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Abstract: Ascorbic acid (AsA) plays a crucial role in the physiological processes of rice plants when
they encounter various biotic and abiotic stresses. However, the specific mechanism by which AsA
affects cold tolerance in rice seedlings remains unclear. Two rice genotypes, Zhongzao39 (ZZ39) and
its recombinant inbred line RIL82, were exposed to cold stress, resulting in more damage observed in
RIL82 compared to ZZ39. This damage included higher levels of relative electrolytic leakage (REC),
malondialdehyde (MDA), H2O2, a lower Fv/Fm, and a lower survival rate. A comprehensive analysis
of transcriptome and metabolome data indicated that AsA was involved in regulating cold tolerance
in ZZ39 and RIL82 seedling plants. AsA content increased in ZZ39 while it decreased in RIL82 under
cold stress. Additionally, analysis of carbohydrate contents highlighted their important role in the
responses to cold stress of these two genotypes. Importantly, exogenous AsA and sucrose, either
alone or in combination, enhanced the values of maximum fluorescence quantum yield (Fv/Fm) and
effective quantum yield (YII) as well as decreased H2O2 and MDA levels to improve cold tolerance
in both genotypes compared with plants treated with H2O. These findings highlight the potential
significance of AsA in mitigating the effects of cold stress on rice seedling plants.

Keywords: ascorbic acid (AsA); rice; cold stress; carbohydrate

1. Introduction

Due to the increasingly severe global warming and unpredictable weather patterns,
low temperature has emerged as a significant environmental stressor impacting the growth,
development, and spatial distribution of plants [1–3]. Typically, low temperature stress can
be categorized into two types: cold stress (0–15 ◦C) and freezing stress (<0 ◦C). Exposure
to cold stress during the seedling, flowering, and grain-filling stages in rice was found to
weaken the efficiency of light utilization in the leaves at these stages, lower the photosyn-
thetic rate in rice leaves, inhibit the synthesis and transport of assimilates, affect the growth
rate of rice, and cause an increase in the source/sink growth ratio, leading to a reduction
in rice production [4]. Similar results were also found in other studies of rice subjected to
cold stress at different growth stages [5,6]. The occurrence of late spring coldness during
the rice seedling stage severely affects the safe production of rice. Cold stress during the
seedling stage often leads to various physiological changes in crop plants, such as leaf
rolling, yellowing, stunting, and wilting, depending on the severity of the cold stress and
the plants’ ability to withstand it [7–9].

Rice, an essential cereal crop, plays a pivotal role in feeding over half the global popu-
lation [10]. Thriving in tropical or subtropical regions, rice exhibits a heightened sensitivity
to cold stress [11,12]. This stress factor significantly impacts rice yield and quality, thereby
constraining its distribution [13–15]. In response to cold stress, rice initiates an oxidative
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stress reaction characterized by a decline in photosynthesis and an accumulation of malon-
dialdehyde (MDA) and reactive oxygen species (ROS) [16,17]. Fv/Fm is an index used to
measure the maximum photochemical efficiency of PSII. Cold stress often leads to oxidative
damage to PSII, decreasing the ratio of FvFm and finally reducing photosynthesis [18,19].
This, in turn, affects crucial antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD) [12,20]. Additionally, cold stress prompts the accu-
mulation of compatible osmolytes, including free proline, proline metabolism products,
lipids, and soluble sugars, aimed at preserving cell membrane stability [21,22]. Further-
more, non-enzymatic antioxidants like ascorbic acid (AsA) play a role in this protective
mechanism.

AsA, known as vitamin C, plays a pivotal role in plant growth and development,
including the synthesis and signal transduction of plant hormones, photosynthesis, cell
division, cell wall synthesis, flowering, and fruit development [23–28]. Exogenous applica-
tion of AsA modulates the activity of photosynthetic enzymes, upholds chlorophyll content,
and maintains the stability of photosynthetic membranes, thereby fostering photosynthesis
in rice [29]. AsA-deficient mutants of Arabidopsis thaliana exhibit precocious flowering
under long-day conditions [30]. Importantly, AsA, recognized as a potent non-enzymatic
antioxidant, plays a crucial role in neutralizing free radicals and reducing oxidative stress
on plant cells caused by abiotic stress [31–33]. It has been reported that exogenous AsA
ameliorates damage caused by salt stress in rice by increasing nitrogen (N), potassium ions
(K+), chlorophyll, and photosynthesis [34]. Under cold stress, exogenous glutathione (GSH)
and AsA enhance the enzyme activities of CAT, POD, ascorbate peroxidase (APX), SOD,
amylase, and α-amylase, as well as soluble sugar content, thus increasing seed germination
in tomatoes and rice [35,36]. However, studies on the function of AsA in enhancing cold
tolerance in rice seedling plants are scarce, and more research is required to reveal the
underlying mechanism.

In this experiment, two rice genotypes, namely Zhongzao39 (ZZ39) and the recom-
binant inbred line 82 (RIL82), which was selected from a F9 RIL population derived from
the rice cross ZZ39 × ZJZ17 (Zhongjiazao17), differing in cold tolerance, were subjected
to cold stress at the seedling stage [18]. During this period, analyses of transcriptome and
metabolome data, AsA, MDA, maximum fluorescence quantum yield of photosystem II
(Fv/Fm), antioxidant enzyme activities, and carbohydrate content were conducted to reveal
the underlying mechanism of AsA’s enhancement of cold tolerance in rice seedling plants.

2. Experimental Materials and Methods
2.1. Experimental Design

This research study was carried out at the China National Rice Research Institute
(CNRRI), situated in Fuyang District, Hangzhou City, Zhejiang Province. To initiate the
process, seeds of both ZZ39 and RIL82 varieties were submerged in water at 30 ◦C for 48 h,
followed by a germination phase at 35 ◦C lasting 24 h. Subsequently, these seeds were sown
in square pots. Upon reaching the three-leaf stage, the rice seedlings were transplanted into
pots with a height of 10 cm and a radius of 5 cm, accommodating 8 seedlings per pot.

For cold stress treatment, the pots were divided into two groups. One group was
directly exposed to temperatures of 13/10 ◦C (day/night), while the other group served
as the control and was maintained at a constant temperature of 28/23 ◦C (day/night).
Both groups were cultivated under controlled humidity (70–80%) and light intensity
(300 µmol·m−2·s−1). Following the treatment, photographs were taken, and samples were
collected for physiological measurements. The plant mortality rate was then calculated,
and the plants were returned to the control temperature.

2.2. Measurement Indicators and Methods
2.2.1. Measurement of Chlorophyll Fluorescence Parameters

The plants underwent a 12 h cold stress treatment, with subsequent periods of dark-
ness lasting 30 min at 48 h and 168 h after the conclusion of the cold stress treatment. A
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Dual-PAM 100 dual-channel modulated chlorophyll fluorometer (Heinz Walz GmbH Effel-
trich, Nuremberg, Bavaria, Germany) was employed to measure the maximum quantum
efficiency of chlorophyll fluorescence (Fv/Fm). The measurement followed the methodol-
ogy outlined by Zhao et al. (2017) with slight modifications [19].

2.2.2. Measurement of Relative Electrical Conductivity (REC)

Leaf samples weighing approximately 0.1 g and devoid of veins were cut into roughly
25 mm2 fragments and thoroughly mixed. REC was measured following the method
described by Hatsugai et al. (2018) with slight adjustments [37]. Each sample was placed in
a centrifuge tube with 10 mL of distilled water, ensuring the leaf fragments were submerged
at the tube’s bottom using vacuum extraction. Subsequently, the tubes were incubated at
25 ◦C for 24 h. After incubation, the initial electrical conductivity (EC1) was measured with
a conductivity meter. The tubes then underwent a 100 ◦C water bath for 0.5 h, followed by
cooling in an ice bath to 25 ◦C. The final electrical conductivity (EC2) was measured, and
the relative electrical conductivity (ion leakage, REC) was calculated using the formula:
EC1/EC2.

2.2.3. Measurement of H2O2 and Malondialdehyde (MDA) Content

In accordance with the adapted approach outlined by Brennan and Frenkel (1977) [38],
the H2O2 content in leaf samples was assessed. After 12 h of cold stress, the latest fully
developed leaves of rice seedlings were clipped and rapidly frozen with liquid nitrogen.
Frozen leaf samples, weighing 0.1 g, were ground in 1.8 mL of 10 mM 3-amino-1,2,4-triazole.
The resulting homogenate underwent centrifugation at 8000× g, 4 ◦C, for 10 min. The
collected supernatant was mixed with an equal volume of 20% H2SO4 containing 0.1% tita-
nium tetrachloride (TiCl4). Following a further centrifugation step to eliminate impurities,
the absorbance of the supernatant was measured at 410 nm using a spectrophotometer
(Lambda25; Perkin Elmer, Freemont, CA, USA).

Based on the modified method detailed by Chen and Zhang (2016) [39], leaf samples
(0.1 g) were ground in 1.8 mL of trichloroacetic acid (TCA) to form a homogenate. The
extract underwent centrifugation at 6000× g, 25 ◦C for 15 min. To 1 mL of the supernatant,
1 mL of TCA containing 0.6% thiobarbituric acid (TBA) was added. The reaction mixture
was shaken, heated in a boiling water bath for 10 min, and subsequently cooled in an ice
bath. After an additional centrifugation step for impurity removal, the absorbance of the
supernatant was measured at 450 nm, 532 nm, and 600 nm using a spectrophotometer.
The concentration of malondialdehyde (MDA) was then calculated using the formula:
CMDA = 6.45 × (λ532 − λ600) − 0.56 × λ450.

2.2.4. Measurement of Antioxidant Enzyme Activity

After 12 h of cold stress, the latest fully developed leaves of rice seedlings were clipped
and rapidly frozen with liquid nitrogen. A total of 0.1 g of frozen leaf samples was ground
into powder using liquid nitrogen. The powder was homogenized in 100 mM PBS (pH 7.0).
The resulting solution was centrifuged at 12,000× g for 15 min at 4 ◦C and the supernatant
was stored at −20 ◦C for subsequent analysis.

Superoxide dismutase (SOD) activity was assessed following the procedure outlined
by Giannopolitis and Ries (1977) [40]. Peroxidase (POD) activity was determined using the
method specified by Maehly and Chance (1954) [41]. Catalase (CAT) activity was measured
in accordance with the method detailed by Chen and Zhang (2016) [39]. Ascorbate peroxi-
dase (APX) activity was evaluated based on the methodology described by Bonnecarrère
et al. (2011) [42].

2.2.5. Carbohydrate Measurement

The sulfuric anthrone colorimetric method, modified from Dubois et al. (1956) [43],
was utilized as a benchmark to quantify the levels of total soluble sugars and starch. The ex-
traction procedure for sucrose, glucose, and fructose remained consistent with that used for
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total soluble sugars. Following modifications outlined by Zhang et al. (2018) [44], the con-
tent of sucrose, glucose, and fructose was assessed. The total non-structural carbohydrate
(NSC) content is the aggregate of soluble sugars and starch.

2.2.6. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Analysis

After 12 h of cold stress, the latest fully developed leaves of rice seedlings were col-
lected for qRT-PCR. After freezing and grinding the leaf samples in a mortar with liquid
nitrogen, total RNA extraction was conducted using TriPure reagent (Aidlab Biotechnolo-
gies, Beijing, China). Subsequently, RNA concentration and quality were assessed using
a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Madison, WI, USA). The
extracted RNA samples underwent reverse transcription into single-stranded cDNA, utiliz-
ing a high-quality ReverTra Ace qPCR RT Master Mix (TOYOBO, Shanghai, China) as the
template for subsequent PCR amplification.

For qRT-PCR analysis, amplification reactions were performed using the highly sen-
sitive SYBR Green I fluorescent dye (TOYOBO) and the advanced Thermal Cycler Dice
Real-Time System II (TaKaRa Biotechnology, Dalian, China). Primers were designed with
PRIMER 6 software, and detailed primer sequences are provided in the Supplementary Ta-
ble S2. Rice ubiquitin5 was used to normalize the detection for each reaction. The qRT-PCR
procedure followed the methodology outlined by Feng et al. (2013) [45], and relative gene
expression levels were analyzed using the 2−∆∆CT method. Three biological and technical
replicates were used in qRT-PCR analysis.

2.2.7. RNA Sequencing (RNA-Seq) and Bioinformatics Analysis

After 12 h of cold stress treatment, fresh top second leaves were harvested and im-
mediately preserved in liquid nitrogen. Total RNA was subsequently extracted from the
frozen leaf tissue. Following this, all transcribed mRNAs from the samples underwent
sequencing at Shanghai Applied Protein Technology Co., Ltd., Shanghai, China, carried
out via the HiSeq platform. A library was prepared and then sequencing analysis was
performed using the Illumina TruSeqTM RNA Sample Prep Kit methodology.

Publicly available tools were used to analyze raw sequences in FASTQ format gained
from the Illumina platform. Low-quality bases (Q < 15) were trimmed from both ends of
the sequences via a customized program, and Cut adapt was used to trim the adapters. The
sequences were mapped to the complete set of CDS from Rice_9311 (https://rice.genomics.
org.cn/rice2/link/download.jsp, accessed on 12 October 2023) using TopHat2 [19].
Reference-based assembly of the reads was performed using Cufflinks and Cuffmerge
(https://cufflinks.cbcb.umd.edu/, accessed on 12 October 2023). The expression level
of each gene was defined as the fragments per transcript kilobase per million fragments
mapped (FPKM) value; FPKM = cDNA fragments/(mapped fragments × transcript length).
Differentially expressed genes (DEGs) were identified as the corrected p value ≤ 0.01 and
fold change ≥2 [46].

Subsequently, the significant enrichment analysis of Gene Ontology (GO) functionality
provided GO function entries that were significantly enriched in DEGs, compared to
the genomic background. This divulged which biological functions DEGs were notably
involved in. The process was initiated by mapping all DEGs to the respective terms in
the Gene Ontology database (https://www.geneontology.org/, accessed on 15 October
2023) and calculating the number of genes for each term. Subsequently, entries that
were remarkably enriched in DEGs compared to the whole genomic background were
identified. The significant enrichment analysis of GO annotations, using GO Terms as the
unit, employed hypergeometric tests to discover terms that were significantly enriched
in DEGs in relation to all genes annotated (p ≤ 0.05). By leveraging the KEGG database
(Kyoto Encyclopedia of Genes and Genomes, https://www.genome.jp/kegg/, accessed on
16 October 2023), genes were classified based on the pathways they participated in or the
functions they executed. Following this, KOBAS (https://kobas.cbi.pku.edu.cn/home.do,
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accessed on 16 October 2023) was employed to carry out an enrichment analysis of KEGG
pathways (p ≤ 0.05).

2.2.8. Metabolomics Analysis

After 12 h of cold stress treatment, fresh top second leaves were harvested and imme-
diately preserved in liquid nitrogen. Metabolites were extracted following the procedure
provided by the company (Shanghai Applied Protein Technology Co., Ltd.). After the
analysis, using UHPLC-Orbitrap Exploris™ 480 MS (Vanquish UHPLC, Thermo and Orbi-
trap Exploris™ 480, Thermo Fisher Scientific, Madison, WI, USA), raw data were collected.
First, the data underwent conversion to MzXML files via ProteoWizard MSConvert before
being imported into the freely available XCMS software, https://xcmsonline.scripps.edu/
landing_page.php?pgcontent=mainPage, accessed on 10 November 2023. Then, the anno-
tation of isotopes and adducts was performed using CAMERA (Collection of Algorithms
of MEtabolite pRofile Annotation). After these, the compound identification of metabolites
involved comparing the accuracy of m/z values (<10 ppm) and MS/MS spectra with an
in-house database established using available authentic standards.

Following sum-normalization, the processed data underwent analysis using the R
package (ropls), which subjected it to multivariate data analysis, including Pareto-scaled
principal component analysis (PCA) and orthogonal partial least-squares discriminant
analysis (OPLS-DA). To evaluate model robustness, a 7-fold cross-validation and response
permutation testing was conducted. Variable importance in the projection (VIP) value
of each variable in the OPLS-DA model was calculated to indicate its contribution to
classification. Statistical significance between two groups of independent samples was
assessed using Student’s t-test. Differentially expressed metabolites (DEMs) were screened
based on VIP > 1 and p-value < 0.05.

2.2.9. Exogenous Spraying of Sucrose and Ascorbic Acid (AsA) under Cold Stress

The validation experiment for exogenous application involved ZZ39 and its recom-
binant inbred line RIL82 as the selected testing materials, following the planting and
treatment methods outlined in Section 2.1. To assess sucrose metabolism and ascorbic
acid metabolism, exogenous application of sucrose and ascorbic acid was conducted. The
determined appropriate concentrations for sucrose and ascorbic acid, based on Feng et al.
(2020) [27], were 0.1% and 10 mM, respectively. Additionally, a combination of both com-
pounds was administered, with the addition of 0.1% Tween 20 as a surfactant for the
exogenous application.

The cold stress treatment lasted 12 h. Post treatment, samples were collected to
measure relevant physiological indicators. Following this, the treatment persisted for
an additional 12 h, during which fully expanded leaves of the plants were selected for
the determination of the maximum fluorescence quantum yield (Fv/Fm) and effective
quantum yield (YII).

2.2.10. Measurement of AsA Content

Ascorbic acid (vitamin C) is an acidic hexose lactone compound with vital functions as
a coenzyme, antioxidant, free radical scavenger, electron donor/acceptor, and biosynthetic
substrate crucial for the formation of plant stress tolerance. The determination of ascorbic
acid content was carried out using the ascorbic acid content detection kit manufactured by
BoxBio (Beijing Boxbio Science & Technology Co., Ltd., Beijing, China).

To extract ascorbic acid, 0.1 g frozen leaves was ground into a powder in liquid
nitrogen, and 1 mL of the extraction solution was added for grinding and homogenization
in an ice bath. Following centrifugation at 4 ◦C and 8000× g for 20 min, the supernatant
was collected as the ascorbic acid extract. Ascorbic acid oxidase catalyzed the oxidation
of ascorbic acid to generate dehydroascorbic acid. The characteristic absorption peak of
ascorbic acid at 265 nm was measured using a UV spectrophotometer, and the ascorbic acid
content was calculated.

https://xcmsonline.scripps.edu/landing_page.php?pgcontent=mainPage
https://xcmsonline.scripps.edu/landing_page.php?pgcontent=mainPage
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2.2.11. Measurement of Ascorbate Oxidase Activity

Following the method outlined by Yu and Qiao (2003) [47] with slight adjustments,
0.1 g of frozen leaf tissue was ground into a powder using liquid nitrogen. The resulting
powder was combined with 0.1 M pH 6.0 phosphate-buffered saline (PBS) and homog-
enized on an ice bath. The homogenate underwent centrifugation at 4 ◦C, 4000× g, for
10 min, and the supernatant was collected as the ascorbate oxidase extract.

In each of the 50 mL test tubes, 1 mL of pH 6.0 PBS and 0.1% ascorbic acid (AsA)
were sequentially added. A blank tube was prepared with 1 mL of 10% trichloroacetic acid
(TCA). Subsequently, 0.75 mL of the enzyme solution was added to each tube per minute,
with the time of enzyme addition recorded. After shaking the tubes, the enzyme-catalyzed
reaction proceeded for 5 min in a water bath at 18–20 ◦C. Following this, 1 mL of 10% TCA
was added to halt the reaction. Two drops of 1% starch solution served as an indicator in
each bottle. Titration was conducted using iodine solution prepared with potassium iodate
and potassium iodide, and the endpoint was indicated by a light blue color of the solution.
The volume of iodine solution used for titration was recorded to calculate the ascorbate
oxidase activity.

2.2.12. Statistical Analysis

Data were processed using SPSS software 11.5 (IBM Corp., Armonk, NY, USA). The
mean values and standard errors in the figures are from at least three replicates of indepen-
dent experiments. Two-way analysis of variance (ANOVA) for two factors (genotypes and
cold stress treatments) and one-way ANOVA (cold stress in one genotype) were conducted
to compare the difference with a least significant difference test at p < 0.05 for the data.

3. Results
3.1. Effects of Cold Stress on the Morphological and Physiological Characteristics of Rice Seedlings

Under cold stress, the two rice genotypes exhibited distinct phenotypic variations,
with RIL82 notably experiencing more adverse damage compared to ZZ39 (Figure 1).
Within the first 12 h of cold treatment, RIL82 rice leaves curled, while ZZ39 displayed
no significant changes. After 24 h, both genotypes experienced leaf curling, with RIL82
showing more severe symptoms. As the recovery time increased after the cold stress
subsided, ZZ39 leaves gradually unfolded to a fully expanded state. In contrast, RIL82
leaves turned yellow, wilted, and exhibited a significant mortality rate of 52% (Figure 1A,B).

Figure 1. Cont.
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Figure 1. Response of rice plants to cold stress. (A) Morphological changes to ZZ39 and RIL82 plants
during cold stress and recovery after cold stress. (a,b,g,h) Morphological changes to ZZ39 and RIL82
plants during 12–24 h of cold stress. (c–f,i–l) Morphological changes to ZZ39 and RIL82 plants during
the recovery process after cold stress at 36 h, 48 h, 132 h, and 168 h. (B) Plant survival rate of ZZ39
and RIL82 168 h during recovery following cold stress. (C) Changes in Fv/Fm (maximum quantum
efficiency of PSII photochemistry) of fully expanded leaves of ZZ39 and RIL82 during cold stress and
recovery. (D) Measurement of REC (relative electrolyte leakage) in fully expanded leaves of ZZ39
and RIL82 24 h after cold stress. (E) Measurement of H2O2 (hydrogen peroxide) content in leaves of
ZZ39 and RIL82 12 h after cold stress. (F) Measurement of malondialdehyde (MDA) content in leaves
of ZZ39 and RIL82. Vertical black lines represent standard deviation. The t-test was used to analyze
differences between different treatments within ZZ39 and RIL82 groups. (*) indicates significant
differences at p < 0.05. “ns.” indicates no significant differences at p < 0.05.

Regarding Fv/Fm, it significantly decreased after 24 h of cold stress in ZZ39 leaves,
yet the decrease was less pronounced compared to RIL82. During recovery from cold
stress, RIL82 leaves sustained severe damage, in contrast to ZZ39. Fv/Fm continued to
decrease after recovery, with the decline progressively intensifying over the recovery period
(Figure 1C). In contrast, the levels of relative electrolytic leakage (REC), H2O2 (hydrogen
peroxide), and MDA (malondialdehyde) in the leaves of ZZ39 were obviously increased
by cold stress, while no obvious difference between the control and cold stress was found
in RIL82, except for H2O2, which revealed that cold stress substantially elevated H2O2
content in both genotypes (Figure 1D–F).

3.2. Effects of Cold Stress on Antioxidant Enzyme Activity in Rice Seedlings

Cold stress significantly increased SOD activity in both ZZ39 and RIL82 leaves. No-
tably, the rise in SOD activity was slightly more pronounced in RIL82, increasing by 31.6%,
compared to ZZ39’s increase of 30.2% (Figure 2A). Additionally, during cold stress, both
ZZ39 and RIL82 demonstrated a noteworthy increase in POD activity, with ZZ39 increasing
by 14.4% and RIL82 by 12.1%, respectively (Figure 2B). In terms of catalase (CAT), ZZ39
exhibited a significant increase of 14.1%, while RIL82 showed no significant difference
(Figure 2C). Furthermore, ascorbate peroxidase (APX) experienced a substantial increase in
both genotypes, but the enhancement in ZZ39 was considerably higher than that in RIL82,
with increases of 72.9% and 19.8%, respectively (Figure 2D).

3.3. Comparative Transcriptome and Metabolome Profiling Revealed the Important Role of Ascorbic
Acid in Cold Response of Rice

A comprehensive joint analysis of transcriptome and metabolome data was conducted
for both genotypes (ZZ39 and RIL82) to reveal the underlying mechanism. Differentially
expressed genes (DEGs) and differentially expressed metabolites (DEMs) (fold change > 2,
p < 0.05) were identified in 106 metabolic pathways and 71 KEGG metabolic pathways,
respectively (Table S1). The combined analysis of ZZ39 and RIL82 transcriptome and
metabolome data revealed their involvement in 60 and 64 KEGG pathways, respectively,
highlighting significant differences in both transcriptomics and metabolomics under cold
stress (Figure 3A).
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Figure 2. Effect of cold stress on antioxidant enzyme activity in rice plant leaves. (A) Measurement of
superoxide dismutase (SOD) activity in leaves of ZZ39 and RIL82 12 h after cold stress. (B) Measure-
ment of peroxidase (POD) activity. (C) Measurement of catalase (CAT) activity. (D) Measurement of
ascorbate peroxidase (APX) activity. Vertical black lines in the figure represent standard deviation,
and the t-test was used to analyze differences between different treatments within the ZZ39 and
RIL82 groups. “*” indicates significant differences at p < 0.05, “ns.” indicates no significant differences
at p < 0.05.

Figure 3. Cont.
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Figure 3. Integrated transcriptomic and metabolomic profiling of ZZ39 and RIL82 under normal
and cold stress conditions. (A) represents the quantity of KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways associated with differentially expressed genes and metabolites in both rice
genotypes following cold stress treatment. The pathways in which these genes and metabolites
are concurrently involved are also depicted. The green circles indicate the pathways associated
with differentially expressed genes as observed in transcriptomic studies, whereas the blue circles
correspond to the pathways with differentially expressed metabolites identified through metabolomic
analysis. The intersecting area of the circles illustrates the number of metabolic pathways that both
genotypes share. (B) details the top 20 most significantly differentiated genes and metabolites in the
KEGG pathways of ZZ39 and RIL82 leaves post cold stress. It presents the levels of significance for the
enrichment of these differentially expressed genes (DEGs) and differentially expressed metabolites
(DEMs) in KEGG pathways after exposure to cold stress in both ZZ39 and RIL82. (C) focuses on the
carbohydrate metabolism pathways in ZZ39 and RIL82 during cold stress, highlighting the number
of involved differential genes and metabolites.

Subsequent analysis of the enrichment significance levels of DEGs and DEMs in each
KEGG pathway emphasized the role of carbohydrate metabolic pathways in plant cold
tolerance. Following cold stress treatment, seven DEGs and DEMs in ZZ39 were signifi-
cantly enriched in the top 20 carbohydrate-related KEGG metabolic pathways, whereas
RIL82 only exhibited four enrichments in the top 20 carbohydrate-related KEGG pathways
(Figure 3B).

A closer examination of DEGs and DEMs in the carbohydrate KEGG pathway for both
genotypes revealed a significant reduction in the number of DEGs in the sucrose and starch
metabolism pathway of ZZ39 compared to RIL82, with no significant difference in DEMs.
In pathways such as amino sugar and nucleotide sugar metabolism, galactose metabolism,
fructose metabolism, and glycolysis/gluconeogenesis, ZZ39 displayed a higher number of
DEGs compared to RIL82, while DEMs showed no significant difference (Figure 3C).

Further analysis of carbohydrate KEGG pathways were conducted using DEGs. The
results showed that the enrichment of the carbohydrate and sucrose metabolism path-
ways was more significant in RIL82 than ZZ39 in terms of the downregulation of DEGs.
Additionally, the ascorbic acid and aldoate metabolism pathways were enriched in down-
regulated DEGs in RIL82, while these pathways were enriched in upregulated DEGs in
ZZ39 (Figure 4A–D).
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Figure 4. Integrated transcriptomic and metabolomic analysis of gene and metabolite differences
in ZZ39 and RIL82 under cold stress. (A,C) Enrichment of KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways with upregulated DEGs in the carbohydrate metabolism pathway. (B,D)
Enrichment of KEGG pathways with downregulated DEGs in the carbohydrate metabolism pathway.
(E,F) Expression of DEGs (log2(fold change), p < 0.05) in the two rice genotypes, ZZ39 and RIL82,
within four major carbohydrate metabolism pathways.
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In-depth enriched chord diagram analyses of differentially expressed genes (DEGs)
related to carbohydrate metabolism in the KEGG pathways for ZZ39 and RIL82 under
cold stress were conducted using an online website (https://www.bioinformatics.com.cn,
accessed on 17 November 2023). It was unveiled that under cold stress, RIL82 exhibited
a higher degree of downregulation in the sucrose and starch metabolism to ascorbic acid
synthesis pathway compared to ZZ39 (Figure 4E,F).

In addition, six genes were randomly selected for qRT-PCR analysis. In general, qRT-
PCR data were consistent with the RNA-Seq results, suggesting that the RNA-Seq data are
reliable (Figure S1).

The enrichment outcomes of differentially expressed genes (DEGs) shed light on the
variances in the pathways of ascorbic acid and glucose metabolism during the develop-
ment of cold tolerance in ZZ39 and RIL82 (Figure 5). When subjected to cold stress, ZZ39
exhibited a higher degree of upregulation in genes related to the synthesis and metabolism
of starch, α-regulation of starch, and α-synthesis and metabolism of D-glucose-1P. No-
tably, ZZ39 controlled the upregulation of PYG, glgC, glgA, GBE1, UGP2, and UGDH
synthesis genes to a greater extent than RIL82, whereas RIL82 displayed a higher degree of
downregulation in these synthesis genes.

Figure 5. Integrated transcriptomic and metabolomic analysis of the carbohydrate KEGG pathway
and ascorbic acid metabolism under cold stress. (A) Pathway diagrams with solid/dashed black
arrows represent direct or indirect metabolic products, respectively. Additionally, the silver-gray
dashed arrows indicate metabolites that are products of the amino sugar and nucleotide sugar
metabolism pathway, which do not share a direct metabolic relationship. In the diagram, heatmaps
without black borders show the expression levels of differentially expressed genes (DEGs) (log2(fold
change), p < 0.05) between the two rice genotypes under cold stress, whereas heatmaps with black
borders represent levels of differentially expressed metabolites (DEMs) (fold change, p < 0.05). The
left side of each heatmap corresponds to ZZ39CS/ZZ39CON, and the right side corresponds to
RIL82CS/RIL82CON. DEGs and DEMs are indicated by the scale on the left. (B) Changes in ascorbic
acid (AsA) content in the leaves of the two rice genotypes under cold stress. (C) Variations in ascorbate
oxidase (AA-Ox) activity in the leaves of the two rice genotypes under cold stress. The asterisks (*)
on the bars in figures (B,C) denote significant differences at p < 0.05, “ns.” indicates no significant
differences at p < 0.05.

https://www.bioinformatics.com.cn
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In the process of ascorbic acid synthesis under cold stress, both genotypes exhibited an
increase in sucrose content. In the regulation and metabolism of sucrose, ZZ39 controlled
the upregulation of SUS and INV synthesis-related genes more than RIL82, while the down-
regulation of these genes was lower than in RIL82. This resulted in a higher upregulation
of D-glucose in ZZ39 compared to RIL82, while RIL82 showed higher downregulation
of D-fructose and D-glucose-1P than ZZ39. Hexokinase (HK), a crucial player in hexose
metabolism, had its synthesis-related genes upregulated in ZZ39 but downregulated in
RIL82 under cold stress.

Examining the genes related to the rate-limiting enzyme GLDH (critical for ascorbic
acid synthesis) revealed that cold stress upregulated the expression of ZZ39’s GLDH
synthesis gene LOC_Os02g03210, inhibiting its expression in RIL82. Unlike in ZZ39, in
RIL82, cold stress significantly downregulated LOC_Os08g40720 and LOC_Os03g36530,
affecting ascorbic acid synthesis. Additionally, the upregulation of L-Gulono-1,4-lactone, a
precursor of ascorbic acid synthesis, was notably higher in ZZ39 than in RIL82. Also, an
increase in AsA content was observed in ZZ39, while a decrease was observed in RIL82
under cold stress (Figure 5A,B).

Ascorbic acid oxidase, a key enzyme for AsA degradation which is crucial for stress
resistance, also showed distinctions between ZZ39 and RIL82. Under cold stress, ZZ39
displayed a lower increase in the synthesis of ascorbic acid oxidase LOC_Os09g20090
compared to RIL82, while the downregulation of LOC_Os07g02810 was less pronounced
in ZZ39 than in RIL82. The inhibition of sucrose and ascorbic acid metabolism may
consequently impact antioxidant processes in both genotypes, influencing the cold tolerance
of rice (Figure 5A,C).

3.4. Effects of Cold Stress on the Carbohydrate Contents of Rice Seedlings

The results of non-structural carbohydrate (NSC) content analysis showed that cold
stress led to a substantial increase in both ZZ39 and RIL82 (Figure 6A). In contrast to
RIL82, ZZ39 exhibited a significant 28.4% reduction in leaf starch content under cold
stress (Figure 6B). In the presence of cold stress, both ZZ39 and RIL82 demonstrated a
significant rise in soluble total sugar content, with ZZ39 experiencing a higher increase
(55%) compared to RIL82 (29.7%) in comparison to the control (Figure 6C).

Cold stress also led to a notable increase in sucrose content for both ZZ39 and RIL82,
with ZZ39 showing a higher increase (16.78%) than RIL82 (14.44%) (Figure 6D). Although
glucose content increased significantly in both rice genotypes under cold stress, the increase
was more pronounced in RIL82 than in ZZ39. This observation suggests that glucose in
ZZ39 is intricately involved in the synthesis and metabolism of ascorbic acid (Figure 6E).
Additionally, cold stress induced an increase in fructose content for both ZZ39 and RIL82,
with no significant difference observed between the two genotypes (Figure 6F).

3.5. Effects of Sucrose and Ascorbic Acid Alone and in Combination on Cold Tolerance in
Rice Seedlings

The joint analysis of the transcriptome and metabolome highlighted variations in
sucrose and ascorbic acid metabolism processes between the two rice genotypes, suggesting
a potential influence on the development of cold tolerance. To validate this hypothesis,
exogenous spraying experiments involving sucrose, ascorbic acid, and a combination
of both were conducted. The results revealed that, under cold stress, compared to the
control, exogenous spraying of sucrose (Suc), ascorbic acid (AsA), and sucrose+ascorbic
acid (Suc+AsA) mitigated water loss-induced shrinkage from cold injury in ZZ39 and
RIL82 leaves (Figure 7A(a,b)).
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Figure 6. Impact of cold stress on the content of non-structural carbohydrates in rice. (A) Changes
in non-structural carbohydrate content in ZZ39 and RIL82 under cold stress. (B) Changes in starch
content in ZZ39 and RIL82 under cold stress. (C) Changes in total soluble sugars in ZZ39 and RIL82
under cold stress. (D) Changes in sucrose content in ZZ39 and RIL82 under cold stress. (E) Changes
in glucose content in ZZ39 and RIL82 under cold stress. (F) Changes in fructose content in ZZ39 and
RIL82 under cold stress. In the figure, an asterisk (*) denotes a significant difference between the
two rice genotypes at p < 0.05, while “ns.” indicates no significant difference between the samples at
p < 0.05.

Cold stress significantly decreased the Fv/Fm of both rice genotypes, particularly
RIL82. Exogenous spraying of Suc, AsA, and Suc+AsA significantly increased the value
of Fv/Fm for both genotypes, with the combination showing the maximum increase
(Figure 7B(a,b)). Regarding actual fluorescence quantum efficiency (YII), it was obviously
decreased by cold stress in ZZ39 and RIL82. However, these results could be reversed by
Suc, AsA, and Suc+AsA, particularly in RIL82. While YII increased in ZZ39, the difference
was not statistically significant (Figure 7C(a,b)).

Under cold stress, exogenous spraying of Suc, AsA, and Suc+AsA decreased the
levels of MDA and hydrogen peroxide (H2O2) in both genotypes (Figure 7D,E). In ZZ39,
Suc significantly decreased MDA and H2O2 contents, while AsA and Suc+AsA spraying
decreased MDA content without significant differences (Figure 7D,E(a)). Notably, the most
substantial decrease in MDA and H2O2 in both ZZ39 and RIL82 leaves was observed with
Suc+AsA spraying (Figure 7D,E).
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Figure 7. Effects of exogenous sucrose and ascorbic acid (AsA) spraying on plant morphology
and physiology under cold stress. (A) Influence of exogenous sucrose and AsA spraying on the
morphology of ZZ39 and RIL82 plants under cold stress. (B) Impact of exogenous sucrose and AsA
on the maximum quantum efficiency of PSII photochemistry (Fv/Fm) in ZZ39 and RIL82 leaves
under cold stress. (C) Effect of exogenous sucrose and AsA on the actual quantum efficiency of PSII
photochemistry (YII) in ZZ39 and RIL82 leaves under cold stress. (D) Influences of exogenous sucrose
and AsA spraying on the content of malondialdehyde (MDA) in leaves of ZZ39 and RIL82 under
cold stress. (E) Effects of exogenous sucrose and AsA on hydrogen peroxide (H2O2) content in leaves
of ZZ39 and RIL82 under cold stress. All (a) in the figure represent ZZ39 and all (b) represent RIL82.

4. Discussion

The previous results indicated that the genotypes ZZ39 and RIL82 were exposed to
more intense stress damage after enduring 48 h of cold stress at a temperature of 13/10 ◦C
during the day/night. ZZ39 displayed a superior leaf phenotype, lower REC, H2O2, MDA
content, and higher Fv/Fm. Following recovery at 28/22 ◦C, ZZ39 maintained a higher
survival rate [18], which was consistent with our study’s findings (Figure 1B–F). Under cold
stress, RIL82 leaves experienced dehydration, wrinkling, and curling earlier than ZZ39,
and withered and died after low-temperature recovery, with a survival rate of only 48%,
while ZZ39 had a survival rate of up to 90% (Figure 1A,B). After 24 h of cold stress, both
RIL82 and ZZ39 exhibited significant reductions in leaf Fv/Fm compared to the control.
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The decrease in Fv/Fm was less pronounced in ZZ39 compared to RIL82. Upon returning
to normal temperature, Fv/Fm recovered in ZZ39, while it decreased significantly in
RIL82 (Figure 1C). Su et al. (2015) demonstrated that under cold stress, as the temperature
gradually decreases, the leaf Fv/Fm of cold-tolerant grape varieties is higher than that of
cold-sensitive grape varieties [48], which is consistent with the results of this study. These
results suggested that ZZ39 exhibited stronger cold tolerance compared to RIL82.

Cold stress typically leads to alterations in plant metabolic processes, influencing plant
cold tolerance. Reactive oxygen species (ROS), such as superoxide anions, H2O2, hydroxyl
radicals, singlet oxygen, and redox signals, are crucial for maintaining normal metabolic
function in plant cells, regulating stress adaptation processes, and controlling signaling
pathways [49,50]. The regulation of ROS and redox signaling in plants necessitates a high
degree of coordination and balance within the plant’s cells and metabolic pathways [51–53].
Excessive ROS levels can cause cell and tissue damage and significantly impact gene
expression regulation under cold conditions [54–56]. Previous studies have shown that low-
temperature stress induces higher ROS accumulation in cold-sensitive rice varieties [18],
which aligns with the results of our study. After 12 h of low-temperature treatment, RIL82
leaves accumulated more H2O2 (Figure 1E). Furthermore, under cold stress, RIL82 also
accumulated more MDA in its leaves compared to ZZ39, leading to more severe cell damage
in RIL82 (Figure 1F).

Multiple studies have demonstrated that plants have developed two distinct biological
processes, enzymatic and non-enzymatic antioxidant reactions, to counteract the exces-
sive formation of ROS under abiotic stress, which consequently impacts plant growth,
development, and stress tolerance [39,57–62]. Within the antioxidant enzyme system, SOD,
POD, CAT, and APX play crucial roles in managing excessive ROS in cells under abiotic
stress [63,64]. Research by Islam et al. (2023) indicated that under cold stress, rice plants
with the OsLPXC gene knocked out exhibited reduced SOD, POD, CAT, and APX activities,
increased electrolyte leakage, elevated ROS and MDA content, and decreased cold toler-
ance [65]. Similarly, Karami Moalem et al. (2018) found that highly active SOD, CAT, and
APX in the cold-tolerant chickpea variety (Sel96Th11439) improved its ability to clear ROS,
reducing ROS accumulation and enhancing cold tolerance [66]. Consequently, enhancing
antioxidant enzyme activity is vital for effectively clearing ROS accumulation and plays a
significant role in plant survival, growth, and development under low-temperature stress.
These findings align with our study. Following 12 h of low-temperature stress, the increase
in SOD, POD, CAT, and APX in ZZ39 leaves was higher than in RIL82, enhancing ROS
clearance (Figure 2).

In addition to enzymatic reactions, non-enzymatic antioxidants play a crucial role
in preventing excessive ROS accumulation and facilitating ROS clearance. Among these,
AsA, as the most abundant antioxidant in plants, has diverse biological functions [67,68],
influencing photosynthesis, cell division, expansion, osmotic regulation, and hormone
biosynthesis [20,69,70], thereby impacting plant growth, development, and stress resistance.
This study observed inhibited AsA synthesis in RIL82 leaves under cold stress compared to
the control, while AsA content significantly increased in ZZ39 leaves (Figure 6B). Prior stud-
ies have shown that Arabidopsis thaliana with high levels of ascorbic acid accumulates more
biomass in the aboveground parts and exhibits stronger tolerance to various stresses [69],
aligning with this study’s results. The L-Galactose pathway and the GDP-D-mannose path-
way, catalyzed by GME, are crucial for AsA synthesis, with L-Galactono-1,4-lactone and
L-Gulono-1,4-lactone serving as the final synthetic substrates of AsA via GLDH and GULO
conversion to L-ascorbate [71–73]. GLDH, located on the inner mitochondrial membrane,
is a key rate-limiting enzyme in AsA synthesis, closely associated with the mitochondrial
respiratory electron transport chain [74,75]. In this study, under cold stress, the expression
level of the GLDH-related gene LOC_ Os02g03210 in ZZ39 was upregulated compared with
the control, while RIL82 showed downregulation. Additionally, the trend of upregulation
or downregulation of other related genes in RIL82 was lower or higher than that of ZZ39,
directly leading to the inhibition of AsA synthesis (Figure 5A,B).
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Moreover, during AsA catabolism, ascorbic acid oxidase (AA-Ox) breaks down
AsA into unstable monodehydroascorbic acid (MDHA), accompanied by ROS produc-
tion [21,76,77]. For APX, AsA serves as an electron donor, oxidizing APX to produce
MDHA and catalyzing the production of H2O from H2O2 [75,76,78]. This study’s results
indicate a significant increase in AA-Ox activity in ZZ39 leaves under cold stress compared
to the control, while RIL82 leaves exhibited a slight decrease without significant difference
(Figure 5A,C). Additionally, prior studies have suggested that increased APX activity in
ZZ39 under cold stress may be an important factor in regulating H2O2 content and reducing
cell damage compared to RIL82.

5. Conclusions

Transcriptome and metabolome analyses have become increasingly important tech-
niques for studying the mechanisms underlying plant responses to biotic and abiotic
stresses. In this study, two genotypes (ZZ39 and its recombinant inbred line RIL82) with
contrasting responses to cold stress were utilized to investigate this mechanism. A com-
prehensive analysis of transcriptome and metabolome data indicated that AsA might be
responsible for the difference in ZZ39 and RIL82 under cold stress. AsA levels increased in
ZZ39 when exposed to cold stress, while they decreased in RIL82 under the same condi-
tions. Furthermore, carbohydrate content results underscored its significant contribution
to responses to cold stress in both genotypes. Notably, the application of exogenous AsA
and sucrose, either independently or in combination, indicated their role in enhancing cold
tolerance in both genotypes under seedling stage. These results emphasize the potential
importance of AsA in alleviating the impact of cold stress on rice seedlings.
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