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Introduction 
 

Tomato (Solanum lycopersicum L.) is one of 

the most important vegetable, grown all over 

the world. The occurrence of various abiotic 

stresses due to climate change would be a 

challenge to plants in terms of their growth 

and productivity (Hasanuzzaman et al., 2013). 

It has been observed that the growth and 

development of tomato crop is severely 

affected due to high temperature stress. 

However, the global studies predict a 10 to 40 

% probable loss in crop production including 

tomato in India because of rise in temperature 

by the end of this century (Aggarwal, 2003). 

The tomato crop requires an optimum mean 

daily temperature of 25-30°C (Zhang et al., 

2005) at the same time, crossing the upper 

limit above optimum range can affect the plant 

growth and development (Sato et al., 2000; 

2004; 2006; Islam, 2011; Laxman et al., 

2018). Many studies have described that the 
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The temperature increase above the optimum level cause irreversible damage to plant 

growth and development. Plants respond to high temperature through acclimation 

(acquired thermotolerance) by adopting several physiological and biochemical 

mechanisms to overcome high temperature stress. Hence, the present study was done to 

evaluate tomato genotypes for their thermo tolerance based on the principle of ‘‘acquired 

tolerance’’. Four true leaf stage seedlings of fourteen tomato genotypes were subjected to a 

gradual temperature increase from 33 to 43 °C for 3 h followed by challenging temperature 

of 45 °C for 3 h. The response of tomato genotypes was assessed by activity of antioxidant 

enzymes and osmoprotectants. An increase in the activity of SOD, POD and CAT was 

observed across the genotypes. The accumulation of sugars such as sucrose, inositol, 

fructose and glucose was higher in all the tomato genotypes subjected to induction 

treatment. The genotypes Abhinava, Arka Rakshak, Arka Ananya, IIHR-335, IIHR-329 

and IIHR-369 showed higher thermo-tolerance with increase in osmoprotectants and by 

maintaining a strong antioxidant enzyme system. 
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decline in productivity of tomato under high 

temperature is related to physiological and 

biochemical changes (Zhou et al., 2015, 

Camejo et al., 2005, Mishra et al., 2012, 

Laxman et al., 2013). 

 

The effect of high temperature stress on plants 

results into excess production of superoxide 

radicals, hydrogen peroxide (H2O2), singlet 

oxygen and other reactive oxygen species 

(ROS) in different cellular organelles, which 

leading to damage of lipids, proteins and 

pigments. According to Ayala et al., (2014) 

ROS accumulation causes membrane damage 

by producing metabolites involved in lipid 

peroxidation, such as malondialdehyde 

(MDA) and thiobarbituric acid-reactive 

substances (TBARS) and ultimately cell death. 

Plants also respond to highly toxic ROS by 

several antioxidative detoxification 

mechanisms to prevent cellular injuries. The 

mechanism includes production of antioxidant 

enzymes such as superoxide dismutase (SOD; 

EC 1.15.1.1), peroxidase (POD; EC 1.11.1.7), 

catalase (CAT; EC 1.11.1.6) and glutathione 

reductase (GR; EC 1.8.1.7) and non enzymatic 

antioxidants such as Carotenoids, flavonoids 

and ascorbic acids. Tolerance to high 

temperature stress in crop plants has been 

associated with an increase in antioxidative 

capacity (Camejo et al., 2002; Laxman et al., 

2014). Hence antioxidant enzymes play a very 

important role as a defence mechanism for 

protecting cellular membranes and organelles 

against ROS (Rivero et al., 2004). However, 

an increase in temperature leads to an 

enhanced expression of the antioxidative 

enzymes until a particular temperature after 

which they decline as antioxidant enzymes are 

temperature sensitive and the activation 

depends on different range of temperatures.  

 

The osmoprotectants (compatible solutes) 

includes soluble sugars such as sucrose, 

glucose and fructose. Under various abiotic 

stresses these osmoprotectants play an active 

role by increasing the osmotic pressure in the 

cytoplasm and help in regulation of 

photosynthesis, partitioning of carbohydrates, 

lipid metabolism, osmotic adjustment, proteins 

stabilization and ultimately growth (Rosa et 

al., 2009). According to Rathinasabapathi 

(2000) the sugars enhance plant tolerance to 

several abiotic stresses, such as drought, heat 

and salinity. Evidences from the earlier studies 

show that higher accumulation of sugars such 

as sucrose, fructose and glucose helps in 

mitigating damages caused by high 

temperature stress in plants (Miguel et al., 

2007 and Zhang et al., 2012). The main role of 

these sugars as osmoprotectants during stress 

is protection of membrane and scavenging of 

radicals and also in regulating the osmotic 

adjustment in plants (Crowe et al., 1999; 

Sawhney and Singh, 2002; Krasensky and 

Jonak, 2012). It is also observed that the 

accumulation of sugars is directly correlated 

with the accumulation of ROS to cope with 

adverse conditions (Roitsch, 1999). In order to 

enhance tolerance capacity under stress 

conditions, the plants produce a great amount 

of osmoprotectants for quenching the toxic 

ROS (Singh et al., 2015; Keunen et al., 2013) 

 

Under natural conditions, abiotic stress occurs 

gradually. Plants are therefore exposed to 

induction stress before severe stress. Several 

studies have reported that plants have ability 

to withstand under severe temperature stress 

upon exposure to gradual temperature stress 

referred as induction stress. The process of 

adapting to a severe stress followed by mild 

stress is known as acquired thermotolerance 

(Vierling, 1991). According to Hong and 

Vierling (2000) an acclimated plant will 

survive better than plants which are directly 

exposed to high temperature, due to 

expression of several stress responsive genes 

which maintain the homeostasis under stress. 

With this background the present study was 

carried out to evaluate acquired 

thermotolerance response of fourteen tomato 
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genotypes using temperature induction 

response (TIR) technique. 

 

Materials and Methods 

 

Plant material and experimental details  

 

The Seeds of fourteen tomato genotypes 

which included 11 genotypes which have 

shown field tolerance, such as IIHR-329, 

IIHR-371, IIHR-369, IIHR-335, IIHR-331, 

Arka Ananya, Abhinava, Arka Rakshak, 

IIHR-2202, IIHR-2190, Vybhav and 3 

susceptible genotypes such as PTR 3, CO-3, 

Arka Abha were obtained from the Division of 

Vegetable Crops, and the experiment was 

conducted at division of Plant Physiology and 

Biochemistry, ICAR-Indian Institute of 

Horticultural Research (IIHR), Bengaluru, 

Karnataka, India (12.97°N and 77.56°E).  

 

The seeds were grown in plastic pots 

containing sterilized cocopeat in growth 

chamber at 25°C, and were watered with 

Hoagland solution (20 ml/pot).  

 

At the fourth true leaf stage, a group of 

seedlings were exposed to induction treatment, 

a gradual induction temperature of 33°C to 

43°C for 3 hours and subsequently to 45 °C 

for 3 hours in the temperature controlled 

growth chamber. One set was maintained as 

control under ambient conditions at 25°C 

(Senthil Kumar M and Udayakumar M. 2004).  

 

Estimation of sugars  

 

Sugars were extracted by following Steppuhn 

and Wackers (2004) method. With 0.5 g of the 

sample extracted with 5 ml of 80% ethanol.  

 

The extract was evaporated and re-dissolved 

in mobile phase containing solvent A and 

solvent B in 1:1 ratio, filtered and injected to 

LC–MS/MS (Waters UPLC H class system 

fitted with TQD MS/MS system) for analysis. 

Enzyme extraction and enzyme assays 

 

Leaf tissue of 0.5 g was ground to a fine 

powder with mortar and pestle in cold 

potassium phosphate buffer (50 mM; pH 7.0) 

containing EDTA (1 mM), ascorbate (2 mM) 

and soluble PVP (1 %). The homogenate was 

centrifuged (HERMLE Z300 K, Germany) at 

12,000 RPM for 15 min at 4 °C and the extract 

was used for the assay of antioxidant enzymes, 

using UV/VIS spectrophotometer (UV/VIS 

Spectrometer; PG Instruments, UK) and 

expressed in units per mg of protein using 

standard enzyme (Sigma-Aldrich). 

 

The enzyme assays were performed as per the 

procedures of Larkindale and Huang (2004). 

The activity of SOD (EC 1.15.1.1) was 

determined at 560 nm, and one unit of SOD 

activity was defined as the amount of enzyme 

required for inhibition of 50 % nitro blue 

tetrazolium reduction. The activity of POD 

(EC 1.11.1.7) was measured as the absorbance 

due to tetraguaiacol at 450 nm and the CAT 

activity was measured at 240 nm. Protein 

content was measured according to the method 

of Bradford (1976). 

 

Statistical analysis 

 

The data were subjected to Analysis of 

Variance (ANOVA) using AgriStat. 

 

Results and Discussion 

 

Antioxidant enzyme activity 

 

SOD activity 

 

As a power full antioxidant enzyme, SOD 

activates first line of defence under high 

temperature stress (Gill and Tuteja, 2010). In 

the present study an increase in activity of 

SOD was observed in all the genotypes 

subjected to heat stress (Fig. 1A). The activity 

of SOD under control condition ranged from 
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0.35 to 2.96 units mg
-1

 protein while it varied 

between 0.55 to 8.47 units mg
-1

 protein under 

induction treatment among the tested tomato 

genotypes. However highest increase in 

activity of SOD over control was recorded in 

genotypes Arka Rakshak (964.9%) followed 

by IIHR-329 (380.3%) and least increase in 

enzyme activity was observed in genotypes 

Arka Abha and CO-3. Enhanced activity of 

antioxidant enzymes may increases high 

temperature stress tolerance by detoxification 

of the heavy load of ROS, which in turn 

provides protection through homeostasis in 

plants (Sairam and Tyagi, 2004; Laxman et 

al., 2014; Revero et al., 2004). Increased SOD 

activity was observed in tolerant tomato 

genotypes compared to sensitive genotypes 

(Laxman et al., 2014).  

 

POD activity 

 

Like SOD, POD is also an important key 

antioxidant enzyme which plays an important 

role in scavenging ROS under high 

temperature stress. The induction treatment 

invariably enhanced POD in all the genotypes 

(Fig. 1B). The POD activity increased in 

tomato cultivars when subjected to high 

temperature stress (Revero et al., 2004). 

Under control condition POD activity varied 

from 0.003 to 0.093 units mg
-1

 protein while 

under induction treatment it ranged between 

0.007 to 0.113 units mg
-1

 protein. Under 

induction treatment the highest increase in 

activity of POD over control was recorded in 

genotypes Arka Rakshak (326.3%) and IIHR-

369 (252.1%) compared to other genotypes 

where as lowest was recorded in genotypes 

Arka Abha (53.5%) and CO-3 (21.73%).  

 

CAT activity 

 

CAT is another important enzyme which 

scavenges ROS, and an increase in CAT 

activity is related with increase in stress 

tolerance (Rainwater et al., 1996). The CAT 

activity increased considerably among the 

genotypes under induction treatment 

compared to control seedlings (Fig. 1C). The 

activity of CAT in control condition ranging 

from 0.57 to 5.60 units mg
-1

 protein, while 

under induction it varied between 1.03 to 7.12 

units mg
-1

 protein. The highest increase in 

activity of CAT over control was recorded in 

genotypes IIHR-371 (435.7%) and IIHR-329 

(332.9%) compared to other genotypes and the 

lowest activity was recorded in genotypes 

Arka Abha (39.8%) and CO-3 (27.3%). An 

increase in POD and CAT during exposure to 

heat stress has been reported in several crops 

(Jiang and Huang 2001). The highest 

production of antioxidant enzymes suggests 

the ability to scavenge ROS under high 

temperature stress (Xu et al., 2006; Wahid and 

Close, 2007; Yuan et al., 2011). Overall the 

higher activity of tested enzymes under 

induction treatment was mainly because of 

altered metabolism for acclimation. The 

activity of antioxidant enzymes differ 

depending upon tolerance level of different 

crop varieties, their growth stage and growing 

season. Hence, an increase in the activity of 

SOD, POD and CAT is essential for 

maintaining the cell integrity. 

 

Sugar profiling 

 

In the present study high temperature stress 

caused significant increase in sugars in all the 

genotypes (Table 1). The soluble sugars 

increase under high temperature stress in 

tomato plants (Laxman et al., 2013). Among 

the sugars, sucrose was found to be the major 

sugar. The sucrose content in control plants 

ranged from 0.68 to 4.70 (mg g 
-1

 fw), while 

under induction treatment it varied between 

0.76 and 16.90 (mg g 
-1

 fw). The genotypes 

differed significantly when subjected to 

induction treatment and highest increase in 

sucrose content over the control was recorded 

in genotypes, IIHR-329 (1793.1%) followed 

by IIHR-2202 (1403.4%) and the genotype 
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Vybhav (10.9%) recorded lowest content. The 

plant ability to accumulate sucrose is mainly 

dependent on sucrose metabolizing enzymes 

including sucrose phosphate synthase, sucrose 

synthase and invertases (Miguel et al., 2007).  

 

Inositol was second major sugar which 

accumulated under high temperature stress in 

the present study. It ranged from 0.13 to 1.93 

(mg g 
-1

 fw) in control and 0.46 to 4.41 (mg g 
-

1
 fw). Significantly highest increase in inositol 

content over the control was recorded in 

genotypes IIHR-2190 (1142.7 %) followed by 

IIHR-329 (351.9 %) compared to rest of the 

genotypes and the lowest content was 

recorded in genotypes CO-3 (27.2%) and Arka 

Abha (27.0%). Fructose content also increased 

with induction treatment. Fructose in control 

condition ranged from 0.05 to 0.75 (mg g 
-1

 

fw), while under induction treatment it varied 

between 0.08 and 1.10 (mg g 
-1

 fw). The 

highest increase in fructose content was 

recorded in genotypes, Arka Rakshak (433.4 

%) followed by IIHR-2190 (305.2 %) whereas 

the genotype Arka Abha has recorded lowest 

fructose content. The Glucose content in 

control ranged from 0.01 to 0.30 (mg g 
-1

 fw), 

while under induction treatment it varied 

between 0.12 to 0.93 (mg g 
-1

 fw) significantly 

highest increase in glucose content over 

control was recorded in genotypes IIHR-2190 

with 784.3 percent. However the genotype 

Arka Abha recorded lowest glucose content. 

 

Table.1 Effect of temperature induction on sucrose, inositol, fructose and glucose in fourteen 

tomato genotypes 

 
        Sucrose (mg/g FW)    Inositol (mg/g FW)    Fructose (mg/g FW)   Glucose (mg/g FW) 

  

  Control Induced Mean Control Induced Mean Control Induced Mean Control Induced Mean 

IIHR-329 0.77 14.54 7.66 0.53 2.38 1.46 0.27 0.65 0.46 0.26 0.80 0.53 

IIHR-371 3.05 12.86 7.96 0.68 2.24 1.46 0.25 0.80 0.52 0.30 0.74 0.52 

IIHR-369 3.92 16.90 10.41 0.35 0.90 0.62 0.73 1.10 0.92 0.15 0.28 0.21 

IIHR-335 2.31 6.01 4.16 0.77 1.37 1.07 0.07 0.30 0.18 0.08 0.29 0.19 

IIHR-331 1.48 8.42 4.95 0.74 1.51 1.13 0.24 0.34 0.29 0.21 0.33 0.27 

Arka Ananya 2.43 7.41 4.92 0.79 2.49 1.64 0.36 0.57 0.46 0.28 0.57 0.43 

Abhinava  1.50 4.07 2.79 0.13 0.46 0.29 0.15 0.30 0.23 0.17 0.23 0.20 

Arka 

Rakshak 

0.79 5.58 3.18 0.73 2.91 1.82 0.08 0.44 0.26 0.14 0.35 0.24 

IIHR-2202 0.71 10.65 5.68 1.93 4.41 3.17 0.41 0.62 0.51 0.42 0.95 0.68 

IIHR-2190 2.99 16.90 9.94 0.23 2.90 1.57 0.16 0.65 0.41 0.01 0.12 0.06 

Vybhav 0.68 0.76 0.72 0.72 1.40 1.06 0.30 0.43 0.36 0.15 0.39 0.27 

PTR 3 4.70 13.82 9.26 0.74 1.67 1.21 0.22 0.57 0.40 0.30 0.47 0.39 

CO-3 1.26 3.50 2.38 0.88 1.12 1.00 0.05 0.08 0.07 0.17 0.23 0.20 

Arka Abha  1.07 2.43 1.75 0.71 0.90 0.80 0.75 0.86 0.81 0.71 0.93 0.82 

Mean 1.98 8.85   0.71 1.90   0.29 0.55   0.24 0.48   

CD (0.05)     

G 1.166 0.74 0.159 0.157 

T 0.441 0.28 0.06 0.059 

GxT 1.649 1.047 0.225 0.222 

G:Genotype, T:Treatment, GxT: Genotype and treatment interaction  
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Fig.1 Temperature induction response on activity of superoxide dismutase (SOD), peroxidise 

(POD) and catalase (CAT) in fourteen tomato genotypes 
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Fig.2 Relationship between Sucrose and POD (A), Inositol and POD (B), Fructose and CAT (C) 

 

 
 

Miguel et al., (2007) reported the increase in 

glucose and fructose along with high 

invertase activity in tomato plants when 

subjected to high temperature stress. The 

contents of fructose, glucose and sucrose were 

significantly higher when tomato plants were 

exposed to 35°C for 8 h (Zhang et al., 2012). 

It is observed that the accumulation of sugars 

increases when plants experience any kind of 

stress, which acts as an important adaptive 

mechanism to stress conditions (Wahid et al., 

2007). The present study has clearly 

demonstrated that an increase in antioxidant 

enzymes, SOD, POD and CAT along with 

osmo-protectants such as sucrose, fructose, 

glucose and inositol when tomato genotypes 

were exposed to high temperature stress.  

 

A correlation study was carried out between 

antioxidant enzymes and sugars to see their 

relationship when exposed to high 

temperature stress and A negative correlation 

was observed in sugars such as sucrose with 

POD (Fig. 2A), inositol with POD (Fig. 2B) 

and Fructose with CAT (Fig. 2C) suggesting 

that increase in sugar content as 

osmoprotectants are associated with decrease 

in activity of antioxidant enzymes in tomato 

genotypes when exposed to high temperature 

stress. It was also reported in wheat seedlings 

that external application of low concentration 

of glucose (0.1 mM and 0.5 mM) enhance the 

activity of peroxidase, catalase and 

superoxide dismutase enzymes (Hu et al., 

2012). Accumulation of low concentration of 

soluble sugars, such as glucose and sucrose 

under stress stimulates the activity of 

antioxidant enzymes (Boriboonkaset et al., 

2012). Similar correlation study between 

antioxidant enzymes and osmo-protectants 

has been reported by Rai et al., (2015) in 

hyacinth bean and Harsh et al., (2016) in 

moth bean under high temperature stress. 

 

From the present study it can be concluded 

that the osmoprotectants and antioxidant 

enzymes play an important role in mitigating 

damages caused by high temperature stress. 

The mechanism of the activity of antioxidant 

enzymes and quantification of sugar 

accumulation helps in assessing the genotypic 

variations for their thermo tolerance.  
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