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Effect of Heat Stress on Rice Plant and its management

ABSTRACT

Global food security is now seriously threatened by heat stress (HS), which is a result of the earth's temperature

quickly warming. Over half of the world's population depends on rice (Oryza sativa }L.), a crop whose productiyityw[cOmment [m1]: Write the scientific name in }

and quality are frequently decreased by HS. Rice plants respond to HS by starting a chain of events and activating
intricate transcriptional regulatory networks. Rice thermotolerance particularly depends on ‘protein homeostasis
under HS, which is influenced by protein quality contral, efficient removal of .harmful proteins, and translational

regulation. For breeding purposes, it may be possible to identify features hhat are ]responsible for thermotolerance

by taking advantage of our understanding of genotype differences. Higher thermo-tolerance may be induced by
choosing cultivars that flower in the early morning before the temperature rises:and have larger anthers with long
basal pores, higher basal dehiscence, and pollen viability. Furthermore, by defending structural proteins and

enzymes, the increased expression of heat shock proteins may contribute to-thermotolerance. Therefore, breeding

ABBREVIATION:
HS - Heat Stress, e[CO;] - Elevated carbon dioxide, FATI - Free Air Temperature Increment , TGT - Temperature
Gradient Tunnel, HSPs - Heat shock proteins, ROS - Reactive oxygen species, QTLs - Quantitative trait loci, IWP -

Improved W hite Ponni.

1. INTRODUCTION:

Additionally to the detrimental effects of HS, heat can also damage the quality of the grain, resulting in
considerable economic losses. Due to environmental constraints, it is estimated that rice yield will decline by 41%
by the end of this'century [4]. The global rice production growth rate must be increased 1.0-1.2% annually to fulfill
the requirements of a rapid population growth [5].

Carbon dioxide and temperature are major drivers of climate change affecting global food production [6].

plant growth. Elevated critical high temperatures can be catastrophic to seed germination and resulting in death of

rice plant at the seedling stage. HS also has detrimental effects on the plant root system that provides water

uptake, nutrient uptake and support for other parts of plant, leading to disruption of root growth and development,
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as well as shoots and root fresh, and dry weight [7]. The chlorophyll content is the primary key component for

photosynthesis [8]. It is drastically affected by high temperature at the vegetative stage. Elevated temperature

Elevated [CO2] could enhance rice yield through increased photosynthesis, improved water use efficiency
and lower photo-respiratory losses. However, competing energy requirement of carbon and nitrogen assimilation in
plants leads td higher tissue C: N ratio under e[CO,], decreasing grain protein and other associated quality
parameters in rice [12]. e[CO,] leads to photosynthetic carbon gain and enhanced carbohydrate metabolism
enzymatic activity within the source (leaf) tissue under non-stress conditions leading to. higherinon-structural
carbohydrate (NSC) accumulation in sink (seeds) among crop plants [13]. Interestingly, photosynthesis and net
primary production under e[CO,] is directly associated with sink efficiency in utilizing. or storing:the additional NSC,
which could otherwise result in photosynthetic acclimation in the source tissue [14]. Hence, cultivars with enhanced
sink size and strength to store or utilize photo-assimilate could benefit under e[CO;] by minimizing photosynthetic
acclimation and maintaining higher leaf level.

Conversely, HS during reproductive and grain filling stage:is-decumented to reduce rice yield by reducing
the proportion of fertile spikelets [15], shorter grain filling petiod [16] and loss of sink activity [17]. Additionally, leaf
senescence, resulting in net photosynthesis reduction and lower sucrose-starch conversion enzymatic activity

under heat stress reduces final grain weight in rice [16].

2. EFFECTS OF HEAT STRESS ON DIFFERENT GROWTH STAGES OF RICE
The optimum temperature for the normal development of rice ranges from 27 to 32 °C. High temperature
affects majority of the growth <stages. of rice, i.e. from emergence to ripening and harvesting (Table 1). The

developmental stage at which the plant'is-exposed to heat stress determines the severity of the possible damage

to the crop.
Table 1: Effects of heat stress in different stages of Rice
Threshold
temperature

Growth stage (°C) Symptoms References
Emergence 40 Delay and decrease in emergence Akman Z (2009) [18]
Seedling 35 Poor growth of the seedling Yoshida et al. (1981) [19]
Tillering 32 Reduced tillering and height Yoshida S (1978) [20]
Booting - Decreased number of pollen grains Shimazaki et al. (1964) [21]
Anthesis 33.7 Poor anther dehiscence and sterility ~ Jagadish et al. (2010) [15]
Flowering 35 Floret sterility Satake & Yoshida (1978) [22]
Grain formation 34 Yield reduction Morita et al. (2004) [23]

Grain ripening 29 Reduced grain filling Yoshida et al. (1981) [19]
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2.1. VEGETATIVE STAGE

The primary determinants of seedling vigour are germination capacity and early seedling growth. Prolonged
elevated temperature reduces seed germination potential, leading to poor germination rate and seedling vigor [24].
The optimum growth temperature of rice at the seedling stage is 25-28°C. Rice can withstand temperatures as
high as 35/25°C during the vegetative stage (day/night temperature regime). Temperature beyond this critical limit
could reduce plant height, number of tillers and total dry matter accumulation. At the tillering stage, plants exposed
to HS exhibit a variety of morphological symptoms, including wilting, leaf curling and yellowing, and decreased tiller
number and biomass [25].

chamber. It was observed that photosynthesis reduced by 11.2-35.6%, respectively from heading to middle

ripening stage [26]. The decline in photosynthesis is due to the structural changes in the organization of thylakoid
and more particularly due to loss of stacking of grana in the chloroplast [27]. Significant reductions in growth
duration, leaf area index, biomass, yield, and harvest indices were observed in rice plants exposed to HS in the
increases in spikelet sterility and stability indices were observed [28]. HS:has a more significant impact on tiller and
panicle number in japonica than in indica rice. Tiller number under HS'is often used as a marker for the selection of

thermo-tolerant rice cultivars.

2.2.REPRODUCTIVE STAGE

The reproductive phase of rice is. more sensitive.to HS than the vegetative stage [20].The effects of HS
include stunted panicle start and spikelet development, distorted floral organs, and decreased spikelet size and
quantity. Spikelet reduction is caused. due to degeneration of spikelets at the tops of panicles [29]. HS during
anther development, particularly during the pollen mother cell meiosis stage, causes the tapetal cells to
prematurely degrade and disintegrate, impairing the microspores' ability to obtain nutrients and the development of
the pollen wall, and ultimately leading.to' pollen grain abortion [30].

Anthesis is' thei, most sensitive to high temperature during reproductive stage followed by
microgametogenesis. [28]. High spikelet sterility in rice can result from temperatures more than 35°C during
anthesis and continuing for longer than an hour. There was a significant decrease in diameter and length of pollen
system has been targeted to increase tolerance to warmer climates because it is mostly responsible for spikelet
sterility under HS. HS during anthesis leads to an irreversible effect with [reduction in panicle dry weight even with

Reduction in pollen viability by 78.8% and seed-setting rate by 48.5% were observed when rice plants were
subjected to HS (40°C day/30°C night) at the pollen mother cell meiosis stage for 10 days in comparison with the
values under normal conditions (30°C day/24°C night) [31].
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2.3. RIPENING STAGE
According to Sreenivasulu et al. (2015) [32], the grain filling stage marks the end of crop plant growth and
development as well as the beginning of the transport and synthesis of lipids, proteins, and carbohydrates in

seeds. [HS at grain filling stage not only reduces the grain yield but also reduces the quality of grain due to adverse

effect of high temperature on cellular and developmental process during ripening stagé. When rice is exposed to.-

high temperatures during the grain filling stage, common impacts include decreased grain weight, reduced grain
filing, a larger percentage of white chalky rice, and milky white rice [19]. Additionally,.rising temperatures
significantly reduce grain size and amylase content [33]. The test weight, dry matter accumulation and grain filling

percentage are dramatically reduced by the post anthesis high temperature stress resulting in.lower yield [34].

3. APPROACHES TO IMPROVE HEAT TOLERANCE IN RICE
3.1. AGRONOMIC MANAGMENT

Agronomic management techniques provides favourable condition for the crop plants by minimisingﬂ,t,hew[

damages caused by warm temperatures. Most agronomic management approaches concentrate on early rice
sowing, site-specific cropping and irrigation system changes, and adoption of a late or early maturing cultivar to
avoid high temperatures during grain filling to combat HS. The time of the sowing has a significant impact on how
the rice plant responds to different temperature regimes [35]. A simulation model study was conducted by Setiyono
et al. (2018) [36] in rice fields in two districts of Andhra Pradesh where the late-planted rice field suffered high yield
losses due to the occurrence of heat stress_.at the reproductive stage and heat-induced spikelet sterility. They
therefore proposed that early planting of rice could help tomitigate the output losses in these places.

According to some reports, delaying planting.to prevent heat stress could reduce the detrimental effects of
heat stress caused by global warming and the degradation of rice grain quality. According to Zhu et al. (2013) [37],
adjusting the sowing time is an ‘effective management tactic for preventing heat stress. They studied the impact of
high temperatures under various sowing:times on the grain quality of different rice genotypes. However, the
adjustment of sowing time is difficult, as it also affects the preceding crop and farmers have to plan about the

cropping pattern of the whole year [38].

3.2. CROP CANOPY AND ORIENTATION
Tolerance to extreme temperature stress can be significantly influenced by plant architecture. [Improved

varieties that have panicles surrounded by plant leaf canopy unlike traditional varieties are greatly benefited by

combined transpiration cooling during the sensitive anthesis period[. Thus, the improvement and introduction of.--

semi-dwarf types with better canopy architecture will aid in coping with the rise in temperature. The reduced height
may also enhance resistance to lodging, thus giving more resilience to the crop against indirect stresses such as
floods, which will become more frequent due to global warming [4].

Rice genotypes can either escape or avoid high temperatures during anthesis, by heading during the cooler
periods of the season, by anthesing during cooler hours of early morning, altered flowering pattern or by increased

transpiration cooling of the canopy [39]. When rice plants are exposed to high temperatures during critical stages,
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they can avoid heat by maintaining their microclimate temperature below critical levels by efficient transpiration

cooling.

3.3. USE OF GROWTH REGULATORS, PROTECTANTS AND CHEMICALS

Growth regulators such cytokines, salicylic acid, and ethylene precursors can be used to treat rice plants
suffering from HS-related damage such as pollen abortion, decreased spikelets per panicle and kernel weight, and
low seed-setting rate. Auxin plays a role in maintaining spikelet fertility and a reduced level. of active IAA could

H Comment [m21]: Under high temperature,

reduced and reduction of IAA and GAs was more in heat susceptible cultivar than tolerant genotype. The effect of
spraying auxin on the elongation of pollen tubes of heat-tolerant and sensitive genotypes was investigated by Tang
et al. (2008) [40]. They reported that spraying naphthalene acetic acid reduced ‘and reversed the spikelet sterility of
both the heat susceptible and tolerant genotypes of rice by inhibiting the reduction of-pollen tube growth.

The accumulation of osmoprotectants is an essential adaptive response of plants.to many abiotic stressors,
such as high temperatures. Glycine betaine is a significant compatible solute that accumulates in plants at high
temperatures and promotes heat tolerance by preventing the heat-induced degradation of other enzymes including
citrate synthase and rubisco [38]. The addition of glycine betaine‘reduces the thermal degradation of the rubisco
enzyme in the leaves of rice seedlings under temperature stress of 35 to 45°C. The percentage of pollen
germination and spikelet fertility in rice are both _increased by.glycine betaine. Under high-temperature stress,
proline prevents the thermal degradation of the rubisco enzyme.in rice seedlings.

In numerous rice cultivars, exogenous treatment of spermidine boosted photosynthetic and antioxidant
capability and partially reduced the yield penalty brought on by HS [41]. The key mechanisms of spermidine-
metabolism. Starch synthesis enzymes expression was increased in rice seeds after the exogenous application of

spermidine [38]. Spermidine-treated plants had reduced concentrations of propionaldehyde and hydrogen

m,

A mist spray treatment applied during the flowering season drastically lowers the temperature in the rice field,

delays leaf senescence, and boosts the activity of antioxidant enzymes, reducing yield loss due to HS [42].

3.4. GENETIC IMPROVEMENT FOR HEAT TOLERANCE

[Plants' ability to adapt to, and survive in the presence of, heat stress can be greatly influenced by the rapid

accumulation of Heat shock proteins (HSPs) in their sensitive organs. [These HSPs can safeguard the metabolic.-

machinery of the cell and assist in coping with HS by enhancing photosynthesis, assimilation partitioning, nutrient

to be positively correlated in several plant species. Also, a relationship between HSPs and reactive oxygen species

(ROS) has been proposed which corroborates the hypothesis that during the course of evolution plants were able

to suppress ROS and now plants are using these ROS as signalling molecules to induce HSPs [4].

the level of auxin reduced, and IAA and GAs
reduced more in heat susceptible cultivar than
tolerant genotype
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Multiple genes are involved in the synthesis of HSP, which switched on under exposure of high temperature
and have an essential role in recovery from heat stress. Manipulations of HSPs in transgenic plants have the
potential to improve heat stress tolerance and they have a significant impact on the exploitation of the inherent
genetic potential of rice. Katiyar-Agarwal et al. (2003) [43] introduced HSP101 in the indica rice variety Pusa
Basmatil from Arabidopsis thaliana cDNA, creating transgenic rice. Overall, this transgenic rice demonstrated

typical growth and development, and fit also [greatly outperformed untransformed rice in terms of recovering f[()m.r—{cOmment [m27]: Delete

heat stress. Similarly, the over-expression of rice OSHSF7 gene in A. thaliana has very recently been reported to
increase the thermo-tolerance by increasing the proportion of plants surviving 42°C for 16 h, from 0.22 to 0.52 [44].
Qi et al. (2011) [45] reported that transgenic rice overexpressing mitochondrial gene.for mtHsp70.showed higher
heat tolerance, as indicated by less program cell death by recovering mitochondrial membrane: potential and

preventing ROS.

3.5. BREEDING APPROACH FOR HEAT TOLERANCE

Developing germplasm with higher tolerance to climate-induced stresses through breeding is a sound climate
change or abiotic stresses adaptation strategy. Breeding rice varieties tolerance to high temperature has so far
received little attention as compared to other abiotic stresses like drought and salinity. High temperature tolerance
of rice has only been treated within region specific breeding programmes with limited success. According to Wahid
et al.(2007)[27], cultivars that can withstand environmental shocks while maintaining economic output should be
prioritised in order to successfully increase agricultural productivity in a stressful environment. Therefore, genes or

quantitative trait loci (QTL) underlying heat tolerance or:avoidance need to be identified and then combined with

traits such as high yield, resistance to multiple stresses jand acceptable grain quality and many others [39]. (. comment [m28]: Delete
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quantitative trait loci (QTLs) is a promising approach to dissect the genetic basis of heat tolerance [46]. By using

genetic resources with heat tolerance at flowering, QTL mapping studies for heat tolerance (spikelet fertility) have
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been conducted on various rice populations at booting and flowering stages [15]. h’o date, m]any QTL responsi,ble«—{cOmment [m30]: Many

for thermotolerance at various developmental stages of seedling, booting, flowering, and grain filling have been
identified and validated. Numerous QTL have been found and confirmed to be involved in thermotolerance at many
developmental stages, including seedling, booting, flowering, and grain filling. The most promising QTLs for heat

tolerance across various: genetic origins and regions have been found on chromosomes 1 and 4 among the

numerous:QTLs hhat have been ]discovered [15]. Different populations of the heat-tolerant rice varieties996, N,,ZZ,«{Comment [m31]: Delete

Milyang23, and Gizal78 were found to carry the heat-tolerant QTL (qHTSF4.1) on chromosome 4 [46]. OsHTAS, a
dominant major QTL on chromosome 9, has been cloned and verified, and confers tolerance to 48°C temperatures
in rice seedlings [46]. Kilasi et al. (2018) [25] detected nhumerous QTL for seedling growth under HS and identified
one QTL, RLHT5.1, for root length under HS with phenotypic contribution up to 20.4%.

Through marker-assisted breeding, the heat-tolerant QTLs qHTSF1.1 and qHTSF4.1[46] from Nagina 22
were introgressed into the rice variety known as Improved White Ponni (IWP) to boost IWP's heat tolerance. The
progenies harboring both gHTSF1.1 and gHTSF4.1 showed higher fertility percentages under high-temperature




stress at the flowering stage. The results confirmed that these QTLs were responsible for maintaining membrane
integrity and yield under elevated-temperature conditions. Therefore the aim of thermotolerance breeding includes
identification and validation of thermotolerance QTL with stable effects across various genetic backgrounds and
settings, as well as pyramiding of these non-allelicQTL)
4. CONCLUSION

With the increase in global temperature, there will be more instances of unexpectedly. high temperatures,

genotypes, and breeding suitable rice cultivars, losses in rice production might be:prevented. Therefore, it is

s

to increase rice production quality, quantity, and stability under a variety of environmental conditions. The yield
losses will also be lessened through the adaptation of resistant genotypes of rice cultivars. However, care should
be taken to ensure that increasing plant tolerance does not negatively impact the yield:or the quality features. LAII

stages of rice growth are negatively impacted by high temperatures], but the anthesis stage is the most vulnerable

because even a small rise in temperature can have a big influence on yield. In addition to these effects, high
temperatures also cause pollen to become sterile, assimilate patrtitioning to be less efficient, grain filling to be
affected, structural changes to cell organelles, oxidative stress, lipid peroxidation of cell membranes, disruption of
leaf water relations, and a decrease in photosynthesis. Use of:plant hormones and exogenous osmoprotectants
may all be applied together to trigger a short-term acclimatisation response. When used at a crucial growth stage,
such priming or exogenous applications have been demonstrated to be effective for reducing the consequences of
high temperature stress. Only a few reports on growth regulators are currently available, thus further research is
needed to determine the effectiveness of utilising these regulators in heat stress situations.

Now, a variety of methodologies, including molecular methods like genomics, proteomics, and
transcriptomics, are necessary for the:adaptation and implementation of a variety of contemporary methods,
including the use of climatology tools and GIS. Trait dependence and variation must be carefully taken into account

because a specific genotype is only tolerant to certain circumstances.
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