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Abstract

Winter rapeseed (Brassica rapa L.subsp.oleifera) is an important oilseed crop in
northern China, where low-temperature stress imposes severe constraints on its yield.
Its leaves dry up and wither during the overwintering period, but its roots stay deeply
embedded in the soil. Following March of the next year, new leaves grow from the
growing point and it enters reproductive growth. Therefore, we carried out this research
for exploring the regulatory mechanisms and physiological-biochemical responses of
roots in different rapeseed varieties as the temperature decrease before wintering. This
study used a strong cold-tolerant variety "Longyou 7 (L7)" and a moderate cold-tolerant
variety "Longyou 99 (L99)" as experimental materials. The materials were planted in
field to analyze the effects of natural low-temperature stress on rapeseed growth,
physiological characteristics, hormone levels, and transcriptional levels before
wintering. Additionally, transcriptome sequencing (RNA-seq) was combined to
decipher the molecular regulatory mechanisms. Results showed that as temperature
decrease, contents of proline (Pro), soluble sugar (SS), soluble protein (SP), and
salicylic acid (SA) in roots of the strong cold-tolerant variety L7 were all significantly
higher than those in L99, while contents of malondialdehyde (MDA) and gibberellin
(GAs) in L7 were significantly lower than those in L99. RNA-seq results revealed that
differentially expressed genes (DEGs) were significantly involved in phenylpropane
biosynthesis, carbon metabolism, starch and sucrose metabolism, MAPK signaling
pathway, ribosome, proteasome, and protein processing. Among these, the differences
in the expression of genes related to cell signal transduction (MAPK signaling pathway)
and metabolism were particularly prominent. Through weighted gene co-expression
network analysis (WGCNA), 9 candidate genes related to protein kinases, plant
hormones, transcription factors, and signal transduction were identified in the MAPK

and 2 other modules.
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1. Introduction

Winter rapeseed (Brassica rapa L. subsp. oleifera) is a crucial oilseed crop in northern
China, widely cultivated for its strong cold tolerance and water conservation
functions!!l. However, the extreme cold climate in this region poses a severe threat to
its growth, overwintering, and reproduction processes. Furthermore, low-temperature
stress is one of the primary factors affecting plant growth and development, which
restricts the geographical distribution of crops and the development of the crop
industry?!. Therefore, exploring the key regulatory mechanisms underlying cold
tolerance in winter rapeseed can alleviate the constraints imposed by the extreme low-
temperature climate in northern China on its growth, overwintering, and reproduction,
and improve the yield and quality of rapeseed in this region.

Winter rapeseed is typically sown in the end of August in northern China. When it
reaches to 8 or 9 true-leaf stage, its aboveground tissues begin to wither, in contrast, the

underground root system—including the shoot apical meristem—maintains viability to
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persist through the winter. With the arrival of warm spring conditions, the aboveground
parts of winter rapeseed initiate regreening!®). Therefore, identifying hub genes
associated with strong cold tolerance in winter rapeseed and enhancing its cold
tolerance is of great significance for the sustainable development of the rapeseed
industry.

To date, numerous studies have focused on the morphological structure, physiological
and biochemical levels, and molecular biological levels of cold tolerance in Brassica
rapa L. subsp. oleifera™. At the morphological and physiological levels, low
temperature significantly alters root morphology™® and the content of osmotic
regulatory substances!” 8], thereby reducing the root system’s efficiency in absorbing
water and nutrients and affecting the overall development of the plant. Low temperature
increases membrane permeability and causes intracellular ion imbalance!®!, while
inhibiting enzyme activity and disrupting metabolic pathways!'%); furthermore, severe
freezing damage can disrupt the biological membrane system and even cause plant
death. Furthermore, extreme freezing injury can cause disruption of the cellular
biomembrane system, and in severe cases, it may lead to plant death(!! 121,

To cope with low-temperature stress, catalase (CAT) in plants maintains intracellular
reactive oxygen species homeostasis, while osmotic regulatory substances and
malondialdehyde (MDA) alleviate damage to the plasma membrane by balancing

[13

cellular osmotic pressure!'¥!°], Furthermore, low temperature can trigger calcium ion

(Ca*") signal transduction, activating the expression of defense genes and the synthesis
of secondary metabolites to help plants adapt to the environment!'¢],

Recent analyses of transcriptomics, proteomics, miRNA sequencing, and exogenous
factor treatments have shown that under low-temperature stress, the magnitude of
changes in metabolism-related proteins in cold-tolerant varieties of winter-type
Brassica rapa L. is greater than that in moderately cold-tolerant varieties!!”" 2%, Low
temperature can rapidly induce the expression of stress-responsive genes, such as those
belonging to transcription factor (TF) families; these genes enhance cold tolerance by
regulating downstream pathways, in which the calcium ion (Ca**)/ROS cascade and the
MAPK pathway play a key role. Additionally, studies have clarified the variation
patterns of endogenous hormone contents in different winter rapeseed varieties under
low-temperature conditions, as well as the mechanism by which endogenous hormones
regulate cold tolerance in winter rapeseed!?!1124],

Results showed that, compared with moderate cold-tolerant variety grown in the field,
cold-tolerant varieties exhibited lower contents of malondialdehyde (MDA) and indole-
3-acetic acid (IAA), along with higher contents of soluble sugar (SS) and soluble
protein (SP). However, what are the hub genes affecting winter rapeseed strong cold
resistance, and what are the mechanisms. These warrant in-depth investigation. This

study systematically analyzed the transcriptomic changes in roots of two winter
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rapeseed accessions (L7 and L99) under cold stress at the transcriptional level, aiming
to screen for key differentially expressed genes (DEGs), enriched metabolic pathways,
and core regulatory factors that mediate the phenotypic differences in cold tolerance
between the two accessions. Specifically, this study compared the gene expression
profiles of L7 and L99 at different low-temperature treatment stages, and further
verified the function of candidate genes via quantitative real-time PCR (qRT-PCR). It
is expected that the results of this study will elucidate the molecular mechanism
underlying the differences in cold tolerance between L7 and 199, and provide a
theoretical basis and genetic resources for the breeding of cold-tolerant rapeseed

varieties.

2. Materials and Methods
2.1 Plant material and treatment

We used a strong cold-tolerant variety "Longyou 7 (L7)" and a moderate cold-tolerant
variety "Longyou 99 (L99) as experimental materials. Samples were collected during
the autumn-to-winter growth period of winter rapeseed, with simultaneous
determination of plant phenotypic traits. Three sampling time points were established
for root samples, October 23rd (0°C), November 21st (-5°C), and December 1st (-10°C).
Among these, October 23rd, 2024, was the first sampling day, with a minimum air
temperature of 0°C; November 21, 2024, had a minimum air temperature of -5°C, and
December 1, 2024, had a minimum air temperature of -10°C. To eliminate the
interference of circadian rhythm on experimental results, all field samples were
uniformly collected between 10:30 a.m. and 11:30 a.m. on their respective sampling
days, ensuring temporal consistency in sample collection. All root samples obtained in
this study were used for subsequent determination of physiological indices, hormone
level detection, and transcriptomic analysis, providing basic materials for the
subsequent exploration of the response mechanism of winter rapeseed roots under low-
temperature stress. The sample processing procedure was as follows: rapeseed roots
were washed with deionised water, tightly wrapped in aluminium foil, rapidly frozen in
liquid nitrogen, and then stored at -80°C in an ultra-low temperature freezer for later

use.
2.2 Measurement of root phenotype indicators

In the field trial, 10 plants were first selected from each of the two materials and their
chlorophyll content was measured using a SPAD520 portable chlorophyll meter.
Subsequently, 6 plants were selected from each material, their fresh weight and dry

weight were measured, and their roots were washed with distilled water and scanned
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using a GXY-A root system phenotyping analysis system to obtain root system

phenotyping data.
2.3 Determination of root physiological indices

When rapeseed plants grew to the 3-5 leaf stage, root samples of Longyou 7 (L7) and
Longyou 99 (L99) were collected in field on October 23rd, November 21st, and
December 1st. A 0.5 g portion of fresh root sample was weighed and rapidly ground in
liquid nitrogen. Proline (Pro) content was determined using acidic ninhydrin mixing
method®!. Malondialdehyde (MDA) content was measured by thiobarbituric acid
method®®. Soluble protein (SP) content was assayed via Coomassie brilliant blue
method®”); and soluble sugar (SS) content was determined using anthrone method?®!.

Three biological replicates were set for each treatment.
2.4 Determination of endogenous hormone content in root

Root samples of two cultivars were collected at the same time as that in 2.3.
Endogenous hormones contents were determined by high-performance liquid
chromatography (HPLC). The reagents used in the experiment were acetonitrile and
methanol. The extraction and preparation of samples were carried out with reference to
the method by Fan Jungiang!®” with slight modifications. The chromatographic
conditions were as follows: a C18W column was used; mobile phase was prepared with
methanol and 1% phosphoric acid; detection wavelength was 280 nm; flow rate was 1
ml/min; column temperature was 30 °C; injection volume was 10 pl; and detection time
for a single sample was 30 min. The calculation of endogenous hormone contents was

performed with reference to the method by Niu Yajie et al.?l.
2.5 Determination of calcium ion flux in root

Roots with consistent status were selected and fixed in a Petri dish. They were immersed
in a room-temperature test solution (0.2 mM CaClz, 0.2 mM MES, pH 5.8) and allowed
to stand for 0.5 h. Then, using non-invasive micro-test technology (NMT) and a Ca**
flux microsensor, calcium ion flux was measured at root surface site 350 um from apex
of root tip®*!; inductively coupled plasma optical emission spectrometry was used to

determine calcium ion content*?],
2.6 Transcriptomics analysis

The frozen rapeseed roots were sent to Beijing Bemaike Biotechnology Co., Ltd. for

transcriptomic sequencing and identification (https://www.biocloud.net/). The purity

and concentration of RN A were determined using a NanoDrop 2000 spectrophotometer


file:///C:/Users/lenovo/AppData/Roaming/Microsoft/Word/(https:/www.biocloud.net/)

163
164
165
166
167
168
169
170
171
172
173
174
175

176

177
178
179
180
181
182
183
184
185
186
187
188
189

190

191
192
193
194
195
196
197
198

and Agilent 2100/LabChip GX. Subsequently, library construction and quality control
were performed, and effective concentration of the library was accurately quantified
using Q-PCR method. HISAT2% software was used to rapidly and accurately align
Clean Reads with the reference genome, obtaining their positioning information on the
reference genome; gene expression levels were measured using fragments per million
mapped fragments per thousand base pairs (FPKM). For differential analysis, groups
with biological replicates used DESeq2** software, while groups without biological
replicates used edgeR>> software. For ClusterProfiler, hypergeometric tests were used
to perform GO annotation analysis on enriched genes, including enrichment analysis of
biological processes, molecular functions, and cellular components. KEGG (Kyoto
Encyclopedia of Genes and Genomes) is a database for systematic analysis of gene
function and genomic information, and it was used to analyse the enrichment of

differentially expressed genes in KEGG pathways (https://www.genome.jp/kegg).

2.7 Weighted gene co-expression network analysis (WGCNA)

WGCNA (Weighted Gene Co-Expression Network Analysis) of differentially
expressed genes (DEGs) was performed using the Biomarker Cloud Service Platform

(https://www.biocloud.net/) to construct a gene co-expression network, and Cytoscape

(version 3.10.1) was used for network visualization. A co-expression network with a
power value of 30 was constructed to ensure high gene connectivity. The module
merging height threshold was set to merge CutHeight = 0.25 (corresponding to 75%
similarity), and genes with similar expression patterns were clustered into the same
module. Important modules were screened by calculating kME (module eigengene
connectivity) (KME > 0.7), which were then subjected to correlation analysis with
physiological traits. Finally, hub genes with the highest connectivity among genes in
each module were screened based on the module eigengene values and the number of
gene-gene connections (edge counts). Cytoscape (version 3.10.1) was used to visualize

the top 20 hub genes in the selected modules and their interaction networks.
2.8 qRT-PCR validation

Real-time PCR amplification was carried out on a QuantStudio 5 real-time PCR system
(ABI, United States) using SYBR Green I (Takala, RR820A, Dalian, China) to validate
the transcriptome sequencing results. Based on the transcriptome data, we selected 6
differentially expressed genes (DEGs) and 9 candidate genes from two materials, L7
and L99, to validate their relative expression levels. The detection was conducted using
TaKaRa fluorescent quantitative reagent TB Green kit in accordance with the
instruction manual. With reference to the rapeseed genome sequence, specific primers

were designed using the Primer-BLAST tool of National Center for Biotechnology
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Information (NCBI) (Tables 1. Table2). The 224t method was used to calculate gene
expression levels, and Origin 2024 software was employed for graphing and analysis.

Table 1: qRT-PCR primer sequences of differentially expressed genes

Gene ID Upstream primer(5°-3”) Downstream primer(5°-3)
Brapa09G006484 GGTCCCATTCAACTTTCTTGGAAT — TGCTTTGGTCGGTCTGTACC
Brapa09G004404 GCCTATCCATCGCCACTCAA CTCCTCTATTTACCTGCTTGTGAAC
Brapa04G000176 CCTGGTAATGCTCTCCGCAT CGCATATTCATCCATCCTTCCA
Brapa07G002667 ACGGTTCTGTTTTGCGTTCG AACCTAACATGCGCCAGACA
Brapa09G003893 GAGGTTCAGCAACGGAAGGA GAAACCCGCTGGCCTAATTC
Brapa01G003538 GAAGACTTCAGAGGGCATTCG CCGATCACTTCATCAAGCTACTG

Table 2: qRT-PCR primer sequences of candidate genes

Gene ID Upstream primer(5°-3”) Downstream primer(5°-3’)
Brapa08G000410 AAGGTTCCAGCTAAAAAGGTTGAG ~ GGCTACCACAGGTTCATCATCT
Brapa01G002883 CGAGGCTGATGAGGGTCAAA TGGGATGGCGAAGTGATCTG
Brapa03G002615 CAGGGCGAAGCAAAGCC ACCCATGAGCTAAGACGAAGA
Brapa08G003110 TGAAGGGTCCGGTTTCAGTC CCTCAACTGCTTTACGCTTGG
Brapa02G004755 GTATGGAAACCCGATTGGCG AAGCATTCCTCCGCCGTAT
Brapal0G003084 GGGTTTAATATGTCGGTGGGG TCCGTCCATATCCTCTTCCGA
Brapa04G003370 ATGAAGCTCCCTTCCCTTCG TACTCCTCAGTCCGGGAGAG
Brapal0G002304 AGAAACGAGCAGGGAGGAAG GGTCGGAAAAGTCCCTAACCA
Brapa09G003928 TCGCGTTTTCTCTTACCTCCT TTTCTTTCCACCCTTCCCCG

3. Results

3.1 The effects of freezing temperature stress on the phenotypic characteristics,
physiological properties, and endogenous hormones of rapeseed

The results showed that, on October 23rd, neither variety exhibited obvious symptoms
of low-temperature stress; on November 21st, leaves of L7 showed mild wilting and
yellowing, while L99 had no wilting or yellowing; on December 1st, most leaves of L7
were withered and obviously damaged with frost, whereas L99 had milder leaf wilting
accompanied by frost (Figure 1). It can be concluded that freezing temperature had
significant effects on both varieties, leading to gradual leaf wilting and withering, but
the wilting degree of L99 was lower than that of L7. This indicates that with the
decrease in temperature, the aboveground parts of L7 exhibited phenotypes of growth
stagnation, leaf chlorosis, wilting, and even withering within a short period; in contrast,
the aboveground parts of L99 only showed the wilting phenotype when the temperature
dropped to -10°C.
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A correlation analysis was performed on root phenotypic indices of two cultivars.
Results of correlation analysis demonstrated that there was an extremely significant
correlation between dry and fresh weights of above-ground and underground parts, as
well as root-shoot ratio. Specifically, root-shoot ratio was negatively correlated with
fresh weight (-0.529) and dry weight (-0.536) of above-ground parts. Leaf water content
showed a significant positive correlation with shoot fresh weight (0.158) and was
positively correlated with all other indices. Moreover, main root length was extremely
significantly correlated with number of root tips (0.867), and number of root tips was
significantly correlated with most indices (Figure 2). The above analysis results suggest
that freezing injury of plants under freezing temperature stress can be reflected through
the corresponding indices of leaves and growth status of roots. That is, under freezing
temperature stress, although the leaves of rapeseed cultivars with strong cold resistance
are severely damaged, their roots can maintain relatively intact cellular structures and
physiological functions. As a cultivar with strong cold resistance, well-developed root
tissues of L7 may serve as an important basis for maintaining a good physiological state
under low-temperature environments, which further confirms the close relationship

between root growth status and plant cold resistance.

A

October 23rd (0°C)
B

November 21st (-5°C)
C

December 1st (-10°C)

L99
cold-tolerant variety moderate cold-tolerant variety

Figure 1: Phenotypic characteristics of rapeseed under low-temperature stress in the field.
Note: (A) October 23rd (0°C), (B) November 21st (-5°C), (C) December 1st (-10°C). L7(left)
L99 (right)
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Figure 2: Correlation analysis of phenotypic indicators

Note: *indicates a significant difference at p < 0.05, **indicates an extremely significant
difference at p < 0.01, ***indicates an extremely significant difference at p < 0.001, the same
below.

SFW: Shoot fresh weight; SDW: Shoot dry weight; REW: Root fresh weight; RDW: Root dry
weight; RSR: Root shoot ratio; LMC: Leaf mositure content; RMC: Root mositure content; TL:
Taproot length; RT: Number of root tips; SA: Root surface area; PA: Root projection area; T:
Root tip Diameter; V: Root volume.

Studies on roots and physiological indicators of L7 and L99 under freezing temperature
stress revealed that as temperature decreased, content of pPro and a osmotic regulatory
substance in roots of L7 were significantly higher than that in L99 (Figure 3A). The
content of MDA in L7 showed a significant decreasing trend (Figure 3B);
simultaneously, SS and SP contents in L7 were significantly higher than those in L99
(Figures 3Cand D). From a temporal perspective, GAs and ABA contents in both L7
and L99 continued to rise over time, with L7 maintaining a consistently higher level
(Figures 3E and 3F). IAA content exhibited a pattern of first increasing and then
decreasing (Figure 3G); SA content continued to rise (Figure 3H); and ZT content first
decreased and then recovered (Figure 3I). Overall, under freezing stress, osmotic
regulatory substances and protective chemicals play a key role in regulating plant
growth and development and stress responses. L7 demonstrates superior cold tolerance
compared to L99 through more efficient osmotic regulation, substance accumulation,
and hormone regulation, providing a physiological basis for its adaptation to low-
temperature environments.

The correlation analysis of root physiological indices and hormone levels between the

two materials (Figure 4A) showed that most indices were significantly or extremely
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significantly correlated. MDA was significantly positively correlated with SS and SP
(correlation coefficients 0.586 and 0.475, respectively). SP was significantly positively
correlated with SPAD. Pro was significantly correlated with SS, SP and MDA,
indicating that different physiological indices have an impact on root cold resistance.
IAA was significantly negatively correlated with Pro, SP and SS, suggesting that it plays
a protective role in root tissues under low temperature stresses.

Calcium ion flux is involved in the low-temperature response of rapeseed roots,
maintenance of osmotic balance, and defense signal transduction. Before low-
temperature treatment (approximately 0-288s), the efflux and uptake of Ca** in roots of
L7 and L99 were in a balanced state, with the lines fluctuating around zero value. After
treatment, Ca®" flux rapidly turned negative and decreased significantly, activating
physiological process of active Ca*" uptake by roots. Moreover, L7 showed a greater
variation amplitude and a higher uptake rate. Since the increase in calcium ion uptake
and efflux is associated with cold resistance to a certain extent, this leads L7 to exhibit
stronger cold resistance (Figures 4B and C).
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Figure 3: Physiological characteristics and hormone levels in rapeseed roots under low-
temperature stress.

Note: (A) Proline (B) MDA (C) Soluble protein (D) Soluble sugar (E) GA3 (F) ABA (G) IAA
(H) SA (I) ZT. The results were shown as mean + standard deviation values (n=3). Different
lowercase letters above the bars indicated signiffcant differences at the level of P < 0.05, the
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Figure 4: (A) Correlation analysis of physiological characteristics. (B) Line chart comparing
Ca?* flux in rapeseed roots before and after low-temperature treatment. (C) Bar graph showing
Ca?* flux in rapeseed roots before and after low-temperature treatment.

3.2 Transcriptome analyses

Transcriptome sequencing and data quality control were performed on rapeseed roots
under freezing temperature stress. After filtering low-quality data, a total of 108.79 Gb
of Clean Data was obtained, with the percentage of Q30 bases being = 94.60%,
indicating that the sequencing quality was qualified (Supplementary Table 1). The
alignment efficiency of the Clean Data from the 18 samples obtained in this study
ranged from 80.02% to 87.49%, which suggested that data utilization rate was high
and could be used for subsequent analyses (Supplementary Table 2).

To analyze the transcriptional level differences of winter rapeseed under different low-
temperature stresses, we set 1ogFC =2 and p<0.05 to screen for differentially
expressed genes (DEGs) to identify key genes and further analyse their expression
results. The comparison group AL7-0 vs AL7-FS identified 10113 differentially
expressed genes (DEGs), of which 4506 were upregulated and 5607 were
downregulated. BL99-0 vs BL99-FS had 12852 DEGs, with 5838 up-regulated and
7014 down-regulated; BL99-0 vs AL7-0 had 3203 DEGs, with 1433 up-regulated and
1770 down-regulated; BL99-FS vs AL7-FS had 5889 DEGs, with 2912 up-regulated
and 2977 down-regulated (Figure 5A). This indicates that the two materials exhibit
significant differences in transcriptional levels under low-temperature stress. Cluster



313  heatmaps show that samples under different treatment conditions were grouped into
314  distinct clusters, indicating significant differences in their gene expression patterns
315  (Figure 5B). The Venn diagram shows that the two materials share 476 DEGs across
316  the four comparison groups (Figure 5C). The volcano plot indicates that there are a
317  large number of significantly differentially expressed genes between the treatment and

318  control groups, which may play important roles in the biological effects induced by the

319  treatment (Figures 5D-G).
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Figure 5: Transcriptome analysis of rapeseed under low-temperature stress.

Note: (A) The number of DEGs in AL7-0vsAL7-FS, BL99-0vsBL99-FS, BL99-0vsAL7-0 and
BL99-FSvsAL7-FS. (B) The Pearson correlation analysis between samples. (C) Venn diagram
showing the number of differentially expressed genes (DEGs) in the comparison groups: AL7-
0 vs AL7-FS, BL99-0 vs BL99-FS, BL99-0 vs AL7-0, and BL99-FS vs AL7-FS. The found
DEGs in comparison groups (D) AL7-0 vs AL7-FS (E) BL99-0 vs BL99-FS (F) BL99-0 vs
AL7-0 (G) BL99-FS vs AL7-FS, In the volcano plot, statistical significance -log10 of q value,
Y-axis, have been plotted against log2 fold change (X-axis). Significantly upregulated genes
are represented by red dots, while downregulated genes are represented by blue dots, and non-

signifcant genes are represented by gray dots.
3.3 GO and KEGG enrichment analysis of DEGs

To clarify the functional distribution of differentially expressed genes (DEGs) in roots
of the two varieties under low-temperature stress, GO annotation analysis was
conducted on DEGs from two groups of comparisons: the same variety under different
treatments (AL7-0 vs AL7-FS; BL99-0 vs BL99-FS) and different varieties under the
same treatments (BL99-0 vs AL7-0; BL99-FS vs AL7-FS) (Figures 6A-D). The DEGs
were mainly enriched in biological processes (BP), cellular components (CC), and
molecular functions (MF). In the comparison groups of different varieties, most DEGs
were enriched in BP, while fewer were in CC, with the enriched GO terms mostly
including "regulation of biosynthetic process", "developmental process", "catalytic

activity", etc.

To investigate changes in the growth and metabolic pathways of rapeseed roots, KEGG
classification statistics were performed on differentially expressed genes (DEGs)
(Figure 6E-H). The results showed that DEGs in the comparisons of AL7-0 vs AL7-
FS and BL99-0 vs BL99-FS were involved in 50 KEGG pathways. Most of these
pathways were categorized into metabolic pathways (such as amino acid biosynthesis

and carbon metabolism), while the remaining were related to cellular processes,
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environmental information processing, and genetic information processing. Among
them, the most enriched pathways included plant hormone signal transduction and
amino acid biosynthesis. In L7, the KEGG-specific enriched pathways include plant
circadian rhythm, plant hormone signal transduction, and brassinosteroid biosynthesis;
whereas the pathways uniquely enriched in L99 are ubiquitin-mediated proteolysis,
photosynthesis-antenna proteins, and amino sugar and nucleotide sugar metabolism.
In the comparisons of BL99-0 vs AL7-0 and BL99-FS vs AL7-FS, the significantly
enriched pathways included plant hormone signal transduction and MAPK signaling
pathway. These results indicate that starch and sucrose metabolism, amino acid
biosynthesis, and MAPK signaling pathway play important roles in the growth and
development of rapeseed roots.

Transcription factors (TFs), as important upstream regulators, can directly regulate the
expression of stress-responsive genes and play a key role in plant responses to abiotic
stresses. We conducted statistical analysis on differentially expressed transcription
factors (Figure 6I). The top five transcription factor families with the largest number
of differentially expressed genes in the two varieties were AP2/ERF-ERF, MYB, bHLH,
C2H2 and NAC, among which the first three families had 245, 240 and 231

differentially expressed TF genes, respectively.
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Figure 6: Analysis of GO and KEGG enrichment results of differentially expressed genes.
Note: GO functional enrichment analysis of differentially expressed genes (DEGs) in rapeseed
under low-temperature stress. (A)AL7-0 vs AL7-FS (B) BL99-0 vs BL99-FS (C) BL99-0 vs
AL7-0 and (D) BL99-FS vs AL7-FS. KEGG pathway enrichment analysis of differentially
expressed genes (DEGs) in rapeseed under low-temperature stress. (E)AL7-0 vs AL7-FS (F)
BL99-0 vs BL99-FS (G) BL99-0 vs AL7-0 and (H) BL99-FS vs AL7-FS.

(I) Prediction results of transcription factor families.

3.4 qRT-PCR verification of differential gene expression levels

To verify the accuracy of the transcriptome results, six cold stress-related genes were
selected from the above modules for qRT-PCR validation. The results showed that the
qRT-PCR results were highly correlated with the RNA-seq data, confirming the
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reliability of the transcriptome sequencing data (Figure 7).
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Figure 7: qRT-PCR analysis of relative gene expression levels.
Note: The bar charts and black lines represent the results of RNA-seq and qRT-PCR,
respectively.

3.5 Weighted gene co-expression network analysis and identification of Hub genes

Based on RNA-seq data, key modules were identified, a network was constructed, and
core genes were screened through weighted gene co-expression network analysis!®¢]. To
fully understand the molecular mechanism of rapeseed under freezing stress in the field,
287 genes identified from 18 samples of roots transcriptome were processed by filtering
out those with low expression variation (standard deviation < 0.5), and the remaining
1943 genes were used for WGCNA network construction. Meanwhile, the
transcriptome data were combined with physiological indicators including MDA, SP,

SS, and Pro to identify co-expression modules, thereby screening out core genes.
3.6 Module screening and trait association analysis

In the results analysis of 18 samples, a total of 10416 genes were identified and
clustered into 20 modules (Figure 8E), among which blue module contained the largest
number of genes (2203), while darkslateblue module had the smallest number (41). The
obtained modules were then analysed for their association with physiological traits
(Figure 9A-D). It was found that MEgreenyellow module had the strongest association
with SP and SS; MEbrown module showed the strongest association with MDA and
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Pro, and these modules were positively correlated with the traits. This correlation can
be attributed to the characteristic genes associated with these modules, which are related
to the response of rapeseed roots to low-temperature stress (Figure 8D). Therefore, the
DEGs from the MEgreenyellow and MEbrown modules were selected for GO and
KEGG enrichment analysis.
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Figure 8: Weighted gene co-expression network analysis of differentially expressed genes
(DEGs)

Note: (A) Gene clustering tree and distribution of modules. The higher the merging position of
branches in the dendrogram, the greater the difference between the two merged groups of genes.



428  Different colors represent different gene modules. (B) Trait-module association heatmap. (C)
429  Module-clustering dendrogram. Similar samples or genes are classified into the same module,
430  with different colors corresponding to different modules. (D) Heat map of trait module
431  associations. Each row represents a module, and each column corresponds to a specific sample.
432 The values in each cell indicate the correlation coefficient (r) and the p-value of module-trait
433  associations. Red indicates a positive correlation between the module and the sample, while
434  blue indicates a negative correlation. (E) Number of genes in each module.

435 GO and KEGG enrichment analyses were performed on the differentially expressed
436 genes (DEGs) screened from the two modules. The GO terms in the two modules
437  include metabolic processes, transcription factor activity, and structural molecule
438  activity. The main KEGG-enriched pathways involve plant hormone signal transduction,
439  starch and sucrose metabolism, carbon metabolism, and plant circadian rhythm.

440  Based on the edge weights and node scores from WGCNA, the top 20 core genes were
441  screened out from the Greenyellow and Brown modules, and their expression patterns
442  are shown in the figure (Figure 10). These genes encode proteins with high connectivity
443  in the network and play important roles in biological processes (Figure 11).
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447  Figure 9: (A) represents the GO function enrichment analysis in the MEgreenyellow module;
448  (B) represents the KEGG pathway enrichment analysis in the MEgreenyellow module; (C)
449  represents the GO function enrichment analysis in the MEBrown module; (D) represents the
450 KEGG pathway enrichment analysis in the MEBrown module.
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452  Figure 10: (A) Heatmap of the expression levels of core genes in the greenyellow module. (B)
453  Heatmap of the expression levels of core genes in the brown module.
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455  Figure 11: Visualization of WGCNA key genes in greenyellow module and brown module.

456  Note: The inner circle represents the screened core genes.
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458  To further explore freezing resistance genes in roots, WGCNA was performed on 183

459  core genes from 20 modules. Their expression levels are shown in Figure 11A, with

460  most genes being up-regulated under low-temperature stress. Based on WGCNA edge

461  weights and degree scores, 9 cold resistance candidate genes were finally screened out,

462  and their expression levels are presented in Figure 11B. Among them, the genes

463  involved in the MAPK signaling pathway include Brapa01G002883, Brapal(0G003084,
464  and Brapa09G003928.



465  Functional annotation of these candidate genes was conducted using the TAIR
466  (https://www.arabidopsis.org/) and NCBI (https://www.ncbi.nlm.nih.gov/) databases

467  (Table 3).
468
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Figure 12: (A) Expression levels of all core genes in 20 modules. (B) Expression levels of
candidate genes.

Note: Red represents the expression level of up-regulated genes, and blue represents the
expression level of down-regulated genes.

Table 3: Functional annotation of candidate genes

Gene ID Hub gene ID Gene abbreviation Functional annotation
Brapa08G000410 LOC103833240 AT1G48920 RCI2B (Rare-cold-inducible 2B),
(NUC-L1) LTI6B (Lowtemperature induced
protein 6B)
Brapa01G002883  LOC103830167 AT1G60940 SNRK2.10 (Snfl-relatedprotein
(SNRK2.10) kinase 2.10), SRK2B (Snfl-
related kinase 2B), SNRK2-10
(Sucrose nonfermenting 1-related
protein kinase 2-10)
Brapa05G002615 LOC103869481 AT3G19240 DEM2 (Defective embryo and
(DEM2) meristems 2)
Brapa08G003110  LOC103836110 AT1G13340 ISTL6 (Ist1-like 6)
(ISTL6)
Brapa02G004755 LOC103855350 AT5G66400 RABIS8 (responsive to ABA 18),
(RAB18S) ATDI8 (Arabidopsis thaliana
drought-induced 8)
Brapal0G003084 LOC103844644 AT1G01360 RCARI1 (Regulatory component
(RCARI) of ABA receptor 1), PYLO9
(Pyrabactin resistance 1-like 9)
Brapa04G003370 LOC103866268 AT2G46140 LEA27 (Late embryogenesis ab-
(LEA27) undant 27)
Brapal0G002304 LOC106436839 AT5G51990 CBF4 (C-repeat-binding factor
(CBF4) 4), DREBID (Element-binding
prot- ein 1D)
Brapa09G003928 LOC103833884 AT4G11280 ACS6 (1-aminocyclopropane-1-
(ACS6) carboxylic acid (ACC) synthase

6), ATACS6

3.7 Response of MAPK pathway to low-temperature stress

Transcriptome analysis revealed that differentially expressed genes (DEGs) are mostly
enriched in MAPK pathway as well as starch and sucrose metabolism pathways. When
plants are subjected to adverse conditions such as pathogen infection, cold stress, and

drought stress at low temperatures, the corresponding cascade pathways are activated
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to induce the expression of downstream genes.

When plants are infected by pathogens, the pathogen molecule (fIg22) is recognized by
the receptor FLS2/BAKI. A total of 45 DEGs are involved in the cascade pathway of
this process. Under freezing stress, most of these genes are down-regulated, with similar
expression trends in the two materials.

When plants are exposed to adverse stresses (salt, drought, osmotic stress), abscisic acid
(ABA) accumulation is induced. ABA binds to the receptor PYR/PYL to relieve the
inhibition of SnRK2. A total of 11 genes are enriched in this pathway: the PP2C-
encoding genes Brapa05G000590, Brapa06G003883, and Brapa06G003781 are up-
regulated in cold-tolerant varieties but down-regulated in moderate cold-tolerant variety;
the SnRK2-encoding gene Brapa0l1G002883 shows similar expression trends in the
two materials.

When plants suffer external wounding, calcium signaling (Ca?") is triggered to activate
CaM4, and ROS homeostasis is maintained through OXII/. A total of 23 genes are
enriched in this pathway, among which 9 genes are associated with CaM4, and
Brapa02G000975 is up-regulated in both materials; among the MPK8-encoding genes,
all are down-regulated except Brapa09G000896.
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Figure 13: Expression profiles of differentially expressed genes (DEGs) in MAPK signaling
pathway.
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Note: The expression levels of differentially expressed genes are indicated by different colors.

3.8 qRT-PCR validation of candidate genes

Nine candidate genes screened from the modules were validated using qRT-PCR.
Brapa04G003370 and Brapal(0G003084 exhibited a sharp increase in expression in
L7-F5, suggesting they may play key roles in the early response to low-temperature
stress. Brapal(0G002304, Brapa05G002615, and Brapa09G003928 were highly

expressed in L99-FS; they might be involved in stress responses but with weak effects,

synergistically regulating moderate cold-tolerant phenotypes. Brapa02G004755 and

Brapa08G000410 showed high expression in L7, indicating they could be freezing

stress regulatory genes specific to high cold-tolerant varieties. Brapa0lG002883

decreased gradually in L7, possibly due to cells entering a state of protective metabolic

suppression. Brapa08G003110 was significantly up-regulated in L7, while it showed a

burst of high expression in L99-FS, which might serve as a marker of extreme low-

temperature stress overload.
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different times at the p<0.05 level.

4. Discussion
4.1 Physicochemical changes in rapeseed under low-temperature stress

Cold stress not only affects plant growth and development but also reduces crop
yieldsP7l. Cold stress in plants is a complex process involving a series of physiological
and molecular changes®]. Previous studies have extensively investigated the adverse
effects of cold stress on plant growth and development*°!. Clarifying the cold stress
response mechanisms of two varieties can provide valuable information and genetic
resources for enhancing crop cold tolerance. This study observed physiological and
biochemical changes in rapeseed seedlings under freezing stress conditions in the field,
and found that they exhibited wilting, drying, and leaf curling (Figure 1). These
findings are consistent with previous studies*”). However, our results indicate that
Longyou 7 enhances root development by reducing nutrient supply to the aboveground
parts, resulting in a higher root-to-shoot ratio compared to Longyou 99 (Figure 2),
which is consistent with previous findings!*!l. These results indicate that there are
differences in root development among different winter rapeseed varieties: cold-
tolerant varieties can prioritise the allocation of more photosynthetic products to the
underground parts, store more organic matter to promote root development!*?!, and
restrict aboveground leaf growth during the early stages of overwintering, thereby
enhancing overwintering capacity. As field temperatures decrease, freezing stress
damages root cell membranes, affecting the accumulation of osmotic regulatory
substances (Figures 3A-D), which maintain cellular structural stability and enhance
plant stress resistance. Plant hormones (IAA, ABA, GA, ZT, SA) are central regulators
of root growth and development and interact with one another!**1#], In this study, the
cold-tolerant varieties (L7) enhances cold tolerance through hormone regulation to
adapt to environmental changes (Figure 3E-I).

4.2 Mechanism of response to low-temperature stress at the transcriptome level

Studying gene expression changes at the transcriptional level can elucidate the
mechanisms underlying plant responses to cold stress. Transcriptome and WGCNA
analyses of rice H5 and H9 identified 161 candidate genes (79 cold-responsive genes
and 82 cold-tolerant genes) involved in various metabolic processes, providing new
strategies for enhancing rice yield and cold tolerance!*®!. In this study, transcriptomic
sequencing yielded 108.79 GB of clean data, with an effective read ratio of
approximately 94.6%. Transcriptomic analysis of freezing stress in roots of L7 and L99
(with different cold tolerance levels) showed that the number of DEGs in L7 was higher
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than that in L99 (Figure 5A), consistent with findings in tomato!*”), potato[*®, ricel**!,

and creeping bentgrass®°?, indicating that L7 and L99 exhibit significant differences in
gene expression induced by freezing stress. L7 may adapt to freezing temperature stress
by inducing more cold-response genes, thereby enhancing the plant's cold tolerance,
while cold-response genes in L.99 are suppressed by low-temperature stress, leading to
reduced cold resistance in the plant. As temperature decreases ( below freezing ), the
number of DEGs increases, suggesting that plants adapt to low temperatures by
activating the high expression of a large number of genes. GO and KEGG analyses
indicate that sucrose metabolism, amino acid biosynthesis, and the MAPK signalling

pathway play important roles in the low-temperature response of rapeseed.
4.3 Identification of key modules and hub genes by WGCNA

To identify key genes involved in rapeseed root responses to freezing stress, this study
constructed a gene regulatory network using weighted gene co-expression network
analysis (WGCNA). The results showed that greenyellow module was most
significantly correlated with the contents of SP and SS, while the brown module was
most significantly correlated with MDA and Pro. The upregulated genes in these
modules may respond to cold stress by maintaining osmotic balance, protecting cell
membrane stability, and alleviating oxidative damage (Figure 8D). Transcriptome data
combined with WGCNA for modular classification of genes is an effective method to
explore key genes related to environmental stress and their interactions®!l. In L7 and
L99, 10416 differentially expressed genes (DEGs) were classified as trait-module genes,
and 183 candidate DEGs were predicted, involving processes such as signal
transduction, MAPK pathway, and starch and sucrose metabolism.

In addition, WGCNA analysis of DEGs identified hub genes in key modules, which
exhibit high connectivity in gene expression networks and significant biological
relevance. This study identified 9 candidate genes from 20 modules, belonging to
transcription factor families such as PMP3, SNRK2 and CBF. The Pmp3 gene encodes
a plasma membrane protein that senses external stimuli and induces gene expression
through the MAPK cascade pathway, thereby enhancing cold tolerance. In this study,
the expression level of CBF (Brapal(0G002304) increased with decreasing temperature,
possibly because CBF4 enhances the tolerance of rapeseed. Research has found that
increased CBF expression promotes the production of soluble sugars, including glucose,
raffinose, sucrose, and fructose. This, in turn, enhances the cold tolerance of
pomegranate plantsi®2°2] | Lil>¥] reported that three CBF genes in peach branches were
significantly upregulated under cold stress. Additionally, transcription factors such as
DREB/CBF, bZIP, and MYB also participate in the transcriptional regulation of cold-

tolerant genes!®*,
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5. Conclusion

This study utilised RNA-seq technology to analyse the cold tolerance mechanisms of
the root systems of Longyou 7 (L7) and Longyou 99 (L99), identifying differentially
expressed genes primarily involved in growth metabolism, stress responses,
transcriptional regulation, and various biosynthetic pathways. By combining
transcriptomics sequencing with weighted co-expression networks, we screened for hub
genes that play a central regulatory role, as these hub genes often perform key functions
in specific biological processes. In summary, this study focuses on the low-temperature
response mechanisms of rapeseed, aiming to reveal the molecular regulatory patterns
and physiological metabolic characteristics of its response to low-temperature stress,
thereby laying a solid foundation for future research aimed at enhancing the cold

tolerance of Chinese cabbage-type rapeseed.
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806  Appendix Table

807 Appendix Table 1: Statistics of sequencing quality

Samples Clean reads Clean bases GC Content (%) Q30 (%)
AL7-0-1 19,082,198 5,702,035,863 47.38% 97.92%
AL7-0-2 19,382,514 5,794,861,756 46.77% 97.64%
AL7-0-3 19,507,603 5,832,358,771 46.63% 98.46%
AL7-F5-1 19,739,444 5,900,555,907 46.24% 96.99%
AL7-F5-2 19,599,098 5,857,635,710 46.24% 96.37%
AL7-F5-3 21,075,339 6,298,072,397 46.37% 94.60%
AL7-FS-1 20,126,763 6,019,493,637 46.91% 98.27%
AL7-FS-2 20,047,268 5,996,569,195 46.81% 98.38%
AL7-FS-3 20,648,143 6,176,693,408 46.81% 98.06%
BL99-0-1 20,681,947 6,184,911,865 46.65% 98.18%
BL99-0-2 19,983,956 5,974,704,291 46.66% 97.89%
BL99-0-3 21,124,131 6,313,539,212 46.71% 98.90%
BL99-F5-1 20,142,528 6,016,819,532 46.54% 96.87%
BL99-F5-2 19,941,887 5,957,290,841 46.44% 97.48%
BL99-F5-3 19,787,086 5,915,627,473 46.56% 97.41%
BL99-FS-1 24,283,344 7,261,051,482 46.98% 96.49%
BL99-FS-2 19,138,934 5,718,376,050 46.89% 97.93%
BL99-FS-3 19,626,314 5,868,689,739 46.83% 98.32%

808  Note: AL7 and BL99 represent two different sample names; 0, F5, and FS represent three different low-
809 temperature stresses at 0°C, -5°C, and -10°C respectively; the numbers 1, 2, and 3 after the sample names
810 indicate three biological replicates under the same temperature treatment.

811

812

813 Appendix Table 2: Statistics of transcriptome sample sequencing data and comparison efficiency with

814  rapeseed reference genome

Sample Total Mapped Uniq Mapped Multiple  Reads Map Reads
Reads Reads Reads Map to '+ Map to '-'
Reads
AL7-0-1 38,164,396 30,540,409 29,794,144 746,265 15,740,604 15,731,550
(80.02%) (78.07%) (1.96%) (41.24%) (41.22%)
AL7-0-2 38,765,028 33,366,878 32,545,787 821,091 17,197,840 17,183,717
(86.07%) (83.96%) (2.12%) (44.36%) (44.33%)
AL7-0-3 39,015,206 33,969,847 17,183,717 805,943 17,490,434 17,482,884
(87.07%) (44.33%) (2.07%) (44.83%) (44.81%)
AL7-F5-1 39,478,888 33,364,417 33,163,904 805,943 17,193,752 17,196,507
(84.51%) (85.00%) (2.07%) (43.55%) (43.56%)
AL7-F5-2 39,198,196 31,937,543 17,482,884 787,684 16,452,491 16,461,009
(81.48%) (44.81%) (2.00%) (41.97%) (41.99%)
AL7-F5-3 42,150,678 34,418,307 32,576,733 737,165 17,748,749 17,750,951

(81.66%)  (82.52%) (1.88%)  (42.11%)  (42.11%)



815
816
817
818

AL7-FS-1

AL7-FS-2

AL7-FS-3

BL99-0-1

BL99-0-2

BL99-0-3

BL99-F5-1

BL99-F5-2

BL99-F5-3

BL99-FS-1

BL99-FS-2

BL99-FS-3

40,253,526

40,094,536

41,296,286

41,363,894

39,967,912

42,248,262

40,285,056

39,883,774

39,574,172

48,566,688

38,277,868

39,252,628

34,799,900
(86.45%)
35,049,780
(87.42%)
35,918,300
(86.98%)
35,755,676
(86.44%)
34,649,614
(86.69%)
36,962,478
(87.49%)
33,811,300
(83.93%)
33,466,616
(83.91%)
32,793,600
(82.87%)
40,700,872
(83.80%)
32,428,338
(84.72%)
33,086,739
(84.29%)

33,987,342
(84.43%)
34,238,302
(85.39%)
35,080,264
(84.95%)
34,860,790
(84.28%)
33,800,190
(84.57%)
36,041,211
(85.31%)
32,979,397
(81.87%)
32,632,536
(81.82%)
31,957,937
(80.75%)
39,776,799
(81.90%)
31,701,710
(82.82%)
32,319,996
(82.34%)

812,558
(2.02%)
811,478
(2.02%)
838,036
(2.03%)
894,886
(2.16%)
849,424
(2.13%)
921,267
(2.18%)
831,903
(2.07%)
834,080
(2.09%)
835,663
(2.11%)
924,073
(1.90%)
726,628
(1.90%)
766,743
(1.95%)

17,941,474
(44.57%)
18,065,872
(45.06%)
18,512,521
(44.83%)
18,442,456
(44.59%)
17,857,914
(44.68%)
19,061,501
(45.12%)
17,449,080
(43.31%)
17,272,500
(43.31%)
16,949,069
(42.83%)
20,988,505
(43.22%)
16,706,206
(43.64%)
17,073,317
(43.50%)

17,895,369
(44.46%)
18,022,306
(44.95%)
18,477,909
(44.74%)
18,437,684
(44.57%)
17,848,352
(44.66%)
19,058,643
(45.11%)
17,442,890
(43.30%)
17,271,848
(43.31%)
16,933,387
(42.79%)
20,920,562
(43.08%)
16,659,368
(43.52%)
17,015,139
(43.35%)




