ADAPTATION AND MITIGATION OF HIGH
TEMPERATURE STRESS IN TOMATO

ABSTRACT

Tomato (Solanum lycopersicum L.) holds considerable economic significance as a vegetable
crop globally, ranking second in both cultivated area and production worldwide. Optimal
growth conditions for tomatoes typically fall within the temperature range of 25°C - 30°C
during the day and around 20°C at night. However, deviations from these thresholds can
lead to irreversible damage to plant growth and development. To counteract the adverse
effects of high temperatures, tomato plants employ various adaptive mechanisms involving
physiological, morphological, anatomical, and biochemical changes. Efforts to enhance
thermotolerance in tomatoes encompass a range of strategies, including agronomic
practices, the application of growth regulators and fertilizers to induce acclimation responses,
breeding programs aimed at developing heat-resistant cultivars, and genetic modification.
Various other methods are also employed to mitigate the impacts of high-temperature stress
on plants, such as pretreating seeds with low concentrations of inorganic salts, applying
osmoprotectants and signaling molecules through foliar sprays, and subjecting plants to
preconditioning measures. These approaches facilitate stress avoidance and foster the
development of inherent mechanisms for high-temperature tolerance in plants.
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1. INTRODUCTION

Adverse environmental conditions such as escalating ambient temperatures, water
scarcity, and salinity are anticipated consequences of the overarching phenomenon known as
global climate change, posing significant threats to agriculture. Among these, heat stress
emerges as a primary adverse weather factor associated with climate change, exerting
detrimental effects on crop productivity. According to the IPCC's 2012 report, the global mean
surface air temperature saw a 0.5°C rise during the 20th century, with projections indicating
further increases ranging from 1.5°C - 4.5°C by the end of the 215t century[33,34,35].

Heat stress can be delineated as the elevation of temperatures beyond a critical
threshold for a duration significant enough to induce irreversible damage to the growth as well
as development of plants. The ramifications of high temperatures on plants encompass a
spectrum of adverse effects, including the inhibition of seed germination, stunted plant growth,
aberrant development, diminished crop quality, perturbations in photosynthesis, phenological
shifts, reduced dry matter production, heightened water loss, oxidative stress, and ultimately,
diminished yields. This underscores the urgency of developing robust strategies to mitigate
the impacts of heat stress on agricultural systems, safeguarding global food security amidst
changing climatic conditions.



2. TOMATO AND HIGH TEMPERATURE

Around the world, tomatoes are regarded as a significant and profitable agricultural
vegetable crop. The Solanaceae family, which includes the tomato, also includes many other
well-known crops, including the potato, eggplant, and pepper. One of the most heat-sensitive
vegetable crops with significant economic and commercial value is the tomato. Tomatoes grow
best at temperatures between 25°C - 30°C at the time of the day and 20°C at night (1). A few
degrees beyond this threshold can have detrimental effects that are rather substantial, such
as diminished fruit set, aberrant development, flower abscission, and a decline in pollen quality
(2). Because of this, the importance of tomatoes as a crop globally, the predicted rise in
temperatures in the near future, research on tomato heat stress response, the mitigation of
adverse impacts of tomato heat stress, and the need to maximize yield, all contribute to the
need for improved tomato production.

3. MITIGATION AND ADAPTATION STRATEGIES

Plants use built-in high-temperature tolerance and stress avoidance strategies to
adapt to high temperatures. A popular technigue to lessen the impact of high temperatures on
seeds is to treat them beforehand with small amounts of inorganic salts. Apart from that,
preconditioning plants and applying osmoprotectants and signaling molecules topically work
(3). Plants modify their physiological, morphological, anatomical, and biochemical processes
in response to high temperatures. Strategies to mitigate yield reduction due to climate change
include replacing sensitive genotypes with heat-tolerant cultivars, adjusting sowing times, and
using growth regulators. Improving tomato thermotolerance can involve modifying agronomic
practices, acclimating plants through growth regulators and fertilizers, and employing genetic
modification.

3.1. Agronomic Practices
Temperature stress reduction for agricultural plants may be efficiently achieved via the use
of sustainable agronomic and resource management methods.

3.1.1 Priming
Priming induces enhancement of stress tolerance to major abiotic stresses. Plant

tolerance against stress is supposedly enhanced by some compounds obtained from plants.
A natural plant-derived compound eugenol, may protect tomato plants from the TYLCV
(Tomato Yellow Leaf Curl Virus) and enhance traits associated with thermotolerance, such as
higher average fresh weight and survival rates. Salicylic acid (SA) levels and the expression
of a few downstream genes appear to be increased by eugenol and anise oil. It has been
discovered that eugenol and anise oil may function as priming agents, raising the SA content
to mediate the thermotolerance of tomato plants. Under heat stress, SA can affect the
thermotolerance of agricultural plants (4).

3.1.2. Heat hardening of seed

To safeguard plants from high-temperature stress, a variety of mechanisms can be
employed. One such mechanism is seed hardening, a method that enhances seed physiology.
Pre-sowing treatments, such as soaking the seeds in water, an osmotic solution, or growth
regulators, can help accomplish seed hardening. Furthermore, raising the temperature of the
seeds above the highest point at which they may develop will also help to harden the seeds.
These treatments stop radicles from poking through the seed coat, allowing the seeds to begin
the initial phases of germination. In comparison to non-hardened plants, plants that are planted
from hardened seeds in the field have a better start. Because they are in a highly developed
stage, toughened plants may be able to withstand harsh environmental pressures like high
temperatures more readily. Better results were obtained by pre-sowing tomato seeds that had
been heat-hardened for one or two hours at 50 or 60 degrees Celsius. This may have been
caused by the seeds germination process, which in turn provided the tomato seedlings a better
start and continued growth (5).




3.1.3 PGPR

The use of helpful microorganisms in agricultural techniques is essential for maintaining
increasing crop yield in the face of various abiotic stressors. Certain microorganisms
associating with plants have been shown to accentuate stress tolerance in plants, PGPR
(Plant growth-promoting rhizobacteria) or PGPB (plant growth-promoting bacteria),
mychorrizhal fungi are some of them (6). PGPR contributes to the growth of plants by two
main mechanisms: the production of plant growth regulators and improved availability of
nutrients are examples of direct mechanisms; the other types of mechanisms include the
suppression of pathogens through antibiosis, ISR (induced systemic resistance), and lytic
enzyme synthesis (7). Plant growth is enhanced by PGPR through enhanced nutrient
absorption, specifically in the case of phosphorus. The synthesis of phytohormones such as
siderophores, indole-3-acetic acid, gibberellic acid, abscisic acid, and cytokinins is important
in this respect. Antioxidants produced by PGPR promote the buildup of abscisic acid (ABA)
and inhibit the production of ROS (Reactive Oxygen Species). Plants can get energy and
nitrogen from bacteria that produce ACC (8). Plants under abiotic stress conditions are more
effective when injected with ACC-deaminase-producing bacteria because this produces
longer roots and helps the plants absorb more water (9). Under both normal as well as heat-
stressed situations, Bacillus cereus enhances the activities that promote plant development
and exhibits the activities of 1-aminocyclopropane-1-carboxylate (ACC)-deaminase and
exopolysaccharide (10). It might thus be an effective strategy for enhancing tomato crop
development in heat-stressed environments. In order to demonstrate this, (10) looked at how
plant biomass responded to the Bacillus cereus inoculation in two different tomato varieties:
Sweetie and Riogrande. Heat stress decreased Riogrande and Sweetie's shoot length relative
to the untreated control, whereas bacterial inoculation under normal settings (T1) enhanced
both kinds' shoot lengths compared to the uninoculated control (C) under the normal
conditions. In contrast to the uninoculated heat stress treatment (T2), bacterial inoculation
under heat stress circumstances (T3) increased the shoot length for Riogrande and Sweetie.
In comparison to the untreated control, bacterial inoculation also lengthened the roots of both
kinds under normal circumstances. Similar to T2 (without bacteria under heat stress), T3
(bacterial inoculation under heat stress) increased root length. Bacillus cereus (T1) up-
regulated the accumulation of dry & fresh biomass in Sweetie & Riogrande in comparison to
T2. Additionally, the study (10) noted that as compared to the untreated control, the treated
plants, Riogrande and Sweetie, had more leaf surface area. In comparison to uninoculated
treatments, bacterial inoculation enhanced the number of flowers and fruits in both kinds under
both normal and heat stress conditions.

3.1.4 Biofertilizer

An environmentally acceptable and alternative method of increasing agricultural crop
productivity and mitigating the negative impacts of high temperatures is to employ PGPB and
humic compounds (11). Plant development is stimulated by HA (Humic Acid), a
heterogeneous combination of several chemicals that occurs under both abiotic and biotic
stress situations. Another strategy to combat abiotic stress is through the application of PGPB.
These bacteria can improve biofilm formation and reduce levels of abscisic acid (ABA) and
heat shock proteins (HSP), thereby increasing plant tolerance to heat stress. In tomato plants
that have been grown in both normal as well as heat-stressed environments, the combination
application of SA1 and HA can increase biomass and chlorophyll fluorescence (12). While
heat stress causes a drop in SA (Salicylic Acid) content and an increase in ABA levels,
applying SA1 and HA together causes an increase in SA levels and a decrease in ABA levels.
Moreover, plants treated with SA1 and HA had greater amounts of superoxide dismutase,
ascorbate peroxidase, and lower glutathione, according to observation (12). Co-application of
SA1, as well as HA, enhances amino acid content, although heat stress considerably reduces
it. Under situations of heat stress, this therapy also leads to considerably greater absorption
of potassium, phosphorus, and iron. Furthermore, heat stress-responsive transcription factors
and higher-affinity potassium transporters are increased in SA1+HA-treated plants (12).




According to a recent study (12), under normal growth circumstances, tomato plants'
shoot length, fresh weight, and dry weight were considerably increased when humic acid (HA),
isolate SA1, and their combination application (SA1+HA) were applied. Comparing the fresh
and dried weight of the roots to the control, similar increases were seen. In comparison to
plants treated with either SA1 or HA alone, as well as the heat-stressed control plants, the
combination SA1+HA treatment dramatically decreased the negative impacts of heat stress
on tomato plants. These plants also had much greater growth qualities. In particular, SA1+HA-
treated plants showed a notable regeneration of fresh weight (1.5-fold) and dry weight (single-
fold) during heat stress. When compared to the heat-stressed control plants, the plants treated
by using SA1+HA also depicted a considerable increase in chlorophyll fluorescence.
Consequently, co-applying SA1+HA to tomato plants is beneficial in reducing heat-stress-
related damage and has the potential to be marketed as a biofertilizer. This method increases
plant resilience and production under harsh environmental circumstances by using the
synergistic effects of HA and SA1 (12, 13).

3.2. BIOCHEMICAL STRATEGIES

Exogenous application of protectants such as osmoprotectants like spermidine,
phytohormones like Brassinosteroid, Jasmonic acid, and Salicylic acid, signaling molecules
like flavonols and melatonin, trace elements such as silicon, etc., have shown a beneficial
effect on tomato grown under heat stress as these protectants have growth-promoting and
antioxidant capacity

3.2.1 Phytohormones

3.2.1.1 Brassinosteroid (BRs)

A class of steroid phytohormones known as BRs have been crucial for photosynthesis,
plant development & growth, and resistance to both biotic and abiotic stressors. A unique
opportunity to increase agricultural yields by BR biosynthesis, conversion, or perception
modulation exists since it can alter plant metabolism and shield plants from abiotic stressors
(14). As a result, BRs have been thought of as hormones that have a significant impact on
agricultural productivity. There is evidence that BRs can activate the genes responsible for
encoding structural and regulatory proteins, including heat shock proteins (HSPs) and
antioxidants. According to recent research (15), exogenous treatment of 24-epibrassinolide
(EBR) can increase apoplastic H202 buildup, boost activation of MPK1/2, and promote
tolerance to oxidative as well as heat stress in tomatoes. It can also increase transcript levels
of RBOH1, MPK1, and MPK2. The investigation of (15) investigated 24-epibrassinolide's
(EBR) ability to withstand thermal shock. For ten hours, plants that had been pre-treated with
0, 0.01, 0.1, and 1mm EBR were subjected to heat stress at 42°C and 200+20mmol m~-2 s”-
1 of light intensity. Under typical circumstances, Pn rose by 24.8% and 33.3% with the
administration of 0.01 and 0.1mm EBR, correspondingly, but Fv/Fm did not substantially
change between the two EBR concentrations administered (Fig. 1) (15).
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Fig 1: Effect of EBR on photosynthetic rate (Pn) and chlorophyll fluorescence (15).

3.2.1.2 Salicylic acid (SA)

During the HR (Hypersensitive Response) and SAR (Systemic Acquired Resistance),
salicylic acid (SA) is an essential component of signaling pathways. Heat shock transcription
factor trimers are stabilized by SA, which facilitates their binding to heat shock element
promoters in heat shock-related genes. SA can induce long-term thermotolerance by
upregulating the expression levels of HSP70 and HSF, which helps mitigate heat stress
damage (16). Additionally, SA increases the maximum quantum yield of photosystem Il in
Solanum lycopersicum (17).

3.2.1.3 Jasmonic acid (JA)

During hot seasons, cultivated tomato plants are susceptible to exhibiting stigma
exertion due to prevalent high temperatures, which hampers pollination and induces failure of
fruit collection. In cultivated tomatoes, high temperature-induced stigma exsertion is caused
by more severely decreased stamens than pistils, in contrast to the stigma exsertion seen in
wild tomato plants. Pistil and stamen lengths are further determined by the unigue interactions
of pectin, sugar, expansion, and cyclin at high temperatures, which lead to cell wall
remodeling, differentially localized cell division, and selective cell enlargement. Moreover,
exogenous JA may successfully restore tomato stigma exsertion in place of auxin via
regulating the JA/COI1 signaling pathway. Auxin and jasmonate (JA) both regulate cell
proliferation and enlargement in stamens and pistils (18). To confirm the involvement of auxin
(IAA) and JA in the development of stigma-exsertion in high-temperature environments, (18)
investigated the exogenous application of varying concentrations of IAA and JA solutions to
the flower buds of 'Micro-Tom' plants at intervals of two days until six days following the
temperature shift. Rather than auxin, they discovered that exogenous injection of JA may
counteract stigma exsertion brought on by high-temperature treatment. Exogenous JA or
MeJA (methyl jasmonate) spray prevented the length decrease of pistils and stamens
produced by the high temperature, which in turn reduced the rate of stigma exsertion in a
dose-dependent manner. After JA was applied, the shortened stamens and pistils lengths
caused by the high temperature were precisely restored by 10-5 M JA and, to a lesser extent,



by 10-4 M JA. However, no discernible effects were seen on the stamens and pistils lengths
by 10-6 M JA (Fig 2). More notably, for either 10-> M JA or 10* M JA, the stigma exsertion
rates of HT-treated plants were drastically reduced from 72% to 27% and 22%, respectively.
The severity of the stamen and pistil development high-temperature damage even was
significantly reduced by the application of 10> M or 104 M MeJA (18).
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Fig 2: Response of stigma and pistil under high temperature to MeJA application (18).

3.2.1.4 Gibberellic acid

GAS3, also known as gibberellic acid, is a plant hormone that affects various plant
processes like plant height, leaf expansion, dry matter accumulation, tissue differentiation, cell
division, net absorption rate, blooming, photosynthesis, and transpiration rate (19).
Additionally, GA3 is a diterpenoid molecule that has been demonstrated to contribute
significantly to stress resistance in various crops by influencing physiology, morphology, and
enzymatic activities (20,21). GA3 plays a vital role in activating enzymes that scavenge
reactive oxygen species (ROS), thereby enhancing the antioxidant defense against abiotic
stress (22). (23) examined the physiology and growth of two tomato varieties (‘(Ahmar' and
'Roma’) in two growth chambers set at 25 and 45 °C following the application of exogenous
gibberellic acid (GA3). After 45 days of planting, tomato plants were treated with GA3 at
concentrations of 25, 50, 75, and 100 mg L-1, while untreated plants were used as a control.
It was found that, in both temperature conditions, ‘Roma’ plants showed the highest shoot and
root biomass when they received 75 mg L-1 GA3, followed by 50 mg L-1 GA3. They
concluded that, when tomato plants are subjected to heat stress, applying GA3 through foliar
spray could potentially mitigate the detrimental effects and enhance the plant's physiological
responses and growth.

3.2.2 Signalling molecule

3.2.2.1 Melatonin

All living things, including animals & plants, contain the naturally occurring low-
molecular weight multiregulatory chemical known as melatonin (N-acetyl-5-
methoxytryptamine). It has a multifaceted biological role as a plant master regulator and
defender in a variety of variable environmental situations, including high temperatures, salt,
heavy metals, drought, oxidative stress, and UV radiation. Melatonin also accelerates the
germination of seeds, affects the architecture of roots and plants, improves the fertility of



development, improves leaf senescence, controls the metabolism of nitrogen, and alters
physiological procedures by inducing differential gene expression. The most essential function
of melatonin is the detoxification of ROS by producing free radical scavengers (24).
Additionally, melatonin regulates polyamines and nitric oxide (NO)production, as well as
mitigating the oxidative damage that tomato seedlings sustain from heat stress. According to
research (25), as compared to untreated heat-stressed plants, the administration of 100 uM
melatonin significantly reduced the membrane damage index and MDA concentration,
indicating that it is a very efficient method of mitigating the severe effects of heat stress. While
SOD activity decreased considerably to 1.89 times lower than the control due to heat stress,
which impacts antioxidant functions, SOD activity improved greatly and was 1.29 times greater
in plants treated with melatonin than in heat-stressed seedlings that were not treated.

3.2.3 Trace element (Silicon)

The second most common element in the crust of the Earth is silicon (Si), which is well
known to be good for plant development and yield. Si increases a plant's ability to withstand a
wide range of biotic and abiotic stressors, like drought as well as salt stress, high
temperatures, nutrient deficiencies, aluminum toxicity, and insect and disease resistance (26).
Si activates several reaction pathways during stress, thereby stimulating antioxidants,
improving mineral absorption and organic acid anion exudation, producing phenolic
compounds, and regulating hormone development. Si treatment for tomato seedlings
increases the resilience and function of tomato plants under heat stress and develops stress
resistance via modifying oxidative stress, heat shock proteins (HSP), endogenous
phytohormones, and the corresponding mRNA gene expression patterns. Si treatment lowers
heat-mediated oxidative stress and raises the photosynthetic pigment concentration in the
plant by triggering the antioxidant defense system (27).

The exogenous administration of silicon in tomato plants was examined in a research
(27). Under both normal as well as heat stress circumstances, the administration of Si boosted
growth metrics such as shoot biomass, stem diameter, and shoot length. Si treatment greatly
enhanced root shape and lengthened roots whereas heat stress decreased biomass and root
length. Under both circumstances, the weights of the roots and new roots similarly increased.
When Si was applied, the concentration of carotenoid, chlorophyll a, and chlorophyll b
increased significantly, but in heat-stressed Si-deficient plants, these were reduced (Fig 3).
Additionally, Sitreatment reduced ROS-induced lipid peroxidation and improved relative water

content (RWC) compared to untreated plants.
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Fig 3: Pigment concentration in silicon-treated and untreated tomato plants (27)

3.2.4 Osmoprotectants

Osmoprotectants, or compatible solutes, stabilize cellular membranes and proteins
while maintaining osmotic potential during stress. Among these, polyamines are critical,
including aliphatic polyamines like spermidine (Spd), putrescine (Put), and spermine (Spm),
which have been included in several physiological procedures such as development, plant
growth, fruit growth, flowering, stress response, senescence, and fruit ripening (28).




Polyamines act as antioxidants under adverse environmental conditions (29). Exogenously
applied polyamines reduce hydrogen peroxide (H202) levels and malondialdehyde content,
increasing antioxidant levels. High temperatures inhibit ethylene synthesis, proteoglycan
accumulation, and lycopene synthesis, ultimately affecting fruit ripening. The number of genes
involved in signal transduction is dramatically increased when exogenous Spd is pre-treated
under high-temperature settings. Significant modulation is seen in response to Spd therapy in
genes linked to hormone pathways, oxidation-reduction, polyamine production, regulatory
factors, and ethylene. Thus, during tomato fruit ripening, Spd can reduce the damaging effects
of heat stress (30).

3.3. BIOTECHNOLOGICAL INNOVATIVE STRATEGIES.

Through genetic selection, tomato’s ability to withstand heat might be considerably
increased. To choose appropriate breeding techniques and parental lines that take into
account the degree and severity of gene behavior of heat resistance traits and sub-traits in a
breeding program, it is crucial to comprehend the type and magnitude of gene actions.
Researchers found that the germplasm under consideration regulates heat tolerance traits
through additive, domination, and epistatic gene impacts, with one of these effects
predominating. (31) observed that primarily additive gene effects dominated the pollen fertility
and fruit set inheritance. Likewise, they discovered that the inheritance of fruit collection, fruit
quantity per vine, fruit weight, brix, and number of flowers per cluster has been significantly
influenced by additive gene effects. They reported total dominance in the inheritance of fruit
sets and significant heterosis in the weight of the fruits under heat stress.

Important elements that mediate heat tolerance are tomato heat-stress transcription
factors (Hsfs), which function as either activators or repressors. When temperatures rise,
tomato HsfA2 builds up and improves the male reproductive tissues' ability to withstand
extreme heat stress. The heat tolerance pathway is repressed by HsfB1, on the other hand,
transgenic tomato plants with enhanced HsfB1 repression have higher heat tolerance. To
increase tomato heat tolerance, these genes may be candidates for site-directed mutation.
Using a larger number of re-sequenced accessions, one can select intriguing lines bearing
favorable alleles to be examined under heat stress once a candidate gene has been cloned
and a favorable allele has been identified. It is anticipated that an integrated method
incorporating gene editing, genetic alteration, and plant breeding will have an impact on food
crop productivity. The breakdown of the genetic architecture and genes governing heat
tolerance leads to a rise in heat tolerance mechanisms; the possibility of targeted mutation on
these genes would give helpful tools for quick monitoring of the emergence of heat-tolerant
varieties. Furthermore, essential elements that either function as activators or repressors in
modulating heat tolerance are tomato heat stress transcription factors (Hsfs). Thus, to
increase tomato heat tolerance, these genes may be candidates for site-directed mutation
(32).

10. CONCLUSION

Historically, instances of extraordinarily high temperatures leading to destructive
conseqguences have been recorded, typically arising once in a century. However, projections
indicate an alarming trend of increasing occurrences of such unexpected heat spikes in the
future. Consequently, it is imperative to proactively devise strategies for detection and
management, including the identification and collection of heat-tolerant genotypes, as well as
the breeding of cultivars capable of withstanding such challenging conditions. By undertaking
these measures, it becomes feasible to avert potential losses in agricultural production.
Hence, there exists an urgent imperative to delve into the physiological and genetic
mechanisms underlying heat tolerance and to embark on the development of heat-tolerant
tomato varieties. Such endeavors are crucial not only for enhancing the quality, quantity, and
stability of tomato production but also for ensuring resilience across diverse environmental
conditions. Expanding research on CEA (controlled environmental agriculture) systems, such
as greenhouses and vertical farming, where temperature and other environmental conditions



can be tightly controlled to optimize tomato growth and yield is helpful. Integrate remote
sensing technologies and precision agriculture tools to monitor plant health and environmental
conditions in real-time also enable timely interventions to mitigate heat stress effects.
Developing climate adaptation policing and conducting research on effective policies and
frameworks that support farmers in adapting to high temperature stress, like subsidies for
heat-tolerant seeds, investment in infrastructure, and education programs on best practices
etc. will help to overcome the problem. So future research must focus on a multi-faceted
approach, integrating genetic, agronomic, and technological innovations.
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