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Abstract

Due to global climate change, heat stress is a critical environmental factor for
adversely affecting plant growth and productivity. It induces changes in
cellular machinery and antioxidant enzymes’ functions in plants. The role of
phytohormones especially salicylic acid (SA) is well documented to alleviate
the heat stress-induced adverse effects in plants. Here, we investigated the
ameliorative role of SA in heat-stressed chili (Capsicum frutescens L.) plants.
For this purpose, four-week-old chili plants of three local cultivars (Moro,
Tilhari and Ren-02) pretreated with 1 mM and 2 mM SA were subjected to
heat stress (42 °C) for 72 h. Our results revealed that heat stress significantly
reduced plant height, shoot biomass, chlorophyll contents and relative water
contents, while it increased membrane peroxidation and hydrogen peroxide
in all three chili cultivars. However, foliar spray with both concentrations of
SA (particularly 2 mM) showed prominent recovery effects in high
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temperature exposed chili cultivars (Moro and Ren-02) with significantly
improved biomass production, photosynthetic pigments, relative water
contents, and catalase and peroxidase activities compared to their respective
controls. Moreover, the foliar spray of 2 mM SA significantly reduced
hydrogen peroxide and malonaldehyde contents under the heat stress
conditions. In conclusion, SA significantly improved heat tolerance of chili
plants by decreasing oxidative stress via increasing antioxidant activity and
membrane stability.

Introduction

As sessile organisms, plants unavoidably encounter various abiotic stress factors that are
detrimental to their growth and productivity. Among these environmental stresses, heat stress (almost
10-15 °C higher than ideal growth temperature) negatively affects cellular catabolism and anabolism,
seedling growth and development (Mittler et al., 2012; Abdelrahman et al., 2020). Plant species exhibit
varying responses to heat stress depending on plant type, temperature range and exposure time. Heat
stress disturbs plant growth through cell division alterations, root and stem growth inhibition, plant
relative water content reduction, and decreased photosynthetic pigments and plant photosynthetic
activity that lead to biomass reduction (Hasanuzzaman et al., 2013). Heat stress may cause significant
protein damage, disturb protein synthesis, inactivate key enzymes, and damage membranes (Fichman
and Mittler, 2020). High temperature causes oxidative damage ultimately resulting in cellular and
metabolic imbalance (Szymanska et al., 2017; Cohen et al. 2021). All these above-mentioned changes can
adversely affect plant growth, development and, finally, the yield.
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Plants activate various morphological and phenological adaptations to acclimate heat stress. For
example, plants avoid or tolerate heat stress by over-production of heat shock proteins and
osmoprotectants as well as limiting water loss with reduced transpiration (Ghani et al., 2020). To deal
with overloading reactive oxygen species (ROS), plants have developed many protective strategies
including production of non-enzymatic and enzymatic antioxidants (Zhao et al., 2020). The role of ROS
scavenging enzymes such as catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) are well
documented to boost plant tolerance to heat stress. Whereas, carotenoids are among the non-enzymatic
ROS scavengers that prevent plant pigments and fatty acids from free radical-induced damage and
maintain the physical characteristics of photosynthetic membranes (Gruszecki et al., 1991). However,
under extremely stressful conditions, antioxidant potential may not be adequate to mitigate the adverse
effects of oxidative damage. Therefore, searching for chemical messengers that trigger stress resistance
with an improved antioxidant defense system is an essential step toward understanding how plants
adapt to extreme conditions.

Salicylic acid (SA) is a natural phenolic phytohormone that activates plant’s defense system and
promotes growth and development. The key role of SA in regulating plant responses to a variety of
abiotic stresses like drought, salinity, ultraviolet light, chilling, heat, etc. is well-documented (Chavoushi
et al., 2019; Abdelaal et al., 2020; Bukhat et al., 2020; Hasan et al., 2020; Miao et al., 2020). Jahan et al.
(2019) reported that SA foliar spray stabilized membrane damage and alleviated heat stress effects via
increased antioxidant enzymes’ activity in tomatoes. Foliar spray of SA in alfalfa plants subjected to heat
stress resulted in increased plant biomass by an improved height and photosynthetic efficiency, reduced
electrolyte leakage (EL) and malondialdehyde (MDA) contents, and significant elevations in the activities
of POD, CAT and SOD (Wassie et al., 2020). Munir and Shabbir (2018) showed that SA treatment (foliar
and seed) to different heat-stressed wheat cultivars led to the activation of enzymatic antioxidants and
enhancement in chlorophyll and proline contents as well as net yield increase. These findings suggest a
protective role of SA in inducing high-temperature tolerance in plants.

Chili (Capsicum frutescens L.) is among the most widely used vegetable and spice around the world.
Globally, chili production exceeded to 38 million tons in 2019 (FAOSTAT, 2019). In Pakistan, chilies are
grown on a large scale as a cash crop with an estimated production of 126,943 tons during 2018-19
(http://www.mnfsr.gov.pk/). Chili has an optimum growth temperature of 22-30 °C. However, rise in
temperature above this optimal level significantly affects vegetable production by disturbing the
physiological and biochemical functions of chili plants. As little information on the mechanism of heat
tolerance in chili is available in the literature, the present research was conducted to elucidate the SA
role in regulating key physiological processes in chili plants exposed to heat stress.

Materials and Methods

Seed collection and growth conditions

Ayub Agricultural Research Institute, Faisalabad, Pakistan provided seeds of three Capsicum
frutescens L. varieties, Tilhari, Moro, and Ren-02. A triplicate pot experiment was carried out in the
following controlled conditions of the growth room: 16/8 h light/dark cycle at 30/25 °C (day/night) with
80% relative humidity. Seeds were grown in 10-cm-diameter plastic pots filled with sandy loam soil and
were irrigated with Hoagland’s nutrition solution. Four-week-old chili plants were treated through leaves
with 0, 1, and 2 mM SA. After two days of SA spray, one group of plants was kept as control, while
another group was heat stressed in the growth chamber with a day/night temperature stress of 42 °C/34
°C. After 72 h of heat treatment, the plant samples were collected to perform various biochemical and
physiological assays.

Measurement of growth parameters

For shoot and root length measurement, plants were precisely rooted out from the pots and
washed with water to remove the attached sand particles. Shoot and root lengths were then recorded
with a measuring scale. The fresh weights of the shoot and the root were measured by a digital weighing

balance. To measure dry biomass, the samples were dried in an oven (65 °C) for 7 days, and dry biomass
for root and shoot were recorded separately.

Estimation of relative water content

Relative water contents (RWC) were estimated following the recommendations of Conroy et al.
(1988). Chili leaf discs, each of 1.5 cm? diameter, were used for the estimation of fresh, dry and turgid
weights. The following formula was used to calculate plant RWC percentage:

RWC (%) = (FW-DW)/(TW-DW)x100
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Estimations of chlorophyll and carotenoid contents

Arnon’s method (1949) was used to estimate the amount of chlorophyll a, b and carotenoid
contents. Briefly, chili leaf samples (each 0.2 g) were ground with 80% acetone (10 mL). The homogenate
was filtered and then centrifuged (6000 x g) at 4 °C for 15 min. Then, the absorbance of the individual
samples was recorded at 645, 663 and 480 nm using a spectrophotometer. Final calculations were made
by using Arnon’s equation (1949).

Estimation of lipid peroxidation

Malondialdehyde (MDA) levels in leaf tissues were quantified to estimate the lipid peroxidation
using the Cakmak and Horst (1991) method with minor modification. Each (0.2 g) of the collected
samples was ground in a pestle mortar using 0.1% trichloroacetic acid (TCA) solution (1 mL). The
resulting homogenate was then centrifuged at 2000 x g for 15 minutes. Then, 1 mL of thiobarbituric acid
(TBA) solution (0.5% TBA and 20% TCA) was mixed with 0.5 mL of the supernatant. The reaction mixture
was given heat treatment at 95 °C for 50 min in a shaking water bath. The tubes were immediately
transferred to an ice box to stop the reaction process. Final centrifugation was made at 12000 x g for 10
minutes. The absorbance readings of the collected supernatant were taken at 532 and 600 nm. Lipid
peroxidation was quantified through the below given formula:

Malondialdehyde (MDA) = A(A 532 nm-A 600 nm)/1.56x10°
H,0, measurement

Hydrogen peroxide (H,0,) concentration was calculated using the method of Velikova et al. (2000).
Fresh leaf (0.2 g) sample was ground by adding 2 mL TCA (0.1%), and the homogenate was subjected to
6000 x g centrifugation for 15 minutes. Then, 100 ul of 50 mM phosphate buffer (pH 7.2) and 200 pl of 1
M potassium iodide were added in 100 ul of the obtained supernatant. The absorbance was
spectrophotometrically recorded at 390 nm. Finally, H,0, concentration was calculated with a standard
curve.

Enzymatic antioxidants activity

Antioxidant enzymes’ activities were appraised following the method of Ananieva et al. (2004). In
brief, a proportion (200 mg) of fresh leaf tissue was extracted in 2 mL of chilled sodium phosphate (50
mM) buffer (pH 7.8) followed by 20 minutes centrifugation at 15000 g using a refrigerated centrifuge (4
°C). The resulting supernatant was used for the quantification of enzyme activities. Peroxidase (POD)
enzyme activity was estimated with the protocol suggested by Chance and Maehly (1955). Enzyme
extract (50 ul) was transferred into a tube containing 250 ul H,0, (40 mM), 200 pl guaiacol (20 mM) and
1 mL of phosphate buffer (50 mM, pH 7.0). Finally, the changes in absorbance values due to guaiacol
oxidation were read at 470 nm for 2 minutes with a 20 second interval. POD activity was measured by
using the molar extinction coefficient (€) of guaiacol (26.6 mM™ cm™). Catalase activity was estimated
following Chance and Maehly (1955). Briefly, 50 ul enzymatic extract was added in a tube containing 1
mL of phosphate buffer (50 mM, pH 7.0) and 450 ul of hydrogen peroxide (5.9 mM). Optical density was
measured spectrophotometrically at 240 nm for 1 min with a 20 seconds interval. The activity of catalase
was measured using a molar extinction coefficient (€) of hydrogen peroxide (36 M cm™).

Statistical analysis

To calculate the treatment differences, the data collected during this work were analyzed with an
ANOVA (analysis of variance) test using the statistical tool, COSTAT version 6.3 (Cohort Software, Berkley,
California). Similarly, the least significance difference test (LSD test) was conducted to compare
treatment means (P < 0.05).

Results

Heat stress significantly decreased plant height, and shoot fresh and dry weights in all three chili
cultivars. However, all these parameters showed a significant improvement by the supplementation of
varying concentrations of SA (1 mM and 2 mM; Figure 1). Out of three investigated cultivars, Moro and
Ren-02 showed a maximal increase in plant height after 2 mM SA treatment under heat stress (Table 1,
Figure 1e). Similarly, Moro and Ren-02 showed a maximal increase in shoot fresh and dry weights with
pretreatment of 2 mM of SA under heat stress, whereas Tilhari showed a similar response in all these
parameters at both SA levels (Table 1; Figure 1a and 1b). Heat stress also suppressed the fresh and dry
weights of root and their length in all chili cultivars (Figure 1 c-d and f). The foliar spray of salicylic acid
improved these parameters, but the interaction SA x Heat x Var was non-significant for these
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physiological parameters.

SA had an interactive impact on the photosynthetic pigments of plants during heat stress in all three
chili varieties. Chlorophyll (a, b, total) and carotenoids reduced prominently after heat stress, and a
maximal decrease was observed in Tilhari (Figure 2a, b, ¢ and d). In all chili cultivars, exogenous
treatment of SA, specifically 2 mM, significantly increased the photosynthetic pigments. This recovery
effect of SA was maximum in Moro and Ren-02; however, in Tilhari, both concentrations of SA (1 & 2
mM) were effective (Table 1; Figure 2a-d).

Heat stress significantly decreased RWC in all three investigated chili varieties. Heat induced relative
water content reduction in different chili cultivars was alleviated by foliar-applied SA (1 and 2 mM) under
both control and heat stress conditions (Table 1; Figure 2). Foliar spray of 2 mM SA had a maximal
increasing effect on the relative water content of Moro and Ren-02 in contrast to that in Tilhari, which
showed the best response at 1 mM level of SA.
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Figure 1. Effects of heat stress and foliar application of salicylic acid (0, 1 and 2 mM) on the biomass of three chili
cultivars (a) Shoot fresh weight, (b) Shoot dry weight, (c) Root fresh weight, (d) Root dry weight, (e) Shoot
length, and (f) Root length when chili plants were subjected to high temperature (42 °C for 72 h). Bar graphs
represent mean values * SE of three independent biological replicates (n = 9). Different letters indicate
significant difference between the mean values at P < 0.05.
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Table 1. Analysis of variance test for shoot fresh weight (Shoot FW), shoot dry weight (Shoot DW), root fresh
weight (Root FW), root dry weight (Root DW), shoot length, root length, chlorophyll a, chlorophyll b, total
chlorophyll, carotenoids, relative water content (RWC), hydrogen peroxide (H,0,), malondialdehyde (MDA), and
activities of catalase (CAT) and peroxidase (POD) enzymes of three chili cultivars under control and heat stress
conditions.

Source of variation df  Shoot FW Shoot DW Root FW Root DW Shoot length
Heat 1 0.37*** 0.008%*** 0.025*** 2.61%** 13.0%**
SA 2 0.47%** 0.010%*** 0.017*** 1.64%** 11.24***
Varieties 2 3.48%** 0.082*** 0.090*** 0.001*** 21.92%**
Heat * SA 2 0.07*** 0.001 *** 0.0002ns 0.000002ns 0.56*
Heat * Var 2 0.09*** 0.002*** 0.0005ns 0.00001ns 2.47%**
SA * Var 4 0.08*** 0.002*** 0.0008ns 0.00001ns 1.16%***
Heat * SA * Var 4 0.03* 0.0005* 0.00004ns 0.00001ns 0.40*
Error 36 0.008 0.0001 0.0006 0.000006ns 0.148
Source of variation df Root length Chla Chl b Total chl Carotenoids
Heat 1 3.89%** 1.20%** 0.56*** 3.68%** 0.492%**
SA 2 2.74%%* 0.30*** 0.19*** 0.78*** 0.232%%**
Varieties 2 6.16%** 0.001ns 0.12%** 0.36%** 0.145%**
Heat * SA 2 0.37* 0.014* 0.021*** 0.18%** 0.037***
Heat * Var 2  0.13ns 0.30*** 0.018%*** 0.44*** 0.016**
SA * Var 4 0.10ns 0.06*** 0.013*** 0.26*** 0.021***
Heat * SA * Var 4 0.012ns 0.028*** 0.005* 0.043*** 0.007**
Error 36 0.076 0.0028 0.0019 0.005 0.0020
Source of variation df RWC ROS MDA CAT POD
Heat 1 1297%** 0.72%** 61.67*** 28.88*** 21.77%**
SA 2 2496*** 0.78%** 10.13%** 25.21%** 36.90%**
Varieties 2 3312%** 0.31ns 17.95%** 13.58*** 25.,53***
Heat * SA 2 324%** 0.45%** 1.21%%* 2.98%** 13.16***
Heat * Var 2 572%** 0.075* 4.01*** 1.26*** 1.17*
SA * Var 4 162*** 0.082%* 0.67** 1.32%** 2.12%**
Heat * SA * Var 4 87.40%* 0.146*** 0.358* 0.63** 1.65%*
Error 36 21.41 0.021 0.118 0.138 0.35

Heat stress resulted in higher H,0, and MDA contents in Moro, Ren-02 and Tilhari (Figure 3a-b).
However, foliar treatment of SA decreased the levels of these oxidative stress related biochemicals. Our
results showed that foliar spray of 2 mM SA significantly reduced the concentrations of MDA and H,0,in
Moro and Ren-02, respectively (Table 1; Figure 3a-b).

To determine whether SA is essential in scavenging ROS in plants during heat stress, we examined
the antioxidant activity of enzymes (CAT and POD) after supplementation of different concentrations of
SA in control and heat-stressed plants. Heat stress altered the activity of both CAT and POD. However,
the foliar application of SA significantly increased the antioxidant enzyme activities when plants were
subjected to heat stress (Figure 3c-d). SA application increased the CAT activity in all chili varieties in
response to both 1 mM and 2 mM SA, but Moro and Ren-02 showed the maximal activity at 2 mM SA
(Figure 3c). Similarly, POD activity showed a similar increasing trend upon application of 2 mM SA in
Moro and Ren-02 (Figure 3d).

The above data indicate that SA treatment may alleviate heat stress by regulating antioxidant
machinery, however, all three chili cultivars showed a varied response in their physiological and
biochemical traits to tolerate high-temperature stress. Moro and Ren-02 showed a more positive
response compared to cv. Tilhari to SA supplementation during heat stress.

Discussion

Heat stress negatively affects plant physiological and biochemical traits. However, foliar application
of SA is contemplated as an effective strategy to regulate the physiological, biochemical and other
metabolic processes to develop resistance against heat stress (Hasanuzzaman et al., 2017). It helps plants
to adapt to heat stress. For example, foliar spray of SA improved heat stress-induced growth inhibition
and recovered the plants by improving growth parameters and biomass in the chili plants. Moreover, the
growth-promoting effect of SA is dependent upon the cultivar type; for example, SA application showed
the highest effects on leaf dry weight in cv. Moro, whereas the chili cultivar Tilhari showed low growth
improvement. A similar growth improvement due to SA treatment under heat conditions has been
studied in alfalfa cultivars (Wassie et al., 2020). Another study has revealed the biomass recovery in high
temperature exposed canola plants after SA co-treatment (Ghani et al., 2021). Similarly, Khanna et al.
(2016) demonstrated that SA pretreatment improved the dry biomass and proline contents and
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developed heat tolerance in spring maize. SA-induced biomass improvement (Table 1; Figure 1a-f) of
heat-affected chili plants may result from the increased photosynthetic efficiency and/or decreased ROS-
induced oxidative damage as stated elsewhere (Jahan et al., 2019).

Photosynthetic pigments (chlorophyll a, b) and carotenoids are essential components of
photosynthesis and decipher the basic information about the physiological condition of plants. It is well-
documented that chlorophyll and other photosynthetic parameters are very sensitive to heat stress
(Ghani et al., 2020). Our study shows that heat stress significantly reduced the chlorophyll a, b, total
chlorophyll and carotenoids in all three chili cultivars (Table 1; Figure 2a-d). This reduction in
photosynthetic pigments might have been due to the overproduction of H,0, and the inactivation of
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enzymes that play a role in the biosynthesis of chlorophyll (Ashraf and Harris, 2013). However, SA
application markedly increased the levels of chlorophyll pigments (a, b, and total), and carotenoid
contents in all three chili varieties subjected to heat stress (Table 1; Figure 2a—d) as evidenced in cabbage
(Lee et al., 2019) and spring maize (Igbal et al., 2020). SA-induced improvement in chlorophyll contents
might have been due to an increase in antioxidants that reduced the hostile effects of high temperature
stress and protected the photosynthetic pigments from degradation. Some previous findings also
suggested that foliar treatment of SA resulted in increased antioxidants and chlorophyll contents during
heat exposure (Ahmad et al., 2017; Munir and Shabbir, 2018; Jahan et al., 2019).

Maintenance of plant osmoregulation is an essential physiological phenomenon for ideal plant
growth. RWC is a valuable indicator for the physiological status of water in plants expressing the
equilibrium between water absorption and utilization via transpiration (Schonfeld et al., 1988). Our
results showed that heat stress reduced the RWC in all three chili cultivars compared to that in the
control plants. However, the foliar spray of SA improved the RWC of all chili cultivars (Moro, Tilhari and
Ren-02) during heat stress, which might have been due to increased antioxidant activity and regulation of
osmotic potential and osmotic adjustment inheat-stressed plants (Table 1; Figure 2e). Igbal et al. (2020)
have described that SA treatment meaningfully improved RWC of spring maize under chilling and heat
stresses. A similar increment in RWC by SA application has been noticed in pepper plants under heat
stress conditions (Kaya et al., 2021).

The measurement of malondialdehyde (MDA) contents is used to estimate the lipid peroxidation in
plants (Shen et al., 2014). In the present study, heat stress significantly enhanced H,0, and MDA levels in
all three chili cultivars. In contrast, exogenous application of SA produced opposite effects and decreased
the concentration of H,0, and MDA (Table 1; Figure 3a-b). These results suggest that heat stress induces
oxidative damage, while SA plays a protective role by reducing these damages. Under heat stress, three
different tri-genomic hybrids of brassica showed reduced growth due to a decrease in relative water
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content and enzymes’ activities. This change might be correlated to elevated ROS levels (Ghani et al.,
2021). Further investigations have reported that exogenous application of phytohormone SA significantly
reduced the high temperature-induced oxidative damage in various plant species including barley
(Habibi, 2012), Indian mustard (Hayat et al., 2009), and mungbean (Saleh et al., 2007). Kaur et al. (2019)
also validated such findings and demonstrated that SA pretreatment decreased the MDA and H,0,
contents due to the high activity of antioxidants. In another study, co-treatment of SA to the heat-
stressed seedlings of alfalfa plants showed lower MDA contents and electrolyte leakage (Wassie et al.,
2020).

To protect themselves from oxidative damages, plants activate a complex network of ROS
scavenging enzymes, including SOD, CAT, POD, etc. These antioxidant enzymes increase the scavenging of
over-accumulated reactive oxygen species and protect the plants from oxidative stress-induced cellular
damage. Our data showed that foliar spray of SA to heat-stressed chili plants lead to a substantial rise in
the activity of CAT and POD, thereby leading to a decrease in H,0, and MDA contents (Tablel; Figure 3c-
d). Similar outcomes were reported by Afzal et al. (2020), wherein SA stimulated various ROS scavenging
pathways including CAT and POD enzymes in different wheat genotypes. Similarly, seedlings of
peppermint and corn treated with salicylic acid and melatonin had higher antioxidant activity coupled
with improved heat stress tolerance (Haydari et al., 2019).

In conclusion, heat stress negatively affected physiological and biochemical processes in chili plants
and promoted growth inhibition, damaged photosynthetic pigments, decreased the relative water
content, favored ROS accumulation, and increased membrane damage. Our results showed that
exogenous application of SA (particularly 2 mM) reduced ROS and MDA contents by increasing the
activity of enzymatic antioxidants, thereby causing more scavenging of ROS, which in turn safeguarded
the cellular machinery and assisted plants to flourish in stressful environments. Moreover, this
ameliorating effect of SA was more pronounced in Moro and Ren-2. Thus, it can be suggested that the
ability of SA to improve the antioxidant system might be a feasible approach to enhance plant growth
and vyield under stressful environments. Future research to understand the molecular and metabolic
processes of SA application to plants in heat stress is required for successful breeding and genetic
engineering programs aiming to improve stress tolerance in plants.
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