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Abstract: Global warming is predicted to be increased in the upcoming years, resulting in frequent
heatwaves or hot days worldwide, which can seriously affect crop growth and productivity. The
responses of heat stress to several photophysiological and biochemical traits in three tomato cul-
tivars were investigated in a pot experiment, and the heat tolerance capability of these cultivars
was evaluated based on the investigated traits. The experiment was followed by a factorial com-
pletely randomized design, and the factors were (i) tomato cultivars (BARI Hybrid Tomato-5, BARI
Tomato-14, and BARI Tomato-15) and (ii) heat stress (control and heat). The plants of three tomato
cultivars were exposed to short-term heat stress (four days at 38/25 ◦C day/night temperature)
at the flowering stage. The measured traits such as dry mass, leaf greenness (SPAD), maximum
photochemical efficiency of photosystem II (Fv/Fm), photosynthetic rate (A), stomatal conductance
(gs), transpiration rate (E), leaf chlorophyll, and carotenoid content were significantly declined, while
the catalase and ascorbate peroxidase activities were increased by heat stress in all three tomato
cultivars except BARI Tomato-15, which showed unaltered gs, E, and carotenoids. The percent
reduction (over control) in SPAD, Fv/Fm, A, total chlorophyll, and total carotenoids was significantly
lower (11, 06, 25, 34, and 19%, respectively), whereas the percent increase in catalase and ascorbate
peroxidase activities was substantially higher (70 and 72%, respectively) in BARI Tomato-15 than
in other cultivars. Based on the measured physiological and biochemical traits, the cultivar BARI
Tomato-15 showed better heat tolerance than the other cultivars.

Keywords: antioxidants; heat tolerance; photosynthesis; pigments; tomato

1. Introduction

During the 20th century, an increase of 0.74 ◦C in global surface temperature was
reported, while climate models predicted a further rise of 1.1 to 6.4 ◦C global mean temper-
ature during the next century [1]. Heatwaves due to global climate change have made crop
production more vulnerable, and the world is under crisis for agricultural production and
food security [2]. Climate simulation studies have shown that in contrast to twice a century,
hot summers are predicted to occur twice a decade in the future during the 2000s [3].

Tomato (Solanum lycopersicum L.) is an important and popular vegetable globally,
including in Bangladesh. Tomato is a heat-sensitive crop and is usually grown in the winter
season in Bangladesh for its optimum growth and yield. The optimal temperature for the
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growth and development of tomatoes is 25–30 ◦C in the daytime and 20 ◦C at night [4].
Heat stress differentially alters the morphological, physiological, and biochemical attributes
at whole-plant cellular and molecular levels affecting tomato growth and yield [5–8]. Vege-
tative growth, flowering, pollen viability, fruit development, and fruit set of tomato are
restricted at air temperature higher than 35 ◦C [8]. The maximal photochemical efficiency
of photosystem (PS) II (Fv/Fm) and photosynthesis are considered the most heat-sensitive
physiological processes in plants, including tomatoes [4,9,10]. Heat stress is reported to
decrease in Fv/Fm, electron transport rate, net photosynthesis, stomatal conductance, tran-
spiration rate, pollen viability, and leaf chlorophyll content in tomato [9–11]. Decreased
chlorophyll concentration as a result of heat stress may be one of the primary causes for
the loss in photosynthesis, as the enzyme chlorophyllase is required for the conversion of
chlorophyll to phytol and chlorophyllide [12,13]. Increased temperature in tomato leaves
decreases photosynthetic machinery, changes membrane fluidity, and disrupts the general
stability of metabolic mechanisms, thereby causing overproduction of reactive oxygen
species (ROS) and oxidative stress resulting in cell death [4,14]. Plants encounter the ad-
verse effects of ROS by either enzymatic or nonenzymatic antioxidative defense [15]. Heat
stress causes the accretion of antioxidative enzymes such as peroxidase (POD), superoxide
dismutase (SOD), and ascorbate peroxidase (APX), resulting in an increased level of ROS
in tomatoes [16,17]. Heat resistance or thermotolerance is the capability of the crop to
cope with the heat stress and create economic production with greater yield [18]. The
rising temperature due to global warming will affect tomato production in the coming
years. Therefore, we need to develop suitable technologies by which plants can adapt to
the changing climate. Screening of cultivated and wild tomato genetic resources has been
extensively employed to find heat-tolerant cultivars and to advance the development of
heat-tolerant cultivars through conventional breeding [19]. Chlorophyll fluorescence is a
simple and successful approach that has been used in a number of studies to screen for and
identify heat-tolerant cultivars [9,20–22]. Exogenous treatment of several biomolecules,
such as salicylic acid, melatonin, and abscisic acid, can boost a plant’s heat tolerance.
These biomolecules enhance the growth and physiology of crops and prevent oxidative
damage [7,10,11,16,23].

In Bangladesh, winter lasts from December to January, and tomato is often grown
during this season. However, many commercial producers modify planting times so that
fruit picking can occur a month earlier or later than usual to obtain a higher economic
return. Such timing adjustments with winter tomato cultivars are not always successful
due to the sudden heat spell (35–40 ◦C) at later developmental stages that hampers crop
growth and results in a significant loss in fruit production. On the other hand, farmers
might choose heat-tolerant winter cultivars able to withstand this unexpected heatwave
and produce a decent harvest. There is a scarcity of suitable or recommended heat-tolerant
tomato cultivars in Bangladesh to combat these adverse climate conditions. This study
aimed to assess the influence of short-term heat stress on some physiological characteristics
and antioxidative enzyme activities in three tomato cultivars at the flowering stage. The
differences in the photophysiological and biochemical parameters among the said three
common winter tomato cultivars tested in response to the sudden heatwave and presented
in this paper.

2. Materials and Methods
2.1. Plant Materials and Stress Treatments

The experiment was set at the field laboratory of the Department of Crop Botany,
Bangladesh Agricultural University, and climate chamber in Bangladesh Institute of Nu-
clear Agriculture (BINA), Mymensingh, Bangladesh, from November 2018 to April 2019.
Seeds of three tomato cultivars such as BARI Hybrid Tomato-5, BARI Tomato-14, and
BARI Tomato-15 were collected from Bangladesh Agriculture Research Institute (BARI),
Gazipur, Bangladesh. The seeds of all tomato cultivars were sown in November 2018
in plastic pots under field conditions. The size of each plastic pot was 25 cm × 25 cm
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(D × H), containing 8 kg of soil collected from the bank of the Old Brahmaputra River. A
single seed per pot was sown, and all pots were kept in the field laboratory with proper
management until the imposition of heat treatment. The chemical fertilizers such as urea,
triple superphosphate (TSP), muriate of potash (MoP), and gypsum were applied to the
potting soil at the rate of 2 g, 1.0 g, 0.4 g, and 0.6 g per pot, respectively (converted from
the recommended doses) [24]. One-third of urea and all TSP, MoP, and gypsum fertilizers
were applied 20 days after seedling plantation. The remaining part of urea fertilizer was
applied at 40 and 60 DAS in two equal splits. The experiment was set in a two factorial
(tomato cultivars and stress) completely randomized design (CRD), having three replica-
tions. Each pot containing a single plant was used as a single replicate. The plants of all
cultivars were exposed to short-term heat during the flowering stage (60 days after sowing).
Three plants of each cultivar from the field laboratory were shifted to the climate chamber
(Model DK-COC010, Daiki Scientific Company, Seoul, Korea) for heat stress treatment.
The temperature inside the climate chamber was maintained by 38/25 ◦C day/night, and
the plants were subjected to heat treatment for four days. The photoperiod inside the
climate chamber was 12 h, and the photosynthetic photon flux density (PPFD) was approx-
imately 200 µmol m−2s−1. The relative humidity (RH) inside the chamber was maintained
approximately to 70/50% day/night. To avoid water-limiting conditions, the plants were
well-irrigated during the heat stress treatment. The plants were exposed to heat stress for
four days inside the climate chamber. The control plants remained in the ambient field
condition, and data recording was performed simultaneously with stressed plants. The
average day and night temperature in the field was approximately 25/16 ◦C. The date of
plant sowing and main growth stages are presented in Table 1.

Table 1. Different growth stages, stage duration, and age of tomato cultivars used in the study.

Growth Stage Date (Stage Duration) Crop Age (Days)

Sowing 2 November, 2018 (0) 0
1st emergence 7 November, 2018 (5 d) 5

Vegetative growth 2 December, 2018 (25 d) 30
First flowering 17 December, 2018 (15 d) 45

Anthesis (50% flowers open) 2 January, 2019 (15 d) 60 (heat stress)
Fruit ripening and harvest 17 January to 12 February, 2019 (15 d) 75–100

‘d’ denotes days.

2.2. Physiological Measurements

At 0, 1, 2, 3, and 4 days of high-temperature stress treatment, the leaf greenness
(recorded as SPAD values) of the plants grown both in control and high-temperature condi-
tions was measured. A chlorophyll meter (SPAD-502 plus, Konica Minolta, Osaka, Japan)
was used to measure the leaf greenness. The SPAD data were recorded from three different
plants in each treatment. The maximal photochemical efficiency of photosystem (PS) II
(Fv/Fm) was measured in the leaf of three plants of each cultivar of different treatments at
Days 0, 1, 2, 3, and 4 of the heat stress period. The Fv/Fm measurements were performed
by a fluorometer (Pocket PEA, Hansatech, Norfolk, UK). The dark adaptation of the leaves
was performed for 30 min using the shutter system leaf clips. After that, the Fv/Fm was
quantified with the Pocket PEA under a saturated PPFD of 3500 µmol m−2s−1 [20]. The
gas exchange parameters were measured by a portable photosynthetic system (LCi-SD
photosynthetic system, ADC Bio Scientific Ltd., Hertfordshire, UK). The rate of photo-
synthesis (A), stomatal conductance (gs) and transpiration rate (E) were recorded at a
PPFD of 200 µmol m−2s−1 in the well-developed leaves of the stressed plants (38 ◦C) at
Day 4 and the same day in control (25 ◦C) plants. The ambient (400 ppm) levels of CO2
were maintained during the gas exchange measurements at all growth conditions. The
dry weight of the plants on the 4th day of stress treatment along with control plants was
collected using an oven with 80 ± 2 ◦C for three days.



Horticulturae 2021, 7, 330 4 of 17

2.3. Pigment Analysis

The leaf samples of plants grown in control and stressed conditions were collected for
pigment and antioxidative enzyme analysis at Day 4 of heat stress treatments and stored
until analysis. The biochemical analysis was performed in the Plant Physiology Laboratory
of the Department of Crop Botany, Bangladesh Agricultural University. For chlorophyll
and carotenoid determination, 50 mg of fresh leaf samples were plunged in 10 mL of 80%
acetone and kept for seven days in dark conditions for proper extraction. Chlorophyll a
(Chl a), chlorophyll b (Chl b), total chlorophyll (Chl a + Chl b), and total carotenoid (carotene
and xanthophyll) content were calculated from the absorbance readings at 470, 648.6, and
664.2 nm by a UV–vis spectrophotometer (DR6000, Hach, Dusseldorf, Germany) following
the method of Lichtenthaler [25].

2.4. Catalase and Ascorbate Peroxidase Activity Determination

The extraction procedure for catalase (CAT, EC1.11.1.6) and ascorbate peroxidase
(APX, EC 1.11.1.11) enzyme activities was followed by Elavarthi and Martin [26] with
minor modification. For the extraction of enzyme activities, 0.5 g of fresh leaf sample was
used. The leaf samples were ground using a mortar and pestle with 3 mL of KH2PO4 buffer
(pH 8.0). The extracts were then carried into an Eppendorf tube (1.5 mL) and centrifuged
at 12,000 rpm for 10 min in a centrifuge. The samples were kept in an icebox during the
spectrophotometric analysis. For CAT determination, a 3 mL assay reaction mixture was
made in a cuvette containing 2.1 mL of 50 mM KH2PO4 buffer (pH 8.0), 0.3 mL of 2.5 mM
EDTA, 0.3 mL of 200 mM H2O2, and 0.3 mL of the sample extract. The cuvette was then
immediately placed in a UV–vis spectrophotometer (DR6000, Hach, Dusseldorf, Germany).
The enzyme activity was assayed by measuring the rate of decrease in absorbance per unit
of time (90 min) at a 240 nm wavelength. For APX, 3 mL of assay reaction mixture was
made in a cuvette containing 1.8 mL of 50 mM KH2PO4 buffer (pH 8.0), 0.3 mL of 2.5 mM
EDTA, 0.3 mL of 200 mM H2O2, 0.3 mL of 2.5 mM ascorbate, and 0.3 mL of sample. The
APX activity was measured as the decrease in absorbance per unit of time at 290 nm. The
extinction coefficient of H2O2 (40 mM−1 cm−1 at 240 nm) was used for the calculation of
CAT activity [27], while the extinction coefficient of 2.8 mM−1 cm−1 at 290 nm for reduced
ascorbate was used to calculate APX activity [28].

2.5. Statistical Data Analysis

The open-source statistical software program R [29] was used to evaluate the variation
of measured traits between the treatments and among the cultivars. Recorded data were
analyzed using analysis of variance (ANOVA) with a significance level of p < 0.05. The
percent changes over control values in different parameters were calculated as (Control
values–Stress values)/Control values * 100. The multiple comparisons of mean values of
different parameters in all cultivars were performed by the Tukey program R software.
Stress tolerance index (STI) values were calculated as Stress/Control * 100, and these values
were used to formulate the heatmap. The hierarchical clustering heatmap, correlation
matrix scatter plot, and principal component analysis (PCA) biplot were constructed using
the Heatmap, ggpairs, and fviz_pca functions of the R statistical software, respectively.

3. Results

Heat stress had a substantial effect on photophysiological processes and biochemical
parameters such as pigment concentrations and antioxidative enzyme activity in three
tomato cultivars, and ANOVA analysis revealed the sources of variance (Table 2). Under
heat stress, morphological and physiological characteristics were significantly decreased,
although antioxidative enzymes such as ascorbate peroxidase (APX) and catalase (CAT)
activity were significantly elevated.
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Table 2. Investigation of variation using analysis of variance (ANOVA) for several measured traits in
three tomato cultivars exposed to control and heat stress conditions.

Parameters
Sources of Variation Relative Change in C

Compared to ControlCultivar (C) Stress (S) C x S

Leaf greenness (SPAD) *** *** * **
Maximum photochemical
efficiency of PSII (Fv/Fm) *** * * **

Photosynthesis (A) *** *** * **
Stomatal conductance (gs) *** *** ** **

Transpiration (E) *** *** *** ***
Dry mass (DM) *** * ** **

Chl a *** *** NS **
Chl b *** * NS NS

Total chlorophyll *** *** NS *
Total carotenoids ** ** NS *

Ascorbate peroxidase (APX) *** *** *** *
Catalase (CAT) *** *** *** *

* = Significant at 5% level, ** = Significant at 1% level, *** = Significant at 0.1% level; NS = Nonsignificant.

3.1. Plant Growth and Appearance

The visual observation of three cultivars following short-term heat stress during the
early blooming stage demonstrates that BARI Tomato-15 is more tolerant than the other
cultivars. Both BARI Hybrid Tomato-5 and BARI Tomato-14 had their bottom leaves
curled due to short-term heat stress. By comparison, it appears BARI Tomato-15 did not
demonstrate any leaf curling in response to heat stress (Figure 1).
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The three cultivars’ average dry mass (DM) varied significantly between control
(16.5 g plant−1) and heat stress (12.1 g plant−1), ranging between 15.3 and 17.3 and 9.5
and 13.7 g plant−1, respectively (Figure 2). Each cultivar’s DM reduced significantly in
response to heat stress (Figure 3a), with 36.7, 28.7, and 16.9% relative dry mass decreases in
BARI Hybrid Tomato-5, BARI Tomato-14, and BARI Tomato-15, respectively (Figure 3b).
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Figure 2. Boxplots summarizing the descriptive statistics of different measured traits, namely dry mass (DM; g plant−1),
leaf greenness (as SPAD unit), Fv/Fm ratio, rate of photosynthesis (A, µmol CO2 m−2 s−1), stomatal conductance (gs,
mol m−2 s−1), rate of transpiration rate (E, mol m−2 s−1), various pigments such as chlorophyll a, chlorophyll b, total
chlorophyll, and total carotenoids as µg mg−1 fresh weight, ascorbate peroxidase (APX), and catalase (CAT) as nmol
min−1 g−1 fresh weight in three tomato cultivars grown under control and heat stress conditions at early flowering stage
(60 DAS). The mean is represented by the blue points, while the median is represented by the thickened horizontal lines
that divide the box. The lower and upper box boundaries, as well as the lower and higher whiskers, reflect the Q1
(25th percentile), Q3 (75th percentile), minimum (Q1–1.5IQR), and maximum (Q1 + 1.5 IQR) values, respectively. IQR
is an abbreviation for interquartile range. Treatment means with various letters closer to the boxes are significant at 5%
probability levels.
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plot shows % decrease in dry mass and some physiochemical traits and % increase in CAT and APX activities under
heat stress compared to control in three tomato cultivars at 60 DAS (n = 3). Treatment means that distinct letters in the
bar diagram are significantly different from one another. Different letters at the top of each trait axis in the radar plot
denote significant variance among cultivars. The colors of the letters are the same as line colors that denote different
tomato cultivars. Chl a = Chlorophyll a, Chl b = Chlorophyll b, Chl a+b = Total chlorophyll, Carotenoids = Total carotenoids,
DM = Dry mass, A = Rate of photosynthesis, gs = Stomatal conductance, E = Rate of transpiration, SPAD = Leaf greenness,
Fv/ Fm = Maximum photochemical efficiency of PS II, CAT = Catalase, and APX = Ascorbate peroxidase.

3.2. Leaf Greenness and Quantum Efficiency of Photosystem (PS) II

Heat stress significantly reduced leaf greenness (SPAD) in three tomato cultivars, and
significant heterogeneity in leaf greenness was also detected between cultivars (Table 2).
After four days of heat treatment, SPAD values varied considerably between control (41.9)
and heat stress (35.5) in all cultivars (Figure 2). In all three tomato cultivars, the leaf
greenness reduced as the duration of heat stress increased (Figure 4a). SPAD values in all
three cultivars ranged from 41 to 43 under control (Day 0) and from 33 to 38 under heat
conditions (Day 4). SPAD values were reduced by 19, 18.6, and 10.7% in BARI Hybrid
Tomato-5, BARI Tomato-14, and BARI Tomato-15, respectively (Figure 3b).

In all tomato cultivars, heat stress significantly affected the maximal photochemical
efficiency of PSII (Fv/Fm) (Table 1). In all cultivars, control plants retained considerably
higher average Fv/Fm values (0.82) than heat-treated plants (0.75) (Figure 2). Similarly,
as the length of heat exposure progressed, the SPAD trend, the Fv/Fm ratio decreased
(Figure 4b). On the fourth day of heat stress, the Fv/Fm values in BARI Hybrid Tomato-5,
BARI Tomato-14, and BARI Tomato-15 were 0.74, 0.73, and 0.77, respectively (Figure 4b).
BARI Tomato-15 appeared to have the smallest amount of relative drop in Fv/Fm (6.5%),
followed by BARI Hybrid Tomato-5 (10.1%) and BARI Tomato-14 (10.6%) (Figure 3b).



Horticulturae 2021, 7, 330 8 of 17Horticulturae 2021, 7, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 4. Trends in leaf greenness (SPAD; (a)) and the maximum photochemical efficiency of photosystem II (Fv/Fm; (b)) 
in three tomato cultivars on exposure to heat stress for four days during the blooming stage (60 DAS). The symbol D0 
denotes the day before the introduction of stress (control), whereas the symbols D1, D2, D3, and D4 denote the first, 
second, third, and fourth days of the stress period, respectively. The vertical bars represent the standard error of the mean 
(n = 3). 

3.3. Gas Exchange Parameters  
The rate of photosynthesis (A), stomatal conductance (gs), and transpiration rate (E) 

were significantly influenced by heat stress in comparison to control in all three tomato 
cultivars (Table 1). The mean values of A under control and stress conditions were 5.5 and 
3.6 µmol CO2 m−2 s−1, respectively, and this difference was statistically significant (Figure 
2). The A was maximum in BARI Tomato-15 (4.12 µmol CO2 m−2 s−1), followed by BARI 
Tomato-14 (3.43) and BARI Hybrid Tomato-5 (2.83) under heat stress conditions (Figure 
5a). The gs and E ranged from 0.27 to 0.55 mol m−2 s−1 and from 1.8 to 4.4 mol m−2 s−1, 
respectively, under heat treatment (Figure 5b,c). Relative decline under stress compared 
to control revealed that BARI Tomato-15 showed the lowest magnitude of reduction 
(25.4%) in A compared to BARI Tomato-14 (42.4%) and BARI Hybrid Tomato-5 (44.6%) 
(Figure 3b). The percent reduction in gs and E over control ranged from 7 to 48% and 10 
to 59%, respectively, depending on the cultivars (Figure 3b). 

Figure 4. Trends in leaf greenness (SPAD; (a)) and the maximum photochemical efficiency of photosystem II (Fv/Fm; (b)) in
three tomato cultivars on exposure to heat stress for four days during the blooming stage (60 DAS). The symbol D0 denotes
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3.3. Gas Exchange Parameters

The rate of photosynthesis (A), stomatal conductance (gs), and transpiration rate (E)
were significantly influenced by heat stress in comparison to control in all three tomato
cultivars (Table 1). The mean values of A under control and stress conditions were 5.5
and 3.6 µmol CO2 m−2 s−1, respectively, and this difference was statistically significant
(Figure 2). The A was maximum in BARI Tomato-15 (4.12 µmol CO2 m−2 s−1), followed
by BARI Tomato-14 (3.43) and BARI Hybrid Tomato-5 (2.83) under heat stress condi-
tions (Figure 5a). The gs and E ranged from 0.27 to 0.55 mol m−2 s−1 and from 1.8 to
4.4 mol m−2 s−1, respectively, under heat treatment (Figure 5b,c). Relative decline under
stress compared to control revealed that BARI Tomato-15 showed the lowest magnitude of
reduction (25.4%) in A compared to BARI Tomato-14 (42.4%) and BARI Hybrid Tomato-5
(44.6%) (Figure 3b). The percent reduction in gs and E over control ranged from 7 to 48%
and 10 to 59%, respectively, depending on the cultivars (Figure 3b).
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sowing. The vertical bars represent the standard error of the means (n = 3). Treatment means denoted by various letters
differ significantly.

3.4. Leaf Pigments

Heat stress decreased the leaf pigment concentration considerably in all tomato culti-
vars (Table 2). The average leaf chlorophyll a, chlorophyll b, total chlorophyll, and total
carotenoids concentrations were considerably greater in control plants (3.82, 1.20, 5.02,
and 0.72 µg mg−1 fresh weight, respectively) in comparison to the leaves of stress plants
(2.21, 0.64, 2.85, and 0.49 µg mg−1 fresh weight, respectively) (Figure 2). Significant va-
rietal difference was seen for chlorophyll a, chlorophyll b, total chlorophyll, and total
carotenoids. The varietal range in chlorophyll a, chlorophyll b, total chlorophyll, and total
carotenoids was 3.26–4.77, 0.95–1.45, 4.21–6.21, and 0.60–0.81 µg mg−1 fresh weight, respec-
tively, under normal conditions and 1.49–3.27, 0.52–0.82, 2.04–4.09, and 0.30–0.74 µg mg−1

fresh weight, respectively, under stress conditions (Figure 6a–d). Under heat stress, total
carotenoid content in BARI Tomato-15 was not significantly influenced compared to the
control (Figure 6d). The percent reduction in pigment content over control varied from 19
to 58%, and in all cases, the percent reduction was significantly lower in BARI Tomato-15
except Chl b compared to other tomato cultivars (Figure 3b).
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in the vertical bars. Within cultivars, treatment means denoted by distinct letters varied considerably.

3.5. Antioxidative Enzymes Activity

In comparison to controls, all three tomato cultivars exhibited considerably greater
activity of APX and CAT enzymes when heat stress was applied. A considerable degree of
diversity in the antioxidant defense was observed across the tomato cultivars under higher
temperature conditions (Table 2). The average APX and CAT activities of all cultivars were
0.22 and 7.62 µmol min−1 g−1 fresh weight, respectively, under control plants, and these
activities were significantly increased (0.36 and 12.49, respectively) due to the exposure of
higher temperature (Figure 2). The maximum APX and CAT activity was observed in BARI
Tomato-15 (0.42 and 16.03, respectively), whereas these enzymes’ activities were found
minimum in BARI Tomato-14 (0.30 and 9.63, respectively) under heat stress treatment
(Figure 7a,b). The increased activities of both enzymes ranged from 48 to 72% due to heat
exposure, and BARI Tomato-15 exhibited the greatest increase in APX and CAT enzymes
(72 and 70%, respectively) compared to BARI Hybrid Tomato-5 (59 and 49%) and BARI
Tomato-14 (48 and 54%) under heat stress (Figure 3b).
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Figure 7. Bar diagram (means ± SEM of three replicates) showing catalase (CAT, µmol min−1 g−1 fresh weight; (a)) and
ascorbate peroxidase (APX, µmol min−1 g−1 fresh weight; (b)) activities that was measured in three tomato cultivars
cultivated in two stress regimes (control and heat). Treatment means sharing different letters varied significantly.

3.6. Correlation Matrices and PCA Analyses

Correlation matrices among Chl a, Chl b, Total Chl, Carot., DW, A, gs, E, SPAD, Fv/Fm,
CAT, and APX at each of control and stress treatment are shown in Figure 8a,b.
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Figure 8. Scatterplot and correlation matrix of different traits of three tomato cultivars grown in control (a) and heat stress (b).
In both, green and red boxes indicate positive and negative correlations, respectively, with increasing color intensity reflecting
a higher correlation coefficient. The numeric values within the boxes are correlation coefficients between the paired traits. *,
**, and *** indicate 5%, 1%, and 0.1% levels of significance, respectively. The diagonal panel indicates the data distribution
of correlated traits. Chl a = Chlorophyll a, Chl b = Chlorophyll b, Total Chl = Total chlorophyll, Carot. = Total carotenoids,
DM = Dry mass, A = Rate of photosynthesis, gs = Stomatal conductance, E = Rate of transpiration, SPAD = Leaf greenness,
Fv/ Fm = Maximum photochemical efficiency of PS II, CAT = Catalase, and APX = Ascorbate peroxidase.

Insignificant correlations in most traits under control treatment explain the lesser vari-
ability among the cultivars. However, there was a major shift toward positive correlations
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among most photophysiological and chemical parameters and DM of plants when they
were subjected to heat stress. DM under stress maintained a significant positive correlation
with each of A, E, Total Chl, and carotenoids. Additionally, antioxidative enzymes APX
and CAT maintained strong positive correlations with each of A, SPAD, and Fv/Fm ratios,
but only under heat stress. Fv/Fm and SPAD, besides maintaining significantly positive
correlations with CAT and APX, also maintained significant positive correlations with
each of Total Chl & Chl a, A, E, and gs under stress conditions. Seemingly, gas exchange
parameters viz. A, E, and gs also maintained positive correlations with most parameters
studied under heat stress conditions.

Principal component analysis (PCA), a type of multivariate analysis, was used to
determine whether the studied traits under control and stress conditions in three tomato
cultivars can be more simply explained by creating a pair of new variables (PC1 and PC2)
that combine the original variables/traits to a different extent. PCA was used to extract
information in this investigation (Figure 9), and a biplot demonstrates that PC1 alone
explained 73.3% of the overall variability, while PC2 provided another 17%.
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Figure 9. (a) Biplot of different traits (loading plots showing with different colored arrows) and PCA score plots showing
the cultivars observations under both control and heat stress. The loading plots demonstrate the traits; (b) Genotypic
observations are distributed in different ordinates based on their dissimilarity in PC1 and PC2 scores and (c) shows
the relative contributions of different traits to the PC1 and PC2 scores. The left panel depicts a PCA biplot illustrating
the genotypic distribution between control and stress treatment. The right panel displays the same but with cultivar
identification. The angles between the vectors generated from the biplot’s center point show whether the parameters
under consideration exhibit positive or negative interactions. The closer the variables (vectors) that form smaller angles
between them, the higher the positive correlation. The parameters used to develop PCA analysis: Chl a = Chlorophyll a, Chl
b = Chlorophyll b, Total Chl = Total chlorophyll, Carotenoids = Total carotenoids, DM = Dry mass, A = Rate of photosynthesis,
gs = Stomatal conductance, E = Rate of transpiration, SPAD = Leaf greenness, Fv/ Fm = Maximum photochemical efficiency
of photosystem II, CAT = Catalase, and APX = Ascorbate peroxidase.
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Thus, the PC1 and PC2 scores explained 90.2% of the total variability, while all
analyzed characteristics except CAT and APX contributed nearly equally to PC1, CAT, and
APX contributed much more to PC2 (Figure 9c). PC1 clearly distinguished observations
into a control group with typically higher scores and a stress group with significantly lower
scores (Figure 9a). On the other hand, utilizing the PC2 score from the score plot, cultivars
can be distinguished (Figure 9b). PC2 scores for BARI Tomato-15 were higher than those for
BARI Hybrid Tomato-5. In comparison, cultivar BARI Tomato-14 had the lowest PC2 score
(Figure 9b. The loading charts appear to portray two distinct trait groupings (Figure 9c).
Within one group, the traits CAT and APX are positioned maintaining a sharply acute angle
and almost identical projection lengths, indicating their strong positive correlations and
nearly equal contributions. All other traits, except for CAT and APX, formed a separate
group with various degrees of acute angles and projection lengths, indicating their positive
associations but differential contributions.

3.7. Stress Tolerance Index (STI)

The hierarchical clustering heatmap depicts the stress tolerance indices (STIs) for
several measured parameters of all three tomato cultivars (Figure 10). The cultivars were
classified into two groups as shown in rows (BARI Tomato-15 in Group-1 and the other
two cultivars in Group-2). On the other hand, the traits were classified into four clusters
(column). Cluster-1 comprised CAT and APX, and this cluster was significantly upregulated
under stressed conditions. In comparison to the other two cultivars, BARI Tomato-15
consistently maintained a higher level of APX and CAT activity under heat stress.
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Figure 10. The heatmap shows hierarchical clustering of traits and cultivars. The stress tolerance index (STI) values for
different traits are grouped into four clusters, while three cultivars are clustered into two distinct groups.

On the other side, Cluster-2 was shared by all pigments, photosynthetic rate, and
transpiration rate. Stress had a detrimental effect on the attributes in this second cluster,
and once again, BARI Tomato-15 outperformed the other two cultivars. SPAD and Fv/Fm
ratio are grouped in Cluster-3, and this trait group was the least altered by heat stress. Two
parameters, DM and gs, were grouped in the fourth cluster, and this cluster group also
distinguished the cultivar BARI Tomato-15 as the cultivar that was less influenced by stress
treatment than the other two. The STI values for morphophysiological traits and pigments
were between 42 and 94%, whereas the STI values for antioxidant traits ranged between 149
and 172%. Considering the STI values for all tested attributes, the cultivar BARI Tomato-15
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was clearly more heat resistant than the other two cultivars, scoring higher STI values for
almost all parameters (Figure 10).

4. Discussion

Crop experts have long regarded heat stress as the single most important factor im-
pacting the yield potential of crop species [30]. The current study assessed the performance
of three tomato cultivars when subjected to short heat stress. The results indicated that
heat stress had a substantial and differential effect on all of the assessed parameters, in-
cluding leaf greenness (SPAD), maximal photochemical efficiency of PSII, photosynthesis,
chlorophyll, and antioxidant activities, among the three cultivars studied. These results
are in agreement with many previous studies [5–10,16]. Declined level of leaf greenness
is associated with a reduction in chlorophyll content. When exposed to a high tempera-
ture, chlorophyll synthesis is impaired, or there is increased degradation of chlorophyll
molecules [31]. There are a set of enzymes involved in chlorophyll synthesis that undergo
deactivation due to heat stress [12,31], and the accelerated degradation of chlorophyll is
more pronounced in the developed leaf [32]. The ratio of variable fluorescence to maximum
fluorescence (Fv/Fm) can be used to determine the maximal photochemical efficiency of
photosystem II (PSII), and this metric can be utilized as an early stress marker in crops [33].
The Fv/Fm varied significantly in the three tomato cultivars under heat stress, and BARI
Tomato-15 appeared the best and affected relatively to a lesser extent in comparison to
other cultivars (Figures 3b and 4). This cultivar may have genetically higher PSII efficiency,
and under stress, it maintains the same along with better thermal stability of the thylakoid
membrane compared to other cultivars. The thermotolerance capacity of leaf PSII is af-
fected under higher temperatures [11,34], and increased leaf temperature may eventually
terminate PSII function [4]. Reduction in chlorophyll content and Fv/Fm due to heat stress
in tomato and other crops were reported, and these parameters were used as screening tools
in many other studies [9,21,22,35]. Apart from their strong positive correlations with CAT
and APX, Fv/Fm and SPAD also showed significant positive correlations with Total Chl,
Chl a, A, E, and gs under stress conditions (Figure 8). Additionally, the heatmap generated
using the STI values (Figure 10) clearly shows that Fv/Fm and SPAD are clustered together
and that BARI Tomato-15 maintained higher STI values in these two traits compared to the
other two cultivars, which may ultimately favor this cultivar in accumulating relatively
more DM under heat stress.

Heat stress had a considerable impact on gas exchange parameters, and cultivars
responded differently (Figures 3b and 5). Under heat stress, photosynthesis is one of
the most critical biochemical features that is negatively impacted [11,36]. Heat stress
triggers a reduction in leaf expansion and also impairment in the normal functioning of
photosynthetic apparatus and eventually promotes leaf senescence [37]. Under heat stress,
stomatal closure may diminish CO2 availability, making the plant more sensitive to UV
damage [38]. Heat stress particularly targets damage to the reaction center of PSII [39], and
it is assumed that a reduced level of photosynthesis under heat stress is associated with the
breakdown of chlorophyll molecules into phytol and chlorophyllide with the help of an en-
zyme chlorophyllase [12]. High temperatures have been reported to reduce photosynthesis
in tomatoes by altering enzyme activity, photophosphorylation, and electron transport, as
well as stomatal conductance and photoassimilate translocation [9,11,40]. Tomato varieties
with higher heat stress tolerance capacity were found to maintain a higher chlorophyll
a:b ratio while maintaining their total chlorophyll and carotenoids [4]. As a result, the
reduced rate of photosynthesis shown in this study could be related to a disruption in
photosynthetic pigment synthesis, lowered PSII activity, and impaired RuBP regeneration
ability. As before, the cultivar BARI Tomato-15 exhibited relatively greater heat tolerance
in comparison to others by having a lower change in leaf greenness (SPAD), PSII efficiency,
dry mass, and gas exchange parameters (Figures 4, 5 and 7). In general, stronger positive
correlations among the rate of transpiration, stomatal conductance, and rate of photosyn-
thesis were observed under heat stress (Figure 8). Interestingly, the dry weight of plants
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under heat stress also maintained a significantly higher positive correlation with the rate
of photosynthesis and stomatal conductance. This provides a strong clue that current
photosynthesis under heat stress is a major determinant of biomass yield. The reduced total
dry matter in all tomato cultivars under heat stress in our experiment could be attributed
to a lower rate of photosynthesis, hence the reduced photoassimilate production.

The result in this study reveals that the catalase and ascorbate peroxidase activities
in three tomato cultivars were significantly increased under heat treatments (Figure 7),
indicating an increased formation of ROS. Among three cultivars, the percent increase
of APX and CAT over control was significantly higher in BARI Tomato-15 (Figure 3b),
which indicates that this cultivar had a higher inherent capability to produce antioxidative
enzymes to cope with the increased levels of destructive ROS and, therefore, showed
tolerance to heat stress. The antioxidative enzymes APX and CAT had significant positive
relationships with A, SPAD, and the Fv/Fm ratio, but only under conditions of heat stress
(Figure 8). These two enzymes had a high correlation and were the primary contributors
to the PC2 score in PC analysis (Figure 9). Additionally, the hierarchical heatmap of STI
demonstrates that APA and CAT constitute a distinct cluster (Figure 10). This was the
only cluster with STI values greater than 100 for all cultivars examined, and curiously,
BARI Tomato-15 was the best cultivar, with much higher STI values for APX and CAT
than the other two cultivars. Plants subjected to elevated temperatures have been shown
to suffer oxidative damage as a result of the generation of reactive oxygen species (ROS),
which hampers cellular activities by changing proteins and lipids [16,17,30,41]. The plant
uses both enzymatic and nonenzymatic antioxidative mechanisms to cleanse ROS, with
enzymatic defense being the most efficient [36]. Catalase, ascorbate peroxidase, and
superoxide dismutase are the key antioxidative enzymes, while carotenoids additionally
act as antioxidants [42]. Green plants can indirectly and directly counter the harmful effects
of ROS via antioxidant enzymes such as ascorbate peroxidase (APX) and catalase (CAT).
This is because sustaining higher antioxidant levels has favorable effects on plants [43,44].
Carotenoids have a strong potency to scavenge ROS, thereby protecting photosynthetic
pigments and unsaturated fatty acids from being damaged [45,46]. Very interestingly, the
absolute content of total carotenoids in the BARI Tomato-15 cultivar was not affected due
to heat stress (Figure 6), and this provided an additional advantage to this cultivar to the
tolerance against heat stress.

5. Conclusions

Heat stress is a serious limiting factor in tomatoes’ productivity and yield. It is vital to
identify stress-tolerant features in tomato cultivars, particularly in areas of the world such
as Bangladesh, where winter is very short. Based on chlorophyll content, PSII efficiency,
gas exchange parameters, and antioxidative enzyme activity in leaves, the cultivar BARI
Tomato-15 outperformed and displayed greater resistance to heat stress than the other
cultivars studied. Although BARI Tomato-15 is a winter cultivar, farmers have chosen it
as a spring variety that can withstand a sudden heat spell (35–40 ◦C) that comes after the
winter season (late February to March). This study uncovered some physiochemical bases
of BARI Tomato-15’s heat stress resistance mechanisms.
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