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Introduction

The global human population is currently growing at an alarming rate and is expected to remain in such condition for
at least 35 years [1]. An increasing population is associated with an increase in demand of food but the food
production is not sufficient to feed the growing population. Global warming and associated heat stress due to climate
change is a major threat which affects the crop production adversely [1]. The global climate change models predict an
increase of 2°C daily mean temperature between year 2046 and 2065 and 3.7°C by 2100 [2]. This climate change is
expected to affect the world in many ways, including the extinction of species that cannot escape their adverse
environment and a decrease in food productivity.

High temperature stress/Heat stress

The rise in temperature beyond a threshold level for a period of time sufficient to cause irreversible damage to plant
growth and development can be defined as heat stress. Heat stress due to high ambient temperature is a serious threat
to crop production worldwide [3].

The vegetables are more prone to abiotic stresses and approximately 50% loss in yield is recorded due to various
abiotic stresses [4]. The important effects of high temperature or high difference in day and night temperature (DIF)
in plants are inhibition of seed germination, reduction of plant growth, improper development, reduction of produce
quality, alteration in photosynthesis, phenology and dry matter production, water loss, oxidative stress and ultimately
yield reduction. Tomato is one of the most heat sensitive vegetable crops having high economical and commercial
importance (Figure 1). Temperature factors that influence plant growth potentials includes: maximum daily
temperature, minimum daily temperature, difference between day and night temperature, average day time
temperature and average night time temperature.

Day and night temperature difference (DIF)

DIF is defined as the difference between day temperature and night temperature. Positive DIF indicates day
temperature is being higher than night temperature, while negative DIF indicates night temperature is being higher
than day temperature. DIF can improve shoot length, leaf colour, and foliage density, and promote internode
elongation when the DIF was more than 0°C [5, 6].
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Figure 1Classification of plants based on heat tolerance (adapted from [7])

Tomato

Tomato (Solanum lycopersicum L.) is considered as an important and economic vegetable crop worldwide. Tomato
belongs to the Solanaceae family that includes several other crops, such as potato and pepper. Tomatoes are native to
South America. Tomato is the second most consumed vegetable in the world after potato [8]. The biggest tomato
producer, Asia represents 60.3% of tomato production. India it stands third in area (789 ha) and production (19759
MT) of tomato [8]. Currently, most of the tomato producing agro-climatic regions of India and world are facing the
challenge of fluctuations in temperature conditions during tomato growing seasons [9].

The five different growth stages of tomato such as germination and early growth with initial leaves (between 25
and 35 days), vegetative period (20 to 25 days), flowering (20 to 30 days), early fruiting (20 to 30 days), and mature
fruiting (15 to 20 days) depend on environmental factors such as air temperature, light condition, soil conditions and
nutrients [7] (Figure 1 and Figure 2).

DIF can limit crop growth and yield [10], and must be considered in greenhouse production of tomato. Inthichack
[11] found that —10°C DIF at an average temperature of 20°C increased the uptake of potassium (K), calcium (Ca)
and magnesium (Mg) by roots and improved tomato quality. Positive DIF could increase carbohydrate, free amino
acid and soluble protein contents in tomato fruits, which improved the fruit quality [12].
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Figure 2 Different growth stages of tomato (adapted from Shamshiri [7])
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Tomato and high temperature

The optimal growing temperature of tomato is 25°C to 30°C during day time and 20°C during night time [13]. A
temperature above this threshold can lead to serious deleterious effects such as flower abscission, decrease of pollen
quality, abnormal growth and reduced fruit set. Tomato plants when exposed to a long heat stress with an average
temperature of 34°C/19°C shows flower drop of 34% and decrease of fruit set upto 71% [14].

The production of tomatoes requires fertilization of female egg by the pollen grain. The development of the
pollen occurs inside flowers, inside the anthers. Anthers are considered as the supportive tissue that supplies with
essential metabolites required for its development of pollen. The performance of tomato under heat stress is based on
the vulnerability of the pollen grain which results in reduction of fruit yield [13].

Physiological responses in tomato under different DIF

Growth and development
Photosynthesis
Reproductive development
Quality parameters

Yield

agrwdE

Growth and development

Tomato production under high temperature more than the optimum temperature has got adverse effect on plant
growth [15] and will decrease productivity. Basic physiological processes such as assimilate partitioning, growth and
development are adversely affected by high temperature. Under heat stress condition a reduction in source and sink
activities occur leading to severe reductions in growth, economic yield and harvest index. Assimilate partitioning,
occur via apoplastic and symplastic pathways, under high temperatures, has significant effects on transport and
transfer processes in plants [16]. Giri [17], studied that in tomato plants temperature above 35° C results in reduced
shoot dry mass, root dry mass, total dry mass and root:shoot ratio (Figure 3).
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Figure 3 Effect of abrupt heat stress on biomass of tomato (adapted from Giri [17])

Plants were grown at different day/night conditions for one to six days, 25 °C /20°C (control temperature); 35°C /
30 °C (moderate temperature stress) and 42°C / 37°C (high temperature stress). These were returned to control
conditions for seven days for recovery. Decrease in levels of nutrient uptake and assimilation proteins occur in tomato
roots under temperature stress conditions.

Nafees [18] conducted an experiment to study influence of temperature on germination of tomato seeds.
Germination rate at 40°C was negligible than those at 10°C (Figure 4). To improve the germination under 40 °C, seed
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priming was done as a treatment and superoxide dismutase (SOD) and protein were estimated. Increased SOD activity
is an indicator of the stress tolerance capacity of a plant [19]. It can be suggested that priming of seed can be used to
improve the stress tolerance capacity in case of tomato. The increment in the protein content in tomato leaf, obtained
from primed sets may be resulted due to the overall growth of the crop [20].

= or
z
0.9~ ) B 1
a w 3F h
T 0E} g 1 i
z o7} E 4 -
3 06f b 3 d
E E I & .
o 0.5k E_
2 04f S a]
= C a &
3 03F : =
£ d d
o 032k T |
E . a
a 0lF =
Ll I i :
0 .
TO Tl T2 T3 T4 T Tl T? T3 T4
Seed treatments Seed treatments

Figure 4 Effect of different temperatures on germination and seedling growth of primed seeds of tomato (T, - non-
primed control; Ty - hydro-primed; T,, Tz and T4- 5, 7.5 and 10 mM concentration of Mg(NQ3), respectively [18])

Decrease in plant biomass and Mg uptake are observed in tomato plants when exposed to low temperature due to
increased K uptake in tomato [21]. Tomato plants avoid chilling injury by increasing the root absorption area. They
also slow down the respiration and decrease water content in plant [22]. Competition between K* and Mg also
occurs during ion transport from the roots to shoot. K/Mg ratio in the shoots increase significantly under high K and
was higher than that of the roots, suggesting that high K inhibits the root to shoot transport of Mg in tomato. Although
K and Mg both are highly mobile, they behave differently during xylem and phloem transport. Compared with K,
Mg®* is more easily absorbed by parenchymal cells because of its higher valency. When the K/Mg ratio becomes
imbalanced because of high K concentrations, the transport rate of K™ is far higher than that of Mg [23].

Wang and Camp [24] conducted an experiment to study the effect of DIF on tomato root activity and low
molecular weight organic acid secretion in tomato (Figure 5). A fixed daily temperature of 25°C and five DIF
treatments (—12, —6, 0, 6 and 12°C) were consructed to grow tomato under climate chamber conditions. Parameters
like root/shoot ratio, leaf maximum photosynthetic rate (Pmax), root activity, total nitrogen (N), phosphorus (P) and
potassium (K) concentrations in roots and LMWOAs produced their types and concentrations were measured at
different growth stages of tomato (Figure 6).
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Figure 5 Chromatogram of mixing standard sample showing LMWOA. 1. oxalic acid; 2. formic acid; 3.malic acid;
4.malonic acid; 5. lactic acid; 6. acetic acid; 7.citric acid; 8.succinic acid; 9. propionic acid
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Figure 6 Effects of DIF on LMWOA and pH in rhizosphere soil at different growth stages [25].

They observed that the N, P and K concentrations were maximum under +6°C DIF under different growth stages
of tomato indicating that the root activity is maximum at this temperature difference and ability of roots to absorb
plant available forms of nitrogen is also more at this temperature (Figure 7).
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Figure 7 Effects of DIF on total N, P and K concentrations in tomato roots [25]
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Table 1 Tomato root activity under different DIF treatment at different growth stages in tomato (ug g *h™)
DIF Flowering Fruit setting Mature

stage stage stage
-12°C 171 483 351
-6 °C 218 527 301
0°C 194 505 398
+6 °C 274 674 402
+12°C 306 567 416

For each DIF, root activity in different growth stages was found in the order, fruit setting stage > mature stage
> flowering stage (Table 1).

Positive DIFs increase leaf photosynthesis, root dry matter accumulation, enhances root activity and nutrient
uptake which promote tomato growth. Negative DIFs negatively affect tomato growth. Root activity and Pmax are
correlated with LMWOA secretion by roots. Positive DIFs promote secretion of oxalic acid, formic acid, malonic
acid, lactic acid, acetic acid and propionic acid by tomato roots, whereas negative DIFs promote secretion of malic
acid, citric acid and propionic acid. Total LMWOA concentrations under positive DIFs are significantly higher than
under 0°C DIF in the flowering and fruit setting stages, while negative DIFs significantly have low total LMWOA
concentrations in the mature stage compared with 0°C DIF.

Photosynthesis

Photosynthesis is one of the most important growth factor highly sensitive to high temperature and decline in
assimilation with every single degree of temperature after 30° C where its rate is at its peak [26]. With increasing
temperature, photosynthetic rate and respiratory rate decline and the photosynthetic rate declines before respiratory
rate [16]. Plants differ with respect to their heat tolerance and the threshold temperature and in all plants net
photosynthetic rate significantly decrease when exposed to temperature greater than threshold temperatures. The
biochemical reactions of photosynthesis are affected by heat stress by irreversible damage of RuBisCO, oxygen
complexes, thylakoid membrane, chloroplast ultrastructure and PSIl reaction centres. Any constraints in
photosynthesis can limit plant growth at high temperatures (Figure 8).

Effect of Temperature on Photosynthesis
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Figure 8 Effect of temperature on the photosynthetic rate of tomato [25]

Chloroplast structure

Exposure of tomato varieties for 30 days at 30° C lead to the changes in the leaf microstructure and chloroplast
ultrastructure. Disordering of chloroplast lamella, increased number of plastoglobulus, loss of grana stacking,
swelling of grana and altered organization of thylakoids are the major changes occuring in chloroplast under heat
stress conditions [26]. Photochemical reactions in thylakoid lamellae and carbon metabolism in the stroma of
chloroplast is the primary site of injury at high temperature condition. Zhou [27] observed swollen chloroplast and
decomposed starch grain in heat susceptible genotypes under heat stress condition and the chloroplast ultrastructure
and grana stacking are completely destroyed in sensitive genotypes than tolerant genotypes (Figure 9).
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Figure 9 The chloroplast ultrastructure of leaf mesophyll cell from tolerant genotype under control 26/18°C (A1, A2)
and under heat stress 36/28°C for four days (B1, B2) and susceptible under control (D1, D2) and under heat stress for
four days (E1, E2). GL- grana lamella; SL- stroma lamella: P- plastoglobulus: S- starch [27]

Photosynthetic apparatus

One of the main reasons for the decline of net photosynthesis at elevated temperature is due to the changes in the
structural organisation of photosynthetic apparatus. Photosynthetic apparatus especially photosystem 1l is the most
sensitive element of photosynthetic apparatus and the damage to it is often the first response under heat stress. PSII is
highly thermolabile and its activity is fully reduced or partially reduced under high temperatures, which may be due to
the properties of thylakoid membranes where PSII is located.

Heat stress lead to the dissociation of oxygen evolving complex (OEC), resulting in an imbalance between the
electron flow from OEC toward the acceptor side of PSII in the direction of PSI reaction centre. Heat stress causes
dissociation of a manganese (Mn) stabilizing 33-kDa protein in PSII reaction centre complex followed by the release
of Mn atoms and it destroy other parts of the reaction centre like the D1 and/or the D2 proteins. Damaged PSII units
causes loss of the capacity of oxygen evolution leading to damage in electron transport [28]. Hence the electron
transport play a crucial role in limiting photosynthesis at heat stress condition.

Chlorophyll fluorescence

Chlorophyll fluorescence is the ratio of variable fluorescence to maximum fluorescence (Fv/Fm) and the base
fluorescence (Fo) are physiological parameters used to correlate heat tolerance. Chlorophyll fluorescence used as a
tool to study the alterations of photosystem | and photosystem Il activity [29]. The ratio between variable
fluorescence and maximum fluorescence i.e. chlorophyll fluorescence (Fv/ Fm) will give appraise of the maximum
guantum efficiency of PSII, and is the best tool to phenotype different tomato genotypes for heat tolerance [27].
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Under abiotic stress condition especially heat stress, a decline in chlorophyll fluorescence is observed
(Figure 10). Non-photochemical quenching under stress condition leading to decrease in Fm and the following
increase in Fo, due to the photo-inactivation of PS I, is the main reason for the decline of Fv/Fm. It was observed that
in tomato, Fv/Fm under control condition was higher than Fv/Fm under stress condition [27].
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Figure 10 The net photosynthesis rate (Py), (B) intracellular CO2 (Ci), (C) stomatal conductance (gs), (D)
transpiration rate of the leaf under control (26/18°C) and heat stress (36/28°C) [27]

Chlorophyll content

Photosynthetic pigments play an important role in the adaptation and survival of plants under different DIF [30].
Reduction in photosynthesis under heat stress is linked to the decrease in chlorophyll content; lipid peroxidation of
chloroplast and lipid peroxidation of thylakoid membrane are the main reason for the reduced chlorophyll content
[31]. Under stress condition the enzyme which form carbon-carbon and carbon-nitrogen bonds in the pyrrole ring of
porphobilinogen i.e, 5-aminolevulinic acid dehydratase (porphobilinogen synthase) is inactivated which lead to
decrease in the chlorophyll content [16].

Stomatal closure

In tomato stay- green or delayed senescence is one of the character of heat tolerance and under high temperatures,
tomato genotypes cannot stay green due to decrease in chlorophyll a, chlorophyll b and carotenoid content and shows
early chlorosis and withered leaves [27]. Leaf water content, leaf stomatal conductance and intercellular CO,
concentration are highly affected by heat stress. The reduction in intercellular CO, concentration due to stomatal
closure under heat stress reduces photosynthetic rate. Stomatal conductance and net photosynthesis are impaired by
high temperature stress due to decreased Rubisco activase enzyme. However, high temperature increases Rubisco
catalytic activity, low affinity between enzyme and CO2 and enhanced oxygenase — type activity decreases and net
photosynthetic rate.

Yuan [32], conducted an experiment in five temperature conditions (16/34, 19/31, 25/25, 31/19, and 34/16°C)
with respective DIFs of -18, -12, 0, +12, and +18°C with mean daily temperature of 25°C. Results showed that
chlorophyll Chl a, Chl b, net photosynthetic rate (Py), stomatal conductance (gs), maximum quantum yield of PSII
photochemistry (Fv/Fm), effective quantum yield of PSII photochemistry (®PSII) and photochemical quenching (qp)
increases under positive DIF, while these reduces with negative DIF. Contrarily the Chl a/b ratio and non-
photochemical quenching (NPQ) decrease under positive DIF, while increase with negative DIF (Figure 10).
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Oxidative stress

Reactive oxygen species (ROS) is defined as oxygen derived free radicals (superoxide, hydroxyl, hydroperoxyl
radical) and non-radical oxygen derivatives of high reactivity (singlet oxygen, hydrogen peroxide). Under oxidative
stress, the production of reactive oxygen species (ROS) is more and this causes membrane damage that eventually
lead to cell death.

Heat stress increases the generation of ROS including singlet oxygen (O,), superoxide radical (O2+-), hydrogen
peroxide (H,O,) and hydroxyl radical (OH¢), thereby induced oxidative stress [32]. ROS results in the autocatalytic
peroxidation of membrane lipids and pigments leading to the loss of membrane semi-permeability and changes its
functions (Figure 11).

To scavenge excess ROS, plants develop complex antioxidant defense systems involving several enzymes and
metabolites (Figure 11). The antioxidants can be enzymatic and non-enzymatic. Enzymatic antioxidants includes,
Superoxide dismutase (SOD), catalase (CAT), Peroxidase (POD), Ascorbic acid peroxidase (APX), Glutathione
reductase (GR), Dehydroascorbate reductase (DHAR) and Monodehydroascorbate reductase (MDHAR). And reduced
glutathione (GSH), ascorbic acid (AsA), a-tocopherol and carotenoids are the non-enzymatic ones [16].

Superoxide radical is synthesized in the chloroplast and mitochondrion and in micro bodies. The scavenging of
02— by superoxide dismutase (SOD) results in the generation of H,O,, which is eliminated by APX or CAT. Both
O” and H,0; are not as toxic as the (OH-), which is produced by the combination of O*~ and H,0, in the presence of
little amounts of Fe*" and Fe**. The OH— damage chlorophyll, protein, DNA, lipids and other macromolecules, thus
affecting plant metabolism and limiting growth and yield.

Equilibrium Oxidative Stress
Depleted Anticxidants or Excess ROS
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Figure 11 When ROS and antioxidants are in equilibrium the plant is said to be in normal condition and if production
of ROS is more than the antioxidants in plant system, the plant is under oxidative stress [16]

Decrease in antioxidant activity in stressed plants result in higher levels of ROS that lead to injury. Heat tolerant
cultivars of tomato exhibit greater antioxidant activity than heat sensitive ones. There is a strong correlation between
the ability of antioxidant defence system and the ability of tomatoes to produce greater yields [33].

Cell membrane integrity

Temperature stress results in membrane disruption because of protein denaturation or melting of membrane lipids,
leading to membrane rupture and loss of cellular contents. The primary symptom of heat stress is membrane
disruption and the thermo stability of plasmalemma is considered as measure of thermo tolerance. The percent of
electrolyte leakage shows the extent of membrane damage or cell membrane stability when exposed to high
temperature. The varieties which are tolerant to high temperature have high membrane thermo-stability and showed
less electrolyte leakage than sensitive genotypes under stress condition [27]. The level of ion leakage through the
membrane is negatively correlated with the pollen viability, fruit setting and flower per inflorescence. Fruit set is
reduced as a result of membrane damage [34].

Membrane thermo-stability has correlation with photosynthetic activity and respiratory activity under temperature
stress condition. Heat stress disrupted the ion homeostasis by altering ion transport and compartmentalization [15].
lon homeostasis specifically, Na* and K* homeostasis maintained the biological membrane potential, the activities of
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enzymes and osmotic concentration to adjust with the cell volume. Membrane lipid peroxidation and disruption of
cell membrane stability by protein denaturation during heat stress causes oxidative stress [31].

Reproductive development

The major determinant of fruit production and the most sensitive process in plant is pollen development phase
(Figure 12).
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Figure 12 The different stages of pollen development [32]

Impaired meiosis

The pollen is sensitive to heat and sensitivity occur at pollen meiosis to pollen mitosis | [32], exposure of heat at
microspore stage results in microspore abortion, reduced number of pollen grains at anthesis and less number of
mature viable pollen grains which can germinate (Figure 13). High temperature results in the defective
microsporogenesis and the defects in development of staminate or pistillate organs [34]. Different stages of the pollen
development are sensitive to high temperatures during the meiosis stage and a defect of microsporogenesis occurs
with defects of the tapetum cells [36].

Figure 13 Effect of high temperature (32/26 °C) on anther of tomato

The tapetum is a key tissue that provides nutrition to the pollen at early stages before it degenerates when the
microspore cell starts to vacuolate and form the polarized microspore [28]. After the release of the tetrad, the tapetum
layer degenerate prematurely under high temperature and lead to a decrease of nutrition to the pollen this cause pollen
sterility [36]. Several metabolites show a drop in production during the microspore stage, specifically like sugars, the
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main energy source for the pollen maturation. The high number of tapetal mitochondria increases the need for sugars,
which lead to an unbalanced homeostasis under heat stress. Tolerant tomato genotypes have higher levels of sugars
[37].

Picture A shows anther at mature stage of pollen development under control conditions. The opening of locule is
indicated with an arrow. Picture B shows a severe anther deformation and four distinct locules are no longer visible.
Picture C tomato shows flower abscission under mild high temperatures [38].

Pollen germination percentage

High temperature has great impact on pollen development and the pollen germination percentage which are
drastically lowered under high temperature [35]. Pollen maturation, pollen viability, pollen germination and pollen
tube growth are affected negatively with high temperature. The poor pollen germination is the major reason for
reduced fruit set. Pollen maturation require the accumulation of starch, which provide energy for the germination and
tube growth of pollen but the reduced assimilate translocation under heat stress results in poor germination [39]. The
energy sources for the development and germination of pollen are sucrose and hexoses, this act as osmolytes. Heat
tolerant varieties have processes to control the loss of carbohydrates. Pollen of heat tolerant genotypes has greater
concentration of glucose when compared to sucrose and fructose and it can also retain higher amounts of
carbohydrates.

With increase in temperature above 34°C, the pollen germination and pollen tube growth decreases [40]. In heat
tolerant genotype, pollen tube growth is unaffected by heat stress and give high fruit set than control. The fruit set is
influenced by pollen tube growth. Bita et al. [38] observed that the pollen germination percentage and pollen tube
growth observed from non-stressed condition of both heat tolerant and sensitive genotypes are high, while those from
heat stress condition showed small sized flowers with malformed anther cones and exhibited reduced pollen
germination in heat sensitive genotypes. Heat tolerant genotypes produced higher number of pollen grains than the
heat sensitive genotypes. The number of pollen grains released is lesser under high temperature stress but are not
affecting the time of pollen release.

Pollen viability

The competition for nutrients in the locular fluid of anther during high temperature stress, results in small difference
in the metabolic performance of microspores, outcomes dead and fully viable pollen from same anther locule.
Reduced carbohydrate metabolism in the tomato anther during heat stress results in poor pollen development and
viability [28]. The pollens are highly sensitive to mild changes in the environment, can be used to study the whole
plant nature under different conditions. The genotypes which show tolerance to high temperature have high pollen
viability than the sensitive genotypes under high temperature. So the high temperature tolerance in the tomato can be
correlated with the pollen viability under high temperature (Figure 14).

Ploeg and Heuvelink [41] reported that temperature had a large impact on several aspects of growth and
development. At lower optimal temperatures, fruit set decreases as a result of poorer pollen quality.

Figure 14 The comparison of flower and anther development of the tomato genotypes under control and heat stress
conditions (two weeks) in tolerant genotype HT and sensitive genotype HS. Panels a, d, g, j; whole flowers: panels b,
e, h and k: isolated anther cones; panels c, f, I, I: germinating pollen [38]
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Stigma exertion

Tomato is a highly self-pollinated plant; stigma exertion at high temperature prevents self-pollination and reduces
productivity. The exerted style (i.e., stigma is elongated than the anther cone) during reproductive stage is the
important effect of high temperature in tomato, that reduces self-pollination [42]. The stigma and style exertion under
high temperature affect fruit setting ability. Stigma tube elongation and cone splitting occur in tomato under high
temperature. Unnecessary elongation of style in most flowers reduces the pollen access to stigma in heat sensitive
genotypes and reduces fertilization [34]. Under high temperature stress, the stigma as well as the anther shows a
reduced elongation in length called anther shortening [43]. The genotypes producing flowers having no stigma
exertion at high temperature is stable and produce high fruit yield. The viability of male and female organs and style
protrusion level are the major factors ascertaining the reproductive success under high temperature [44]. The
heritability of fruit setting is less while the heritability of style exertion is relatively high. Temperatures greater than
40° C for 4 hours cause the flowers to abort. If the night temperature is less than 12° C or if the day temperature is
greater than 29° C, pollen becomes tacky and nonviable, pollination cannot occur and the flowers will die and fall off
[45].

Hormonal interactions

Plants have the ability to identify and cope up with adverse environmental conditions, and the degree of adaptability
or tolerance to specific stresses differs within species and genotypes. Hormones play a crucial role in this response.
Cross-talk with in hormone signalling can influence an organism’s ability to sense different inputs and respond
properly. Hormonal homeostasis, stability, biosynthesis and compartmentalization are changed under stress
conditions.

Hormones influences processes like regulation of flowering time, leaf senescence, fruit ripening and in pollen
development. Auxin, gibberellins and abscisic acid plays a crucial role in the development of the tapetum, which is
essential for the distribution of metabolites to the pollen. Other hormones like ethylene, jasmonic acid and
brassinosterioids also regulates pollen development.

Auxin regulates plant development by influencing plant growth, senescence, fruit formation, leaf abscission and
apical dominance. Blocking of auxin biosynthesis pathway leads to abnormalities in floral organ development and
defective pollen production. Auxin is necessary in the process of pollen maturation and anther dehiscence [36].

GA3 functions to promote stem growth by increasing both cell division and cell elongation. Plant height
development is positively related to IAA. Zeatin is positively correlated with stem diameter development according to
Wu [46], reported that higher level of cytokinin involve in stem swelling process. Similar to plant height increase, leaf
area increment, and fruit diameter increment are also influenced synchronously with GAs, 1AA and ZT. Li [47]
indicated that a higher amount of endogenous ZT improved sugar accumulation. The soluble sugars content of tomato
fruit is positively related with GA3z, IAA and ZT. But soluble sugars are not correlated with ABA. Similar to soluble
sugars, vitamin C and soluble protein are positively correlated with GA3, IAA and ZT [48] Tm or DIF and interaction
of both Tm and DIF influences the GA;, IAA, and ZT [49].

Hormones under high DIF

Auxin production decreases with high level of ABA in the plant at high temperatures. Gibberellins (GA) are known to
act in hypocotyl elongation, floral transition, fruit patterning and plant defence. GA mutation results in defective
pollen germination, elongation and pollen development. And the GA content in plants reduced under temperature
conditions [32].

Ethylene, the gaseous hormone regulates different growth and developmental processes in plants such as from
seed germination to flowering and fruiting and also tolerance to environmental stresses. High temperature hinders
ethylene production which results in defective ripening and failure in anther locule opening. Abscisic acid is
important for seed development, plant growth and in adapting under environmental stresses [16]. ABA induction is an
important for thermotolerance mechanism, as it involved in the generation of several HSPs.

Jasmonic acid is involved in processes like fruit ripening, seed germination, root growth, resistance to biotic
stresses, protein storage and in pollen fertility. Any defects in the biosynthesis of jasmonic acid cause abnormalities in
anther dehiscence causing inhibition of pollen release.

Other hormone, salicylic acid (SA) is the one involved in heat-stress responses exhibited by plants. SA is
important for signalling pathways in response to systemic acquired resistance (SAR) and the hypersensitive response
(HR). SA stabilizes production of heat shock transcription factors and helps them bind to the promoter of heat shock
related genes.
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Yield

Small rise in temperature above optimum have significant negative effects on yield [50]. All the physiological
responses like inability of pollen to form elongation tube, pollen development impairment, reduction of reproductive
success, reduced photosynthesis, oxidative stress and altered membrane stability reduce yield of crop (Figure 15).
In tomato yield decreases with increase in temperature [51].
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Figure 15 Alsamir [51] studied the change in various plant characters under high temperature stress and found that
the fruit number, fruit setting and fruit weight are highly affected

Adams [52] studied the impact of temperature on growth and development of tomato fruits and results showed
that when plants were grown under controlled environmental conditions at 14, 18, 22 and 26 °C respectively, tomato
fruits ripened at 95, 65, 46 and 42 days after flower opening

Quality parameters

Pre harvest factors and post harvest factors influences the tomato fruit quality. To obtain good quality
produce, optimize growth condition and to preserve the produce under proper storage conditions [53].The
longer continuous days exposure to high temperatures during growth, caused the worst fruit yield and
quality [54]. Khanal [55] studied the relationship between the temperature conditions with varieties and
storage days. The different varieties showed significant differences in physical characteristics like firmness,
dry matter, soluble solids, percentage of acid and pH content which is due to genetic differences [56-58].

In the study conducted by Khanal [55], the influence of pre-harvest growing conditions of tomato plants with the
shelf life of tomato fruits are studied. He used plants grown under three temperature regimes i.e. 24/17°C, 27/14°C
and 30/11°C. Tomato firmness is affected by different pre-harvest temperature regimes. Firmness was found to be
increasing at temperature range (27/14°C) and further increase in difference between day and night temperatures
(30/11°C) resulted in decrease in firmness value. The polysaccharides and cell wall enzymes have important role in
firmness, certain temperature can limit the activity of polysaccharides and cell wall enzymes. After attaining optimal
temperature further increase in temperature results in deactivation of enzymes like galactosyl and arabinosyl and
accumulation of polyuronides in plants. Decrease in tomato firmness may be due to changes in cell wall number, cell
turgor properties and cell wall composition.

A temperature increase from 26 to 30°C increases the amount of soluble solids, resulting from the carbohydrate
biosynthetic enzyme activity [59]. With the increase in temperature, soluble solid content increased [60]. Citric acid
and malic acid are present in tomato fruit. Citric acid increases from maturation to end of postharvest period and
malic acid decreases from maturation to end of postharvest period [61]. The amount of acid content in tomato fruit is
found to be increased with the increase in temperature. The pH is inversely related with acid content. The titrable
acids and other organic acids like ascorbic acid, dehydroascorbic acid, citramalic, shikimic, fumaric, isocitric,
succinic, lactic, malic, saccharic, gluconic, gulonic and tartaric acids contribute to pH content of the fruit [62]. With
the increase in temperature, pH of the fruit content decreases [62]. Higher percentage of titrable acid are found in
fruits grown at lower night temperature (12°C) [26], because the amount of organic acid decreases with increase in
temperature regimes during growing period. Increase in day temperatures and decrease in night temperatures have
negative impacts on organic acid content in tomato.
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Under positive DIF, compared to 0° DIF, soluble sugar content is more (Table 2). The plants grown under
positive DIF show higher photosynthetic rate than those grown in a negative DIF or constant temperature. The
response of vitamin C and soluble protein content to DIF is similar to soluble sugars (Table 3). Vitamin C content
increases initially but deceases at the end. The amount of soluble sugars and soluble solid concentration are correlated
with IAA, GAsz and ZT concentration in plants [63].

Table 2 Effect of different DIF on concentrations of soluble sugars (mg/g FW) in tomato fruit (Khanal, [55])
DIF 28 days after 35 days after 42 days after
treatment treatment treatment

-18°C  40.12 48.27 52.78
-12°C  49.24 60.57 64.42
0°C  63.37 78.34 83.74
+12°C 79.45 91.78 96.42
+18°C 74.69 88.45 92.68

Table 3 Effect of different DIF on concentrations of vitamin C (mg/100 g FW) in tomato fruit (Khanal, [55])
DIF 28 days after 35 days after 42 days after
treatment treatment treatment

-18°C  17.52 15.36 13.23
-12°C  20.74 18.48 16.35
0°C 25.56 22.45 20.74
+12°C 31.44 29.35 27.46
+18°C  28.49 25.43 23.74

Conclusion

Poor fruit set of tomato caused by heat stress is a major reason of low yield in the tropical and subtropical regions or
tomato growing areas of the world. DIF strongly affected tomato growth. Positive DIFs increase tomato leaf
photosynthesis and root dry matter accumulation, and increase root activity and nutrient uptake, which promote
tomato growth. Negative DIFs negatively influences tomato growth.

Development of heat tolerant tomato lines has to be the major objective in tomato breeding and biotechnology
particularly in the present global warming scenario. So a line that possesses all the model traits should be developed
to increase the thermo-tolerance so that the plant can give moderately higher yield even under high temperature.

Future Prospects

Identification and characterization of pollen genes sensitive to heat stress as well as those genes involved in pollen
defense mechanisms will help in developing better genotypes. By using molecular breeding as well as transgenic
techniques the heat resistant genes could be incorporated to develop heat tolerant genotypes. Identification and
characterization of genes that are involved in heat stress sensing and signal transduction and these genes can be used
for the production of more heat tolerant and heat resistant genotypes.
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