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ABSTRACT: To explore the physiological mechanism of rice seeds’ tolerance to cold damage stress, the hybrid
rice variety H-You 518 and the conventional rice variety Zhongjiazao 17 were used as experimental materials. A
low-temperature cold damage treatment (4°C) and a normal germination treatment (25°C) were used to measure seed
vitality, antioxidant enzyme activity, soluble sugar content, soluble protein content, «c-amylase activity, endopeptidase,
and related gene expression levels. The results showed that low temperature inhibited seed vitality and germination
ability, and after restoring normal growth conditions, the activities of POD and CAT, as well as the content of MDA in
the seedlings, were significantly increased. Between these two rice varieties, the seed vitality and antioxidant enzyme
activity of the Zhongjiazao 17 conventional rice variety were more sensitive to low-temperature stress. During seed
germination, both the total soluble sugar and soluble protein levels showed a trend of first decreasing, then increasing,
and finally decreasing under low-temperature cold damage. The total soluble sugar content of H-You 518 was higher
than that of Zhongjiazao 17. Through correlation analysis, it was found that under low-temperature damage, the
activities of x-amylase and endopeptidases were significantly positively correlated with the soluble protein content,
with correlation coefficients of 0.55 and 0.61, respectively, indicating that the trends of these changes were basically
consistent. During the germination process, the expression levels of the x-AMY and EP genes gradually increased,
but low-temperature stress reduced the expression levels of these genes. In summary, low-temperature cold damage
conditions reduced the activities of x-amylase and endopeptidases, thereby slowing down the production of soluble
sugars and soluble proteins. Moreover, the activities of «-amylase and endopeptidases were regulated by the o-AMY
and EP genes. This study provides a reference for the physiological mechanism analysis of rice seed germination in
low temperatures and under cold stress.
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1 Introduction

China is the world’s largest producer of rice, accounting for approximately 50% of global rice
production [1,2]. The southern region of China is located in the tropical and subtropical monsoon climate
zone, with abundant light energy and heat, and is the most important double-cropping rice production
area in China. In recent years, frequent catastrophic weather events and global warming have caused
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considerable abiotic stress. Early rice germination in southern China is often affected by low temperatures
below 15°C, such as “late spring cold” or “cold dew wind”, resulting in slow or obstructed seed germination,
irregular emergence, and serious damage to yield and quality. This has gradually become one of the main
reasons for safe rice production in southern rice regions [3,4]. Therefore, enhancing the low-temperature
resistance of rice, exploring the defense mechanisms during seed germination, and breeding varieties with
strong cold resistance have become popular research topics for many scholars.

Low temperature is one of the main stress factors that plants suffer from during their growth and
development, which can easily cause rice seedlings to form dead or stiff seedlings, and even affect the normal
growth, development, and yield of rice. Many researchers have conducted in-depth studies on the breeding
of cold-tolerant varieties [5-7], the effects of low temperature on plant physiology and biochemistry [8-10],
and hormone regulation of plant response to low temperature [11-13]. Studies have shown that seeds
become active during the early stages of germination, and the sugars required to maintain their life activities
first come from soluble sugars stored in cells to provide energy for embryo growth and various life activities.
After seed germination, stored substances such as starch begin to decompose into soluble sugars, which are
transported to the embryo for growth and utilization [14]. Alpha-amylase in seeds is the main enzyme that
hydrolyzes starch. A low temperature can reduce the activity of a-amylase, resulting in a decrease in soluble
sugar content. In the early stages, cells will actively adapt to this change in order to provide energy for the
hydrolysis of starch in an energy-saving way [15]. Soluble proteins provide energy and material basis for
metabolic activities during seed germination, participate in various biochemical reactions, and promote
the formation of embryo morphology. On the one hand, soluble proteins are continuously hydrolyzed and
stored by proteases. On the other hand, seed germination is accompanied by a large amount of protein
expression, so the content of soluble proteins continues to increase during the seed germination process. A
low temperature has an inhibitory effect on protein hydrolysis and expression, thus reducing the synthesis
rate of soluble proteins. In addition, studies have shown that low-temperature cold stress can slow down
the fluidity of cell membranes and the speed of substances entering and leaving through these membranes,
leading to plant cell osmotic stress [16] Although a low temperature can increase the content of some
osmoregulatory substances, such as soluble sugars and soluble proteins, it is crucial to increase cell fluid
concentration, enhance cell water retention capacity, and prevent tissues from losing too much water and
dying. However, the alleviating effect of osmoregulatory substances on water stress in plant tissues under
dehydration is limited. Rice needs to absorb and transport water upwards through its roots to maintain
the aboveground tissues. The water metabolism balance under low-temperature stress can slow down the
growth rate of roots, weaken their ability to absorb water, and cause water metabolism imbalance in rice
seedlings [17]. Han et al. [18] found that different rice varieties are affected by their own physiological
differences, resulting in different minimum temperatures that seeds can withstand during germination.
Generally, low temperatures below 5°C can reduce the germination rate of rice seeds. Duan Licheng et
al. [19] suggested that under low-temperature stress, rice is more sensitive to low temperatures when sown
using seeds with a germination degree of bud valley than using seeds with broken hulls. Seedlings of an
older age are more sensitive to low temperatures than seedlings of a younger age because the content
of malondialdehyde increases, while the content of proline gradually decreases, with increasing seedling
age. Shinkawa et al. [20] found that exogenous application of ABA can enhance the cold resistance of rice
seedlings and suspended cells during low-temperature damage.

Currently, studies on the effects of low temperature on seed germination in maize, soybean, and
wheat have been relatively extensive, with a primary focus on seed vigor and physiological-biochemical
indicators during the seedling stage. However, there remains a scarcity of reports addressing the changes
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in amylase activity, protease activity, and associated gene expression during rice seed germination under
low-temperature stress [21-23]. This study used the hybrid rice variety H-You 518 and the conventional
rice variety Zhongjiazao 17 as experimental materials to investigate the effects of low-temperature
cold damage on seed germination characteristics, as well as the changes in total soluble sugar content,
soluble protein content, x-amylase and endo-peptidase activities, and related gene expression levels
during seed germination. The mechanism of rice response to low-temperature cold damage was clarified,
providing theoretical support for the application and cultivation of low-temperature-tolerant rice varieties
in double-season early rice live broadcasting cultivation.

2 Materials and Methods

2.1 Test Materials and Source

The two rice varieties used in this study, H-You 518 (a hybrid indica rice) and Zhongjiazao 17 (a
conventional indica rice), were selected based on their agronomic significance and representativeness
within the target region of Southern China, particularly Hunan Province, a core area of double-cropping
rice production. Both varieties were provided by the Rice Science Research Institute of Hunan Agricultural
University, ensuring the authenticity and local relevance of the germplasm. The experiment was conducted
at the Rice and Rapeseed Disease Resistance Breeding Laboratory of the Life Science Building of Hunan
Agricultural University.

2.2 Experimental Design

Experiment 1: Healthy, plump, uniformly sized, and pest-free seeds were selected and disinfected
with a 10% sodium hypochlorite solution. Two treatments were designed for the experiment. (1) Standard
germination as the control (CK): after soaking the seeds in distilled water at 37°C for 12 h, they were
cultured on germination paper at 25°C. (2) Low-temperature cold damage treatment (CS): after soaking the
seeds in distilled water at 4°C for 12 h, they were incubated on germination paper at 4°C for two days before
being returned to the standard germination mode. Each treatment was established with four biological
replicates, each containing 100 seeds. The seeds were placed in an artificial climate incubator under 12 h of
light and 12 h of darkness, with 10,000 LX of light. The seeds were observed and recorded daily. The seeds
were placed in the incubator until the seventh day, when they were taken out and frozen in liquid nitrogen;
each biological replicate were analyzed in four technical replicates.

Experiment 2: This experiment explored the mechanism of intrinsic material changes during seed
swelling process. The seed treatment was the same as in Experiment 1. Each treatment was established
with four biological replicates, each containing 100 seeds. The seeds were neatly placed in a germination
box covered with germination paper, and treated with distilled water as the swelling solution under dark
conditions. The embryos and endosperms were taken at 0, 6, 12, 24, 36, 48, 72, and 96 h of seed swelling
and germination, and each biological replicate were analyzed in four technical replicates.

2.3 Measurement Items and Methods

2.3.1 Seed Germination

After four days of seed germination, the germination potential was investigated and calculated. On
the seventh day, the germination rate was investigated and calculated, and the root length and bud length
of 10 plants were measured. Finally, normal seedlings were sterilized at 105°C for 30 min and dried at 80°C
until reaching a constant weight, and the dry weight of the seedlings and roots was measured.
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Germination potential (%) = number of normal seedlings within four days/number of tested
seeds x 100%,

Germination rate (%) = number of normal seedlings within seven days/number of tested seeds x 100%,

Germination index = ) Gt/Dt (where Gt represents the number of germinated seeds at time t and Dt
represents the corresponding number of germinating days),

Vitality index = GI x S (where Gl is the germination index and S is the dry weight of individual seedlings).

2.3.2 Determination of Antioxidant Activity and Lipid Peroxidation Content

Each sample was homogenized in a precooled mortar with 4 mL of 0.05 M phosphate buffer (pH 7.8).
The resulting slurry was transferred to a 10 mL centrifuge tube, frozen for 20 min, and then centrifuged.
The supernatant was collected for subsequent determination of malondialdehyde (MDA) content and
enzyme activities.

Peroxidase (POD) activity was measured according to the guaiacol method [24]. An aliquot of the
enzyme extract was added to 3 mL of reaction mixture containing 1.4 uL of guaiacol, 0.85 uL of 30% H,0,
and 0.1 mol/L of sodium phosphate buffer (pH 5.5). The increase in absorbance at 470 nm was recorded
at 30 s intervals. POD activity was expressed as the change in absorbance per minute, with one unit (U)
defined as an increase of 0.01 absorbance units per minute per gram of fresh weight (U-min—'-g~! FW).

Catalase (CAT) activity was determined via UV spectrophotometry [25]. A 2.5 mL aliquot of reaction
solution (prepared by mixing 25 mL of 0.1 mol/L H,O, with 20 mL of 0.1 mol/L phosphate buffer, pH 7.0)
was added to the enzyme extract. The decrease in absorbance at 240 nm was measured every 30 s for
a total of five readings. CAT activity was calculated from the linear decrease in absorbance per minute.
One unit of activity (U) was defined as a decrease of 0.01 absorbance units per minute per gram of fresh
weight (U'min~!-g~! FW).

The MDA content was quantified using the thiobarbituric acid (TCA-TBA) colorimetric method [26]. An
aliquot of the supernatant was mixed with 5 mL of 10% trichloroacetic acid, homogenized, and centrifuged
at 4000 rpm for 20 min. Then, 2 mL of the resulting supernatant was reacted with 2 mL of 0.6% TBA in a
boiling water bath for 15 min, rapidly cooled, and centrifuged again. Absorbance of the final supernatant
was measured at 450, 532, and 600 nm. MDA content was expressed as micromoles per gram of fresh
weight (umol-g~! FW).

2.3.3 Determination of Soluble Sugar Content and Alpha-Amylase Activity

The total soluble sugar content was analyzed using the anthrone-sulfuric acid assay [27]. Approximately
0.1 g of dried sample was boiled in 7 mL of distilled water in a boiling water bath for 30 min, and the
supernatant was collected after centrifugation. The extraction was repeated twice, and the combined
supernatants were adjusted to a fixed volume. A 100 pL aliquot of the extract was reacted with 3 mL of
freshly prepared 0.15% (w/v) anthrone-sulfuric acid reagent. After heating in a boiling water bath for 10 min
and rapid cooling, absorbance was recorded at 620 nm. Ssugar content was e quantified against a glucose
standard curve and expressed as glucose equivalents per gram dry weight (mg-g~! DW).

«-Amylase activity was measured according to the 3,5-dinitrosalicylic acid (DNS) method [28].
Germinated seeds (0.5 g) were homogenized in 4 mL of ice-cold extraction buffer (0.1 M sodium
citrate-phosphate buffer, pH 5.6, containing 1 mM CaCl;) and centrifuged at 12,000x g for 20 min at
4°C. The resulting supernatant was used as the crude enzyme extract. For 3-amylase inactivation, 1 mL
of the extract was heated at 70°C for 15 min and then rapidly cooled. After adding 1 mL of citrate buffer
(pH 5.6) and pre-incubating the mixture was pre-incubated at 40°C for 15 min. The reaction was initiated
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by introducing 2 mL of pre-warmed 1% (w/v) soluble starch solution and allowed to proceed for 5 min at
40°C. The reaction was terminated by adding 4 mL of 0.4 M NaOH. An aliquot of the mixture was combined
with DNS reagent, heated in for 5 min in a boiling water bath, cooled, and the absorbance was measured at
520 nm. Activity was calculated using a maltose standard curve and expressed as milligrams of maltose
generated per minute per gram of fresh weight (mg-g~! FW-min™!).

2.3.4 Determination of Endopeptidase Activity and Soluble Protein Content

Endopeptidase activity was assayed following the protocol described by Zhang et al. [29]. Endosperm
tissue was homogenized in 4 mL of pre-cooled extraction buffer (50 mM Tris HCI, pH 7.5, containing 1 mM
EDTA, 15 mM {3-mercaptoethanol, 1% PVP) using a pre-chilled mortar. The homogenate was centrifuged at
15,000x g for 20 min at 4°C, and the supernatant was collected as the crude enzyme extract. The reaction
mixture consisted of 0.2 mL of 200 mM acetate buffer (pH 5.2), 0.2 mL of 2% hemoglobin solution, and
0.2 mL of enzyme solution. The mixture was incubated in a constant-temperature water bath at 42°C for
1 h, and then the reaction was terminated by adding 0.8 mL of 7.5% trichloroacetic acid. The mixture was
kept at 4°C for 30 min and then centrifuged at 10,000x g for 10 min. The absorbance of the supernatant
measured at 278 nm. One unit of enzyme activity (U) was defined as an absorbance change of 0.001 at
278 nm per hour per gram of fresh weight sample (or expressed as AAy7s-g™! FW-h™1).

Soluble protein concentration was determined using a modified Bradford assay [30]. A 20 uL aliquot
of the crude enzyme extract was mixed with 3 mL of Coomassie Brilliant Blue G-250 reaction. A blank was
prepared by substituting the enzyme extract with 20 uL of extraction buffer (pH 7.5). After incubation at
room temperature for 2 min, absorbance was recorded at 595 nm. Protein concentration was quantified
against a bovine serum albumin (BSA) standard curve and expressed as milligrams of protein per gram of
fresh weight (mg-g~! FW).

2.3.5 Analysis of Gene Expression Levels

The expression levels of the x-AMY (x-amylase) and EP (endopeptidase) genes were measured in
the embryos, using the UBQ gene as an internal reference gene and Primer Premier 5.0 for primer design
(Table 1). RNA was extracted using a kit manufactured by Shanghai Plomega Biological Products Co., Ltd.
The quality of RNA was detected via 1% agarose gel electrophoresis, and its concentration and purity were
determined using a microplate reader. cDNA synthesis and fluorescence quantitative analysis of the gene
expression levels were performed using reagent kits. The gPCR reaction mixture (20 uL) consisted of 10 puL
SYBR Green Premix Pro Taq HS, 0.8 pL each of forward and reverse primers, 2 pL cDNA template, and
6.4 pL nuclease-free water. The thermal cycling protocol was as follows: initial denaturation at 95°C for
1 min, followed by 40 cycles of denaturation at 95°C for 10 s and annealing/extension at 60°C for 30 s,
ending with a melting curve analysis. Three technical replicates were included for each sample. Cycle
threshold (Ct) values were obtained using the 272" method.

Table 1: Primer sequences applied to qRT-PCR.

Gene GenBank Accession Forward Primer Sequence Reverse Primer Sequence Amplicon
No. (5'-3') (5'-3') P
UBQ LOC_0s03g13170 CGCAAGAAGAAGTGTGGTCA  GGGAGATAACAACGGAAGCA 102
x-AMY LOC_0s08g36910 TCCCTTTCGGTCCTCATCG CGCGTCCAGATCGTACAGC 115

EP LOC_0s05g10640 TGGTGGCTGCTTTCATGGC CGCTTGTTGTGCTCGTGGAT 108




6 Phyton-Int ] Exp Bot. 2026;95(3):10

2.4 Data Processing

The experimental data were statistically analyzed using Excel 2007 software. Variance analysis and
correlation analysis (n = 64) were conducted using DPS7.05 for significance testing. Duncan’s new complex
difference method was used to analyze the significant differences between treatments (¢ = 0.05), and
GraphPad Prism 8.0 was used for plotting.

3 Results
3.1 Effects of Low Temperature on Rice Seed Vitality

It was observed that low-temperature cold damage during the germination period has an inhibitory
effect on the germination of rice seeds, which is manifested by the inhibition of root and shoot growth,
and a decrease in seedling emergence ability (Table 2). Compared with the standard germination
conditions, the germination potential, germination rate, germination index, and vitality index of rice
seeds significantly decreased after the low-temperature cold damage, decreasing by 19.5%, 17.5%, 22.1%,
and 29.3%, respectively, for H-You 518, and by 88.6%, 71.9%, 81.4%, and 96%, respectively, for Zhongjiazao
17. Under the low-temperature cold damage conditions, the germination index of Zhongjiazao 17 decreased
more significantly, while H-You 518 was able to maintain the germination ability of the seeds well.

Table 2: Effect of cold damage on seed germination of different rice varieties.

Root Germinal Germination Germination Germination

Varie Treatment Vital Index
ty Length/cm Length/cm Energy/% Rate/% Index
H-You 518 CK 7.58 £ 0.21a 6.82 + 0.08a 85.33 £ 1.33a 89.33 + 0.88a 43.53 £ 0.53a 10.17 £+ 0.4%a
“You CS 6.96 + 0.2a 6.78 + 0.16a 68.67 + 3.18b 73.67 £ 2.03b 35.49 + 1.29b 7.19 + 0.51b
. CK 6.65 + 0.52a 5.39 + 0.06a 72.01 + 2.52a 79.33 £ 1.45a 36.54 + 1.68a 6.23 £ 0.83a
Zhongjiazao 17
CS 5.93 + 0.24b 5.32 £ 0.53a 7.67 £ 0.67b 22.33 £ 2.41b 6.79 + 1.03b 0.25 £ 0.11b

Data are presented as means + SDs (n = 3). Different lowercase letters indicate that the data are significantly different at the
0.05 level.

3.2 Effects of Low Temperature on Antioxidant Enzyme Activities and Lipid Peroxidation in
Rice Seedlings

There were significant differences in antioxidant enzyme activities and lipid peroxidation in rice
seedlings after the low-temperature cold damage treatment. The POD and CAT activities and the MDA
content of rice seedlings were measured (Fig. 1). Compared with the standard germination conditions,
the POD and CAT activities and the MDA content of the two varieties increased by 6% and 16.9%, 9.9%
and 14.1%, and 46.9% and 19.8%, respectively, after the low-temperature cold damage. Under the same
conditions, the POD and CAT activities in the rice seedlings of H-You 518 were higher, while the MDA
content was slightly lower, than those of Zhongjiazao 17.

3.3 Effects of Low Temperature on Total Soluble Sugar Content during Rice Seed
Germination Process

During seed germination, the prestored soluble sugars inside rice seeds are first consumed to provide
energy for embryo growth and various life activities. After seed germination, stored substances such
as starch begin to decompose into soluble sugars, which are transported to the embryo for growth and
utilization. The total soluble sugar content of the two rice varieties showed a trend of first increasing, then
decreasing, and finally increasing again under the standard germination and low-temperature cold damage
conditions (Fig. 2). In the control group, the soluble sugar content at 6 h, 12 h, and 24 h was 1.85, 1.87, and
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1.85 times higher than that at 0 h, respectively. Due to the decrease in starch hydrolysis efficiency caused
by the low temperature, the increase in soluble sugar content was affected. The soluble sugar content at
6 h, 12 h, and 24 h after the low-temperature treatment was 1.45, 1.57, and 1.64 times higher than that at
0 h, respectively. However, there were differences in the changes in soluble sugar content between the
hybrid and conventional rice varieties over time. During the low-temperature treatment, the total soluble
sugar content of H-You 518 rapidly increased and reached its maximum value of 26.1% at 36 h, while that
of Zhongjiazao 17 steadily increased, reaching its maximum value of 15.2% after 48 h. It seems that the
inhibition of starch hydrolysis in the hybrid rice variety under low-temperature stress is lower than that in
the conventional rice variety. After 72 h of low-temperature treatment, the total soluble sugar content of
the two rice varieties sharply decreased, but at 96 h, the total soluble sugar content began to increase. After
96 h, the total soluble sugar content of H-You 518 reached the control level, while that of Zhongjiazao 17
only recovered to 30.63% of the control level.
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Figure 1: Effect of cold damage on antioxidant enzyme activities and lipid peroxidation in seedlings of different
rice cultivars. In the figure, (A) represents peroxidase activity; (B) represents catalase activity; and (C) represents
malondialdehyde content. Means + SEs with different letters denote significant statistical differences (p < 0.05).
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Figure 2: Changes in total soluble sugar content in different rice cultivars during seed germination after
low-temperature treatment. In the figure, (A) represents total soluble sugar content of H-You 518; and (B) represents
total soluble sugar content of Zhongjiazao 17. Means + SEs with different letters denote significant statistical
differences (p < 0.05).

3.4 Effects of Low Temperature on Soluble Protein Content during Rice Seed Germination Process

During seed germination, the storage proteins in rice seedlings are soluble; that is, they are partially
hydrolyzed into water-soluble proteins with smaller molecular weights under the action of protease A.
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According to Fig. 3, the soluble protein content of the two rice varieties showed a gradually increasing
trend during seed germination. The content of soluble proteins in the control group at 12 h, 24 h, and 36 h
was 2.29, 2.46, and 2.75 times that at 0 h, respectively. Due to the decrease in protease activity caused by
the low-temperature cold damage treatment, the content of soluble proteins was reduced; at 12 h, 24 h,
and 36 h, it was 2.08, 2.19, and 2.42 times that at 0 h, respectively. Similarly, there were differences in the
changes in soluble protein content over time between the hybrid and conventional rice varieties. Under
low-temperature cold damage, the soluble protein content of H-You 518 and Zhongjiazao 17 reached its
highest levels of 23.8 mg g~! Fw and 20.8 mg g~ ! Fw at 48 h and 36 h, respectively. This also confirms the
inference that the inhibition of protein hydrolysis under low-temperature stress is lower in the hybrid rice
variety than in the conventional rice variety. After 72 h of low-temperature treatment, the soluble protein
content of the two rice varieties significantly decreased, but after 96 h, the soluble protein content began to
increase. At 96 h, the soluble protein content of H-You 518 was 88.79%, while that of Zhongjiazao 17 was
65.80%, compared with the content at 48 h.

[CJ0oh C36h C112h 3 24h
@ 36h BE 43h BW 72h B 965h

(A) = 3 (B)

tad
=

101 101

Soluble Protein Content (mg ' FW)
Seluble Protein Content (mg g J FW)
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H-You 518 Zhongjiazao 17

Figure 3: Changes in soluble protein content in different rice varieties during seed germination after low-temperature
treatment. In the figure, (A) represents soluble protein content of H-You 518; and (B) represents soluble protein
content of Zhongjiazao 17. Means + SEs with different letters denote significant statistical differences (p < 0.05).

3.5 Effects of Low Temperature on Alpha-Amylase Activity during Rice Seed Germination Process

During the germination stage of rice seeds, the hydrolysis of starch is mainly carried out by
alpha-amylase. According to Fig. 4, the «-amylase activity in the control group continued to increase during
the period of 0-96 h. The low-temperature cold damage treatment also had a significant inhibitory effect
on x-amylase activity, but there were significant differences between the hybrid and conventional rice
varieties. The -amylase activity of H-You 518 treated with low temperature at 12, 24, and 36 h was 1.42,
1.73, and 2.42 times that at 0 h, respectively. The x-amylase activity of Zhongjiazao 17 treated with low
temperature at 12, 24, and 36 h was 1.32, 1.65, and 2.19 times that at 0 h, respectively. The inhibition degree
of -amylase activity in the hybrid rice variety under low temperature and cold stress was lower than that
in the conventional rice variety. The two rice varieties showed a significant decrease in x-amylase activity
at 72 h, and a significant increase in x-amylase activity at 96 h, reaching its maximum value. Under the
low-temperature damage treatment, the oc-amylase activity of H-You 518 at 96 h was 6.51 times that at 0 h,
while that of Zhongjiazao 17 at 96 h was 3.84 times that at 0 h.
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Figure 4: Changes in o-amylase activity in different rice cultivars during seed germination after low-temperature
treatment. In the figure, (A) represents alpha-amylase activity of H-You 518; and (B) represents alpha-amylase activity
of Zhongjiazao 17. Means + SEs with different letters denote significant statistical differences (p < 0.05).

3.6 Effects of Low Temperature on Endopeptidase Activity during Rice Seed Germination

Peptidases are enzymes that hydrolyze peptide chains. Endopeptidases and exopeptidases are two
common enzymes involved in protein degradation. During the germination and emergence stages of
rice seeds, protein degradation is completed by endopeptidases. According to Fig. 5, the activity of
endopeptidases increased continuously from 0 to 96 h during seed germination and emergence, while
low-temperature cold stress had a strong inhibitory effect on the activity of endopeptidases. Under the
control conditions, the endopeptidase activity of H-You 518 at 6, 12, 24, 36, and 48 h was 1.52, 1.81, 2.28,
2.17, and 2.79 times that at 0 h, respectively, while under the low-temperature conditions, it was 1.37, 1.45,
1.80, 1.73, and 1.89 times that at 0 h, respectively. The endopeptidase activity of Zhongjiazao 17 under
the low-temperature conditions at 6, 12, 24, 36, and 48 h was 1.09, 1.11, 1.17, 1.15, and 1.31 times that at
0 h, respectively, indicating that the changes in endopeptidase activity were slower in the conventional
rice variety. The activity of endopeptidases increased rapidly after 96 h of control treatment, with the
activity being 3.62 and 1.84 times higher than that at 0 h for both H-You 518 and Zhongjiazao 17, while the
endopeptidase activity of the two rice varieties was only 2.48 and 1.79 times higher than that at 0 h after 96
h of low-temperature cold damage treatment.
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Figure 5: Changes in endopeptidase activity in different rice cultivars during seed germination after low-temperature
treatment. In the figure, (A) represents endopeptidase activity of H-You 518; and (B) represents endopeptidase activity
of Zhongjiazao 17. Means + SEs with different letters denote significant statistical differences (p < 0.05).
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3.7 Effects of Low Temperature on the Expression of Related Genes during Rice Seed Germination

According to Fig. 6A,B, the expression of the a-AMY gene showed an upward trend from 0 to 96 h
of seed germination. The expression of the x-AMY gene reached its maximum value at 96 h, with the
expression increasing the fastest in the H-You 518 variety. The expression of the a-AMY gene at 96 h was
10.65 times that at 0 h. Under the control conditions, the expression level of the x-AMY gene in H-You 518
at 6 h, 12 h, 24 h, 36 h, 48 h, 72 h, and 96 h was 6.04, 8.20, 1.96, 5.7, 6.53, 6.97, and 10.65 times higher than
that at 0 h, respectively. Under the low-temperature conditions, the expression level of the «-AMY gene in
H-You 518 at 6 h, 12 h, 24 h, 36 h, 48 h, 72 h, and 96 h was 0.30, 0.40, 1.39, 0.75, 1.24, 2.49, and 5.17 times
higher than that at 0 h, respectively, indicating that the low-temperature treatment significantly reduced
the expression level of the x-AMY gene. Under the low-temperature conditions, the expression level of the
«-AMY gene first increased steadily and then rapidly.

According to Fig. 6C,D, the expression level of the EP gene showed an upward trend from 0 to 96 h of
germination, reaching its maximum value at 96 h. Under the control conditions, the EP gene expression
level in H-You 518 at 6 h, 12 h, 24 h, 36 h, 48 h, 72 h, and 96 h was 1.24, 1.35, 1.67, 2.00, 3.62, 4.81, and
6.48 times higher than that at 0 h, respectively. Zhongjiazao 17 showed a similar pattern, indicating that
the EP gene expression level slowed down in the early stages of germination and showed a more significant
upward trend after 36 h. After 12 h of low-temperature cold damage treatment, the expression level of the
EP gene began to be lower than that of the control treatment, and as the low-temperature cold damage time
prolonged, the difference in the expression level of the EP gene between the two treatments became greater.
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Figure 6: Effects of low temperature on the expression of the x-AMY and EP genes during rice seed germination.
(A,C) in the figure represent the variety H-You 518, while (B,D) represent the variety Zhongjiazao 17; (A,B) present

the expression levels of the x-amylase gene, while (C,D) present the expression levels of the endopeptidase gene.

3.8 Correlation between Enzyme Activity and Gene Expression Levels, As Well As Storage Substance
Content, during Seed Germination

According to Table 3, the correlation between alpha-amylase activity and total soluble sugar content
during seed germination was not significant under different germination conditions. After low-temperature
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damage, the correlation coefficient between o-amylase activity and soluble protein content was 0.55,
showing a significant positive correlation, and the trends of these two parameters were consistent. The
activity of x-amylase was negatively correlated with the expression level of x-AMY. The correlation between
endopeptidase activity and total soluble sugar content was not significant under different germination
conditions. The trend of changes in the contents of endopeptidases and soluble proteins was consistent,
and these two parameters were significantly positively correlated, with correlation coefficients of 0.83 and
0.61 under the standard and low-temperature conditions, respectively. Under the standard germination
conditions, the correlation coefficient between endopeptidase activity and EP expression level was —0.73,
showing a significant negative correlation.

Table 3: Correlation coefficients between enzyme activity, gene expression, and storage protein content during

seed germination.

Relativity Analysis CK CsS

«-amylase activity and total soluble sugar content 0.37 0.14
«-amylase activity and soluble protein content 0.07 0.55*
«-amylase activity and expression level 0.29 —0.02

EP activity and total soluble sugar content -0.21 0.26
EP activity and soluble protein content 0.83** 0.61°"

EP activity and expression level —0.73** 0.07

Note: Asterisks denote significant differences: **, p < 0.01; *, p < 0.05.

4 Discussion

Rice is a temperature-sensitive and temperature-loving crop. During seed germination, the optimal
temperature is generally controlled between 25°C and 28°C. A low temperature has a significant inhibitory
effect on seed germination rate, germination vigor, germination index, and vitality index. In this
experiment, after three days of low-temperature treatment at 4°C, the germination potential, germination
rate, germination index, and vigor index of rice seeds were significantly reduced. At the same time, the seed
germination vigor of the convention rice variety Zhongjiazao 17 was more sensitive to low temperatures
than that of the hybrid rice variety H-You 518. Liu Yuchen et al. [31] found that the germination ability
under low-temperature conditions varies among different varieties, and genotype may determine the cold
tolerance of seeds during germination.

In normal environments, the production of reactive oxygen species (ROS) in plants is generally in
equilibrium with clearance. However, under adverse conditions, this equilibrium is disrupted, triggering the
formation of a large amount of ROS and causing the cell membrane to undergo lipid peroxidation, resulting
in damage to the cell membrane structure [32]. To resist the damage caused by reactive oxygen species,
plants activate the antioxidant protection system to maintain a dynamic balance of reactive oxygen species
in order to tolerate, slow down, or resist stress damage [33]. Low temperatures can induce an increase in
antioxidant enzyme activities of rice plants, enhance their antioxidant defense system, help stabilize the
cell membrane, delay leaf aging, and improve cold resistance [34,35].

Studies have shown that the short-term growth of plants under low-temperature conditions can
increase the activities of enzymes such as SOD and POD, which is beneficial for plants to maintain high
cold resistance when subjected to longer periods of low-temperature stress [36]. This experiment showed
that after low-temperature stress during the germination stage, the activities of POD and CAT and the
content of MDA in the rice seeds significantly increased. Under low-temperature stress, an increase in
antioxidant enzyme activities is induced to resist the damage caused by reactive oxygen species to the cell
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membrane, while the increase in MDA content reflects the level of lipid peroxidation and the degree of
damage to the cell membrane structure. This study shows that after the low-temperature cold damage
treatment, the antioxidant enzyme activities of the hybrid rice variety H-You 518 are higher, but the MDA
content is lower, than those of the conventional rice variety Zhongjiazao 17, indicating that the hybrid rice
variety H-You 518 presents stronger cold resistance.

During seed germination, life activities are enhanced and a large amount of carbon source is required.
Starch is continuously catalyzed and broken down by amylase and hydrolase enzymes, producing a large
amount of carbohydrates to meet the needs of seedling growth [37]. Sucrose is the main soluble sugar in
carbohydrate substances. Stachyose plays a key role in the seed germination and dehydration tolerance
of some grasses, such as rice seeds [38]. The results of this study indicate that the soluble sugar content
during seed germination of the hybrid rice variety H-You 518 and conventional rice variety Zhongjiazao 17
first increased, then decreased, and finally increased again. The synthesis rate of soluble sugars after the
low-temperature cold damage treatment was slower in the conventional rice variety compared to the hybrid
rice variety. After continuous low-temperature treatment for 72 h, the soluble sugar content decreased,
while rice seeds subjected to the control treatment showed a decrease in soluble sugar content after 36 h of
germination. This may be because the soluble sugars required for seed germination initially come from
small-molecule sugars in the embryo. As the embryo and embryonic root grow, more soluble sugars need
to be decomposed into storage substances, synthesized, and converted into sugars. When the synthesis rate
is greater than the decomposition rate, the content of soluble sugars can be accumulated.

Soluble proteins provide energy and material basis for metabolic activities during seed germination,
participate in various biochemical reactions, and promote the formation of embryo morphology. Changes
in the content of soluble proteins also reflect the internal metabolic activities of seeds [39]. During the
seed germination process, soluble proteins show a regular and gradual increase, but it is evident that
low-temperatures reduce the magnitude of their increase, with the increase in the conventional rice variety
being lower than that in the hybrid rice variety. The low-temperature treatment lasted for 72 h, and the
soluble protein content showed a decreasing trend. After returning to the normal temperature, the soluble
protein content slowly increased again. After 24 h of recovery, the soluble protein content of the hybrid
rice variety recovered faster.

Alpha-amylase is the most important hydrolytic enzyme during the germination of rice seeds. When
the soluble sugar level drops to a certain extent, alpha-amylase is activated and catalyzes the hydrolysis of
starch, which is hydrolyzed into soluble sugars such as glucose under the action of this enzyme [40] Under
normal circumstances, the activity of alpha-amylase shows a slow and stable upward trend in the early
stage, and rapidly increases at 96 h. However, the low-temperature treatment had a significant inhibitory
effect on alpha-amylase activity, and the degree of inhibition was even stronger in the conventional rice
variety. In addition, after 72 h of low-temperature treatment, the activity of x-amylase decreased, but after
returning to the normal temperature, x-amylase was activated again.

Endopeptidases are a type of enzymes that hydrolyze peptide bonds within peptides or proteins to
produce amino acids [41]. During seed germination, endopeptidases break down peptide substances to
produce amino acids. In this experiment, endopeptidases showed a gradually increasing trend, and the
activity of endopeptidases reached the maximum value at 96 h of seed germination. Under low-temperature
damage, the activity of endopeptidases decreased and the synthesis rate slowed down. The activity of
endopeptidases in the conventional rice variety was slower than that in the hybrid rice variety.

The alpha-amylase gene is a gene encoding alpha-amylase. During seed germination, the expression
of this gene increases, leading to an increase in alpha-amylase content and accelerating the degradation of
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starch stored in the seeds, thus providing the necessary energy and nutrients for seed germination [42,43].
In this experiment, the expression level of the «-Amy gene showed a continuous upward trend, while low
temperature reduced its expression level, showing a gradual increase followed by a rapid increase. The
expression level of the a-Amy gene in the conventional rice variety was lower than that in the hybrid rice
variety, indicating that the expression of the «-Amy gene can respond quickly to cold stress.

The EP gene encodes enzymes that hydrolyze peptide bonds inside proteins, degrading them into
smaller peptides or amino acids [44]. In this experiment, the expression level of the EP gene first slowly
and then rapidly increased, indicating that the expression of the EP gene is regulated by low-temperature
cold damage. Under the cold damage treatment, although the expression level of the EP gene slowly
increased, it remained lower than that in the normal environment. After seed germination for 36 h, the
expression level of the EP gene showed a greater difference compared to the control. This study suggests
that low-temperature cold damage conditions can reduce the activity of a-amylase and endopeptidases,
thereby slowing down the production of soluble sugars and soluble proteins. Moreover, the activities of
«-amylase and endo-peptidases are regulated by the ®-AMY and EP genes.

It should be noted that the low-temperature treatments applied in this study were selected to elicit
strong physiological responses under controlled conditions. While this approach effectively revealed key
mechanisms, it did not include an intermediate temperature range (e.g., 10-15°C) that more accurately
represents mild cold stress often encountered in field environments. Future studies incorporating such
temperature gradients would be valuable to better understand the gradual acclimation responses and to
refine threshold temperatures for cold tolerance in practical agricultural settings.

5 Conclusions

In summary, this study suggests that during seed germination, stored substances inside of rice seeds,
such as starch and protein, gradually decompose into soluble sugars and soluble proteins, which are then
transported to the embryo to provide nutrient support for its growth and development. However, under
low-temperature cold damage conditions, the activities of a-amylase and endopeptidases are inhibited
and reduced, directly leading to a slowdown in the synthesis rate of soluble sugars and soluble proteins.
The supply of soluble sugars cannot meet the demand, which leads to an imbalance in the physiological
functions of the antioxidant system, ultimately resulting in a decrease in the vitality and germination rate
of rice seeds.
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