.

Modern and advanced breeding
Need for molecular breeding

The identification of stable and stress-tolerant genomic
resources and their introduction into elite cultivars via
traditional breeding and advanced molecular and biotech-
nological approaches is crucial (Cabello et al. 2014).
Recent efforts to generate plant cultivars with better heat
tolerance via selection-dependent breeding methods have
not been especially successful (Grover et al. 2013).
Therefore, breeding successes for heat tolerance are lim-
ited. A unique approach to breeding stress tolerance by
deciphering the genomic regions responsible for tolerance
has promise and is particularly beneficial for creating
stress-tolerant lines with high yield performance (Drie-
donks et al. 2016). Significant knowledge of marker-trait
relations is required for effective marker-aided breeding
related to terminal heat tolerance in commercially useful
crop plants (Kato et al. 2000). Marker-aided selection
(MAS) has been used extensively to expedite the efficiency
of plant breeding. Some molecular markers have been used
in MAS; however, simple sequence repeats and single
nucleotide polymorphisms (SNPs) are being used exten-
sively for mapping quantitative trait loci (QTL) (Das and
Rao 2015). Molecular breeding has been recently used to
pyramid genes conferring resistance to heat stress (Sham-
sudin et al. 2016). Some molecular traits with potential for
molecular breeding are detailed below.
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Quantitative trait loci

Novel breeding approaches using quantitative trait loci
(QTLs) mapping are effective for identifying heat-stress
endurance in plants (Jha et al. 2014). QTLs involving
various traits such as grain filling and leaf senescence have
been well characterized in heat-stressed wheat plants
(Mason et al. 2010). In wheat, QTLs associated with grain
filling under heat stress were characterized on chromosome
number 5A and 1B (Yang et al. 2002b), and three QTL for
green color and nine for tillering and grain filling have been
identified (Kumar et al. 2010). Eleven QTLs in maize and
four in Arabidopsis that play an essential role in thermo-
tolerance have been characterized (Frova and Sari-Gorla
1994). In rice, a principal trait loci OsHTAS (Oryza sativa
heat tolerance at the seedling stage) has been isolated from
the genotype HTS54, which provides high temperature
(48 °C) resilience particularly during the seedling stage
and grain filling (Wei et al. 2012). Five QTLs for pollen
germination and six for pollen tube growth under heat
stress have been detected in maize using RFLP markers
and mapping techniques (Frova and Sari-Gorla 1994) and,
from the same mapping population, six QTL for cellular
membrane stability were characterized (Ottaviano et al.
1991). Four QTL (Stgl—4) controlling the stay-green trait
have been mapped on three LGs (A, D, and J) in sorghum
(Xu et al. 2000), as have two QTL (HQTLI and HQTL2)
for enhancing pollen viability under heat stress (Timmer-
man-Vaughan et al. 2005). Similarly, by testing SNP
markers in a RIL population (CB27 x IT82E-18), Lucas
et al. (2013) reported five essential genomic regions that
conferred heat tolerance in cowpea. In tomato, six QTL
were associated with fruit set under high-temperature stress
(Grilli et al. 2007). In Brassica campestris L. ssp.
Pekinensis, the use of amplified fragment length poly-
morphism (AFLP) and random amplified polymorphic
DNA (RAPD) markers led to the discovery of five QTL for
heat endurance (Shuancang et al. 2003). In another
experiment, two recombinant inbred lines of rice were
developed from an interspecific cross of the parental line
O. sativa subsp. japonica SNU-SG1 with stay-green traits
and O. sativa subsp. japonica Suweond490 or O. sativa
subsp. indica Andabyeo (Fu et al. 2011). The authors
identified two stay-green linked QTLs, cumulative
chlorophyll content of flag leaf (Csfl6) and total cumulative
SPAD value of the four upper leaves (7cs9)—Ilocated on
chromosomes 6 and 9, respectively (Fu et al. 2011). In
maize, the SGR trait has been correlated with yield gain
(Zheng et al. 2009). QTL examination of a maize line
constructed from a cross between a stay-green inbred line
Q319 and a normal inbred line Mo17 showed 14 QTL for
post-anthesis stay-green traits that are linked to yield gains
in maize (Zheng et al. 2009). QTL examination of cowpea
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led to the discovery of five genomic regions responsible for
11.5-18.1% of the phenotypic variation for heat tolerance
along with three loci linked to the heat-induced browning
of seed coats (Pottorff et al. 2014). Genome-associated
mapping revealed five QTL regions in wheat that were
strongly linked to post-anthesis heat resilience (Talukder
et al. 2014a, b). Bac-molenaar et al. (2015) identified four
QTLs for heat tolerance mainly during reproduction (be-
fore anthesis and after anthesis) in Arabidopsis thaliana. In
wheat, 37 QTLs for genomic regions encoding ChlF were
analyzed during heat stress that helps to improve crop yield
through marker-assisted breeding (i Azam et al. 2015).
Likewise, QTLs associated with early morning flowering
and heat tolerance were identified on chromosomes 7 and 8
in rice through selective genotyping, which can be used for
fine selection of heat tolerance and heat escape mecha-
nisms in plants (Baliuag et al. 2015). Recently, QTL
mapping in lentil characterized two primary QTL (qHt_ps
and qHt_ss) with 9.23 and 12.1% phenotypic variation for
pod set and seedling survival, respectively, under heat
stress (Singh et al. 2017). Likewise, a genome-mapping
study identified QTLs linked to heat stress resilience in
Brassica napus. L. for various agronomic traits such as
plant height, pod number, pod length, and proportion of
sterile pods (Rahaman et al. 2017). Three QTLs encoding a
gene, viz. HSc70 (HEAT-SHOCK COGNATE 70) for
thermotolerance and yield enhancement, have been iden-
tified in potato (Trapero-Mozos et al. 2018; Table 2).
Recently, Shanmugavadivel et al. (2017) identified a
putative QTL ¢STIPSS9.1 on chromosome 9 of rice
(Nagina22/IR64) for heat tolerance at the reproductive
stage, which could be used in marker-assisted breeding to
increase yield potential in rice. Twenty QTLs related to
pollen infertility, aborted pods, and total number of pods
were identified in a spring variety of mustard (Brassica
napus), which can be used to develop tolerant cultivars
(Rahaman et al. 2018). Similarly, CTM (composite interval
mapping) analysis of chickpea genotypes led to the dis-
covery of eight QTLs in CaLGO05 and CaLG06 genomic
regions for reproductive heat tolerance (Paul et al. 2018). A
series of 296 F8-9 inbred recombinant lines from crossing
heat-tolerant (ICC15614) and heat-sensitive (ICC4567)
chickpea genotypes were assessed in the field to examine
heat-responsive traits, genetic variability, and QTL asso-
ciated with heat tolerance (Paul 2018a, b). Four important
QTLs were located on the CaLGOS region for pod filling,
grain yield, seed number and pod set, with a combined
phenotypic variation of up to 50% (Paul 2018a, b).

The QTLs described above, and discovered through
marker-assisted breeding in diverse crop species, may help
in transferring heat-resilient gene(s)/QTLs to well-bred
cultivars. Further, fine mapping followed by cloning of
representative QTL will be beneficial for breeders to

initiate marker-assisted breeding for conferring heat toler-
ance in major crop plants. Studies related to the identifi-
cation of marker genes associated with heat resilience have
more scope these days and require better vision in this
field. A comprehensive account of different QTLs associ-
ated with heat stress tolerance is in Table 1.

Heat shock proteins

Heat shock proteins (Hsps) were initially reported in plants
under high-temperature stress and act as strong buffers in
maintaining cellular stability under optimal and stressful
conditions (Wang et al. 2015). It is well documented that
they prevent protein misfolding during plant metabolism
(Wang et al. 2004), and stabilize proteins and membranes
during heat stress (Hiittner and Strasser 2012). Considering
their molecular weight, HSPs are generally divided into six
subfamilies viz., Hsp60, Hsp70 (DnaK family), Hsp90,
Hsp100 (Clp), the small HSPs (sHsp) and the chaperonins
(GroEL family) (Park and Seo 2015). Of these, the chap-
eronins and HSP70 family impart thermotolerance in plants
(Jacob et al. 2017). Moreover, under stressed conditions,
the lineages of Hsp90, Hsps70, and Hsp60 are recruited as
stress chaperones that communicate with a diverse array of
co-chaperone proteins, hence regulating their activity
(Liberek et al. 2008). Genomic analysis validated the
occurrence of 13 sHsps members, 7Hsp60 members, 18
Hsp70 members, seven Hsp90 members and eight Hsp100
in Arabidopsis thaliana (Zhang et al. 2015). The enhanced
expression of HSPs has been observed in other crop plants
(maize, wheat, rice, and legumes) during episodes of heat
stress (Kumar et al. 2012). By modulating the genetic
composition of HSPs, novel heat-tolerant varieties can be
developed; for instance, enhanced expression of Hsp101 in
Arabidopsis and rice conferred resilience to extreme tem-
peratures (Katiyar-Agarwal et al. 2003). Another group of
HSPs, characterized as small heat shock proteins, are a
remarkably diverse and abundant category of proteins that
can emulate their response immediately to counteract
transient changes in the external environment (Sun et al.
2002). The significance of chloroplast sHsps was delin-
eated in Agrostis stolonifera grass by introducing sHsp26.2
into susceptible variants to provide heat tolerance (Zhu
et al. 2012). Further, TaHsfA6f (a transcriptional regulator)
upregulated wheat TaHsp, TaGAAP, and TaRof1 (Triticum
aestivum) genes, imparting thermotolerance during heat
stress (Xue et al. 2013). Similarly, over-expression of
OsHsp18.6 (a small heat shock protein in rice) reduced
sterility under heat conditions without altering other agro-
nomic traits (Wang et al. 2015). Differential expression of
MsHsp23 in creeping bentgrass (Agrostis stolonifera)
provided high thermotolerance against heat stress, possibly
via enhanced chaperone activity and induction of enzyme

@ Springer



708

Ind J Plant Physiol. (October—December 2018) 23(4):697-720

Table 1 QTLs for heat stress tolerance in plants

QTL Trait Chromosome Plant cultivar References

qHbs-1 Heat-induced browning of seed coat 2 and 14 IT93K-503-1/CB46 (cowpea) Pottoroff et al. (2014)
qHbs-2

qF,/F,.cgb-5B Chlorophyll fluorescence 91 Lumail4 (wheat) i Azam et al. (2015)
qHTSF6.1 Flowering 6 Giza 178 (rice) Ye et al. (2015)
qHTCo5 Head quality 5 and 3 USVL138 (broccoli) Branham et al. (2017)
qHTCo3

qHSI:DYb Dry grain yield 3 Dent (maize) Frey et al. (2016)
gHSI:DYAb

stg QTL Stay-green 4B and 7D Seri/Babax (wheat) Pinto et al. (2016)
qpPVl11 Pollen viability 11 Nagcarlang (tomato) Xu et al. (2017)
qHTSF4 Flowering 4 N22 (rice) Lafarge et al. (2017)
qTDgh3-74 Canopy temperature depression 3 BTx642/RTx7000 (sorghum) Awika et al. (2017)
ft QTL Early flowering 9 CB27/IT82E — 18 (cowpea) Hunyh et al. (2018)
qCHC.iiwbr2A Chlorophyll content 2A HD 2808/HUWS510 (wheat) Bhusal et al. (2017)

ascorbate peroxidase (Lee et al. 2015). A small heat shock
protein (sHsp26) is highly abundant in maize leaves and
reported to confer heat tolerance by interacting with dif-
ferent chloroplast proteins (Hu et al. 2015a, b). Similarly,
transgenic tobacco plants developed through over-expres-
sion of the chloroplast heat shock protein (LeHsp21) from
tomato (Lycopersicon esculentum cv PKM-1) exhibited
better tolerance to both heat and oxidative stress (Zhang
et al. 2016). Likewise, increased expression of Brassica
campestris heat shock protein (BcHsp70) in tobacco pro-
vided endurance to heat stress by modulating various
physiological parameters (Wang et al. 2016). A study by
Wang et al. (2016) indicated that FaHsfA2c might act as a
positive player in conferring improved thermotolerance in
Arabidopsis and tall fescue, and could be potentially used
as a novel gene for genetic and molecular breeding to
produce heat-tolerant cool-season grass species. Individu-
ally, each member of the Hsps/chaperones has a particular
role, but the coordinated function of different Hsp/chap-
erone networks emerges as the key principle of stress tol-
erance. However, elucidation of the role of Hsps/
chaperones as regulatory and sensing molecules in signal
transduction and transcription pathways in response to
stress remains unclear; contemporary research in relation to
functional aspects of HSPs/chaperones in stress tolerance is
underway.

Thermotolerance-linked genes
Plants as sessile organisms regulate the expression of a

myriad of genes in response to adverse environmental
stimuli, especially heat waves (de Souza et al. 2012). The
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expression and characterization of these genes could assist
in the identification of plant processes that are activated or
repressed during adaptation and as a defense to heat stress
(Frey et al. 2015). Diverse genes have been identified
through transcriptomics, genomics, and proteomics analy-
ses in various plant species, which are engaged in heat
resilience mechanisms and essential for developing
stable cultivars (Zhang et al. 2017a, b). Transcriptional
profiling during the induction and recovery of a heat period
has been undertaken in various crop plants, e.g., grapes,
brassica, rice, tomato, maize and barley (Liu et al. 2012;
Dong et al. 2015; Sarkar et al. 2014; Frank et al. 2009; Frey
et al. 2015; Mangelsen et al. 2011). Lavania et al. (2015)
summarized various transcriptomic studies related to heat-
stress tolerance and concluded that plants remodel different
signaling cascades and transcription networks linked to
metabolic activities in a conserved manner in response to
heat stress. Studies on various crops exposed to varied heat
regimes are remarkably analogous in the heat-responsive
genes (Lavania et al. 2015) and can be exploited to induce
heat tolerance. For instance, transgenic Arabidopsis plants
over-expressing the wheat heat-responsive ferritin gene
(TaFER) had enhanced resilience to heat stress (Zang et al.
2017) and could be used in future breeding programs.
Transgenic rice plants over-expressing TaMBFIc (Mul-
tiprotein binding factorlc) isolated from wheat exhibited
high heat resilience in comparison to the control (Qin et al.
2015). Moreover, TaMBFIc over-expressers showed high
transcript levels of two trehalose phosphate synthase genes
and six HSPs, suggesting their crucial role in heat tolerance
(Qin et al. 2015). Hu et al. (2015) revealed that GCN5
(histone acetyltransferase) plays a critical role in imparting
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thermotolerance in Arabidopsis; over-expression of the
wheat (TaGCNS5) gene restored heat tolerance in gcnd
mutants of Arabidopsis, suggesting GCN5-regulated ther-
motolerance is conserved between wheat and Arabidopsis.
Recently, a heat-responsive TaGASRI gene was charac-
terized from heat-tolerant cultivar TAM107 (Zhang et al.
2017); further analysis revealed that enhanced expression
of TaGASRI in transgenic Arabidopsis imparted high tol-
erance to heat stress by decreasing ROS production.
Transcriptional analysis of 20-day-old siliquae of Brassica
napus identified various heat-responsive candidate genes
such as ROF2, DREB2a, MBFlc and Hsa32 that were
upregulated during heat stress to impart thermotolerance
(Yu et al. 2014). Similarly, upregulation of a putative
DPB3-1 (transcriptional regulator DNA polymerase II
subunit B3-1) gene can positively regulate the dehydration-
responsive element binding protein 2A (DREB2A) in
Arabidopsis thaliana to further increase heat tolerance
without growth retardation (Sato et al. 2016). In a recent
study, 26 cultivars of tall fescue species grown in growth
chambers (Festuca spp.) were exposed to heat stress (38/
33 °C, day/night temperature) to identify candidate genes
and their associated markers for heat tolerance (Xu et al.
2018). Their findings validated that transcript levels of
novel genes regulating in carbohydrate metabolism (su-
crose synthase), energy production (ATP synthase), pho-
tosynthesis (RuBisCO activase,), oxidative response
(catalase), stress protection (HSP90) and growth regulation
(Actin) are positively correlated with physiological traits
for heat tolerance (Xu et al. 2018) and could be utilized to
construct heat-tolerant germplasm through marker-assisted
breeding. Significant progress has been made to enhance
photosynthetic ability under heat stress by engineering
genes related to photosynthesis, viz. chloroplastic Fe
superoxide dismutase (FeSOD), chloroplastic glutamine
synthetase (GS2), w3fattyaciddesaturase (FAD7), sedo-
heptulosel, 7bisphosphatase (SBPase), transcription fac-
tors ABA-responsive 17 (ABR17), and
phosphoenolpyruvate carboxylase (C4-PEPC) (Ashraf and
Harris 2013; Grover et al. 2013). Moreover, genes related
to calcium or calmodulin-regulated signaling pathways,
viz. CDPKs, annexin, CBPs, Ca’t binding protein EF
hand, CBL (calcineurin-B like proteins), and CIPK (CBL-
interacting protein kinase) are also induced by heat, indi-
cating the involvement of Ca®"-mediated signal transduc-
tion in the heat-stress response (Wu et al. 2012).

The heat-tolerant germplasm can be explored further to
identify possible DNA-linked markers associated with heat
tolerance via marker-assisted breeding (Burke and Chen
2015). The application of DNA markers and the integration
of modern genomic tools in breeding would help to meet
future global food demands. The advent of next-generation

sequencing approaches has simplified the deployment of
these assays for exploring the rice genome.

Epigenetics of heat tolerance

Epigenetics is a term generally applied to histone-induced
modifications in chromatin structure by histone variants,
DNA methylation, RNA interference, and histone chaper-
ones; however, these variations may not be epigenetic as
they are highly stable via cell division (Lamke and Béurle
2017). Immense progression in the field of epigenomics has
refined our knowledge of epigenetic control of heat-stress
responses in plants (Sahu et al. 2013). As outlined by
various biologists (Li et al. 2017; Chen et al. 2016; Liu
et al. 2015; Ohama et al. 2017), the contribution of chro-
matin modification, DNA methylation, and ncRNAs is
evident in the regulation of heat-responsive gene(s) and
their complex circuit providing acclimation to heat stress
(Jha et al. 2017). Several epigenetically induced heat-re-
sponsive master genes have been unveiled in various crop
species including cotton (Min et al. 2014), rice (Folsom
et al. 2014), mustard (Gao et al. 2014) and Arabidopsis
(Naydenov et al. 2015). In plants, DNA methylation is
mostly induced by DOMAINS REARRANGED
METHYLTRANSFERASE 2 (DRM2) and is regulated by
three major pathways, viz. CG methylation via
METHYLTRANSFERASE 1 (MET1), CHG methylation
via CHROMOMETHYLASE 3 (CMT3), and DECREASE
IN DNA METHYLATION 1 (DDM1) (Liu et al. 2015).
Heat stress influences DNA methylation differently in
different species; for instance, in Arabidopsis, heat waves
enhanced global methylation and the HRF (homologous
recombination frequency) level (Boyko et al. 2010).
Likewise, high methylation has been observed in oak
(Quercus suber L.) plants raised at high temperature, i.e.,
55 °C (Correia et al. 2013). At high temperature, a sig-
nificant decrease in the expression of DNA methyltrans-
ferases (DRM1 and DRM3) and S-ADENOSYL-L-
HOMOCYSTEINE HYDROLASE1l (SAHH1) was
observed in cotton (Gossypium hirsutum) anthers, causing
genome-wide methylation during tetrad formation and the
tapetal degradation phase (Min et al. 2014). Naydenov
et al. (2015) showed that the enhanced activity of DRM2
and NUCLEAR RNA POLYMERASE D 1(NRPD1) in
Arabidopsis plants facing heat stress might facilitate gen-
ome methylation (Naydenov et al. 2015). High-temperature
stress can affect global DNA methylation and methyl-
transferase expression at specific pollen developmental
stages (Solis et al. 2012) or regulate methylation of genes
encoding relevant heat shock proteins (McCue et al. 2014).
Weng et al. (2014) unraveled the involvement of a histone
chaperone (ANTI-SILENCING FUNCTION 1 (ASF1)
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AtASF1A/B) in heat-stress responses in Arabidopsis, sug-
gesting that AfASFIA/B transcriptionally activates some
HSF and HSP genes via H3K56ac acetylation and nucle-
osome modifications. Apart from this, heat stress is
expected to modulate the chromatin structure of pollen by
increasing the frequency of chromatin modifications
(Pecinka and Mittelsten Scheid 2012). These findings val-
idated that epigenetic regulation of gene expression occurs
in response to adverse environmental changes; however,
understanding heat responses at the epigenetic level
demands further knowledge and vision for developing heat-
tolerant crops.

Genetic engineering for heat tolerance

Engineering crops involving transgenic approaches is a
relatively quick way of developing heat tolerance and has
tremendous potential to contribute to the sustainability of
food security (Teixeira et al. 2013). Significant research in
the identification of genes linked with heat tolerance and
their manipulation via various transgenic methods has been
undertaken (Bohnert et al. 2006). A transgenic tobacco
produced by altering the composition of chloroplast
membranes had improved photosynthetic efficiency under
heat stress (Murakami et al. 2000). In tobacco, increased
tolerance against heat stress has been observed by intro-
gressing the Dnakl (chaperone protein) gene (Ono et al.
2001). Similarly, introduction of the BADH (betaine-
aldehyde dehydrogenase) gene in transgenic plants pro-
duced more glycine betaine, thus conferring enhanced
resilience to heat stress (Yang et al. 2005). Genetic alter-
ation for over-expression of SOD (superoxide dismutase,
an antioxidant) has been beneficial under heat-stress con-
ditions (Sairam et al. 2000). In rice, the constitutive high
expression of manganese superoxide dismutase (MSD1)
helps in ROS-detoxification, increases chaperone activity,
and improves grain quality (Shiraya et al. 2015). Likewise,
enhanced expression of broccoli catalase (BoCAT) pro-
vided heat resilience in transgenic Arabidopsis by scav-
enging H,O, (Chiang et al. 2014). Over-expression of
HSPs through genetic engineering has been particularly
beneficial for transgenic plants. Thus, transgenic tobacco
for thermotolerance was produced by introducing MT-
sHSP from tomato (Sanmiya et al. 2004). A stress protein
from Medicago sativa (MsHsp23), when introduced in
creeping bentgrass, resulted in thermotolerance, and
transgenic plants had less wilting of leaves and high
ascorbate peroxidase (APX) activities (Lee et al. 2015).
Wang et al. (2016) showed that BcHSP70 cDNA from
young seedlings of Brassica campestris enhanced heat
tolerance in transgenic tobacco lines, which will be
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beneficial for culturing novel heat-resistant Brassica cam-
pestris varieties via molecular breeding.

Few transcription factors have been tested using trans-
genic means to introduce heat tolerance. Thus, over-ex-
pression of TaNAC2L (Triticum aestivum) in wheat and
transgenic Arabidopsis during heat stress increased ther-
motolerance without altering phenotype expression relative
to the wild-type, possibly by up-regulating the heat-re-
sponsive genes (Guo et al. 2015). Enhanced expression of
Arabidopsis  thaliana dehydration-responsive element
binding protein 2A (DREB2A) and DPB3-1 conferred heat
resilience in rice without affecting growth (Sato et al.
2016). A study by Wang et al. (2017a, b) revealed that the
FaHsfA2c gene from tall fescue served as an absolute
regulator of thermotolerance in Arabidopsis and tall fescue,
and could be used as a master gene for breeding and
genetic manipulation to yield heat-resilient cool-season
grass varieties. Similar thermotolerance could be achieved
in perennial grasses using expansins, as studied by Xu et al.
(2014) in tobacco plants. The PpEXP1 (expansin) over-
expresser tobacco plants had low membrane lipid per-ox-
idation and electrolyte leakage, less hydrogen peroxide,
more chlorophyll content and antioxidant activity than wild
relatives (Xu et al. 2014). Likewise, DREB2A and HSF2
genes can produce heat-resilient transgenic plants (Ohama
et al. 2017). Various reports have highlighted the enhanced
production of osmolytes, cell detoxification enzymes, and
HSPs in heat-tolerant transgenic plants raised through
different routes (Grover et al. 2013), as given in Table 2.

As heat tolerance is a multigenic trait governed by
composite genotype-environment interactions, it is likely
that over-expression of individual genes is not sufficient to
confer heat tolerance through transgenic approaches (La-
vania et al. 2015). Hence, it is crucial to decode the heat-
stress responsive ‘candidate’ genes as putative ther-
mosensors. Despite extensive experimentation, expansion
of laboratory outcomes to the field has not yet been
fulfilled.

Conclusions and future outlook

Despite the immediate need to improve plant thermotol-
erance in the face of climate change, little progress has
been made in raising heat-tolerant cultivars with improved
performance. Engineering of novel varieties through
molecular breeding is time-consuming and tedious (Drie-
donks et al. 2016); hence, identification of genetic variation
for heat tolerance is essential. For this purpose, different
physiological and reproductive traits could be explored and
characterized effectively for introgression in a breeding
program. As heat-stress responses are generally governed
by QTL/thermotolerance genes, concerted efforts should be
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Table 2 Transgenic developed for heat tolerance through various routes

Gene Source Target plant Promotor Functional aspects References

plant
By using proteins involved in osmolyte synthesis
1. BADH (betaine aldehydedehydrogenase) Spinacia
oleracea

Nicotiana tabacum 35S-CaMV  Transgenic thermotolerance due to PSII repairment Yang et al.
plants (2007)
showed high

2. BADH (betaine Spinacia Lycopersicon 35S-CaMV Transgenic plants over-accumulating glycine betaine Liet al.
aldehyde oleracea esculentum showed high antioxidant activity and heat tolerance (2014a, b)
dehydrogenase)

By using proteins involved in ROS scavenging system

1. CuZnSOD (copper zinc  Solanum Solanum SWPA2 CuZnSOD is involved in ROS scavenging and Kim et al.

superoxide dismutase) tuberosum tuberosum (oxidative transgenic plants were more tolerant (2010)
stress
inducible)

2. BcAPX1 (ascorbate Brassica Arabidopsis Ubi High antioxidant activity chlorophyll content, and Chiang
peroxidase) campestris thaliana (Ubiquitin) germination rate in transgenic plant et al.

(2015)
3. SOD (superoxide Oryza sativa  Oryza sativa PUbil Grain quality of rice plants with over-expression of Shiraya
dismutase) (MSDI) (ubiquitin) MSDI was better than wild plants et al.
(2015)
By using proteins associated with lipid metabolism and membranes
1. fad8 (desaturase) Brassica Nicotiana 35S-CaMV Enhanced expression of FAD3 resulted in high heat Zhang et al.
napus tobacum sensitivity (2005)

2. fad7 (w-3-fatty acid Arabidopsis  Oryza sativa Ubil Transgenics showed high photosynthetic efficiency Sohn and

desaturase) thaliana (Ubiquitin) chlorophyll content under heat stress Bach
(2007)

3. GPAT (glycerol-3 Capsicum Nicotiana Ubil Over-expressors have high membrane thermostability Yan et al.
phosphate annum tobacum (Ubiquitin) under heat stress (2008)
acyltransferase)

By using heat shock proteins (HSPs) and heat shock factors (HSFs)

1. BcHsp70 (heat shock Brassica Nicotiana 35S-CaMV Increased accumulation of osmolytes and decreased Wang et al.
Protein) compestris tobacum MDA levels in transgenics under heat stress (2016)

2. CsHspl7.7, CsHspl8.1, Camellia Arabidopsis 35S-CaMV Transformants were highly tolerant to heat stress and Wang et al.
CsHsp21.8 (small heat sinensis thaliana had high proline content, low ion leakage and high (2017)
shock Proteins) level of stress-related genes

3. MsHsp23 (heat-shock Medicago Medicago 35S-CaMV Enhanced tolerance to heat and oxidative stress Lee et al.
protein) sativa sativa (2017)

4. LiHsfA2b (heat shock Lilium Arabidopsis 35S-CaMV Increased thermotolerance via upregulation of Xin et al.
Factor 2b) lingiflorum thaliana chaperone machinery (2017)

5. ZmHsf04 (heat shock Zea mays Arabidopsis 35S-CaMV ZmHsf04 is a transcriptional activator, that enhances Jiang et al.
factor) thaliana thermotolerance by up-regulating the expression of (2018)

HSP genes
Others

1. TaFER-5B (ferritin Triticum Arabidopsis Ubi Enhanced tolerance to heat stress via ROS scavenging  Zang et al.
gene) aestivum thaliana (Ubiquitin) (2017)

2. Hsc70 (heat-shock Potato Nicotiana 35S-CaMV Upregulation of Hsc70 increases tolerance to heat stress  Trapero-
cognate 70) benthamiana Mozos

et al.
(2018)

3. MsDLSP (DnaJ-like Medicago Nicotiana 35S-CaMV Transgenics showed better chlorophyll content and low Lee et al.
Protein) sativa tobacum MDA accumulation under heat stress (2018)

4. TaFBAI (F-box Triticum Nicotiana Ubi TaFBAI improved antioxidant activity by interacting Liet al.
protein) aestivum tobacum (Ubiquitin) with other stress-related proteins, that enhances heat (2018)

tolerance in transgenics

5. HTR1 (high Oryza sativa  Arabidopsis Transformants with HTR1 exhibited high tolerance to  Lin et al.
temperature resistance and Festuca heat stress (2018)

1) arundinacea

@ Springer



712

Ind J Plant Physiol. (October—December 2018) 23(4):697-720

made to understand the tolerance mechanisms at molecular
and physiological levels. Discovery of putative genes and
molecular markers by assessing available generic resources
as well as cloning and mapping should be emphasized.
Elementary research has offered information on molecular
aspects of the plant heat-stress response, which will
accelerate gene cloning after identification and localization
of QTLs. The identified thermotolerance genes and QTL
can be introgressed to generate transgenic plants via
genetic engineering to impart high levels of thermotoler-
ance. Moreover, the gathered information can be applied to
generate leads for the genetic modification of heat toler-
ance traits. This review has highlighted the recent attempts
to improve heat-stress tolerance in plants via conventional
and molecular breeding programs employing various QTL,
thermotolerance genes, and HSPs, which would facilitate
further studies in this aspect.
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