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This study investigated the physiological and molecular changes induced by low temperature stress 

in pepper (Capsicum annuum L.) plants and the effects of exogenous proline applications under 

these stress conditions. Seeds of the ‘Yalova Çorbacı 12’ cultivar were grown in trays containing a 

mixture of peat, soil, and perlite (1:1:1), and when the seedlings reached the 3–4 leaf stage, 0, 5, 10, 

and 20 mM proline solutions were applied as foliar sprays three times at three-day intervals. 

Following the treatments, plants were exposed to low temperature stress (+8 °C) for three (72 hours) 

days. Cellular damage, proline content, and total soluble protein content were determined in leaf 

tissues, and protein profiles were also analysed. It was found that cellular damage was higher in 

plants exposed to low temperature stress without proline application, whereas proline-treated plants 

showed reduced damage, with the lowest damage observed at 5 mM proline. Proline content 

decreased in the stressed plants without proline application, while it increased in proline-treated 

plants. Although total soluble protein content decreased under low temperature stress, it was higher 

in proline-treated plants, with the highest value recorded at 5 mM. Protein analyses revealed the 

presence of protein bands with varying intensities depending on the treatments. According to 

immunoblot results, HSP60 and HSP23 increased under low temperature stress and reached their 

highest levels at 5 mM proline application. In conclusion, exogenous proline application enhanced 

tolerance to low temperature stress, with 5 mM identified as the most effective concentration. 

 

Keywords: 

Capsicum annuum 

HSP23 

HSP60 

Low Temperature Stress  

Proline 

 

 
a  tugcenurr.26@gmail.com  https://orcid.org/0000-0003-1469-0252   b  ergins@ogu.edu.tr  https://orcid.org/0000-0002-7720-5536 

 

 This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).  

 

 

 

Introduction 

Environmental factors such as drought, salinity, and 

temperature stress are among the primary constraints 

affecting the geographical distribution of plants in nature, 

limiting agricultural productivity, and posing significant 

threats to food security. With the progression of global 

climate change, the frequency of low-temperature events is 

expected to increase (Ramzan et al., 2026). 

Low temperatures can induce a wide range of 

physiological and biochemical responses in plants, 

including disruptions in ion metabolism, reduced 

photosynthetic efficiency, excessive production of reactive 

oxygen species (ROS), and alterations in osmolyte 

accumulation (Glind et al., 2011; Barrero-Sicilia et al., 

2017). Similar to high temperatures, low temperatures can 

also decrease plant water potential, thereby reducing water 

uptake and potentially leading to dehydration (Levitt, 

1980). 

Proline accumulation is a common physiological 

response to both biotic and abiotic stresses in many plant 

species and contributes to the maintenance of intracellular 

osmotic balance under stress conditions. By regulating 

cellular osmotic potential, proline facilitates water uptake 

and transport, thus playing a crucial role in plant adaptation 

to stress (Jurkonienė et al., 2023). In addition, proline is 

considered a multifunctional protective molecule due to its 

ability to scavenge ROS, stabilize proteins and membrane 

structures, and regulate stress-related proteins (Raza et al., 

2023; Renzetti et al., 2024). It has also been reported to 

influence the accumulation and functionality of stress-

responsive proteins such as heat shock proteins (HSPs) and 

dehydrins. In this context, proline biosynthesis and 

accumulation are regarded as key defence mechanisms 

developed by plants against osmotic and oxidative stresses 

(Tiwari, 2024).  

Elevated proline levels are also widely accepted as an 

important indicator of abiotic stress tolerance in plants 

(Renzetti et al., 2024). 

Under stress conditions, plants typically reduce the 

synthesis of normal proteins while activating stress-

responsive genes, leading to an increased production of 
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stress-related proteins, particularly HSPs (ul Haq et al., 

2019). HSPs were initially characterized by their response 

to high temperatures; however, many HSPs are also found 

in non-stressed cells and are known to respond to a variety 

of stressors, including low temperature, UV radiation, 

injury, tissue remodeling, and biotic stress (Vierling, 1991; 

Abdullah et al., 2022). 

At the cellular level, stress-associated proteins, 

especially HSPs, play a critical role in protein folding and 

in preventing irreversible aggregation of misfolded 

proteins. They also contribute to stress tolerance by 

stabilizing cellular structures and facilitating stress 

adaptation (Kayak et al., 2022; Khan et al., 2025). 

Small heat shock proteins (sHSPs) function as 

independent chaperones under stress conditions by 

preventing irreversible damage to substrate proteins that 

are prone to denaturation. They maintain these proteins in 

a stable state and inhibit their aggregation (Waters and 

Vierling, 2020). Moreover, sHSPs not only serve 

protective roles but also act as regulatory molecules 

involved in stress perception, stress-induced signal 

transduction, and the activation of genes associated with 

abiotic stress responses (Singh et al., 2019). 

The relationship between HSP accumulation and 

enhanced thermotolerance under heat stress has been 

extensively documented in previous studies (Ergin et al., 

2016; McLoughlin et al., 2016; Yang et al., 2020). Low-

temperature stress, on the other hand, affects enzymes and 

cellular membranes, altering plant physiology and 

metabolism and potentially leading to water deficiency and 

dehydration (Satyakam et al., 2022). It may also cause protein 

dysfunction and denaturation. Therefore, the synthesis of 

HSPs in plant cells is essential for preventing cellular damage, 

maintaining homeostasis, and enhancing tolerance to low-

temperature stress (Batool et al., 2022). However, studies 

addressing the roles of HSPs under low-temperature stress 

conditions remain limited (Ré et al., 2017; Bourgine and 

Guihur, 2021; Ergin and Altıntaş, 2024). 

In recent years, the exogenous application of plant 

protectants has been shown to be effective in mitigating 

stress-induced damage in plants (Singh et al., 2015). 

Among these, osmoprotectants —such as amino acids, 

betaines, and polyamines— are widely used (Acosta-

Motos et al., 2020; Arjeh et al., 2021). The preference for 

osmoprotectant application is attributed to their high 

efficiency, ease of use, low cost, and lack of requirement 

for advanced equipment (Hossain et al., 2019). 

Pepper (Capsicum annuum L.), a member of the 

Solanaceae family, is an important vegetable and spice 

crop known for its aroma, flavour, and pungency. It is 

widely cultivated worldwide and serves as a rich source of 

essential nutrients for humans, particularly vitamins, 

minerals, and carotenoids (Topuz et al., 2007). 

Optimal growing conditions for pepper plants are 

characterized by adequate soil moisture and moderate 

temperatures ranging from 21 to 29 °C. However, low-

temperature stress is considered one of the major 

environmental factors limiting pepper cultivation. 

Temperatures below 10 °C significantly suppress plant 

growth and development, reduce biological yield, and, in 

severe cases, may lead to plant death (Guo et al., 2015; Ge 

et al., 2020; Zhang et al., 2020). Therefore, investigating 

the responses of pepper plants to low-temperature stress 

holds significant theoretical and practical importance for 

ensuring sustainable production (Ding et al., 2019; Gong et 

al., 2020). 

The present study aims to elucidate proline-mediated 

protein-based defence responses in pepper (Capsicum 

annuum L.) plants exposed to low-temperature stress. 

Although the protective effects of exogenous proline under 

various abiotic stresses have been widely investigated, 

limited information is available regarding its regulatory 

influence on HSP23 and HSP60 expression under low-

temperature conditions in pepper plants. Most previous 

studies have primarily focused on physiological and 

biochemical responses to proline application, whereas the 

molecular mechanisms associated with stress-responsive 

protein regulation remain insufficiently understood. 

Therefore, the present study integrates physiological and 

molecular analyses to evaluate the dose-dependent effects 

of exogenous proline on cold stress responses. By 

combining conventional stress indicators with HSP23 and 

HSP60 expression analyses, this study provides a more 

comprehensive assessment of proline-associated responses 

under low-temperature stress and contributes to identifying 

an effective proline concentration for improving stress 

tolerance in pepper plants. 

The findings of this study may contribute to a better 

understanding of molecular responses associated with low-

temperature stress tolerance and provide useful insights for 

developing stress management strategies in pepper 

cultivation. 

 

Materials and Methods 

 

Plant Material and Experimental Conditions 

Seeds of the commercially available Capsicum annuum 

L. ‘Yalova Çorbacı 12’ cultivar were sown in 45-cell trays 

containing a mixture of peat, perlite, and sieved garden soil 

(1:1:1, v/v/v). The experiment was designed according to a 

completely randomized design, with nine plants per 

replicate. Seedlings were grown in a controlled greenhouse 

under conditions of 25/18 °C (day/night), 60±5% relative 

humidity, and a photoperiod of 16 h light/8 h dark. 

When the plants reached the 3–4 leaf stage (6 week 

after sowing), proline solutions prepared at concentrations 

of 5 mM, 10 mM, and 20 mM were applied to the 

respective treatment groups via foliar spraying three times 

at three-day intervals. No proline treatment was applied to 

the control plants. Throughout the growth period, all 

seedlings were fertilized once a week with a nutrient 

solution (NPK; 7:7:7). 

Following the proline treatments, one group of both 

proline-treated and untreated control seedlings was 

exposed to low temperature (8 °C) for 3 days (72 h) under 

a 16 h light/8 h dark photoperiod. The remaining untreated 

control plants were maintained under controlled 

greenhouse conditions during this period. After the 72 

hours low-temperature treatment, leaf samples were 

collected and stored at −80 °C for subsequent proline and 

protein analyses. 

 

Cell Membrane Injury  

At the end of the low-temperature treatments, leaf discs 

(1.5 cm in diameter) were excised from fresh leaves to 

determine cell membrane damage.  
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The discs were rinsed with distilled water, transferred 

into glass tubes, and immersed in 15 mL of distilled water. 

The tubes were then placed on a shaker (Thermo MaxQ 

4450) at 110 rpm for 4 h, after which the electrical 

conductivity of the solution was measured using an EC 

meter (Mettler Toledo, SevenEasy S30, Columbus, Ohio, 

USA) (EC₁). 

To determine total conductivity (EC₂), the same 

samples were autoclaved at 121 °C for 15 minutes, cooled 

to room temperature, and measured again (Ilík et al., 2018). 

Ion leakage (IL) and cell membrane injury were calculated 

according to Equations 1 and 2. 

 

IL% = (EC₁/ EC₂) × 100   (1) 

Injury% = [(IL%A-IL%C)/(100-IL%C)]×100 (2) 

A = Application, C= Control 

 

Proline Content 

Proline content was determined according to the 

method described by Bates et al. (1973). For this purpose, 

0.2 g of leaf tissue stored at −80 °C was homogenized in 1 

mL of 3% sulfosalicylic acid and centrifuged at 5000 × g 

for 15 min at 4 °C. Subsequently, 100 μL of the supernatant 

was mixed with 200 μL of ninhydrin reagent, 200 μL of 

acetic acid, and 100 μL of 3% sulfosalicylic acid. 

The reaction mixture was incubated at 100 °C for 1 h. 

After cooling to room temperature, 1 mL of toluene was 

added to the samples, and the mixture was thoroughly 

homogenized. The absorbance of the chromophore-

containing toluene phase was measured at 520 nm using a 

spectrophotometer (Thermo Fisher Scientific, Genesys 

10S UV-Vis, USA). Proline concentration was calculated 

using a standard curve generated with L-proline standards. 

 

Protein Analyses 

To determine total soluble protein (TSP) content, 0.25 

g of leaf tissue was homogenized at 4 °C in borate buffer 

(50 mM sodium tetraborate, 50 mM ascorbic acid, 1 mM 

PMSF, and 1% β-mercaptoethanol; pH 9.0). The 

homogenates were centrifuged at 10,000 rpm for 10 min at 

4 °C, and the TSP content in the supernatant was 

determined spectrophotometrically using the Bradford 

(1976) method.  

The SDS-PAGE and immunoblot analysis was 

performed using a 12.5% separating gel, and equal protein 

10 (μg) loading was verified based on equal total protein 

amounts prior to electrophoresis. 

Protein separation was carried out in an electrophoresis 

system (Mini-PROTEAN Tetra, Bio-Rad, USA) under a 

constant current of 40 mA for approximately 1 h. 

Following electrophoresis, protein bands were visualized 

using Coomassie Brilliant Blue G-250 staining solution 

and documented with a Vilber Quantum ST4 Gel Imaging 

System. Protein molecular weights were estimated using a 

prestained protein ladder (Precision Plus Protein 

Standards, Bio-Rad, USA). 

For immunoblot analyses, proteins separated by SDS-

PAGE were transferred onto nitrocellulose membranes 

using a Bio-Rad Trans-Blot Turbo transfer system 

according to Ergin et al. (2016). HSP60 protein expression 

was detected using Monoclonal Anti-Heat Shock Protein 

60 Clone LK-2 (mouse) antibody at a dilution of 1:1500, 

while HSP23 protein expression was detected using 

Monoclonal Anti-Heat Shock Protein 23 (rabbit) antibody 

at a dilution of 1:1000. Blots were visualised using an 

alkaline phosphatase-based colorimetric detection method 

with the ProtoBlot Western Blot AP System (Promega). 

Band intensities were quantified using NIH Image software 

(2024). Relative HSP levels were calculated by 

normalizing band intensities to those of the control group, 

which was set as 100%. 

 

Statistical Analysis 

All experiments were performed with three biological 

replicates per treatment (n = 3), and data are expressed as 

mean ± standard error (SE). Statistical analyses were 

carried out using one-way ANOVA, and mean 

comparisons were performed using Duncan’s multiple 

range test at P ≤ 0.05. All analyses were conducted using 

IBM SPSS Statistics 29. 

 

Results and Discussion 

 

Cell Membrane Injury 

Low-temperature stress significantly increased 

membrane damage in pepper plants (F₃,₈ = 11.674, P < 

0.05), with the highest injury rate (7.9%) observed in the 0 

mM proline treatment (Table 1). In contrast, exogenous 

proline applications reduced membrane injury, with the 

lowest damage recorded at 5 mM (5.4%), followed by 10 

mM (5.6%) and 20 mM (6.4).  

Low-temperature stress is known to disrupt membrane 

integrity, increase permeability, and induce ion leakage 

(Ding et al., 2020). The elevated injury rate in untreated 

plants confirms the detrimental effect of cold stress on 

membrane stability. Proline likely mitigates this damage 

by stabilizing membrane structures through interactions 

with phospholipid head groups and by reducing lipid 

peroxidation (Dar et al., 2016; Hossain et al., 2019). 

The pronounced reduction in injury at 5 mM suggests 

that proline provides optimal membrane protection within 

a specific concentration range. Similar findings have been 

reported in previous studies where moderate proline levels 

improved membrane stability under abiotic stress, whereas 

higher concentrations showed diminished efficiency. This 

indicates that proline-mediated protection is dose-

dependent and operates within an optimal physiological 

window. 

 

Proline Content 

One-way ANOVA showed that treatments significantly 

affected proline content (F₄,₁₀ = 22.426, p < 0.001). Mean 

comparisons were performed using Duncan’s multiple 

range test. Under non-stress conditions, proline content in 

control plants was 1285.3 µmol g⁻¹ FW (Table 1). 

Exposure to low-temperature stress significantly altered 

proline accumulation, with values of 850.1, 1495.2, 

1676.5, and 1601.6 µmol g⁻¹ FW recorded in the 0, 5, 10, 

and 20 mM proline treatments, respectively. 
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Table 1. Effects of exogenous proline applications on cell membrane injury, proline content, and total soluble protein 

(TSP) content in pepper plants exposed to low-temperature stress (LTS).  

 

Applications Injury (%) Proline Content (µmol g⁻¹ FW) TSP (mg protein g⁻¹ FW) 

Control — 1285.4 ± 78.07 b 28.5 ± 0.2 d 

LTS + 0 mM proline 7.6 ± 0.5 c 850.1 ± 65.17 a 26.3 ± 0.4 a 

LTS + 5 mM proline 5.4 ± 0.5 a 1495.2 ± 38.95 bc 27.9 ± 0.2 bc 

LTS + 10 mM proline 5.6 ± 0.5 ab 1676.5 ± 58.22 c 27.4 ± 0.1 ab 

LTS + 20 mM proline 6.4 ± 0.6 bc 1601.7 ± 96.63 c 27.2 ± 0.2 ab 
— Not determined for non-stressed control plants; Values represent mean ± standard error (SE) of three biological replicates (n = 3). Different letters 
within each column indicate statistically significant differences among treatments according to Duncan’s multiple range test at P ≤ 0.05. 

 

Although proline accumulation is commonly reported 

under abiotic stress conditions, several studies have 

demonstrated that prolonged or severe cold stress may also 

reduce proline levels depending on stress intensity, 

duration, and plant genotype. For example, proline content 

significantly decreased during cold acclimation in winter 

oilseed rape (Jankovska-Bortkevič et al., 2023), while 

dynamic fluctuations including subsequent declines under 

stronger cold exposure have also been reported (Ritonga et 

al., 2025). Such reductions may be associated with 

metabolic disruption, enhanced proline catabolism, or 

increased utilization of proline in ROS detoxification and 

cellular protection mechanisms (Margutti et al., 2024) 

 The reduction of endogenous proline in untreated 

stressed plants may indicate a disruption in metabolic 

balance under cold conditions. In contrast, exogenous 

proline treatments significantly increased intracellular 

proline levels, indicating that external application supports 

the endogenous proline pool.  

Beyond osmotic adjustment, proline acts as a ROS 

scavenger and redox buffer (Ghosh et al., 2021; Székely et 

al., 2008). The parallel decrease in membrane injury and 

increase in proline content suggests that proline contributes 

to both osmotic regulation and oxidative stress mitigation. 

The slightly lower proline accumulation at 20 mM 

compared to 10 mM may indicate feedback regulation or 

metabolic saturation, supporting the idea of an optimal 

concentration threshold. Although increased proline 

accumulation is generally considered a typical response to 

abiotic stress, the present findings indicate that proline 

responses under cold stress may vary depending on stress 

severity, exposure duration, and metabolic status of the plant. 

 

Total Soluble Protein (TSP) Content and Protein 

Profile 

Total soluble protein (TSP) content was significantly 

affected by the treatments according to one-way ANOVA 

(F₄,₁₀ = 7.988, P = 0.004). The highest TSP content was 

observed in control plants (28.47 mg g⁻¹ FW), while low-

temperature stress reduced protein levels (Table 1). Proline 

treatments partially alleviated this reduction, with the 

highest TSP under stress recorded at 5 mM (27.86 mg g⁻¹ 

FW). 

The decline in TSP reflects the inhibitory effects of 

low-temperature stress on protein synthesis and stability. 

Proline likely contributes to protein preservation by acting 

as a molecular chaperone-like molecule, stabilizing protein 

folding and reducing aggregation (Louros and 

Schymkowitz, 2023). 

The relatively higher TSP at 5 mM suggests that 

optimal proline levels support protein homeostasis more 

effectively than higher concentrations, where protective 

efficiency may decline. 

SDS-PAGE analysis revealed distinct protein bands 

between 17–40 kDa. A prominent 40 kDa band was present 

in all treatments, while a 32 kDa band appeared only in the 

5 mM group. Bands at 23, 21, and 20 kDa were consistently 

detected across treatments, indicating a general stress 

response (Figure 1). 

These low-molecular-weight proteins likely 

correspond to stress-associated proteins, particularly small 

heat shock proteins (sHSPs), which are known to prevent 

protein aggregation and enhance stress tolerance (Singh et 

al., 2019; Waters and Vierling, 2020). 

The increased intensity of the 17 kDa band at 10 mM 

suggests a concentration-dependent response, indicating 

that proline not only protects proteins but may also 

modulate stress-related protein synthesis. 

 

HSP60 and HSP23 Responses 

Immunoblot analysis demonstrated that low-

temperature stress induced the accumulation of HSP60 

(~40 kDa) and HSP23 (~23 kDa), with the strongest 

expression observed at 5 mM proline treatment (Figure 2 

and Figure 3). 

 

 
Figure 1. SDS-PAGE protein profiles of pepper plants 

exposed to low temperature stress (LTS) and treated with 

exogenous proline.  
Total soluble proteins extracted from leaf tissues were separated on 

12.5% polyacrylamide gels. Lane MW: prestained protein molecular 

weight marker (15–250 kDa). Differences in protein band intensity and 

distribution were observed among treatments, particularly within the 
17–40 kDa molecular weight range. 
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Figure 2. Appearance (A) and relative band intensity (B) 

of HSP60 protein in pepper plants exposed to low-

temperature stress (LTS) and treated with exogenous 

proline.  
Data represent mean ± SE of three biological replicates (n = 3). Error 

bars indicate standard error. Different letters indicate significant 

differences according to Duncan’s multiple range test at P ≤ 0.05. 
 

 
Figure 3. Appearance (A) and relative band intensity (B) 

of HSP23 protein in pepper plants exposed to low-

temperature stress (LTS) and treated with exogenous 

proline.  
Data represent mean ± SE of three biological replicates (n = 3). Error 

bars indicate standard error. Different letters indicate significant 
differences according to Duncan’s multiple range test at P ≤ 0.05. 
 

HSP60 plays a key role in protein folding within 

chloroplasts and mitochondria, maintaining protein 

integrity under stress conditions. Similarly, HSP23, a 

member of the sHSP family, prevents protein aggregation 

and contributes to cellular tolerance. 

Relative band intensity values (% control) of HSP60 

were significantly affected by proline applications 

according to one-way ANOVA (F₄,₁₀ = 28667.258, P < 

0.001; Figure 2. B.). The control group exhibited a mean 

value of 100.00%, while marked variations were observed 

among low-temperature stress (LTS) and proline-treated 

groups. The lowest relative band intensity was recorded in 

LTS + 20 mM treatment (86.63%), indicating a reduction 

compared to the control. In contrast, LTS + 0 mM and LTS 

+ 10 mM treatments showed increased values of 135.80% 

and 172.30%, respectively. The highest relative band 

intensity was observed in LTS + 5 mM treatment, reaching 

222.75%. Duncan’s test further indicated that all 

treatments were assigned to distinct homogeneous subsets, 

demonstrating that each treatment differed significantly 

from the others (P < 0.01). These results suggest a clear 

and consistent treatment-dependent variation in relative 

band intensity under low-temperature stress conditions. 

Relative band intensity of HSP23 was significantly 

affected by proline applications according to one-way 

ANOVA (F₄,₁₀ = 1934.683, P < 0.001; Figure 3. B.). Low-

temperature stress increased relative band intensity 

compared with the control plants, reaching 130.49% in the 

LTS + 0 mM treatment. Among the proline applications 

under low-temperature stress, the highest relative band 

intensity was observed at 5 mM proline (160.69%), 

indicating a marked stimulatory effect. In contrast, the 20 

mM proline treatment sharply reduced relative band 

intensity to 71.33%, resulting in the lowest value among all 

treatments. Duncan’s multiple range test revealed that all 

treatments differed significantly from each other, except 

for LTS + 0 mM and LTS + 10 mM treatments, which were 

statistically similar.  

The increased accumulation of these proteins in 

proline-treated plants suggests that exogenous proline may 

contribute to the regulation of stress-sensitive protein 

accumulation under low-temperature stress. 

These findings are consistent with previous studies 

reporting that abiotic stress induces HSP expression as part 

of cellular adaptation mechanisms (ul Haq et al., 2019; 

Waters and Vierling, 2020). However, the stronger 

response observed at moderate proline levels indicates that 

proline-mediated signalling may be optimized at specific 

concentrations. 

Although non-stressed proline-treated groups were not 

included in the present study, the experimental design was 

specifically focused on evaluating the protective role of 

exogenous proline under low-temperature stress 

conditions. Future studies including both stressed and non-

stressed proline applications may further clarify the 

independent physiological effects of proline under optimal 

conditions. 

 

Conclusion 

 

Low temperature is a major environmental constraint 

limiting plant growth and productivity under changing 

climate conditions. In this study, exogenous proline 

application significantly enhanced low-temperature stress 

tolerance in pepper (Capsicum annuum L.) by improving 

membrane stability, increasing endogenous proline 

accumulation, maintaining protein homeostasis, and 
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promoting the accumulation of stress-related proteins such 

as HSP60 and HSP23. 

Among the tested concentrations, 5 mM proline 

produced the most favourable physiological and molecular 

responses, including reduced membrane injury and 

enhanced HSP expression. Higher concentrations did not 

provide additional improvement and, in some cases, 

resulted in less favourable responses. These findings 

suggest that moderate proline concentrations may be more 

effective for maintaining cellular homeostasis under low-

temperature stress conditions. 

From a practical agricultural perspective, the 

application of 5 mM proline may also represent a more 

economical and sustainable strategy for growers compared 

with higher concentrations, particularly when comparable 

or superior stress-alleviating effects are achieved at lower 

application doses. 

Overall, the findings suggest that exogenous proline 

contributes to protein-associated defence responses under 

low-temperature stress. These results highlight its potential 

as a practical strategy for improving cold stress tolerance 

in pepper cultivation and provide a basis for future studies 

investigating additional stress-response mechanisms. 
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