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ABSTRACT

Chilling is one of the major abiotic stresses for plants, especially for rice cultivation. Many essential metabolic
processes for growth and development are temperature-dependent. In that case, reducing the negative effects
of cold stress using exogenous chemicals is a possible option. Therefore, the current study examined the effects
of pre-sowing seed treatment with different chemicals, viz. hydrogen peroxide (H2O2), salicylic acid (SA), calcium
chloride (CaCl2), thiourea (TU), and citric acid (CA) on the germination of rice seeds (cv. BRRI dhan28) under
chilling environments. Rice seeds were soaked in distilled water (control), 10 mM CA, 2 mM SA, 10 mM CaCl2,
10 mM H2O2, and 10 mM TU solutions for 24 h. After that, seeds were exposed to chilling stress by incubating at
4 ± 1°C for 8 h, followed by at 25 ± 2°C for 16 h for 7 days. Exposure to chilling stress significantly reduced the
final germination percent (13.6%), germination rate index (36.0%), coefficient of the velocity (25.0%), shoot fresh
weight (44.4%), and root fresh weight (60.5%). Moreover, chilling induced oxidative damage and reduced the
activity of antioxidant enzymes (catalase and ascorbate peroxidase). In contrast, treatments with H2O2, SA, CaCl2,
TU, and CA considerably enhanced germination indices and seedling growth compared to chilling stress condi-
tions. The study showed that priming with H2O2, SA, CaCl2, TU, and CA significantly boosted antioxidant
enzyme activities and reduced MDA and H2O2 contents in chilling-stressed rice plants, indicating less oxidative
stress and improved tolerance. Principal component analysis showed that among these priming agents, H2O2, SA,
and CA are most effective in chilling stress mitigation. Therefore, using seed-treating chemicals to combat the
effect of chilling stress can help rice seedlings grow better in the winter season.
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1 Introduction

Rice (Oryza sativa L.) is the most vital cereal crop, serving as a staple food for over half of the world’s
population [1,2]. There are more than 110 countries in the world occupying rice in almost 160 million
hectares (mha) of land [3]. Bangladesh is the third-largest rice-producing country in the world, with a
yearly production of 37.97 million tons in approximately 11 mha of land [4]. However, rice cultivation is
constrained by various abiotic stresses, such as drought, salinity, high or low temperatures, flooding,
heavy metals, etc. [5,6]. Chilling stress is ranked second among the abiotic stresses due to its severe
effect on crops particularly in rice production in Bangladesh [7]. There are two major rice production
seasons in Bangladesh, Aman (rainy) and Boro (winter or dry). The germination and seedling stages of
Boro rice are exposed to cold waves. In particular, the establishment of rice seedlings is hindered in the
northern part of Bangladesh in December and January due to low temperatures [7]. The low temperature
causes poor germination, discoloration, chlorosis, and swallow seedlings, ultimately producing unhealthy
seedlings [8–10]. The impaired seedlings eventually result in decreased crop production.

Plants experience oxidative stress when exposed to chilling stress [9,11]. Chilling stress induces an
overproduction and accumulation of reactive oxygen species (ROS) within plant tissues, resulting in
oxidative injury at both cellular and sub-cellular levels. Excessive ROS impairs cell membranes, disrupts
ionic balance, and deactivates enzymes and proteins [11,12]. Plants typically possess a highly effective
and complex antioxidant defense system to control the excessive accumulation of ROS [13]. This defense
mechanism consists of various enzymatic components as well as non-enzymatic antioxidants [14,15]. The
efficiency of plants in scavenging ROS has been associated with their ability to tolerate various
environmental stresses like chilling [9,14,16]. To reduce abiotic stress-induced oxidative damage and
improve the stress tolerance of crop plants, researchers are exploring various strategies and methodologies.

Seed priming is a widely utilized method in agriculture to enhance the germination rate, promote
uniformity in seedling emergence, and facilitate optimal crop growth. This technique is favored for its
simple execution and cost-effectiveness [17,18]. During the priming process, the activation of internal
metabolic activities occurs concomitantly, preventing radicle protrusion. It has been observed that genes
associated with stress tolerance, such as those involved in carbohydrate metabolism, protein synthesis,
and signaling pathways, exhibited increased expression levels during the priming stage [19]. Furthermore,
seed priming techniques have been employed to enhance the plant’s efficiency in adverse environmental
circumstances. Following the process of post-priming germination, it has been observed that primed seeds
exhibit better results compared to unprimed seeds when subjected to stressful environmental conditions.
Recent studies have investigated the use of various compounds or factors as priming agents, including
signaling molecules [9,20], temperature [21], ROS [22], osmolytes [22], hormones [23], salts [24], and
antioxidants [24].

Studies showed that pre-treating Zoysia matrella plants with low concentrations of hydrogen peroxide
(H2O2) may promote chilling tolerance [25]. Hydrogen peroxide can initiate the activation of antioxidant
capacity within plants. This activation mitigates oxidative damage and enhances the physiological
characteristics of plants experiencing stress [26–28]. By controlling the antioxidant enzyme activities in
maize, wheat, and banana seedlings, exogenous salicylic acid (SA) also increases cold tolerance [29–31].
Calcium is an essential mineral that performs important structural and signaling roles and acts as a stress
sensor and transducer for plants, modulating how they respond to abiotic stresses [32,33]. Priming with
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calcium chloride (CaCl2) significantly increased the harvest index, grain yield, and straw yield of late-sown
wheat under chilling stress [34]. Thiourea (TU) has many beneficial effects, including the ability to improve
plant growth and yield under stress conditions. TU applied as a foliar spray improves stress tolerance in
plants [35,36]. Citric acid (CA) is an essential organic acid that is significantly associated with plant
abiotic stress tolerance [37]. Therefore, it has been hypothesized that seed priming with SA, H2O2, CaCl2,
CA, and TU might improve the chilling stress tolerance of rice seedlings.

This study aimed to investigate the comparative efficacy of H2O2, SA, Ca
2+, TU, and CA priming in

enhancing growth and activating stress-related defense mechanisms in rice seedlings under chilling stress.
Our findings underscore the importance of these priming agents in improving seedling resilience and
growth under cold conditions. This research contributes to the development of an effective strategy for
managing chilling stress in rice, ultimately supporting agricultural productivity in the face of climate
variability.

2 Materials and Methods

2.1 Experimental Setup
The experiment was performed using the BRRI dhan28 rice cultivar developed by the Bangladesh Rice

Research Institute (BRRI). It is an Indica-type mega rice variety for the Boro season (winter rice) in
Bangladesh. It is a cold-sensitive, high-yielding inbred rice cultivar. The seeds were first surface sterilized
with 2.5% sodium hypochlorite (FUJIFILM Wako, Osaka, Japan) and 2.0% Tween-20 (FUJIFILM Wako,
Osaka, Japan) for 5 min. Subsequently, the seeds were rinsed three times with distilled water. After that,
different treatments were applied to the sterilized rice seeds for seed priming. All the seeds were soaked
continuously for 24 h in each treatment, viz, in distilled water (control), 10 mM CA (TCI, Tokyo, Japan),
2 mM SA (Loba Chemie, India), 10 mM CaCl2 (TCI, Tokyo, Japan), 10 mM H2O2 (Millipore,
Darmstadt, Germany), and 10 mM TU (TCI, Tokyo, Japan) solutions. Based on previous studies, we
have fixed the concentration of H2O2 [38], SA [39], Ca2+ [40], TU [41], and CA [42] for seed priming.
After soaking, seeds were rinsed thrice with distilled water before being put in 9 cm Petri dishes. Two
layers of blotting paper were placed in the bottom of the petri dish and soaked with water daily. Each
petri dish contained 100 rice seeds. These petri dishes were then incubated at 4 ± 1°C for 8 h, followed
by at 25 ± 2°C for 16 h at 80 μmol m−2 s−1 light intensity, and this cycle was maintained for 7 days. For
the control treatment, the petri dishes were kept at 25 ± 2°C for 7 days. The number of germinated seeds
was counted starting on the second day after incubation (DAI). From the 2nd–8th DAI, various
morphological features were observed, and samples were prepared for biochemical analysis using liquid
N2. Each treatment was replicated three times. The overview of the experimental procedure is presented
in Fig. 1.

2.2 Measurement of Germination Indices
The germination of seeds was considered to have occurred once the length of the radical had reached

2 mm. Starting from the second day after incubation (DAI), the number of germinated seeds was
documented until the seventh DAI. These recorded germination counts were then utilized to calculate
various germination indices, such as the final germination percentage (FGP), germination index (GI),
mean germination time (MGT), germination rate index (GRI), and coefficient of the velocity of
germination (CVG) (adopted from Afrin et al. [38] and Kader [43]).

FGP %ð Þ ¼ Sg

ST
� 100 (1)

GI ¼ 7� n1ð Þ þ 6� n2ð Þ þ � � � � � þ 1� n7ð Þ (2)
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MGT daysð Þ ¼
P

NiTi
P

Ni
(3)

GRI % day�1
� � ¼

P
Ni

i
� 100 (4)

CVG % day�1
� � ¼

P
Ni

P
NiTi

� 100 (5)

where Sg represents the number of germinated seeds on the final day and ST represents the number of seeds
tested for germination assay in Eq. (1). n1, n2… n7 indicates the number of germinated seeds on the 1st, 2nd,
and subsequent days until the 7th day and 7, 6… and 1 are weights given to the number of germinated seeds
on the 1st, 2nd, and subsequent days first, respectively in Eq. (2). Ni represents the germinated seed number
on day i and Ti represents the number of days from sowing in Eqs. (3)–(5).

2.3 Growth Performance Measurement
During the 8th DAI, various growth factors were assessed. The growth factors were evaluated by

quantifying shoot length (SL), root length (RL), and fresh weight (FW). The shoot length measurement
was conducted by determining the distance between the shoot base and the leaf tip. Similarly, root length
was determined by measuring the distance from the root base to the root tip. Twenty seedlings were
selected from each treatment group, and their weights were measured to determine the shoot fresh weight
(SFW) and root fresh weight (RFW).

2.4 Determination of Hydrogen Peroxide Content
The determination of hydrogen peroxide (H2O2) content was conducted using the methodology

established by Velikova et al. [44]. Rice shoots weighing 0.1 g were subjected to grinding using 1.0 mL
of a 0.10% trichloroacetic acid (TCA) (TCI, Tokyo, Japan) solution. The resulting mixture was then
centrifuged at a force of 11,500× g for 12 min at a temperature of 4°C. A volume of 0.5 mL of the

Figure 1: Seed priming procedure with exogenous application of 10 mM hydrogen peroxide (H2O2), 2 mM
salicylic acid, 10 mM calcium chloride (CaCl2), 10 mM thiourea, and 10 mM citric acid
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supernatant was transferred into a test tube. Then, 0.5 mL of a 10 mM potassium phosphate buffer (pH 7.0)
and 1.0 mL of a 1.0 M potassium iodide (Millipore, Darmstadt, Germany) solution were added to the test
tube. The resultant mixture was incubated in the absence of light for 60 min. The absorbance
measurement was recorded at a wavelength of 390 nm using a Shimadzu UV-1201 spectrophotometer
(Shimadzu, UV-1201, Kyoto, Japan).

2.5 Determination of Malondialdehyde Content
The level of lipid peroxidation in rice seedlings was assessed by measuring the amount of

malondialdehyde (MDA), following the procedure explained by Heath et al. [45]. The rice shoots (0.1 g)
were pulverized using 5.0% trichloroacetic acid (TCA) and subjected to centrifugation at 11,500× g for
10 min at 4°C. The supernatant was carefully transferred into a tube with a screw cap. Subsequently,
4 mL of a solution containing 20% trichloroacetic acid (TCA) and 0.5% thiobarbituric acid (TBA) (Loba
Chemie, India) was added. Then, the tubes were kept in a water bath for 15 min at 90°C. After that, the
tubes were promptly transferred into an ice bath and placed under centrifugation at a force of 11,500× g
for 12 min. The absorbance of the chromophore was determined using a spectrophotometer (Shimadzu,
UV-1201, Kyoto, Japan) operating at a wavelength of 532 nm. MDA content was quantified by
employing the extinction coefficient of 155 mM−1 cm−1.

2.6 Antioxidant Enzymes Activity Assay
The shoots of rice that had germinated for 7 days were utilized to assess the activity of antioxidant

enzymes, specifically catalase (CAT, EC: 1.11.1.6) and ascorbate peroxidase (APX, EC: 1.11.1.11). The
determination of CAT activity was conducted using the methodology established by Fimognari et al. [46].
The CAT activity was determined by measuring the rate of absorbance decrease at a wavelength of
240 nm per minute. The extinction coefficient of H2O2 was found to be 39.4 M−1 cm−1. The
measurement of APX activity was conducted by the methodology described by Tahjib-Ul-Arif et al. [40].
The activity of ascorbate peroxidase (APX) was determined by measuring the rate of change in
absorbance at a wavelength of 290 nm over a one-minute time interval. The absorbance measurements
were conducted using a UV-VIS spectrophotometer (Shimadzu, UV-1201, Tokyo, Japan). The extinction
coefficient used for this calculation was 2.8 mM−1 cm−1.

2.7 Statistical Analysis
Two-way analysis of variance and Tukey’s test were carried out to comprehend the statistically

significant differences among treatments. The p-value less than 0.05 is considered a significant difference.
The heatmap with hierarchical clustering was constructed using ‘pheatmap’ package. The principal
component analysis (PCA) was constructed using ‘ggplot2’, ‘factoextra’, and ‘FactoMineR’ packages. All
the analyses were performed in R 4.1.2 using RStudio.

3 Results

3.1 Effects on Seed Germination
In comparison with normal temperature (25°C) control, the FGP, GRI, CVG, and GI were decreased (by

13.6%, 36.0%, 25.0%, and 34.9%, respectively) and MGT was increased (by 33.3%) significantly under
chilling stress (Fig. 2). Priming with hydrogen peroxide (HP), SA, Ca, TU, and CA significantly
increased FGP (by 15.4%, 12.1%, 8.5%, 9.7%, and 11.3%, respectively), GRI (by 36.9%, 18.7%, 12.3%,
12.8%, and 21.6%, respectively), and GI (by 39.8%, 19.9%, 11.1%, 12.1%, and 22.9%, respectively) vs.
stressed alone plants (Fig. 2A,B,E). Priming of chilling-stressed rice seeds with HP, SA, and CA
markedly increased the CVG (by 19.2%, 5.6%, and 8.6%, respectively) and decreased the MGT (by
16.2%, 5.2%, and 7.9%, respectively) compared to stressed alone plants (Fig. 2C,D). Among the
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treatments, priming with HP showed a greater effect on GRI, MGT, CVG, and GI, followed by priming with
CA and SA (Fig. 2B–E).

3.2 Effects on Seedling Growth
Due to the exposure to chilling stress, all the phenotypic traits such as SL, RL, SFW, and RFW decreased

significantly (by 73.7%, 46.8%, 44.4%, and 60.5%, respectively) compared to non-stress conditions
(Fig. 3A–D). However, CA-, SA-, Ca-, HP-, and TU-primed seeds grown under chilling stress induced a
significant improvement of SL (by 115.4%, 103.9%, 114.1%, 98.4%, and 78.9%, respectively), RL (by
58.1%, 66.9%, 42.5%, 61.9%, and 40.8%, respectively), and RFW (by 74.3%, 101.3%, 112.5%, 102.6%,
and 75.0%, respectively) compared to that grown under only chilling stress conditions (Fig. 3A,B,D).
Priming with CA, SA, Ca, and HP significantly boosted the SFW (by 38.6%, 42.9%, 43.3%, and 36.3%,
respectively) of chilling-stressed rice seedlings than the non-primed seeds grown under chilling stress
(Fig. 3C). The photograph demonstrated that priming treatments with CA, SA, Ca, HP, and TU have
effectively enhanced the growth of rice seedlings under chilling stress (Fig. 3E).

Figure 2: Effects of different seed priming treatments on (A) final germination percent, FGP (%); (B)
germination rate index, GRI (% day–1); (C) mean germination time, MGT (days); (D) coefficient of
velocity of germination, CVG (% day–1); and (E) germination index, GI of rice seeds under chilling
stress. The treatments included, Con, control; C, chilling + distilled water; C+CA, chilling + 10 mM
citric acid; C+SA, chilling + 2 mM salicylic acid; C+Ca, chilling + 10 mM calcium chloride; C+HP,
chilling + 10 mM hydrogen peroxide; and C+TU, chilling + 10 mM thiourea. The error bars represent
standard error. Treatments with different letters are statistically different. Differences among the
treatments were analyzed by Tukey’s test (p < 0.05)
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Figure 3: Effects of different seed priming treatments on (A) shoot length (SL); (B) root length (RL); (C)
shoot fresh weight (SFW); (D) root fresh weight (RFW), and (E) phenotypic appearances of rice seedlings
under chilling stress. The treatments included, Con, control; C, chilling + distilled water; C+CA, chilling +
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3.3 Effect on ROS Scavenging Capacity, Hydrogen Peroxide and Malondialdehyde
A significant increase in H2O2 (by 98.5%) and MDA (by 49.4%) contents was observed in rice seedlings

exposed to chilling treatment (C) compared to those grown under normal conditions. However, HP-, SA-,
Ca-, TU-, and CA-primed rice seeds grown under chilling stress exhibited significantly lower H2O2

content (by 15.1%, 18.9%, 12.5%, 13.6%, and 16.5%, respectively) and MDA content (by 32.4%, 37.0%,
26.5%, 24.4%, and 33.0%, respectively) compared to non-primed seeds under the same stress conditions
(Fig. 4A,B). Among these priming agents, SA was the most effective in reducing MDA content, followed
by CA and HP (Fig. 4B).

Figure 3 (continued)
10 mM citric acid; C+SA, chilling + 2 mM salicylic acid; C+Ca, chilling + 10 mM calcium chloride; C+HP,
chilling + 10 mM hydrogen peroxide; and C+TU, chilling + 10 mM thiourea. The error bar represents the
standard error. Treatments with different letters are statistically different. Differences among the
treatments were analyzed by Tukey’s test (p < 0.05)

Figure 4: Effects of different seed priming treatments on (A) hydrogen peroxide (H2O2) content (nmol g–1

FW), (B) malondialdehyde (MDA) content (nmol g–1 FW), (C) catalase (CAT) activity (mmol min–1 g–1
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Rice seedlings exposed to chilling stress exhibited significantly lower activities of CAT (by 48.0%) and
APX (by 34.9%) compared to non-stressed seedlings (Fig. 4C,D). However, HP-, SA-, Ca-, TU-, and CA-
primed rice seeds grown under chilling stress showed significantly elevated activities of CAT (by 250.8%,
249.2%, 173.1%, 153.8%, and 186.9, respectively) and APX (by 175.5%, 136.1%, 127.3%, 121.9%, and
158.5%, respectively) compared to non-primed rice seedlings (Fig. 4C,D). Among these treatments, HP,
SA, and CA were most effective in improving antioxidant defense under chilling stress (Fig. 4C,D).

3.4 Hierarchal Clustering with Heatmap and PCA
The mean values of all the variables were normalized to perform the heatmap and PCA. The first two

components of PCA, PC1 and PC2 altogether explain 93.3% of the total variability of the dataset. The
heatmap categorized all variables into three major groups (I, II, and III). The first two components of
PCA, PC1, and PC2, together explained 93.3% of the total variability in the dataset. The heat map
classified all variables into three main groups (I, II, and III). The first cluster consisted of MGT, MDA,
and H2O2, the second cluster consisted of antioxidant enzymes CAT and APX; the third cluster consisted
of the remaining parameters, which mainly represented the phenotypic responses of rice seedlings
(Fig. 5A). From the PCA, the variables MGT, MDA, and H2O2 were highly correlated with the C+TU
and C+Ca treatments. The variables APX and CAT were closely correlated with the C+SA and C+CA
treatments. However, the other variables FGP, RL, RFW, SFW, GI, GRI, SL, and CVG showed higher
correlations with the C+HP treatment (Fig. 5B).

Figure 4 (continued)
FW), and (D) ascorbate peroxidase (APX) activity (µmol min–1 g–1 FW) in leaves of rice (Oryza sativa L.)
seedlings under chilling stress. The treatments included, Con, control; C, chilling + distilled water; C+CA,
chilling + 10 mM citric acid; C+SA, chilling + 2 mM salicylic acid; C+Ca, chilling + 10 mM calcium
chloride; C+HP, chilling + 10 mM hydrogen peroxide; and C+TU, chilling + 10 mM thiourea. The error
bars represent standard error. Treatments with different letters are statistically different. Differences
among the treatments were analyzed by Tukey’s test (p < 0.05)

Figure 5: Treatment-variable interaction with hierarchal clustering (A), and principal component analysis
(PCA) (B). The mean values of different variables were normalized and analyzed for constructing the
hierarchal clustering and PCA. Three distinct clusters were formed (I, II, and III) at variable levels. The
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4 Discussion

The seed germination stage and early seedling establishment are considered the most critical factors in
determining the success or failure of crop establishment [47]. Rice seedlings are particularly vulnerable to
chilling stress, especially during their early developmental stages [48]. Chilling stress severely impairs the
growth and development of rice seedlings. Under chilling conditions, rice seedlings exhibited slowed
germination, reduced root and shoot growth, and overall poor vigor [49]. Additionally, chilling stress
affects key physiological processes such as photosynthesis, impairing the activity of crucial enzymes and
nutrient uptake, further weakening the growth of seedlings [50]. However, seed priming with SA, HP,
CaCl2, CA, and TU has shown promise in mitigating the hostile effects of chilling stress on rice
seedlings. In this study, enhanced seed germination, healthier seedling growth, and improved antioxidant
defense mechanism, in pre-treated seeds suggested that the exogenous seed priming agents amended the
tolerance of rice seedlings against chilling stress.

In the present research, prolonged chilling stress significantly decreased FGP, GRI, GI, and CVG; while
it increased the MGT in rice (Fig. 2). The result is in harmony with previous studies, which claim that cold
stress restricts the kinetics of several physiological and metabolic processes in plants, which ultimately
hinder seed germination and growth of rice [51], cotton [52], wheat [53], and maize [54]. The findings
also showed that seeds under cold stress not only decrease seed germination rate but also decrease seed
vigor. The RL, SL, SFW, and RFW decrease in chilling treatment in comparison to control and other
chemical treatments (Fig. 2). A similar result is reported where plant growth parameters were negatively
affected by cold stress in rice [10], chickpea [55], and maize [56]. The impact of chilling stress on root
growth and development is characterized by a reduction in root length, biomass, and morphology, leading
to a decrease in the overall volume of the root system [57]. This, in turn, hampers the root’s ability to
efficiently absorb essential nutrients and water [57,58]. The results of the study indicate that the
application of chemical treatments, including HP, SA, Ca2+, CA, and TU during chilling stress, positively
influence the growth of rootlets and shootlets in seedlings of Oryza sativa L. (Fig. 3). According to
previous studies, SA causes an increase in cell division within the apical meristem of seedling, which led
to the enhancement of RL and SL [59–62]. In addition, Ca2+, HP, and CA activated different signaling
mechanisms which ultimately modulated growth-promoting gene expression and antioxidant defense
system that improved root and shoot growth of plants [63–65]. Furthermore, TU helps maintain
membrane integrity that enables healthier root and shoot growth under cold conditions [66,67].

It was observed from the experiment that, exposure to chilling stress resulted in a significant increase in
the activity of CAT and APX enzymes (Fig. 4). However, the observed level of increase in APX and CAT
activity does not appear to be adequate for effectively safeguarding plants against chilling-induced stress.
The present experiment exhibited a decline in growth and biomass (Fig. 3). Jan et al. [68] found that the
application of an enhanced enzymatic antioxidant could potentially mitigate the harmful effects of ROS in
rice plants. This, in turn, could protect cellular membranes and various cellular components, thereby
enhancing the overall tolerance of the plants [63].

Figure 5 (continued)
variables included MGT, mean germination time; H2O2, hydrogen peroxide; MDA, malondialdehyde
content; APX, ascorbate peroxidase activity, CAT, catalase activity; FGP, final germination (%); RL,
root length; RFW, root fresh weight; SFW, shoot fresh weight; GI, germination index; GRI,
germination rate index; SL, shoot length; CVG, coefficient of velocity of germination. The treatments
included, Con, control; C, chilling + distilled water; C+CA, chilling + 10 mM citric acid; C+SA,
chilling + 2 mM salicylic acid; C+Ca, chilling + 10 mM calcium chloride; C+HP, chilling + 10 mM
hydrogen peroxide; and C+TU, chilling + 10 mM thiourea
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In the intricate cycle of crop growth, the germination stage is a crucial starting point for a successful
harvest. For rice, a crop sensitive to temperature, chilling stress can severely disrupt this process, leading
to weak seedlings and poor development. Our research findings highlight that chilling stress presents
major challenges like slowing germination, reducing root growth, and limiting biomass. However, by
priming rice seeds with substances like HP, SA, CaCl2, CA, and TU, we observed improved seedling
growth and stronger antioxidant defenses. These treatments not only enhanced germination but also
helped the plants better cope with oxidative stress by boosting key antioxidant enzymes (CAT and APX).

In this study, the application of different priming agents revealed distinct benefits at various stages of rice
development under chilling stress. Specifically, HP was most effective in enhancing germination indices
(Fig. 2). Conversely, other agents, such as CA, SA, and Ca, demonstrated superior effectiveness in
promoting seedling growth under the same stress conditions. These results indicate that the use of a
combination of priming agents could offer a more comprehensive strategy for improving chilling stress
tolerance in rice. By targeting different physiological processes, germination with HP, and growth with
CA, SA, or CaCl2, priming can lead to improved crop establishment and resilience. The use of multiple
agents could ultimately enhance overall crop performance, which is crucial for maintaining productivity
in regions prone to low-temperature stress during critical growth stages. However, further studies should
be conducted in this direction in the future.

5 Conclusion

In conclusion, the study demonstrates that seed priming is an effective and promising tool to mitigate
chilling stress and unlock the plant’s full potential for improving seedling growth. Overall, the heatmap
and PCA analysis suggest that priming with HP, SA, and CA has shown better performance in mitigating
the adverse effects of chilling stress. However, future research should focus on exploring the molecular
mechanisms underlying the protective effects and validating its use in agricultural practices through field
trials.
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