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Abstract

:

Winter rapeseed is not only an important oilseed crop, but also a winter cover crop in Northern China, where its production was severely limited by freezing stress. As an overwinter crop, the production is severely limited by freezing stress. Therefore, understanding the physiological and molecular mechanism of winter rapeseed (Brassica napus L.) in freezing stress responses becomes essential for the improvement and development of freezing-tolerant varieties of Brassica napus. In this study, morphological, physiological, ultrastructure and transcriptome changes in the Brassica napus line “2016TS(G)10” (freezing-tolerance line) that was exposed to –2 °C for 0 h, 1 h, 3 h and 24 h were characterized. The results showed that freezing stress caused seedling dehydration, and chloroplast dilation and degradation. The content of malondialdehyde (MDA), proline, soluble protein and soluble sugars were increased, as well as the relative electrolyte leakage (REL) which was significantly increased at frozen 24 h. Subsequently, RNA-seq analysis revealed a total of 98,672 UniGenes that were annotated in Brassica napus and 3905 UniGenes were identified as differentially expressed genes after being exposed to freezing stress. Among these genes, 2312 (59.21%) were up-regulated and 1593 (40.79%) were down-regulated. Most of these DEGs were significantly annotated in the carbohydrates and energy metabolism, signal transduction, amino acid metabolism and translation. Most of the up-regulated DEGs were especially enriched in plant hormone signal transduction, starch and sucrose metabolism pathways. Transcription factor enrichment analysis showed that the AP2/ERF, WRKY and MYB families were also significantly changed. Furthermore, 20 DEGs were selected to validate the transcriptome profiles via quantitative real-time PCR (qRT-PCR). In conclusion, the results provide an overall view of the dynamic changes in physiology and insights into the molecular regulation mechanisms of winter Brassica napus in response to freezing treatment, expanding our understanding on the complex molecular mechanism in plant response to freezing stress.
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1. Introduction


Freezing stress (<0 °C) is one of the abiotic stresses, which limits the geographical distribution and seriously affects the growth, development, quality and productivity of crops. Global annual crop losses due to the low-temperature damage are up to hundreds of billions of dollars [1]. In January 2008, China suffered from a severe freeze injury, which had a serious impact on winter rapeseed production. The affected area accounts for about 77.8% of the country’s winter rapeseed area [2]. Therefore, it is important to study and excavate the freezing resistance related genes, breed freezing resistance varieties of winter Brassica napus, and develop the Brassica napus in northwest China.



Previous studies indicate that the freezing injured primary sites are the cell membrane systems, which causes cellular dehydration, reactive oxygen species accumulation, intercellular ice and protein denaturation, all of which are contributors to the membrane systems’ damage [3]. Under freezing stress, plants induce the genes which encode molecular chaperones, and synthesize specific proteins; these alterations protect plants and help them to withstand the freezing damage to the cell [3,4]. Research has shown that freezing tolerance is a quantitative trait that is governed by gene expression networks [3,5]. The mechanism of freezing stress in plants has been extensively studied for many years. The model plant Arabidopsis thaliana has yielded immense amounts of relevant research, helping to identify considerable amounts of freezing-induced genes, transcription factor families, signaling pathways and metabolism pathways [6].



High throughput sequencing is a high-efficiency and economically sounds analysis strategy. In order to investigate the transcription levels of a specific tissue at a specific time point, or to compare the differences in transcription levels among different genotypes/varieties, even in species that lack a reference genome, RNA sequencing (RNA-Seq) technology is a preferred strategy. RNA-Seq has been widely applied in investigating the global expression network in adversity stress in many species, such as Vitis amurensis [7], Taxus [8] and soybean [9], and helps to reveal the related metabolic pathways, such as taxol biosynthesis [8], anthocyanin biosynthesis [10] and regulatory events and related gene expressions. In recent years, plenty of research on Brassica napus have been made, including lignin biosynthesis [11,12], to identify candidate genes responsible for yield improvement [13], the genetic control of plant height [14], seed fatty acid biosynthesis [15], cadmium stress [16], water stress [17], drought stress [18,19] and cold stress [20,21,22,23], however, studies of freezing stress in Brassica napus are still lacking. Things such as freezing tolerance regulatory mechanisms underlining gene regulation, however, remain unclear in Brassica napus. Fortunately, the genome of Brassica napus has been sequenced [24,25,26], which provides a valuable molecular resource to investigate the stress tolerance in Brassica napus, and will help to understand the rapeseed molecular basis of freezing tolerance mechanisms in further studies.



In China, the production of winter Brassica napus is mainly distributed in the Huang-Huai River and Yangtze River basin [27], but the same cultured varieties cannot survive well through the winter in semi-arid regions of Northwest China. Additionally, due to the lack of suitable crop species to plant through winter, most cultivated land lies idle without any cover in winter and early spring in these regions. To solve these problems, in the past decade, we developed strong freezing tolerant winter Brassica rapa varieties (longyou7 [28,29,30]) and successfully adapted them in semi-arid regions of China such as Hexi corridor in Gansu province, Xinjiang province, Qinghai province, Ningxia Autonomous Region China [31]. It became an important oilseed crop and winter cover crop in north China. However, the winter Brassica rapa has some disadvantages, such as low seed oil quality and yield. Compared to this, Brassica napus has many advantages such as high yield, strong adaptability and excellent quality, and it has occupied a dominant position across the world. However, little is known about the complex regulatory mechanism of the winter Brassica napus response to freezing stress.



In this study, we selected the Brassica napus line “2016TS(G)10” which was developed by Gansu Agricultural University as a research material. 2016TS(G)10 was formed by hybridization of Brassica rapa (longyou7, a strong cold tolerance variety, bred by Gansu Agricultural University) as the female parent and Brassica napus (Vision, a winter ecotype, introduced from Europe) as the male parent. It has shown good winter survival ability and can survive over winter in Lanzhou of the Gansu province (China). Based on previous studies, before overwintering, the plants of “2016TS(G)10” showed winter turnip rapeseed growth habits, such as the top of the shoot being below the ground, the leaf color being dark green, the LT50 of field plant leaves (samples were harvested on 26 October) being −13.38 °C and the root cap being 0.59 and much bigger than the other lines (bred by Gansu Agricultural University, China). The overwintering rate for two consecutive years in Tianshui (Gansu, China) was 97.8%, and 25.5% (non-mulch)/~80.0% (plastic mulch) in Lanzhou (Gansu, China), so we selected “2016TS(G)10” as the strong cold tolerance material in further studies (article submitted in Scientia Agricultura Sinica, under review). Although the physiology, proteomics, and microRNA of cold tolerance of winter turnip rapes (Brassica rapa L.) have recently been studied, research of Brassica napus under freezing stress is rarely reported and the complex mechanism of freezing tolerance is still unclear.



In this present study, 50-day-old seedlings of freezing-tolerant Brassica napus line “2016TS(G)10” was treated at −2 °C for 0 h, 1 h, 3 h and 24 h. The frozen leaves were used to observe the phenotype, measure physiological indexes and analyze transcriptome data to investigate the molecular mechanism of freezing response. This research will expand our understanding on the complex molecular mechanism of freezing stress response in Brassica napus, and the transcriptome profiles analysis results provide candidate gene resources, which are important for improving and developing the freezing tolerance varieties.




2. Results


2.1. Morphology and Physiochemical Changes of Winter Brassica napus after Low-Temperature Treatment


The seedlings were transferred to a low-temperature condition (4, 0, −2 and −4 °C) for 24 h (Figure 1A). There were morphological changes appearing in the seedlings under 4 °C treatments. Slight blade wilting was observed in the 0 °C treatment and it recovered at room temperature for 24 h. With the temperature decrease, the damage to the seedling increased. Freezing at −2 °C caused leaf and stalk dehydration, and the edges of leaves curled after 24 h; the survival rate was 52%. Upon being exposed to −4 °C, the blades and petioles were severely dehydrated and the survival rate was only 3.4% after recovery (Figure 1C). By comparing the morphological and survival rate under different low-temperature treatments (4, 0, −2 and −4 °C), we selected −2 °C as the freezing treatment condition in subsequent studies.



Upon exposure to −2 °C conditions, the seedlings were treated for 1 h and the older leaves observed a slight wilting, while the petioles were dehydrated and wilted after 3 h of freezing. After being continually treated for 24 h, the aboveground parts froze (Figure 1B). Previous studies generally used REL and MDA as direct stress markers to reflect the membrane damage by cold stress [32]. Changes of REL have shown that successive freezing stress caused irreversible damage to cells (Figure 1C). The MDA concentration exhibited a continuous increase and peaked at 24 h, with a 3.5 fold higher change than at 0 h (Figure 1C). The soluble sugar and proline content had significant changes; increasing rapidly and achieving a higher level after 3 h, then decreased slightly, while the soluble protein was significantly increased after 1 h of treatment (Figure 1C). This result showed that during the freezing periods, winter Brassica napus actively stimulated a series of physiological response mechanisms to resist freezing injuries.




2.2. Ultrastructure Changes of Winter Brassica napus Leaves under Freezing Stress


In order to study the damage to chloroplast caused by freezing stress, we investigated the ultrastructure of leaves with a transmission electron microscope. The micrographs of chloroplasts indicated that starch grains significantly accumulated in chloroplasts. In the non-stress condition (0 h), chloroplasts were elongated and elliptically shaped, situated regularly along the cell wall, with a few starch grains (Figure 2—0 h). When stressed for 3 h, the chloroplasts were arranged sparsely and were swollen (Figure 2—3 h). After 24 h of freezing stress, the chloroplasts were approximately circular shaped, arranged irregularly in cells and scattered in the cytoplasm. Obvious gaps existed in the chloroplast grana and starch grains increased in quantity and volume (Figure 2—24 h).




2.3. Transcriptome Sequencing and Correlation Analysis


Given the physiological characteristics of Brassica napus seedlings under freezing stress, transcription level changes in the seedlings were analyzed using the Illumina HiSeq 2000 platform. Twelve RNA samples respectively harvested from non-frozen leaves (0 h) and frozen leaves that were exposed to −2 °C for 1 h, 3 h and 24 h, and prepared to construct four cDNA libraries for RNA-seq. As shown in Table 1, a total of approximately 87.49 GB of clean data were obtained from the cDNA libraries, the clean data of each sample reached 6.28 GB. The percentage of Q30 bases was greater than 92.48%, while the GC content of each sample was almost 48%. Tophat v2.0.12 was used to map the clean reads to the Brassica napus reference genome. As the results show, the percentage of clean reads that mapped into the reference genome ranged from 76.76 to 78.35%. About 72% of clean reads were uniquely mapped and used for subsequent analysis. Multiple mapped reads were excluded from the next analysis (Table 1 and Table S1). The correlation of three biological replications at each time point was used to judge whether the samples were reliable. Based on the FPKM of each sample, we calculated the correlation values, which showed that the biological replications of non-freezing (0 h) were ≥0.96 and the freezing treated (1 h, 3 h and 24 h) were ≥0.971 (Figure S1). Correlation results indicated that the experimental samples and results were considered reliable for further analysis.




2.4. Defining Differentially Expressed Genes (DEGs)


To analyze differences of the Brassica napus transcription levels during freezing stress periods, FPKM was used to calculate the transcripts of all the differentially expressed genes. The fold change was calculated based on a comparison of the FPKM between the frozen-stressed and non-stressed sample. When the fold change of gene expression level was at least a two-fold change and Chi-square test (p < 0.05) FDR < 0.01, it was considered as a differential expression gene (DEG). A total of 690, 2538 and 2403 DEGs were identified in the groups of 1 h/0 h, 3 h/0 h, and 24 h/0 h, respectively. The bar charts reflect the number of up- and down-regulated DEGs in the three groups under freezing stress. After 1 h of freezing stress, the numbers of down-regulation DEGs (407) were more than those of up-regulation (283). With the freezing stress time increasing, the number of up-regulated DEGs increased from 1490 (3 h) to 1528 (24 h), and the down-regulated DEGs decreased from 1048 (3 h) to 875 (24 h) (Figure 3A and Table S2). Comparing the three groups to yield a total of 3905 DEGs, the Venn diagram can reflect the number of up-regulated and down-regulated DEGs, as well as specific and commonly regulated DEGs in different groups. Among them, 147 (67 up-regulated and 80 down-regulated), 1246 (691 up-regulated and 555 down-regulated) and 1138 (704 up-regulated and 434 down-regulated) DEGs belonged to 1 h, 3 h and 24 h, respectively. The 349 DEGs (133 up-regulated and 216 down-regulated) were commonly regulated by freezing stress in the three groups (Figure 3B and Table S3). To more intuitively show the differences and similarities among the freezing-responsive DEGs in different stress time in Brassica napus leaves, hierarchical clustering was developed to represent the expression of 3905 DEGs (Figure 3C). The results showed that there was a significant difference in gene expression profile differences among the four time points. As the stress time increased, the genes with high expression at 0 h were gradually down-regulated, while those with low FPKM at 0 h were gradually up-expressed. This result indicated that freezing treatment suppresses a set of gene expression or induces another set of genes expression, though these changes were to regulate the freezing tolerance. To be clear about the distribution of DEGs in subgenomes C and subgenomes A, we had drawn a Circos plot to show the distribution of DEGs on 19 chromosomes. A total of 3109 DEGs were accurately positioning on 19 chromosomes, 1690 DEGs on subgenomes C and 1419 on subgenomes A. The detailed list was shown in Figure 3D and Table S4.




2.5. Expression Pattern and Functional Analysis of the DEGs in Winter Brassica napus


We performed the functional annotation of unigenes by BLAST against eight databases, such as Nr, Swiss-Prot, GO, COG, KOG, KEGG, eggNOG, and Pfam (Table S5). According to the expression profiles, 3905 DEGs were classified into 6 clusters by co-expression clustering (Figure 4A and Table S6). A total of 876 genes were classified into cluster 1, which rapidly down-regulated during 0 h to 3 h, then gradually up-regulated at 24 h. This result indicated that those genes were transiently repressed by freezing. Most of them participated in pathways such as “plant hormone signal transduction”, “starch and sucrose metabolism” and “biosynthesis of amino acids”. Genes belonging to cluster 4 were persistently down-regulated; the transcriptions were suppressed by freezing stress, the majority of them enriched in the “ribosome” and “ribosome biogenesis in eukaryotes” pathways. Cluster 5 contained fewer genes (189), the expression level of these genes were significantly up-regulated during freezing stress, most of them enriched in “plant hormone signal transduction” and “plant-pathogen interaction” pathways. Compared with cluster 5, the expression of genes in cluster 2 was also up-regulated but relatively lower. Cluster 6 had nearly a third of the DEGs (1417) that participated in KEGG pathways (Figure 4B and Table S7).



2.5.1. GO Classification Analyses


All unigenes were analyzed in the GO database. Annotated genes were divided into three major functional categories: biological processes (BP), cellular components (CC) and molecular functions (MF). Most transcripts are enriched in the cellular process (GO: 0009987), single-organism process (GO: 0044699), metabolic processes (GO: 0008152), response to a stimulus (GO: 0050896) and biological regulation (GO: 0065007) in the BP category. Enrichment also occurred for genes associated with CC, such as the cell (GO: 0005623), cell part (GO: 0044464), organelle (GO: 0043226) and membrane (GO: 0016020). Binding (GO: 0005488) and catalytic activity (GO: 0003824) in MF were highly enriched in both up- and down-regulated DEGs. Compared with down-regulated transcripts, the cell killing (GO: 0001906) and extracellular region part (GO: 0044421) terms were peculiar in up-regulated DEGs; the locomotion (GO: 0040011) and biological phase (GO: 0044848) were unique in upregulation GO terms (Figure 5A,B and Table S8). It is obvious that there were more functional terms for biological processes and relatively few transcripts for cellular component and molecular function.




2.5.2. KEGG Annotation Analyses


KEGG pathway analysis was conducted to investigate whether the freezing stress-responsive genes in Brassica napus were involved in some special pathways. A total of 887 unigenes were mapped to 108 KEGG pathways. Metabolic pathways were enriched in 482 DEGs (Figure S2). Top20 of KEGG enrichment showed that up-regulated DEGs were highlighted in “plant hormone signal transduction (ko04075)”, “Phenylalanine metabolism (ko00360)”, “pentose and glucuronate interconversions (ko00040)”, “phenylpropanoid biosynthesis (ko00940)”, “starch and sucrose metabolism (ko00500)” and “plant-pathogen interaction (ko04626)” (Figure 5C, Table S9 and Table S10). Moreover, “ribosome (ko03010)”, “plant hormone signal transduction (ko04075)”, “biosynthesis of amino acids (ko01230)”, “ribosome biogenesis in eukaryotes (ko03008)” and “protein processing in endoplasmic reticulum (ko04141)” annotated the most down-regulated DEGs (Figure 5D, and Table S9 and Table S10). The level of transcripts related to signal transduction was altered in response to freezing (Table S11). For example, BnaC03g39170D encoding an auxin-responsive protein IAA19, was notably continuously up-regulated in the freezing treatment. In addition, it is noteworthy that the gene of BnaA03g42940D that is enriched in “starch and sucrose metabolism (ko00500)” pathway, encode glycosyl hydrolase families 14, and the expression also significantly increased by freezing stress (Table S12). It is obvious that there were more functional terms for biological processes and relatively few transcripts for cellular components and molecular functions.





2.6. Changes of Differential Expression Transcription Factors (TFs) under Freezing Stress


Among the 3905 DEGs, around 282 up-regulated DEGs and 115 down-regulated ones were identified as transcription factors (TFs) under continuous freezing stress. All of them fell into 45 TF families (Figure 6A and Table S13). Most of the up-regulated TFs belonged to the AP2/ERF (55) (including AP2/ERF-AP2, AP2/ERF-ERF and AP2/ERF-RAV), MYB (38), and WRKY (31) families. The down-regulated TFs mostly belonged to bHLH (12), MYB (11), C2C2 (11) and also some AP2/ERF families (10) (Figure 6A). With respect to the specific and common TFs, the number of up-regulated specific TFs was much larger (153) than the down-regulated ones (84), the common up-regulated TFs (24) were 2.4 times larger than down-regulated (11) (Figure 6B). The different expression TFs, including 1 h/0 h, 3 h/0 h and 24 h/0 h, were identified in our analysis and listed in Table S14.




2.7. RNA-Seq Expression Validation by qRT-PCR


The quantitative real time-PCR (qRT-PCR) technology was used to determine the reliability of our transcriptome data. Based on high FPKM and fold change, we selected 20 DEGs as targets that were closely associated with the freezing response. The result confirmed that qRT-PCR expression patterns were in good agreement with the RNA-Seq trend (R2 = 0.92) (Figure 7). This indicated that the RNA-Seq results were reliable in the present study.





3. Discussion


Winter rapeseed is not only an important oilseed crop, but also an important winter cover crop in the north of China [33]. Freezing damage is one of the main environmental factors limiting the production of winter rapeseed. To improve the freezing tolerance, it is necessary to investigate the freezing tolerance mechanism of winter Brassica napus. Although the adaptation [34], physiology [35], proteomics [36], and transcriptome [21] of Brassica napus under cold stress have been studied in recent years, freezing tolerance research has rarely been reported, the complex mechanism of freezing tolerance in Brassica napus is still limited. Therefore, to elucidate the responses of freezing tolerance in winter Brassica napus, physiological and transcriptome analyses were performed in this research.



3.1. Freezing Stress Affects Physiological Changes in Seedlings of Brassica napus


Freezing stress induces a state change from water to ice, accompanied by the occurrence of hyperosmotic and mechanical stresses, disrupting the plasma membrane, directly affecting the plant’s survival [22,23]. As previously reported, electrolyte leakage and MDA can reflect the degree of membrane damage in stress [32,37]. Additionally, the accumulation of proline, soluble protein and soluble sugars, facilitate osmotic potential and plays an important metabolic role in stress tolerance [38]. Proline and soluble protein participated in stabilizing protein synthesis, protecting enzyme activity and regulating cytoplasmic acid and alkalinity [39,40]. As a binding substance of membrane lipids, soluble sugar kept the stability of membranes [41]. As previously studied, the contents of MDA, proline and soluble sugars were increasing, as well, electrolyte leakage has been illuminated in cold-tolerant species, such as Santalum album L. leaves [42], Vitis amurensis [7] and tomato [43]. Our results were consistent with those reports. Over the 24 h time course of freezing stress, seedling dehydration, chloroplast dilation and degradation, an increase in the content of MDA, proline, soluble protein and soluble sugars, as well as REL showed rapid growth at the frozen 24 h (Figure 1C). The increase of osmotic adjustment substance content could reduce the freezing point to increase plant cell membrane stabilization and protect membrane integrity during freezing-caused dehydration in Brassica napus. Prolonged freezing stress triggers intracellular and extracellular freezing, which will cause mechanical damage to cells and lead to plant death. Taken together, these physiological changes indicate that the Brassica napus line “2016TS(G)10” has developed the ability to withstand short-period freezing stress.




3.2. Plant Hormone Signal Transduction Related Freezing Stress


Phytohormones are small endogenous signaling molecules, such as gibberellin (GA), auxin (IAA), cytokinin (CK), brassinosteroid (BR), abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), salicylic acid (SA), and strigolactone (SL), which orchestrate a dual function. Plant hormones are mediators that not only act on endogenous developmental processes, but also convey environmental stimuli to multiple hormone-response pathways for adaptation to adverse situations [44,45,46]. Jain and Khurana [47] found rice auxin-responsive related genes are differentially regulated during reproductive development and abiotic stress. Similar results were also obtained in the present study. There were 118 genes enriched in “plant hormone signal transduction” (Figure S2), 44 DEGs were up-regulated and belonged to auxin signaling, encoding “transmembrane amino acid transporter protein”, “auxin responsive protein”, “AUX/IAA family” and “GH3 auxin-responsive promoter” (Table S11). The Aux/IAA genes are key regulators of auxin-modulated gene expression that are themselves auxin-inducible [48]. In Arabidopsis and Rice, a significant number of auxin-regulated genes are additionally affected by cold stress [44,49]. When auxin analogs were applied on Brassica napus, it stimulated the accumulation of freeze-protective metabolites and soluble sugars during cold hardening [50]. Therefore, we speculated that auxin might play an important role in Brassica napus response to freezing stress. Genes involved in ABA, BR, GA, ET, and JA regulation were also identified in our study. A total of 19 DEGs encoded three key proteins, which were, respectively, the “Abscisic acid receptor” (1 gene up-regulation), “Protein phosphatase 2C” (13 genes down-regulation) and “ABSCISIC ACID-INSENSITIVE 5-like protein” (1 genes up-regulation and 4 genes down-regulation), which were involved in ABA signaling pathway. This indicated that the freezing-induced expression of related genes, like as BnaC07g34880D, BnaAnng26550D, in Brassica napus appeared to be ABA-dependent.




3.3. Ribosome-Related DEGs and Amino Acid Metabolic Pathways under Freezing Stress


The ribosome is the critical site for protein synthesis, which is integral to the translation of mRNA into proteins, composed of small and large subunits [51]. In this present study, a large number of down-regulated DEGs were enriched in “Ribosome (ko03010)” and “Ribosome biogenesis in eukaryotes (ko03008)” (Table S15). In the initial phase (24 h) of deacclimation in Arabidopsis thaliana, most of the down-regulated transcripts were associated with ribosome biogenesis related genes [52]. Zeng et al. found that a large number of up-accumulated proteins were involved in the “Ribosome” after freezing treatment of the pre-CA (cold acclimation) plants [28]. Additionally, the same result was demonstrated in the proteomics of Flammulina velutipes mycelia cold resistance [53]. Ribosome biogenesis, a cellular process producing ribosomes, is essential for cell growth and cell proliferation [54]. It can be assumed that the Brassica napus seedlings were severely damaged and Ribosome biogenesis was repressed under freezing stress, the degradation of ribosomes already present in the cells and a remobilization of the resulting amino acids for freezing tolerance-related protein biosynthesis to respond to the initial freezing stress.



Amino acids’ metabolic pathway being was significantly responsive to cold/freezing stress has been reported in Arabidopsis [55], mycelia [53], loquat [56], ryegrass [55] and peach [57] under cold/freezing. Our results showed that several amino acid metabolic pathways were enriched after freezing stress, for a total of 121 DEGs, such as “cysteine and methionine metabolism” (28 DEGs), “arginine and proline metabolism” (26 DEGs), “glycine, serine and threonine metabolism” (14 DEGs), “phenylalanine metabolism” (39 DEGs), “alanine, aspartate and glutamate metabolism” (12 DEGs), “tryptophan metabolism” (17 DEGs), “tyrosine metabolism” (16 DEGs), “lysine biosynthesis” (6 DEGs), “phenylalanine, tyrosine and tryptophan biosynthesis” (11 DEGs s), “histidine metabolism” (6 DEGs), and “valine, leucine and isoleucine biosynthesis” (1 DEG) being annotated (Table S16). Simultaneously, the content of proline was markedly increased and achieved a higher level after freezing for 3 h (Figure 1C). Proline is well documented to be associated with plant abiotic tolerance in multiple ways, as a compatible osmolyte, molecular chaperone, and ROS scavenger [58]. Several comprehensive studies showed that the proline metabolism has a complex effect on development and stress responses and that proline accumulation is important for the tolerance of certain adverse environmental conditions [59,60,61]. Proline levels are usually determined by the balance between the biosynthesis and catabolic pathways, the biosynthesis pathways were controlled by P5CS genes [62]. In this study, the expression profile of the “arginine and proline metabolism (ko00330)” DEGs were analyzed and most of these DEGs were up-regulated in response to freezing stress. It is shown from the data analysis that the expression of 5 genes related with P5CS (BnaC04g05620D, BnaA05g05760D, BnaA09g35230D BnaA04g22810D and BnaC04g46630D) were down-regulated, but the FPKM of 2 genes (BnaC04g05620D and BnaA05g05760D) were still the highest among the DEGs involved in the “arginine and proline metabolism” pathway. Proline catabolism occurs in mitochondria via the sequential action of proline dehydrogenase or proline oxidase (PDH or POX) producing P5C from proline and P5C dehydrogenase (P5CDH). P5CDH has been found in chloroplasts by proteome analysis, suggesting that P5C is also converted to glutamate in plastids [63]. In the present study, BnaA06g39660D, BnaAnng07910D and BnaC02g38230D coded proline dehydrogenase, were up-regulated, but the FPKM of these were the lowest among the DEGs involved in this process. The above results show that “Ribosome”, “Ribosome biogenesis”, amino acid-related metabolic and proline biosynthesis and catabolic might play some essential roles in response to the freezing stress of Brassica napus.




3.4. Starch and Sucrose Metabolism Pathway


The carbohydrate and energy metabolism is the basis for the maintenance of cell life [64], and the carbon source mainly arises from the degradation of starch; the enzymes or genes involved in starch degradation are crucial for sugar metabolism. Our transcriptome data showed that a total of 208 DEGs were enriched in carbohydrate and energy metabolism pathways (Table S12). Especially the “starch and sucrose metabolism” and “pentose and glucuronate interconversions” were significantly enriched, which reflects that the soluble sugar content increased under the freezing treatment (Figure 1C). Previous studies have clearly demonstrated that there was a strong correlation between the sugar concentration and cold tolerance [65], such as higher levels of soluble sugars exhibited in eskimo1 (esk1) locus mutant plant, which was frost tolerant [66]. In overexpressed CBF3 in cold tolerant Arabidopsis, the sugar levels of transgenic plants were higher than the control [67].



Sugars have several beneficial effects in protecting plants against chilling, including osmoregulation, sugar signaling, sugar-modulated gene expression, support of anti-oxidative metabolism, and direct antioxidant activity against reactive oxygen species [68]. β-amylase (BAM) is implicated in the synthesis or degradation of soluble sugars [69,70]. Because of its unique role in connecting starch breakdown and the downstream sugars at various forms, BAM is considered to play a specific role in the accumulation of soluble sugar under cold stress. In this study, BAM1 (BnaC09g21440D and BnaA07g05790D) and BAM3 (BnaC07g34180D, BnaA03g42940D and BnaA01g17940D) were identified to be up-regulated, with the expression having increased rapidly after freezing treated for 1 h and 3 h, and the expression was slightly up-regulated after freezing for 24 h (Table S17). Simultaneously, the determination of soluble sugar content showed the same trend (Figure 1C). Another research article indicates that the overexpression of PtrBAM1(β-Amylase) in tobacco (Nicotiana nudicaulis) increased the BAM activity, promoted starch degradation and enhanced the contents of maltose and soluble sugars, whereas opposite changes were observed when the PtrBAM1 homolog in lemon (Citrus lemon) was knocked down [71]. Silencing of AtBAM3 resulted in the reduction of soluble sugars [72,73]. In another work, the deletion of an AtBAM3 orthologue in potatoes caused starch accumulation [73,74]. PtrBAM1 is localized in the chloroplast, where starch is broken down to produce maltose [71]. As the initial attack on the starch grains is mainly catalyzed by BAM [75], thus, it is suggested that the expression of BAM1 and BAM3 were repressed under continued freezing stress, the catalytic of BAM reduced, and the starch grains significantly accumulated after frozen 24 h (Figure 2). In this study, BAM1 (BnaC09g21440D) and BAM3 (BnaC07g34180D and BnaA03g42940D) have high FPKM and log2 FC. It is suggested that BAM play an importance role in the freezing tolerance of Brassica napus.



Furthermore, sugars are involved in modulating the expression of stress-related genes in multiple stress responses, which are on their turn tightly regulated by the circadian clock [76]. After 24 h of frozen stress, in the group of down-regulated DEGs, the “circadian rhythm-plant (ko04712)” was identified (Table S18). According to the results of previous studies, TOC1, members of a small family of proteins, designated as Arabidopsis PSEUDO-RESPONSE REGULATORS (APRR1/TOC1, APRR3, APRR5, APRR7, and APRR9), is believed to be a component of the central oscillator in Arabidopsis thaliana [77]. In our study, the APRR7 (BnaCnng03230D), APRR5 (BnaC07g29960D, BnaA06g26980D and BnaC07g29960D) were identified, but, it was not yet certain whether or not other PRR family members (PRR9, PRR7, PRR5 and PRR3) were implicated in clock function per se [78].




3.5. Lipid Metabolism


Membrane systems are the primary site of freezing injury in plants and are usually damaged by freeze-induced cellular dehydration [79]. In the present study, the results of electrolyte leakage and MDA increased under freezing (Figure 1C), which demonstrated that the membranes were clearly destroyed. When plants come to extreme environments, such as cold stress, they have to adapt the membrane composition in order to maintain organelle function [80]. Correspondingly, we identified a total of 90 DEGs involved in “lipid metabolism”. A total of 54 out of these DEGs involved in this process were up-regulated and 39 DEGs were down-regulated. Previous studies have shown that the cytomembrane becomes less fluid under cold stress, increasing the degree of unsaturation in the membrane lipids so as to maintain the normal fluidity of membranes [80,81], and high unsaturated fatty acid levels can improve the cold tolerance and prevent cell damage [82]. In our study, 3 genes (BnaC06g28830D, BnaC04g40760D and BnaC05g37450D) that were involved in “Biosynthesis of unsaturated fatty acids”, which contributed to the freeze tolerance by altering the lipid composition, were significant up-regulation (Table S19). This indicated that the high expression levels of these genes may be an important functional trait in the freeze tolerance mechanism found in Brassica napus. In addition, based on the above results, the accumulation of soluble sucrose and proline also play an important role in maintaining membrane stability (Figure 1C). So, the membrane protection system network was very complicated.




3.6. Transcription Factors (TFs) Induced in Freezing Stress


Transcription factors, via specific binding to the cis-acting element in their promoters, are very important in mediating the signaling pathway in response to freezing stress. In the present study, we identified 397 TFs differentially expressed in Brassica napus under freezing stress. Among these TFs, the AP2/ERF (60) family contains most members (Figure 6), implying their critical roles in the Brassica napus response to freezing conditions. AP2/ERFs, a large transcription factors family in plants, includes four major subfamilies: AP2, RAV, ERF and DREB [83]. The subfamilies of DREB and ERF are especially viable candidates for crop improvement, because of the tolerances to drought, salt, freezing and multiple diseases, which were enhanced in the overexpression transgenic plants [84]. In our study, no DREB was identified and a larger member in the ERF subfamily was identified, which is not only considered to be a mediator of ethylene-related responses, but also plays an important role in plant tolerance to drought, salt, freezing and diseases [84,85]. Leaves of Brassica napus exposed to cold stress (4 °C) for 24 h, the RAV and DREB subfamilies were expressed at the early stage, the AP2 subfamily was expressed later [21]. Previous RNA-seq results have confirmed that most of the AP2 and ERF members were up-regulated in loquat fruitlets under freezing stress (−3 °C) [56]. Zheng et al. [85] suggested that DREB/CBF TFs play a vital role in the chilling, but not the freezing stress response in tea. These results indicated that different subfamilies respond to cold and freezing differently, and different subfamilies were also involved in different response stages. We did not identify the DREB and CBF families in our study, but a very significant AP2-ERF family was identified, indicating that AP2-ERF plays an important role in freezing tolerance of Brassica napus. Other common TF families (Figure 6) involved in plant abiotic stress process, such as WRKY, NAC, bHLH etc., were also identified in our transcriptomes, which consist with previous reports in other plants.



Although the CBFs play important roles in cold acclimation, less than 20% of COR genes are regulated by the CBFs, suggesting the involvement of CBF-independent transcription factors in the regulation of their expression [86,87,88,89]. It is noteworthy, in the present study, in addition to up-regulated genes of AP2 family with high FPKM, C2H2 (ZAT10 and ZAT12) and HSF (HSFC1, Heat stress transcription factor C-1) were also highly expressed (Table S13). ZAT12 and ZAT10 belong to the cysteine-2/histidine-2 (C2H2)-type zinc finger protein family found in Arabidopsis [86,90,91]; HSFC1 is a member of the Heat stress transcription factor family [92]. In this regard, previous studies have shown that a microarray analysis to identify five transcription factor genes, HSFC1 (Heat shock transcription factor c1), ZAT12 (Zing finger of Arabidopsis thaliana 12), ZF (Zinc finger), SZF2 (Salt-inducible zinc finger 2) and ZAT10 (Zing finger of Arabidopsis thaliana 10), that are co-expressed in parallel with CBF2, and which positively regulate COR gene expression and freezing tolerance [86,93]. Park et al. identified 27 genes in Arabidopsis Col-0 that encoded transcription factors and were rapidly induced in response to low temperatures in parallel with CBF1, CBF2 and CBF3 [86]. Further, they established that five of these “first-wave” genes, HSFC1, ZAT12, ZAT10, ZF, and CZF, encoded transcription factors that were able to induce one or more of 35 CBF regulon genes. The results were confirmed in another study. Park S et al. found that HSFC1, ZAT12, ZAT10, ZF, CZF were also rapidly cold-induced in two Arabidopsis ecotypes plants (Italy and Sweden), indicating that they might also have a role in co-regulating CBF regulon genes in different ecotypes [93]. Overexpression of ZAT12 and HSFA1, which are rapidly induced in parallel with the CBF genes, has been shown to cause an increase in Arabidopsis freezing tolerance [86,91]. As alluded to the above, our results indicated that the ZAT12, ZAT10 and HSFC1 potentially contributed to the freezing tolerance in 2016TS(G)10 of Brassica napus, and could be the targets for further functional characterization.





4. Materials and Methods


4.1. Plants Growth


The winter Brassica napus line “2016TS(G)10”, bred by Gansu Agricultural University (Gansu, China), was used in this experiment. Seeds were germinated in a culture dish on filter papers wetted by deionized water and maintained at 22 ± 1 °C until showing the cotyledon. Seedlings were transferred to pots filled with a 3:1 mixture of nutritional soil and vermiculite, and are grown in an illumination incubator with normal conditions (22/20 °C, day/night temperature, 16 h photoperiod, intensity of illumination 6000 Lx). The seedlings grew in uniform status for 50 days, and then were transferred into a pre-cooling incubator for freezing treatment.




4.2. Cold Treatment and Morphology Observation


Cold treatments were set for 4, 0, −2 and −4 °C, respectively treated with 24 h (a 16 h photoperiod and intensity of illumination 6000 Lx). At each temperature, we treated 20 seedlings, repeated three times. After the low-temperature treatment, the plant was transferred to room temperature for recovery 2 weeks, and then the survival rate was measured.



Seedlings under −2 °C were treated for 24 h (intensity of illumination 6000 Lx, 16 h photoperiod). To avoid changes caused by the circadian rhythm, freezing stress treatments were started at 8 AM under light, from which non-treated samples (0 h) were obtained, and continued for 1, 3 and 24 h (8 AM of the next day), respectively, to obtain frozen-treated samples. At each time point, the second leaf that was count from the inside were harvested and frozen in liquid nitrogen immediately, then stored at −80 °C freezer for further study. Each time point had three biological replicates.




4.3. Physiological Measurement


After the freezing treatment, we immediately measured the relative electrolyte leakage with fresh materials. The content of soluble sugar, soluble protein, malondialdehyde (MDA) and free proline measured using the frozen sample. Relative electrolyte leakage (REL) was measured by a digital conductometer DDS11A (Leici Instrument Factory, Shanghai, China) according to Bajji, Kinet et al [94]. Soluble sugar content was measured as described by Buysse and Merckx [95]. Soluble protein content was measured using coomassie brilliant blue staining [96]. MDA was determined by the thiobarbituric acid (TBA) reaction [97], and the free proline content was measured by the sulfosalicylic acid-acid ninhydrin method [98]. The SPSS statistical software package (SPSS version 22.0 Inc., USA) was used for the significant differences analysis.




4.4. Cell Ultrastructure Observations


After freezing treatment, leaf specimens (cut into 2 × 3 mm) were immersed in 2.5% (v/v) glutaraldehyde (8% (w/v) saccharose in 0.1 M pH 7.4 PBS) and fixed for 24 h at 4 °C. They were then washed 3 times with the same buffer, post-fixed with 1% osmium tetroxide at 4 °C for 5 h, then washed with 0.1 M sodium phosphate buffer for 20 min. Subsequently, the fragments were dehydrated with 50, 70, 80, 90 and 100% acetone, and soaked in a mixture of acetone: resin (1:1) at room temperature for 5 h, then, fixed in 100% resin overnight, and embedded in Spurr’s medium. The ultrathin sections were picked up on copper grids, stained with 2% uranyl acetate and Reynolds’ lead citrate (20) for 7 min and observed under the TEM (Hitachi H-7650, Tokyo, Japan).




4.5. Library Construction, Illumina Sequencing and Data Analysis


The total RNA of the aforementioned samples was used to construct an RNA-Seq library, which was completed by Biomarker technologies (Beijing, China). The RNA concentration was measured using NanoDrop 2000 (Thermo) and RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The mRNA was purified from the total RNA using poly-T oligo-attached magnetic beads and interrupted randomly into short fragments. The short fragments were used as the template to synthesize cDNA, and the library was built. Illumina HiSeq 2000 sequencing was performed and paired-end reads were generated. The sequenced raw reads have been submitted to the SRA at NCBI with the accession numbers: SRP540905. After RNA sequencing, clean reads were obtained by removing containing adapter reads, ploy-N reads and low quality reads from raw reads. All clean data were calculated by Q20, Q30, GC-content and sequence duplication level, and then mapped to the reference genome sequence by Tophat2 [99] tools soft, to obtain the position information on the reference genome or gene, and the sequence characteristic information of the sequencing sample. Only reads with a perfect match or one mismatch were further analyzed and annotated.



4.5.1. Differential Expression Genes (DEGs) Analysis


Identification of differential genes used FPKM (fragments per kilobase per million reads) [100]. Statistical comparison of FPKM values between freezing-stressed and non-stressed samples was performed using a web tool IDEG6 [101]. False discovery rate (FDR) <0.01 and log2 Fold Change ≥2 based on three biological replicates were considered as DEGs.



According to the information resource database of B. napus (http://www.genoscope.cns.fr.), the positional information of all DEGs was investigated. The positions of DEGs on chromosomes were drawn using Circos v0.69 [102].




4.5.2. Functional Analysis of DEGs


The functional of DEGs were identified through GO, COG, KEGG, KOG, NR, Pfam, Swiss-Prot and eggNOG database. GO was implemented by the GOseq R package, in which gene length bias was corrected, and the p value of DEGs ≤ 0.05 was considered as significantly enriched. KOBAS software was used to test the enrichment of DEGs in the KEGG pathway. Pathways with a p value ≤ 0.05 were defined as significant levels of differential expression.





4.6. Validation of DEGs by qRT-PCR


A total of 2 μg templates RNA extracted from 1.2 was used to synthesize the first strand of cDNA in a 20-μL reaction using oligo dT primers, according to the manufacturer’s instructions of Takara Prime Script TM RT Master Mix (Perfect Real Time) kit. The expression patterns of 20 DEGs identified by RNA-Seq in this study were validated by q RT-PCR, performed using Takara SYBR Premix Ex Taq™ II kit (Takara) and run on the CFX Manager thermal cycler (Bio-Rad, CA, USA). Data of each sample were calculated in relation to the reference genes F-box and SAND using the 2−ΔΔCT method [103]. All of the treatments were tested for four technical replicates and three biological replicates. The gene names and specific primer sequences were detailed in Table S20.





5. Conclusions


In conclusion, through physiological tests and RNA-seq technology, we strived to provide an overall view of the dynamic changes in physiology and insights into the molecular mechanisms of winter Brassica napus line “2016TS(G)10” in response to continuously freezing stress. Freezing stress caused seedling dehydration, chloroplast dilation and degradation, increased the content of MDA, proline, soluble protein and soluble sugars, and caused REL to rapidly grow at frozen 24 h. A total of 98,672 unigenes were annotated in Brassica napus and 3905 unigenes were identified as differentially expressed genes (2312 (59.21%) up-regulated and 1593 (40.79%) down-regulated). Annotating the differentially expressed unigenes into KEGG database, a series of freezing-resistant events were enriched, such as “plant hormones signal transduction (ko04075)”, “ribosomal (ko03010)”, “ribosome biogenesis in eukaryotes (ko03008)”, “biosynthesis of amino acids (ko01230)” and “starch and sucrose metabolism (ko00500)”. AP2/ERF, MYB, WRKY transcription factor families were mainly identified. A graph of physiological and transcriptome analysis in winter Brassica napus under course-time freezing stress is shown in Figure 8 and Table S21. Although this study cannot completely illuminate the freezing tolerance mechanism about this line of winter Brassica napus, it serves as a molecular basis to explore candidate events in further studies. Therefore, our study is definitely applicable, as it not only expands the understanding of the molecular mechanism in freezing stress response, but also serves as a candidate gene resource for rapeseed for freezing tolerance breeding.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/11/2771/s1. Table S1: Statistical results of comparison with reference genomes, Table S2: Differentially expressed genes (p-value < 0.05, FC ≥ 2) of at 1 h freezing stress, Figure S1: correlations value of each repetition. Table S3: Expression of differentially expressed genes, A: Expression of all differentially expressed genes, B: Specific differentially expressed genes at 1 h freezing stress, C: Specific differentially expressed genes at 3 h freezing stress, D: Specific differentially expressed genes at 24 h freezing stress, E: Common differentially expressed genes in three groups, Table S4: The location Information of DEGs on chromosomes, Table S5: BLAST analysis of the differentially expressed unigenes annotated in public databases, Table S6: Expression of the differentially expressed, Cluster 1-6, Table S7: KEGG pathway enrichment of the differentially expressed cluster into Cluster 1-6, Table S8: Gene Ontology (GO) analysis of differentially expressed genes in freezing stress, Table S9: The DEGs at different time points with main KEGG pathway annotation, Table S10: KEGG pathway enrichment of the differentially expressed genes in freezing stress, Table S11: The DEGs enrichment in plant hormone signal transduction pathway, Figure.S2: KEGG enrichment of all DEGs, Table S12: the DEGs enrichment in starch and sucrose metabolism pathway, Table S13: Statistics on the number of up- and down-regulated transcription factors (TFs), Table S14: The number of transcription factors (TFs) at 1 h, 3 h, 24 h in freezing stress, respectively, Table S15: The DEGs annotated into Ribosome pathway, Table S16: The DEGs annotated into amino acid metabolism, Table S17: The DEGs related soluble sugar, Table S18: The DEGs related “circadian rhythm-plant” pathway, Table S19: The DEGs related “lipid metabolism” pathway, Table S20: The differential responses of Brassica napus in response to freezing stress in transcriptome, Figure S3: Heat map of DEGs enriched in Amino acid metabolism pathway, Figure S4: Heat map of DEGs enriched in Lipid metabolism, Figure S5: Heat map of DEGs enriched in Transport and catabolism, Figure S6: Heat map of DEGs enriched in Biosynthesis of other secondary metabolites, Figure S7: Heat map of DEGs enriched in Carbohydrate metabolism, Figure S8: Heat map of DEGs enriched in genetic information processing, Figure S9: Heat map of DEGs enriched in Signal transduction, Figure S10: Heat map of DEGs enriched in Environmental adaptation. Table S21: Primers of qRT-PCR for validation of the selected DEGs.





Author Contributions


Y.P., J.W. and W.S. initiated and designed the study. Y.P., Y.Z., J.B., L.M., J.J. and Z.N. performed the experiments. Y.P., L.L. and J.Y. analyzed the data. Y.P. wrote the manuscript. J.W. and Y.F. have read and approved the final manuscript.




Funding


We would like to thank “the Agriculture Research System of China (CARS-12); Utilization Technology of Rapeseed Heterosis and Creation of Strong Heterosis of China (No.2016YFD0101300); the Agriculture Research System of Gansu Province (GARS-TSZ-1); Project 973-molecular biological mechanism in formation of high oil yield in rapeseed (2015CB150206); the Breeding and demonstration of rape varieties with good quality and high yield under stress (17ZD2NA016-4)”.




Acknowledgments


We wish to thank Wenyun Shen, Sun Jia, Juncheng Wang of Gansu Agricultural University and Dong Cao of Northwest Institute of Plateau Biology, CAS for their help in the improvement of the manuscript, and Yuhui Liu and Zhen Liu of Gansu Agricultural University for her help in data analysis and drawing the Circos plot. We also thank Tiqian Han, Qi Wang, Bolin Sun and Wanpeng Wang of Gansu Agricultural University for their help in the experiments.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	MDA
	Malondialdehyde



	REL
	relative electrolytic leakage



	DEGs
	Differentially expressed genes



	qRT-PCR
	Quantitative real-time polymerase chain reaction



	RNA-seq
	RNA sequencing



	GO
	Gene ontology



	KEGG
	Kyoto Encyclopedia of Genes and Genomes



	TF
	Transcription factor







References


	



Sanghera, G.S.; Wani, S.H.; Wasim, H.; Singh, N.B. Engineering cold stress tolerance in crop plants. Curr. Genom. 2011, 12, 30–43. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.K.; Zhang, C.L.; Liao, X.; Wang, H.Z. Investigation on 2008’low temperature and freeze injure on winter rape along Yangtze River. Chin. J. Crop Sci. 2008, 30, 122–126. [Google Scholar]

	



Thomashow, M.F. Plant cold acclimation: Freezing Tolerance Genes and Regulatory Mechanisms. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1999, 50, 571–599. [Google Scholar] [CrossRef] [PubMed]

	



Meza-Basso, L.; Alberdi, M.; Raynal, M.; Ferrero-Cadinanos, M.L.; Delseny, M. Changes in Protein Synthesis in Rapeseed (Brassica napus L.) Seedlings during a Low Temperature Treatment. Plant Physiol. 1986, 82, 733–738. [Google Scholar] [CrossRef] [PubMed]

	



Kreps, J.A.; Wu, Y.; Chang, H.S.; Zhu, T.; Wang, X.; Harper, J.F. Transcriptome Changes for Arabidopsis in Response to Salt, Osmotic, and Cold Stress. Plant Physiol. 2002, 130, 2129–2141. [Google Scholar] [CrossRef] [PubMed]

	



Kidokoro, S.; Yoneda, K.; Takasaki, H.; Takahashi, F.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Different Cold-Signaling Pathways Function in the Responses to Rapid and Gradual Decreases in Temperature. Plant Cell 2017, 29, 760–774. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Li, R.; Zhang, N.; Ma, F.; Jiao, Y.; Wang, Z. Transcriptome profiling of Vitis amurensis, an extremely cold-tolerant Chinese wild Vitis species, reveals candidate genes and events that potentially connected to cold stress. Plant Mol. Biol. 2014, 86, 527–541. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, T.; Luo, X.; Yu, C.; Zhang, C.; Zhang, L.; Song, Y.B.; Dong, M.; Shen, C. Transcriptome analyses provide insights into the expression pattern and sequence similarity of several taxol biosynthesis-related genes in three Taxus species. BMC Plant Biol. 2019, 19, 33. [Google Scholar] [CrossRef]

	



Zeng, W.; Sun, Z.; Cai, Z.; Chen, H.; Lai, Z.; Yang, S.; Tang, X. Comparative transcriptome analysis of soybean response to bean pyralid larvae. BMC Genom. 2017, 18, 871. [Google Scholar] [CrossRef]

	



Kodama, M.; Brinch-Pedersen, H.; Sharma, S.; Holme, I.B.; Joernsgaard, B.; Dzhanfezova, T.; Amby, D.B.; Vieira, F.G.; Liu, S.; Gilbert, M.T.P. Identification of transcription factor genes involved in anthocyanin biosynthesis in carrot (Daucus carota L.) using RNA-Seq. BMC Genom. 2018, 19, 811. [Google Scholar] [CrossRef]

	



Wei, L.; Jian, H.; Lu, K.; Yin, N.; Wang, J.; Duan, X.; Li, W.; Liu, L.; Xu, X.; Wang, R.; et al. Genetic and transcriptomic analyses of lignin- and lodging-related traits in Brassica napus. Theor. Appl. Genet. Theor. Angew. Genet. 2017, 130, 1961–1973. [Google Scholar] [CrossRef] [PubMed]

	



Hossain, Z.; Pillai, V.S.; Gruber, M.Y.; Yu, M.; Amyot, L.; Hannoufa, A. Transcriptome profiling of Brassica napus stem sections in relation to differences in lignin content. BMC Genom. 2018, 19, 255. [Google Scholar] [CrossRef] [PubMed]

	



Lu, K.; Peng, L.; Zhang, C.; Lu, J.; Yang, B.; Xiao, Z.; Liang, Y.; Xu, X.; Qu, C.; Zhang, K.; et al. Genome-Wide Association and Transcriptome Analyses Reveal Candidate Genes Underlying Yield-determining Traits in Brassica napus. Front. Plant Sci. 2017, 8, 206. [Google Scholar] [CrossRef] [PubMed]

	



Sun, C.; Wang, B.; Yan, L.; Hu, K.; Liu, S.; Zhou, Y.; Guan, C.; Zhang, Z.; Li, J.; Zhang, J.; et al. Genome-Wide Association Study Provides Insight into the Genetic Control of Plant Height in Rapeseed (Brassica napus L.). Front. Plant Sci. 2016, 7, 1102. [Google Scholar] [CrossRef] [PubMed]

	



Gacek, K.; Bayer, P.E.; Bartkowiak-Broda, I.; Szala, L.; Bocianowski, J.; Edwards, D.; Batley, J. Genome-Wide Association Study of Genetic Control of Seed Fatty Acid Biosynthesis in Brassica napus. Front. Plant Sci. 2016, 7, 2062. [Google Scholar] [CrossRef] [PubMed]

	



Jian, H.; Yang, B.; Zhang, A.; Ma, J.; Ding, Y.; Chen, Z.; Li, J.; Xu, X.; Liu, L. Genome-Wide Identification of MicroRNAs in Response to Cadmium Stress in Oilseed Rape (Brassica napus L.) Using High-Throughput Sequencing. Int. J. Mol. Sci. 2018, 19, 1431. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Mason, A.S.; Wu, J.; Liu, S.; Zhang, X.; Luo, T.; Redden, R.; Batley, J.; Hu, L.; Yan, G. Identification of Putative Candidate Genes for Water Stress Tolerance in Canola (Brassica napus L.). Front. Plant Sci. 2015, 6, 1058. [Google Scholar] [CrossRef] [PubMed]

	



Wang, P.; Yang, C.; Chen, H.; Song, C.; Zhang, X.; Wang, D. Transcriptomic basis for drought-resistance in Brassica napus L. Sci. Rep. 2017, 7, 40532. [Google Scholar] [CrossRef]

	



Liu, C.; Zhang, X.; Zhang, K.; An, H.; Hu, K.; Wen, J.; Shen, J.; Ma, C.; Yi, B.; Tu, J.; et al. Comparative Analysis of the Brassica napus Root and Leaf Transcript Profiling in Response to Drought Stress. Int. J. Mol. Sci. 2015, 16, 18752–18777. [Google Scholar] [CrossRef]

	



Megha, S.; Basu, U.; Joshi, R.K.; Kav, N.N. Physiological studies and genome-wide microRNA profiling of cold-stressed Brassica napus. Plant Physiol. Biochem. 2018, 132, 1–17. [Google Scholar] [CrossRef]

	



Du, C.; Hu, K.; Xian, S.; Liu, C.; Fan, J.; Tu, J.; Fu, T. Dynamic transcriptome analysis reveals AP2/ERF transcription factors responsible for cold stress in rapeseed (Brassica napus L.). Mol. Genet. Genom. 2016, 291, 1053–1067. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, A.S.; Jiang, H.H.; Zhuang, J.; Peng, R.H.; Jin, X.F.; Zhu, B.; Wang, F.; Zhang, J.; Yao, Q.H. Expression and function of a modified AP2/ERF transcription factor from Brassica napus enhances cold tolerance in transgenic Arabidopsis. Mol. Biotechnol. 2013, 53, 198–206. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Zhong, H.; Ren, F.; Guo, Q.Q.; Hu, X.P.; Li, X.B. A novel cold-regulated gene, COR25, of Brassica napus is involved in plant response and tolerance to cold stress. Plant Cell Rep. 2011, 30, 463–471. [Google Scholar] [CrossRef] [PubMed]

	



Lu, K.; Wei, L.; Li, X.; Wang, Y.; Wu, J.; Liu, M.; Zhang, C.; Chen, Z.; Xiao, Z.; Jian, H.; et al. Whole-genome resequencing reveals Brassica napus origin and genetic loci involved in its improvement. Nat. Commun. 2019, 10, 1154. [Google Scholar] [CrossRef] [PubMed]

	



Chalhoub, B.; Denoeud, F.; Liu, S.; Parkin, I.A.; Tang, H.; Wang, X.; Chiquet, J.; Belcram, H.; Tong, C.; Samans, B.; et al. Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome. Science 2014, 345, 950–953. [Google Scholar] [CrossRef] [PubMed]

	



Wu, D.; Liang, Z.; Yan, T.; Xu, Y.; Xuan, L.; Tang, J.; Zhou, G.; Lohwasser, U.; Hua, S.; Wang, H.; et al. Whole-Genome Resequencing of a Worldwide Collection of Rapeseed Accessions Reveals the Genetic Basis of Ecotype Divergence. Mol. Plant 2019, 12, 30–43. [Google Scholar] [CrossRef]

	



Yin, Y.; Liao, X.; Yu, B.; Wang, H.Z. Regional distribution evolvement and development tendency of Chinese rapeseed production. Chin. J. Oil Crop Sci. 2010, 32, 147–151. [Google Scholar]

	



Zeng, X.; Xu, Y.; Jiang, J.; Zhang, F.; Ma, L.; Wu, D.; Wang, Y.; Sun, W. iTRAQ-Based Comparative Proteomic Analysis of the Roots of TWO Winter Turnip Rapes (Brassica rapa L.) with Different Freezing-Tolerance. Int. J. Mol. Sci. 2018, 19, 4077. [Google Scholar] [CrossRef]

	



Ma, L.; Coulter, J.A.; Liu, L.; Zhao, Y.; Chang, Y.; Pu, Y.; Zeng, X.; Xu, Y.; Wu, J.; Fang, Y.; et al. Transcriptome Analysis Reveals Key Cold-Stress-Responsive Genes in Winter Rapeseed (Brassica rapa L.). Int. J. Mol. Sci. 2019, 20, 1071. [Google Scholar] [CrossRef]

	



Zeng, X.; Xu, Y.; Jiang, J.; Zhang, F.; Ma, L.; Wu, D.; Wang, Y.; Sun, W. Identification of cold stress responsive microRNAs in two winter turnip rape (Brassica rapa L.) by high throughput sequencing. BMC Plant Biol. 2018, 18, 52. [Google Scholar] [CrossRef]

	



Sun, W.; Wu, J.; Fang, Y.; Liu, Q.; Yang, R.; Ma, W.; Li, X.; Zhang, J.; Zhang, P.; Lei, J.; et al. Growth and Development Characteristics of Winter Rapeseed Northern Extended from the Cold and Arid Regions in China. Acta Agron. Sin. 2010, 36, 2124–2134. [Google Scholar] [CrossRef]

	



Campos, P.S.; Quartin, V.N.; Ramalho, J.C.; Nunes, M.A. Electrolyte leakage and lipid degradation account for cold sensitivity in leaves of Coffea sp. plants. J. Plant Physiol. 2003, 160, 283–292. [Google Scholar] [CrossRef]

	



Sun, W.C.; Wu, J.Y.; Fang, Y.; Liu, Q.; Yang, R.Y.; Ma, W.G.; Li, X.C.; Zhang, J.J.; Zhang, P.F.; Lei, J.M.; et al. Growth and Development Characteristics of Winter Rapeseed Northern Extended from the Cold and Arid Regions in China. Acta Agron. Sin. 2010, 36, 2124–2134. [Google Scholar] [CrossRef]

	



Hou, X.F.; Sun, W.C.; Fang, Y.; Wu, J.Y.; Liu, Z.G.; Liu, L.B.; Qian, W.U.; Li, M.A.; Chen, Q. Analysis of adaptability of winter rapeseed (Brassica napus L.) in cold and drought areas of Northwest China. Agric. Res. Arid Areas 2016, 34. [Google Scholar] [CrossRef]

	



Wang, Y.; Sun, W.C.; Liu, Z.G.; Yang, N.N.; Fang, Y.; Zeng, X.C.; Kong, D.J.; Lu, M.H.; Wang, L.P.; Dong, H.Y. (Brassica napus L.) in different eco-regions of northwest China. Agric. Res. Arid Areas 2015. [Google Scholar] [CrossRef]

	



Chunfang, D. Analysis of Transcriptomics and Proteomics Induced by Cold Stress in Brassica napus L.; Huazhong Agricultural University: Wuhan, China, 2016. [Google Scholar]

	



Min, A.L.; Chun, H.S.; Jin, W.K.; Lee, H.; Dong, H.L.; Lee, C.B. Changes in antioxidant enzyme activities in detached leaves of cucumber exposed to chilling. J. Plant Biol. 2004, 47, 117–123. [Google Scholar]

	



Charest, C.; Phan, C.T. Cold acclimation of wheat (Triticum aestivum): Properties of enzymes involved in proline metabolism. Physiol. Plant. 1999, 80, 159–168. [Google Scholar] [CrossRef]

	



Wang, D.; Xuan, J.P.; Guo, H.L.; Liu, J.X. Seasonal changes of freezing tolerance and its relationship to the contents of carbohydrates, proline, and soluble protein of Zoysia. Acta Pratacult. Sin. 2011, 20, 98–107. [Google Scholar]

	



Rie, S.; Kazuo, N.; Motoaki, S.; Kazuo, S.; Kazuko, Y.S. ACTCAT, a novel cis-acting element for proline- and hypoosmolarity-responsive expression of the ProDH gene encoding proline dehydrogenase in Arabidopsis. Plant Physiol. 2002, 130, 709–719. [Google Scholar]

	



Fatma, K.; Joachim, K.; Yul, S.D.; Wei, Z.; Mick, P.; Ron, P.; Guy, C.L. Transcript and metabolite profiling during cold acclimation of Arabidopsis reveals an intricate relationship of cold-regulated gene expression with modifications in metabolite content. Plant J. Cell Mol. Biol. 2010, 50, 967–981. [Google Scholar]

	



Zhang, X.; Teixeira da Silva, J.A.; Niu, M.; Li, M.; He, C.; Zhao, J.; Zeng, S.; Duan, J.; Ma, G. Physiological and transcriptomic analyses reveal a response mechanism to cold stress in Santalum album L. leaves. Sci Rep. 2017, 7, 42165. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Chen, X.; Chen, D.; Li, J.; Zhang, Y.; Wang, A. A comparison of the low temperature transcriptomes of two tomato genotypes that differ in freezing tolerance: Solanum lycopersicum and Solanum habrochaites. BMC Plant Biol. 2015, 15, 132. [Google Scholar] [CrossRef] [PubMed]

	



Ha, C.V.; Leyva-González, M.A.; Osakabe, Y.; Tran, U.T.; Nishiyama, R.; Watanabe, Y.; Tanaka, M.; Seki, M.; Yamaguchi, S.; Dong, N.V.; et al. Positive regulatory role of strigolactone in plant responses to drought and salt stress. Proc. Natl. Acad. Sci. USA 2014, 111, 851–856. [Google Scholar] [CrossRef] [PubMed]

	



Lee, B.-h.; Henderson, D.A.; Zhu, J.-K. The Arabidopsis cold-responsive transcriptome and its regulation by ICE1. Plant Cell 2005, 17, 3155–3175. [Google Scholar] [CrossRef] [PubMed]

	



Verma, V.; Ravindran, P.; Kumar, P.P. Plant hormone-mediated regulation of stress responses. BMC Plant Biol. 2016, 16, 86. [Google Scholar] [CrossRef] [PubMed]

	



Jain, M.; Khurana, J.P. Transcript profiling reveals diverse roles of auxin-responsive genes during reproductive development and abiotic stress in rice. FEBS J. 2010, 276, 3148–3162. [Google Scholar] [CrossRef]

	



Liscum, E.; Reed, J.W. Genetics of Aux/IAA and ARF action in plant growth and development. Plant Mol. Biol. 2002, 49, 387. [Google Scholar] [CrossRef]

	



Hannah, M.A.; Heyer, A.G.; Hincha, D.K. A global survey of gene regulation during cold acclimation in Arabidopsis thaliana. PLoS Genet. 2005, 1, e26. [Google Scholar] [CrossRef]

	



Virgilija, G.; Leonida, N.; Lina, P.K. Effect of auxin physiological analogues on rapeseed (Brassica napus) cold hardening, seed yield and quality. J. Plant Res. 2013, 126, 283–292. [Google Scholar]

	



Carroll, A.J. The Arabidopsis Cytosolic Ribosomal Proteome: From form to Function. Front. Plant Sci. 2013, 4, 32. [Google Scholar] [CrossRef]

	



Pagter, M.; Alpers, J.; Erban, A.; Kopka, J.; Zuther, E.; Hincha, D.K. Rapid transcriptional and metabolic regulation of the deacclimation process in cold acclimated Arabidopsis thaliana. BMC Genom. 2017, 18, 731. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.Y.; Men, J.L.; Chang, M.C.; Feng, C.P.; Yuan, L.G. iTRAQ-based quantitative proteome revealed metabolic changes of Flammulina velutipes mycelia in response to cold stress. J. Proteom. 2017, 156, 75–84. [Google Scholar] [CrossRef] [PubMed]

	



Michaeli, S.; Fromm, H. Closing the loop on the GABA shunt in plants: Are GABA metabolism and signaling entwined? Front. Plant Sci. 2015, 6, 419. [Google Scholar] [CrossRef] [PubMed]

	



Bocian, A.; Zwierzykowski, Z.; Rapacz, M.; Koczyk, G.; Ciesiołka, D.; Kosmala, A. Metabolite profiling during cold acclimation of Lolium perenne genotypes distinct in the level of frost tolerance. J. Appl. Genet. 2015, 56, 439–449. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.X.; Li, X.Y.; Chen, J.W. Comparative transcriptome profiling of freezing stress responses in loquat (Eriobotrya japonica) fruitlets. J. Plant Res. 2017, 130, 1–15. [Google Scholar] [CrossRef]

	



Brizzolara, S.; Hertog, M.; Tosetti, R.; Nicolai, B.; Tonutti, P. Metabolic Responses to Low Temperature of Three Peach Fruit Cultivars Differently Sensitive to Cold Storage. Front. Plant Sci. 2018, 9, 706. [Google Scholar] [CrossRef] [PubMed]

	



Szabados, L.; Savouré, A. Proline: A multifunctional amino acid. Trends Plant Sci. 2010, 15, 89–97. [Google Scholar] [CrossRef]

	



Hong, Z.; Lakkineni, K.; Zhang, Z.; Verma, D.P. Removal of feedback inhibition of delta(1)-pyrroline-5-carboxylate synthetase results in increased proline accumulation and protection of plants from osmotic stress. Plant Physiol. 2000, 122, 1129–1136. [Google Scholar] [CrossRef]

	



Roberto, M.; Daniele, M.; Simone, D.A.; Maria Maddalena, A.; Paolo, C.; Maurizio, T. Modulation of intracellular proline levels affects flowering time and inflorescence architecture in Arabidopsis. Plant Mol. Biol. 2008, 66, 277–288. [Google Scholar]

	



Gad, M.; Arik, H.; Hanan, S.; Nobuhiro, S.; Ron, M.; Aviah, Z. Unraveling delta1-pyrroline-5-carboxylate-proline cycle in plants by uncoupled expression of proline oxidation enzymes. J. Biol. Chem. 2009, 284, 26482–26492. [Google Scholar]

	



Sharma, S.; Villamor, J.G.; Verslues, P.E. Essential Role of Tissue-Specific Proline Synthesis and Catabolism in Growth and Redox Balance at Low Water Potential. Plant Physiol. 2011, 157, 292–304. [Google Scholar] [CrossRef] [PubMed]

	



Kleffmann, T.; Russenberger, D.; Zychlinski, A.V.; Christopher, W.; Sjölander, K.; Gruissem, W.; Baginsky, S. The Arabidopsis thaliana Chloroplast Proteome Reveals Pathway Abundance and Novel Protein Functions. Curr. Biol. 2004, 14, 354–362. [Google Scholar] [CrossRef] [PubMed]

	



Huner, N.P.A.; Öquist, G.; Sarhan, F. Energy balance and acclimation to light and cold. Trends Plant Sci. 1998, 3, 224–230. [Google Scholar] [CrossRef]

	



Tarkowski, Ł.P.; Ende, W.V.D. Cold tolerance triggered by soluble sugars: A multifaceted countermeasure. Front. Plant Sci. 2015, 6, 203. [Google Scholar] [CrossRef] [PubMed]

	



Xin, Z.; Browse, J. Eskimo1 mutants of Arabidopsis are constitutively freezing-tolerant. Proc. Natl. Acad. Sci. USA 1998, 95, 7799–7804. [Google Scholar] [CrossRef] [PubMed]

	



Gilmour, S.J.; Sebolt, A.M.; Salazar, M.P.; Everard, J.D.; Thomashow, M.F. Overexpression of the Arabidopsis CBF3 transcriptional activator mimics multiple biochemical changes associated with cold acclimation. Plant Physiol. 2000, 124, 1854–1865. [Google Scholar] [CrossRef] [PubMed]

	



Van den Ende, W.; Valluru, R. Sucrose, sucrosyl oligosaccharides, and oxidative stress: Scavenging and salvaging? J. Exp. Bot. 2009, 60, 9–18. [Google Scholar] [CrossRef]

	



Buskirk, H.A.V.; Thomashow, M.F. Arabidopsis transcription factors regulating cold acclimation. Physiol. Plant. 2006, 126, 72–80. [Google Scholar] [CrossRef]

	



Maruyama, K.; Sakuma, Y.; Kasuga, M.; Ito, Y.; Seki, M.; Goda, H.; Shimada, Y.; Yoshida, S.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Identification of cold-inducible downstream genes of the Arabidopsis DREB1A/CBF3 transcriptional factor using two microarray systems. Plant J. 2004, 38, 982–993. [Google Scholar] [CrossRef]

	



Peng, T.; Zhu, X.; Duan, N.; Liu, J.H. PtrBAM1, a beta-amylase-coding gene of Poncirus trifoliata, is a CBF regulon member with function in cold tolerance by modulating soluble sugar levels. Plant Cell Environ. 2014, 37, 2754–2767. [Google Scholar] [CrossRef]

	



Fatma, K.; Guy, C.L. Beta-Amylase induction and the protective role of maltose during temperature shock. Plant Physiol. 2004, 135, 1674–1684. [Google Scholar]

	



Kaplan, F.; Guy, C.L. RNA interference of Arabidopsis beta-amylase8 prevents maltose accumulation upon cold shock and increases sensitivity of PSII photochemical efficiency to freezing stress. Plant J. 2005, 44, 730–743. [Google Scholar] [CrossRef] [PubMed]

	



Lao, N.O.; Mould, R.M.; Hibberd, J.M.; Gray, J.C.; Kavanagh, T.A. An Arabidopsis gene encoding a chloroplast-targeted beta-amylase. Plant J. 1999, 20, 519–527. [Google Scholar] [CrossRef] [PubMed]

	



Niittyla, T.; Messerli, G.; Trevisan, M.; Chen, J.; Smith, A.M.; Zeeman, S.C. A previously unknown maltose transporter essential for starch degradation in leaves. Science 2004, 303, 87–89. [Google Scholar] [CrossRef]

	



Herbers, K.; Meuwly, P.; Métraux, J.P.; Sonnewald, U. Salicylic acid-independent induction of pathogenesis-related protein transcripts by sugars is dependent on leaf developmental stage. FEBS Lett. 1996, 397, 239. [Google Scholar] [CrossRef]

	



Matsushika, A.; Makino, S.; Kojima, M.; Mizuno, T. Circadian Waves of Expression of the APRR1/TOC1 Family of Pseudo-Response Regulators in Arabidopsis thaliana: Insight into the Plant Circadian Clock. Plant Cell Physiol. 2000, 41, 1002. [Google Scholar] [CrossRef] [PubMed]

	



Nakamichi, N.; Kita, M.; Ito, S.; Yamashino, T.; Mizuno, T. PSEUDO-RESPONSE REGULATORS, PRR9, PRR7 and PRR5, together play essential roles close to the circadian clock of Arabidopsis thaliana. Plant Cell Physiol. 2005, 46, 686–698. [Google Scholar] [CrossRef]

	



Kawamura, Y.; Uemura, M. Mass spectrometric approach for identifying putative plasma membrane proteins of Arabidopsis leaves associated with cold acclimation. Plant J. 2010, 36, 141–154. [Google Scholar] [CrossRef]

	



De, M.D. Temperature sensing by membranes. Annu. Rev. Microbiol. 2014, 68, 101–116. [Google Scholar]

	



Holthuis, J.C.M.; Menon, A.K. Lipid landscapes and pipelines in membrane homeostasis. Nature 2014, 510, 48–57. [Google Scholar] [CrossRef]

	



Thomas, D.; Patrick, G.; Ellen, Z.; Bettina, S.; Hincha, D.K.; Lothar, W. Differential remodeling of the lipidome during cold acclimation in natural accessions of Arabidopsis thaliana. Plant J. 2012, 72, 972–982. [Google Scholar]

	



Yoh, S.; Qiang, L.; Dubouzet, J.G.; Hiroshi, A.; Kazuo, S.; Kazuko, Y.S. DNA-binding specificity of the ERF/AP2 domain of Arabidopsis DREBs, transcription factors involved in dehydration- and cold-inducible gene expression. Biochem. Biophys. Res. Commun. 2002, 290, 998–1009. [Google Scholar]

	



Xu, Z.S.; Xia, L.Q.; Chen, M.; Cheng, X.G.; Zhang, R.Y.; Li, L.C.; Zhao, Y.X.; Lu, Y.; Ni, Z.Y.; Liu, L. Isolation and molecular characterization of the Triticum aestivum L. ethylene-responsive factor 1 (TaERF1 ) that increases multiple stress tolerance. Plant Mol. Biol. 2007, 65, 719–732. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, C.; Zhao, L.; Wang, Y.; Shen, J.; Zhang, Y.; Jia, S.; Li, Y.; Ding, Z. Integrated RNA-Seq and sRNA-Seq Analysis Identifies Chilling and Freezing Responsive Key Molecular Players and Pathways in Tea Plant (Camellia sinensis). PLoS ONE 2015, 10, e0125031. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.; Lee, C.M.; Doherty, C.J.; Gilmour, S.J.; Yongsig, K.; Thomashow, M.F. Regulation of the Arabidopsis CBF regulon by a complex low-temperature regulatory network. Plant J. 2015, 82, 193–207. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.; Ding, Y.; Yang, S. Cold Signal Transduction and its Interplay with Phytohormones During Cold Acclimation. Plant Cell Physiol. 2015, 56, 7–15. [Google Scholar] [CrossRef] [PubMed]

	



Jia, Y.; Ding, Y.; Shi, Y.; Zhang, X.; Gong, Z.; Yang, S. The cbfs triple mutants reveal the essential functions of CBFs in cold acclimation and allow the definition of CBF regulons in Arabidopsis. New Phytol. 2016, 212, 345–353. [Google Scholar] [CrossRef]

	



Zhao, C.; Zhang, Z.; Xie, S.; Si, T.; Li, Y.; Zhu, J.K. Mutational Evidence for the Critical Role of CBF Transcription Factors in Cold Acclimation in Arabidopsis. Plant Physiol. 2016, 171, 2744. [Google Scholar]

	



Rafael, C.; Joaquín, M.; Julio, S. Integration of low temperature and light signaling during cold acclimation response in Arabidopsis. Proc. Natl. Acad. Sci. USA 2011, 108, 16475–16480. [Google Scholar]

	



Vogel, J.T.; Zarka, D.G.; Buskirk, H.A.V.; Fowler, S.G.; Thomashow, M.F. Roles of CBF2 and ZAT12 transcription factors in configuring the low temperature transcriptome of Arabidopsis. Plant J. 2005, 41, 195–211. [Google Scholar] [CrossRef]

	



Miller, G.; Mittler, R. Could heat shock transcription factors function as hydrogen peroxide sensors in plants? Ann. Bot. 2006, 98, 279–288. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Shi, Y.; Yang, S. Insights into the regulation of C-repeat binding factors in plant cold signaling. J. Integr. Plant Biol. 2018, 60, 42–57. [Google Scholar] [CrossRef] [PubMed]

	



Bajji, M.; Kinet, J.M.; Lutts, S. The use of the electrolyte leakage method for assessing cell membrane stability as a water stress tolerance test in durum wheat. Plant Growth Regul. 2002, 36, 61–70. [Google Scholar] [CrossRef]

	



Buysse, J.; Merckx, R. An Improved Colorimetric Method to Quantify Sugar Content of Plant Tissue. J. Exp. Bot. 1993, 44, 1627–1629. [Google Scholar] [CrossRef]

	



Qi, Z. Instruction in Plant Physiological Experiment; China Agricultural Press: Beijing, China, 2000. [Google Scholar]

	



Dhindsa, R.S.; Plumb-Dhindsa, P.; Thorpe, T.A. Leaf Senescence: Correlated with Increased Levels of Membrane Permeability and Lipid Peroxidation, and Decreased Levels of Superoxide Dismutase and Catalase. J. Exp. Bot. 1981, 32, 93–101. [Google Scholar] [CrossRef]

	



Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207. [Google Scholar] [CrossRef]

	



Kim, D.; Pertea, G.; Trapnell, C.; Pimentel, H.; Kelley, R.; Salzberg, S.L. TopHat2: Accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 2013, 14, R36. [Google Scholar] [CrossRef] [PubMed]

	



Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods 2008, 5, 621–628. [Google Scholar] [CrossRef]

	



Romualdi, C.; Bortoluzzi, S.; D’Alessi, F.; Danieli, G.A. IDEG6: A web tool for detection of differentially expressed genes in multiple tag sampling experiments. Physiol. Genom. 2003, 12, 159–162. [Google Scholar] [CrossRef]

	



Krzywinski, M.; Schein, J.I. Circos: An information aesthetic for comparative genomics. Genome Res. 2009, 19, 1639–1645. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 02771 g001 550]





Figure 1. The morphology and physiochemical changes of winter type Brassica napus in cold-stress. (A) The seedlings were cold stressed for 24 h in 4, 0, −2, −4 °C and recovered after 24 h. (B) The morphology changes of seedling successive freezing for 24 h. (C) The survival rate, Relative electrolyte leakage, soluble protein, soluble sugar, Proline and MDA content accumulation in leaves of winter Brassica napus stressed with −2 °C for 0, 1, 3 and 24 h. The majuscules indicate a significant difference (p < 0.01) for the data of the stress-treated samples compared with unstressed samples. The mean values were calculated from three biological replicates. Error bars denote standard error of the mean. 
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Figure 2. The transmission electron micrographs of chloroplast in the mesophyll cell which winter Brassica napus was exposed to in −2 °C with a continuous treatment (0, 1, 3, 24 h). The figure on the right magnification is ×4000; the figure on the right magnification is ×20,000. ch: chloroplast, sg: starch grain, M: mitochondria, CW: cell wall. 
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Figure 3. The expression profile of chilling regulated differentially expressed genes (DEGs) in Brassica napus leaves. (A) Column diagram representing the numbers of DEGs in three groups. (B) Venn diagrams representing the numbers of DEGs and the overlaps of sets obtained across three comparisons. (C) The heat maps representing 3905 DEGs expression profiles after freezing treatment. (D) the Circos Plot shows that the distribution of DEGs on 19 chromosomes and expression of DEGs in different time points. Red and blue showed the sizes of the 19 chromosomes of B. napus. The purple circle represents the distribution of DEGs on each chromosome. Light blue represents expression (log2 FC) of DEGs at 1 h vs 0 h, light green represents expression (log2 FC) of DEGs at 3 h vs 0 h and yellow represents expression (log2 FC) of DEGs at 24 h vs. 0 h. 
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Figure 4. Co-expression clustering showing the expression profile of 3905 DEGs. (A) Six major clusters were identified along the time course of cold stress (0, 1, 3 and 24 h). The X-axis represents the time course of freezing stress (0, 1, 3 and 24 h). The Y-axis represents the value of the relative expression level (log2 (FPKM + 1). (B) Functional category enrichment among the six major clusters is based on KEGG annotation. 
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Figure 5. The functional annotation of differentially expressed genes (DEGs) in Brassica napus leaves under the freezing treatment. (A,B) are GO annotation, (A) up-regulated DEGs, (B) down-regulated DEGs. (C,D) are KEGG pathway enrichment, (C) up-regulated DEGs, (D) down-regulated DEGs. 
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Figure 6. The distribution of differentially expressed transcription factors in Brassica napus leaves under the freezing treatment. (A) The histograms represent the number of up- or down-regulated transcription factors. (B) The Venn diagrams represent the distribution of transcription factors at different time points. 
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Figure 7. The qRT-PCR analysis of selected DEG genes in Brassica napus leaves under the freezing treatment. Error bars represent standard errors of the relative expression levels mean values by qRT-PCR (n = 4) (left y-axis). Broken lines represent transcript levels change (log2 FC) according to the FPKM value of RNA-Seq (right y-axis). Correlation between qRT-PCR and RNA-seq for select DEGs is also shown. 
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Figure 8. The differential responses of Brassica napus in response to freezing stress in transcriptome changes. 
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Table 1. The alignment statistics result with the reference gene for all samples.
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	Sample

ID
	Clean Reads
	Clean Bases
	GC Content
	%≥Q30
	Mapped Reads
	Unique Match





	0h
	24,067,996
	7,199,202,192
	47.58%
	92.87%
	77.64%
	71.46%



	1h
	23,250,784
	6,954,053,329
	47.65%
	93.39%
	77.38%
	71.82%



	3h
	24,601,482
	7,346,958,588
	47.54%
	93.39%
	78.05%
	72.47%



	24h
	25,630,541
	7,664,124,316
	47.41%
	93.48%
	78.05%
	71.98%







clean reads: the number of clean reads, the single-ended meter; clean bases: the number of clean data; GC content: the percentage of GC-content in clean data; ≥Q30: Q-score of clean data ≥30; mapped reads: the number of reads mapped to the reference genome and its percentage in clean reads; unique mapped reads: the number of reads mapped to the only location of the reference genome and its percentage in clean reads; multiple mapped reads: the number of reads mapped to multiple locations of the reference genome and its percentage in clean reads.
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