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Abstract

:

Pak choi needs to be exposed to low temperature (vernalized) before flowering will initiate. Early bolting caused by low temperature often occurs in spring and leads to significant economic losses. Therefore, it is of great practical significance to study the flowering process of pak choi. Brassinolide (BR) plays a certain role in the flowering process of pak choi. In order to better understand the role of BR in the flowering process of pak choi, the BR content in the shoot apices of pak choi at different growth stages was determined by enzyme-linked immunosorbent assay (ELISA). The results showed that the BR content increased after low-temperature treatment. With the progress of vegetative growth, the BR content decreased and reached the lowest at 10 days after transplanting (V10), then the content increased and reached a small peak at the critical period of floral bud differentiation (S0). After initiation of floral bud differentiation, the content decreased at floral bud differentiation stage 1 (S1), and then gradually increased and reached a peak at floral bud differentiation stage 3 (S3). In order to clarify the molecular mechanism of BR content changes, we analyzed the expressions of key enzymes coding genes in the BR metabolic pathway, and found that six major synthase-encoding genes (Bra008760, Bra030023, Bra036097, Bra027405, Bra011678, and Bra025409) were upregulated at the critical period of floral bud differentiation, leading to the increase in BR content, which were consistent with changes in the BR content. By analyzing the functions of differentially expressed genes (DEGs) between the vegetative growth stage (V10) and the critical period of floral bud differentiation (S0), 21 DEGs were found to be related to BR metabolism. These findings can provide a reference for elucidating the molecular mechanism of BR regulating the flowering process of pak choi.
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1. Introduction


Pak choi (Brassica rapa ssp. chinensis Makino var. communis Tsen et Lee) belongs to the genus Brassica of the Brassicaceae family and is a vegetable that needs to be exposed to low temperature for a long time before flowering is initiated. In spring cultivation, early bolting caused by low temperatures decreased its yield and quality [1]. Hormone metabolism is an important regulatory pathway in the vernalization mechanism. Among the six major plant hormones currently recognized, gibberellin (GA) is particularly important for plant vernalization. However, brassinolide (BR) also exerts an influence on vernalization and flowering [2]. Brassinosteroids (BRs) are a new class of phytohormones, which play an important role in the growth and development of plants. They can promote plant cell division [3], regulate photomorphogenesis [4], promote hypocotyl elongation [5,6], and participate in physiological processes such as plant root growth and development [7,8,9,10], flowering [11], pollen tube growth [12], and senescence [6,13]. BRs have relatively high abundance in young plant tissues, flowers, and seeds. Brassinolide (BR), the most active form, was first isolated and purified from rape pollen in 1979 [14], which plays an important role in plant floral bud differentiation [15,16,17,18,19,20]. It was found that tobacco seedlings would transform from vegetative growth to reproductive growth when they underwent vernalization at low temperature, which promoted the formation of floral buds and then grew and developed into flower organs, pointing out that BR played an important role in the vernalization of tobacco seedlings [15]. The experimental results of tobacco also showed that the relative expression levels of genes related to BR signal transduction were increased and the expression level of the FLOWERING LOCUS C (FLC) gene was inhibited, leading to the advance of floral bud differentiation [16,17]. In Arabidopsis thaliana, most BR synthesis mutants and BR-signal-transduction-pathway-related mutants showed prolonged vegetative growth and delayed flowering [11]. BRASSINOSTEROID INSENSITIVE 1 (BRI1) was cloned and identified from common wheat and transferred into Arabidopsis thaliana. The results showed that overexpression of TaBRI1 resulted in early flowering [18]. The cloning and functional verification of soybean brassinolide CONSTITUTIVE PHOTOMORPHISM AND DWARFISM (CPD) showed that GmCPDs contributed to flowering development and were essential in the early stages of flowering regulation [19]. The BR-signaling-pathway-related gene SET DOMAIN GROUP PROTEIN 725 (SDG725) was also involved in flowering regulation in Rice [20]. Overexpression of the DWARF 4 (DWF4) gene in mustard showed that the bolting time and flowering time of transgenic plants were earlier than those of wild type [21]. However, there are few studies on the correlation between BR and floral bud differentiation in pak choi. Therefore, this study investigated the BR content in the shoot apices of pak choi at different growth stages and analyzed the expressions of BR-metabolism-related genes by RNA-Seq, to clarify the molecular mechanism of BR regulating the flowering process of pak choi.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Early-bolting pak choi line “75#” was used in this study and was provided by the Institute of Vegetable Research, Shanxi Academy of Agricultural Sciences. This study was carried out at the horticultural station of Shanxi Agricultural University. The experiment included two treatments: low-temperature treatment and control. For the former (designated as V), the germinating seeds were maintained at 4 °C for 20 days. In the control (designated as CK), the seeds were germinated at 25 °C. Seedlings with the same size were transplanted to trays with 50 holes full of substrate at the same time. The plants were then cultivated using traditional methods.




2.2. Sample Collection


After low-temperature treatment, the shoot apices were collected and designated as V0 and CK0 for the low-temperature treatment and control groups, respectively. On 10 days (vegetative growth, V10), 15 days (the critical period of floral bud differentiation, S0), 16 days (floral bud differentiation stage 1, S1), 17 days (floral bud differentiation stage 3, S3), and 18 days (floral bud differentiation stage 5, S5) after transplantation, shoot apices were also collected from both groups; the low-temperature treatment and control samples collected at these times were named as V10-75-1/2/3, CK10-75-1/2/3, S0-75-1/2/3, CK15, S1-75-1/2/3, CK16, S3-75-1/2/3, CK17, S5-75-1/2/3, and CK18, respectively. BR assay samples weighed 0.2 g, and three biological replicates were performed for each treatment. Each 0.1 g sample was used for RNA extraction and was stored at −80 °C.




2.3. Determination of the BR Content


The BR content of pak choi shoot apices at different growth stages was determined in China Agricultural University using the enzyme-linked immunosorbent assay (ELISA) method [22], and three biological replicates were performed for each treatment.




2.4. Total RNA extraction


Total RNA was extracted by RNAprep pure Plant Kit (TIANGEN, Beijing) and the samples were stored at −80 °C.




2.5. Transcriptome Sequencing


The samples used for sequencing were V10-75-1/2/3, S0-75-1/2/3, S1-75-1/2/3, S3-75-1/2/3, and S5-75-1/2/3. The mRNA from the total RNA samples was enriched using oligo magnetic adsorption, and the resulting RNA was fragmented. The RNA fragments served as a template for first-strand cDNA synthesis using random hexamers and reverse transcriptase. Second-strand cDNA was synthesized using DNA polymerase I and RNaseH and purified using a QiaQuick PCR extraction kit. Finally, cDNA fragments of a suitable length (300–500 bp) were obtained by agarose gel electrophoresis and amplified by PCR to construct the final cDNA libraries for paired-end sequencing using the Illumina HiSeq 2500 system (Biomarker Technologies Co., Ltd., Beijing, China). Expression analysis and functional annotation methods were performed as described previously [23].




2.6. Gene Expression and Functional Annotation Analysis


The raw sequences of the two datasets were evaluated. Raw reads were processed by removing reads containing adaptors and reads with more than 10% of unknown bases. Low-quality reads were filtered out so that each read with a quality score of less than 10 was not more than half of the bases, and the clean reads consisted of more than 80% of bases with a Q-value of 30. The clean reads were aligned with TopHat software [24] and then were mapped with the reference gene sequence (http://brassicadb.cn (accessed on 13 November 2022)), allowing for up to 1 bp of mismatch only. The mapped reads were classified as annotated.



Gene expression levels were measured as fragments per kilobase of transcript per million mapped reads (FPKM). Differentially expressed genes (DEGs) between different growth stages were identified using DESeq2 software. A false discovery rate (FDR) < 0.01 and fold change (FC) ≥ 2 were considered as the threshold of differential gene expression. The gene expression of each sample was grouped and compared (V10 vs. S0, S0 vs. S1, S1 vs. S3), and gene ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed for all DEGs.




2.7. Quantitative Real-Time PCR (qRT-PCR)


Four genes were randomly selected for qRT-PCR verification of pak choi shoot apices at different growth stages. The PrimerBLAST online website (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome (accessed on 13 November 2022)) was used to design specific primers, and the ACTIN-7 (LOC103855835) gene of Chinese cabbage was used as the reference gene. The primers are shown in Supplementary Table S1. After RNA extraction, reverse transcription to generate cDNA was performed using a PrimeScriptTM RT Reagent Kit (TaKaRa, RR037A) and qRT-PCR was performed using TB Green® Premix Ex TaqTM II (TaKaRa, RR820A). The reaction conditions of the 20 µL reaction system were as follows: 94 °C for 5 min; 40 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s. The PCR reactions were performed on an ABI 7500 real-time PCR system; each reaction was performed with three technical replicates, and relative expression levels were calculated using the 2-ΔΔCT method [25].





3. Results


3.1. BR Content of Pak Choi Shoot Apices at Different Growth Stages


The BR content of the pak choi shoot apices at different growth stages was measured (Figure 1). The BR content in the V0 was 6.27 ng·g−1·FW after low-temperature treatment and then decreased with vegetative growth. The BR content at V10 was 5.90 ng·g−1·FW, and it increased gradually thereafter. When floral buds were about to differentiate (15 days after transplanting, S0), its content reached a small peak of 6.35 ng·g−1·FW, and then decreased to 5.40 ng·g−1·FW at floral bud differentiation stage 1 (16 days after transplanting, S1). After that, the BR content increased rapidly and reached the peak at floral bud differentiation stage 3 (17 days after transplanting, S3), with a content of 7.74 ng·g−1·FW, which had remained at a high level from then on. The above may be because pak choi needs a higher BR to promote the beginning of floral bud differentiation, and floral bud differentiation would consume a lot of BR, resulting in a sudden drop in BR content at floral bud differentiation stage 1. Then, with the progress of floral bud differentiation, its BR content had increased and stabilized at a higher level to promote floral bud bolting. For the control group, except for the BR content of pak choi decreasing slightly from V0 to V10, it remained at a relatively stable level in the rest periods with little change trend. In general, the BR content in the low-temperature treatment group was higher than that in the control group, which indicated that BR content rose with the floral bud differentiation of pak choi, and low-temperature treatment increased BR content.




3.2. Transcriptomic Analysis


3.2.1. Evaluation of Sequencing Results


To analyze the gene expression in the pak choi shoot apices at different growth stages, a total of 15 libraries, three replicate libraries for each V10, S0, S1, S3, and S5, were constructed. The summary results of high-throughput sequencing data for each library are shown in Table 1. A total of 111.44 Gb of Clean Data were obtained, and the Q30 base percentage of each sample was not less than 94.17%. The total reads measured for each sample ranged from 39,083,622 to 56,949,456. High-quality Total Reads obtained from each library were compared with the reference genome database, and the number of reads compared to the unique location of the reference genome ranged from 82.00 to 85.44%, implying that the quality of the sequencing data was satisfactory and could be used for subsequent analysis.




3.2.2. Sample Correlation Analysis


Pearson correlation coefficient R is an important index to evaluate biological repetition correlation. The closer r2 is to 1, the stronger the sample correlation is. The fifteen samples of pak choi shoot apices at different growth stages were analyzed, and the results are shown in Figure 2. The Pearson correlation coefficient between samples in the same biological repeat group was ≥0.8, and the three repeats were all clustered together, indicating that the samples had good repeatability, and the transcriptome data obtained were reliable.





3.3. Expression Analysis of Genes Encoding Enzymes Related to BR Metabolism


During the synthesis of brassinolide, the precursor of BR is campesterol (CR), which is derived from mevalonic acid (MA). BR is synthesized by early and late C-22 oxidation pathways; early and late C-6 oxidation pathways; a synthetic shortcut between the early C-22 oxidation pathway and the late C-6 oxidation pathway. The KEGG pathway map of brassinosteroid biosynthesis (ko00905) from RNA sequencing is shown in Figure 3, including the synthesis pathway and inactivation pathway of brassinolide.



There are five enzymes that play key roles in the BR synthesis pathway, which are steroid 22 α-hydroxylase (90B/724B) [26,27], steroid 5 α-reductase (Det2) [28,29], C-3 oxidase (90A1) [30], C-23 hydroxylase (90C1/D1) [31], and C-6 oxidase (85A1/2) [32]. These key enzymes in the synthesis process not only participate in the reaction in one step, but also play a role in a variety of pathways. In pak choi, the inactivation of BR may mainly inactivate CS and BL through C-26 hydroxylation, in which cytochrome P450 monooxygenase (734A1) [33] is the key enzyme.



The expression of key genes involved in BR metabolism by RNA-seq is shown in Table 2. Five key enzymes involving 16 genes were found to participate in BR synthesis, and one key enzyme involving 1 gene was found to participate in BR inactivation.



Analysis of the expression changes of these genes revealed that Bra008760 encoding the steroid 22 α-hydroxylase was upregulated in both V10 vs. S0 and S1 vs. S3 samples, and downregulated in S0 vs. S1 samples during brassinolide synthesis. These results indicated that the expression of the gene was increased immediately at differentiation and floral bud differentiation stage 3, which may increase the rate of BR synthesis, leading to an increase in BR content during these stages, and the expression of the gene was decreased at floral bud differentiation stage 1, which may slow down the rate of BR synthesis, leading to a decrease in BR content during these stages. The results of hormone content determination showed that the BR content in S0 was higher than that in V10, and that in S3 was higher than that in S1. The change in gene expression was consistent with the change in BR content.



Bra030023 and Bra036097 encoding steroid 22 α-hydroxylase, Bra027405 and Bra011678 encoding C-23 hydroxylase, and Bra025409 encoding C-6 oxidase were all upregulated in V10 vs. S0 samples. These changes in gene expression were consistent with the measured changes in the BR content, suggesting that these genes may play a major role in the process from V10 to S0.



During BR synthesis, the expression of some genes altered irregularly. For example, Bra023464 encoding steroid 22 α-hydroxylase, Bra009126 and Bra028751 encoding C-3 oxidase, Bra021505 encoding C-23 hydroxylase, Bra017142 encoding steroid 5 α-reductase, Bra020747 and Bra025427 encoding C-6 oxidase and Bra017757 encoding C-23 hydroxylase were downregulated in V10 vs. S0 samples.



In the genes encoding BR inactivation, the gene expression changed irregularly. For example, Bra012046 encoding cytochrome P450 monooxygenases was upregulated in V10 vs. S0 and downregulated in S0 vs. S1, which was contrary to the determination results of hormone content. This may be because the higher BR content in plants during these stages activated the genes related to the BR signal transduction pathway, resulting in the negative feedback regulation of some BR synthesis and inactivation genes in plants.



In conclusion, the trends in genes expression of Bra008760, Bra030023, Bra036097, Bra027405, Bra011678, and Bra025409 involved in the synthesis of BR from V10 to S0 were consistent with the change trend in the BR content, and V10 to S0 were the key stages for the flowering of pak choi. Therefore, it was speculated that these five genes may be associated with the flowering of pak choi.




3.4. Identification of Differentially Expressed Genes Related to BR Metabolism


The expression profiles of V0 vs. S0, S0 vs. S1, and S1 vs. S3 were compared. According to false discovery rate (FDR) < 0.01 and fold change ≥ 2, differentially expressed genes (DEGs) were screened out. Through GO function annotation of the genes, DEGs that were consistent with the hormone content results were identified (Table 3). In V10 vs. S0 combination, there were 21 DEGs, of which 20 DEGs were involved in the brassinosteroid biosynthetic process (GO:0016132); one DEGs was involved in the brassinosteroid metabolic process (GO:0016131). There was only one DEG (Bra026365) in the S0 vs. S1 combination, which annotated the brassinosteroid biosynthetic process (GO:0016132). There were two DEGs (Bra004513 and Bra028711) in S1 vs. S3 combinations, one of which was linked to the brassinosteroid biosynthetic process (GO:0016132) and one that was involved in the brassinosteroid metabolic process (GO:0016131).



Bra009738 and Bra029392 encode squalene epoxidase (SQE5), and STEROL METHYLTRANSFERASE 3 (SMT3) encoded by Bra015789 is C-24 methyltransferase. These two enzymes are enzymes in the pathway of forming brassinolide synthesis precursors, and the expression of genes encoding these two enzymes was higher than that of V10 at the S0 stage, indicating that the accumulation of BR content may be beneficial to the initiation of floral bud differentiation (Figure 4).



DWARF IN LIGHT 1 (DFL1) encoded by Bra029023 has IAA amide synthase activity and Bra007824 encodes cyclopropyl sterol isomerase 1 (CPI1). Bra000469 encodes ATP-BINDING CASSETTE G31 (ABCG31), an ABC transporter, and Bra003687 encodes ACC oxidase 5 (ACO5). The enzymes encoded by these genes are related to plant hormones, and the expressions of genes encoding these enzymes in S0 were higher than that in V10, indicating that in the process of flower formation, not only a single plant hormone likely played a role, but multiple hormones were acting in coordination.



Bra010693 and Bra011869 encoding GLYCINE-RICH RNA-BINDING PROTEIN 8 (GRP8) and Bra030284 and Bra031210 encoding GLYCINE-RICH RNA-BINDING PROTEIN 7 (GRP7) are known splicing regulators. Bra007002 encodes a light capture protein (CP29). The Arabidopsis homolog of Bra005212 and Bra017201 is AT2G37220, which encodes a chloroplast RNA binding protein. ABA-REGULATED RNA-BINDING PROTEIN 1 (ARP1) encoded by Bra007096 encodes a putative RNA binding protein in Arabidopsis. Bra010542 encodes a Dirigent (DIR) protein (DIR6). Bra026228 coding WRKY DNA-BINDING PROTEIN 14 (WRKY14) belongs to the WRKY family and Bra010706 encodes a cysteine protease (RD19). Bra024901 encodes a putative acyltransferase (BAT1) and Bra020710 encodes acetyl coenzyme A thiolase (AACT2). The expressions of these genes were higher at the S0 stage than that at the V10 stage, and the BR content was higher at the S0 stage than that at the V10 stage, indicating that nucleic acid and protein are needed in plants to provide material accumulation for cell division and differentiation in the early stage of floral bud differentiation, and a higher BR content may promote the metabolism of nucleic acid and protein.



The Arabidopsis homologous gene of Bra027963 is AT2G03750, which is a superfamily protein containing p-loop nucleoside triphosphate hydrolase. This gene is noted in the inactivation process of brassinolide. During the transformation from V10 to S0, its gene expression was downregulated, which may lead to a decrease in the inactivation rate of BR and an increase in BR content. This may be one of the reasons why the BR content in plants at the S0 stage was higher than that at the V10 stage.



GRETCHEN HAGEN 3.5 (GH3.5) encoded by Bra026365 was a DEG in the combination of S0 vs. S1, which annotated the brassinosteroid biosynthetic process (GO:0016132), and the expression level of this gene was downregulated, which may lead to a decrease in the synthesis rate of BR, thus reducing the BR content. This may be one of the reasons why the BR content in plants at the S1 stage was lower than that at the S0 stage, but this gene was not a differentially expressed gene at the V10 vs. S0 stage, suggesting that this gene may not play a significant role in the early stage of floral bud differentiation.



β-KETOACYL-COA SYNTHASE 13 (KCS13) encoded by Bra004513 is a member of the 3-ketoyl coenzyme A synthetase family and SULFOTRANSFERASE 2A (ST2A) encoded by Bra028711 is sulfonyl transferase. These two genes were DEGs in the S1 vs. S3 combination. In the S1 vs. S3 combination, the expression of the BR synthesis gene was upregulated and the expression of the inactivation gene was downregulated, resulting in the increase in BR synthesis rate and the decrease in BR inactivation rate during the transition from S1 to S3, resulting in the increase in BR content in plants at this stage, which may explain why the BR content increased at this stage. However, these two genes did not belong to the DEGs at the V10 vs. S0 stage, indicating that these two genes likely did not play a significant role in the early stage of floral bud differentiation.



To sum up, we found that there were 24 DEGs in V10 vs. S0, S0 vs. S1, and S1 vs. S3 that were involved in the synthesis and inactivation process of BR and were consistent with the change in hormone content. Among them, 21 DEGs in V10 vs. S0 had the same trend of gene expression changes with BR content changes, and one gene in S0 vs. S1 had the same trend of gene expression changes with BR content changes. The expression changes of two genes in S1 vs. S3 were consistent with the trend of BR content. The flowering transformation of pak choi mainly focused on the transformation from the V10 stage to S0 stage. Therefore, it was speculated that the 21 DEGs whose expression changes were consistent with the change trend of BR content in V10 vs. S0 may be related to the flower-forming process of pak choi.




3.5. qRT-PCR


To verify the reliability of the RNA sequencing (RNA-Seq) results, Bra015835, Bra010693, Bra031210, and Bra001972 were selected for qRT-PCR verification in three samples (V10, S0, and S1). The total RNA from the three stages was extracted for qRT-PCR experiments, and the qRT-PCR results were compared with the transcriptome sequencing data. It was found that the FPKM values of all genes were consistent with the relative expression levels (Figure 5), indicating that the transcriptome sequencing results were reliable and could be used to assess the magnitude of gene expression changes.





4. Discussion


Floral bud differentiation is an important turning point in the transition from vegetative growth to reproductive growth of plants [34]. It is coordinated and controlled by a variety of hormones, among which BR plays an important role and is one of the irreplaceable hormones in plant growth and development. The results of this study showed that the BR content increased after low-temperature treatment. With the progress of vegetative growth, the BR content decreased and reached the lowest at 10 days after transplanting; then, the content increased and reached a small peak at the critical period of floral bud differentiation (Figure 1), the same as the previous results [15], so the trend of BR may be related to improved cold resistance, and the accumulation of BR could promote the flower bud differentiation of pak choi.



BR can promote the metabolism of nucleic acid and protein, so the BR content increased in the early stage of differentiation [35]. Our results showed that the higher concentration of BR content may promote the initiation of floral bud differentiation, and then continue to maintain its content to ensure that floral bud differentiation continued, which was consistent with the previous research results [16,17]. At the initial stage of floral bud differentiation, nucleic acids and proteins are needed to accumulate materials for cell division and differentiation in plants. In addition, studies had pointed out that almost all mutant plants insensitive to BR showed late flowering phenotypes [36], and this suggested that BR may have a promoting effect on the flowering transition, which may explain why the BR content measured in the later stage of flower bud differentiation had rebounded.



In order to further clarify the reasons for the changes in BR content in the shoot apices of pak choi at different growth stages, the genes related to the BR metabolic pathway were analyzed in detail. The expression changes of six key genes from V10 to S0 were consistent with the changes in BR content. Bra008760 encoding CYP724A1 is a steroid 22 α-hydroxylase, which belongs to the CYP724A subfamily. Ectopic overexpression of CYP724A1 in invalid dwf4 mutants functionally supplemented their BR defects and largely restored normal growth and development [37]. Bra030023 and Bra036097 encode DWF4, which play a role in multiple pathways during BR biosynthesis. Overexpression of DWF4 in plants can increase the content of active BR, Arabidopsis plants that overexpress the DWF4 gene had earlier flowering time, and the transgenic plants grew more vigorously [38,39,40,41].



Bra027405 encoding CYP90D1 and Bra011678 encoding ROT3 belong to the cytochrome P450 (CYP450) family gene, which together catalyze the hydroxylation step of C-23 in the BR synthesis pathway [42]. Studies had shown that ROT3 mutants exhibit dwarfism, hypocotyl shortening, cotyledon opening, late flowering, and decreased fertility [43], which was a typical phenotype of mutants with impaired BR biosynthesis. BR6ox2 encoded by Bra025409 is C-6 oxidase, which can catalyze the oxidation reaction of 6-deoxoCS to CS with BR6ox1, and BR6ox2 can catalyze the reaction of CS to BR. In Arabidopsis thaliana, br6ox1/2 mutants produced smaller leaves, shorter internodes, and thicker stems [44,45], and overexpression of BR6ox2 enhanced plant growth and development [46].



In the studies of BR-related mutants dwf4 [47], det2 [13], bri1 [48], and cpd [11], delayed flowering had been reported. The endogenous BR content in det2 mutant was very low, only 10% of that of the wild type [49]. dwf4 and cpd mutants are defective mutants of BR synthesis, and many precursors of BR synthesis have been accumulated internally [47,50]. bri1 mutants have also been reported to contain high levels of BR precursors [51]. Therefore, the variation in endogenous BR and its precursors in plants may affect the flowering time. In this experiment, the expression changes of these 6 BR-related genes were consistent with the changes in BR content, so it was speculated that they might have an effect on the flowering transformation of pak choi, which is consistent with previous studies [47].



By analyzing the DEGs in the vegetative growth stage and the critical stage of floral bud differentiation, it was found that the 21 DEGs related to the BR metabolism were consistent with the changes in BR content. GRP8 encoded by Bra010693 and Bra011869 and GRP7 encoded by Bra030284 and Bra031210 are known splicing regulators. Previous studies showed that FLC expression levels were elevated in both RNAi lines and atgrp7-1 mutants, and RNA interference-mediated reduction in the level of the paralogous AtGRP8 in atgrp7-1 further delayed the floral transition compared with atgrp7-1. All these indicated that AtGRP7 and AtGRP8 promoted floral transition [52,53]. In this study, the expression levels of these differentially expressed genes annotated to the BR synthesis pathway were upregulated during the flowering transition period, which accelerated the synthesis rate of BR and eventually led to the increase in BR content, which is consistent with the results of previous studies [52,53]. However, further studies are needed to understand how the above differential genes related to BR metabolism play a role in the flower bud differentiation of pak choi.




5. Conclusions


In this study, the BR content in the shoot apices of pak choi at different growth stages was measured. The results showed that low-temperature treatment could increase the BR content, and the content rose with floral bud differentiation of pak choi. To elucidate the molecular mechanism of changes in BR content, RNA-seq was used to analyze the expression of BR-metabolism-related enzyme genes. It was found that the expression of six genes (Bra008760, Bra030023, Bra036097, Bra027405, Bra011678, and Bra025409) encoding the three main synthase steroids 22 α-hydroxylase, C-3 oxidase, and C-6 oxidase were upregulated at the critical stage of floral bud differentiation, which was consistent with the change in BR content. In addition, the expressions of 21, 1, and 2 DEGs in V10 vs. S0, S0 vs. S1, and S1 vs. S3 were found to be consistent with the change trend of BR content. These results are helpful to understand the molecular mechanism of BR content change in pak choi at different growth stages.
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	BAS1
	PHYB ACTIVATION TAGGED SUPPRESSOR 1



	BR6ox1
	BRASSINOSTEROID-6-OXIDASE 1



	BR6ox2
	BRASSINOSTEROID-6-OXIDASE 2



	CYP724A1
	CYTOCHROME P450, FAMILY 724, SUBFAMILY A, POLYPEPTIDE 1



	CYP90D1
	CYTOCHROME P450, FAMILY 90, SUBFAMILY D, POLYPEPTIDE 1



	DET2
	DEETIOLATED2



	ROT3
	ROTUNDIFOLIA3
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Figure 1. BR content in low-temperature treatment and control at different growth stages. 
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Figure 2. Sample correlation analysis. 






Figure 2. Sample correlation analysis.
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Figure 3. Brassinosteroid metabolic pathway. Note: The red letter is the key enzyme, the green arrow is the early C-6 oxidation pathway, the blue arrow is the late C-6 oxidation pathway, and the red arrow is the early C-22 oxidation pathway. 






Figure 3. Brassinosteroid metabolic pathway. Note: The red letter is the key enzyme, the green arrow is the early C-6 oxidation pathway, the blue arrow is the late C-6 oxidation pathway, and the red arrow is the early C-22 oxidation pathway.



[image: Horticulturae 08 01093 g003]







[image: Horticulturae 08 01093 g004 550] 





Figure 4. Analysis of differentially expressed genes related to BR metabolism in the pak choi shoot apices at different growth stages. V10, 10 days after transplanting; S0, 15 days after transplanting; S1, 16 days after transplanting. Green, blue, and red indicate gene expression from low to high. 
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Figure 5. Comparison of quantitative reverse transcription PCR results with gene expression levels determined by RNA sequencing. FPKM, fragments per kilobase of transcript per million mapped reads. 
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Table 1. Evaluation statistics of sequencing data from samples.
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	Sample Name
	Total Reads
	GC

Content
	% ≥ Q30
	Mapped Reads
	Uniq Mapped Reads
	Multiple Mapped Reads





	V10-75-1
	53,756,300
	47.95
	94.78
	46,796,446

(87.05%)
	45,673,996

(84.96%)
	1,122,450

(2.09%)



	V10-75-2
	46,233,658
	47.58
	94.54
	40,071,945

(86.67%)
	39,088,760

(84.55%)
	983,185

(2.13%)



	V10-75-3
	41,857,180
	47.79
	94.63
	36,305,125

(86.74%)
	35,431,203

(84.65%)
	873,922

(2.09%)



	S0-75-1
	46,995,194
	47.15
	95.14
	41,171,901

(87.61%)
	40,153,268

(85.44%)
	1,018,633

(2.17%)



	S0-75-2
	45,981,760
	47.40
	94.41
	39,519,741

(85.95%)
	38,479,871

(83.69%)
	1,039,870

(2.26%)



	S0-75-3
	39,083,622
	47.45
	94.17
	33,511,771

(85.74%)
	32,642,398

(83.52%)
	869,373

(2.22%)



	S1-75-1
	40,207,374
	47.55
	94.8
	34,752,592

(86.43%)
	33,797,693

(84.06%)
	954,899

(2.37%)



	S1-75-2
	56,949,456
	47.58
	94.61
	49,069,645

(86.16%)
	47,472,852

(83.36%)
	1,569,793

(2.80%)



	S1-75-3
	51,518,858
	47.50
	94.58
	44,351,302

(86.09%)
	43,125,438

(83.71%)
	1,225,864

(2.38%)



	S3-75-1
	56,676,460
	47.78
	95.00
	49,623,480

(87.56%)
	48,215,302

(85.07%)
	1,408,178

(2.48%)



	S3-75-2
	54,783,396
	47.84
	94.64
	47,688,104

(87.05%)
	46,323,302

(84.56%)
	1,364,802

(2.49%)



	S3-75-3
	51,923,290
	47.75
	94.91
	45,009,605

(86.68%)
	43,708,284

(84.18%)
	1,301,321

(2.51%)



	S5-75-1
	55,299,726
	47.77
	94.69
	48,121,537

(87.02%)
	46,741,799

(84.52%)
	1,379,738

(2.50%)



	S5-75-2
	50,772,794
	48.05
	94.59
	43,790,616

(86.25%)
	41,634,586

(82.00%)
	2,156,030

(4.25%)



	S5-75-3
	54,572,930
	47.68
	94.46
	47,517,629

(87.07%)
	46,134,554

(84.54%)
	1,383,075

(2.53%)
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Table 2. Expression analysis of genes coding enzymes in brassinosteroids metabolism.
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Metabolism

	
Enzyme

	
Gene Name

	
Coding Gene

	
FPKM

	
Expression Pattern




	

	

	

	

	
V10

	
S0

	
S1

	
S3

	
V10 vs. S0

	
S0 vs. S1

	
S1 vs. S3






	
Biosynthesis

	
Steroid 22 α-hydroxylase

	
CYP724A1

	
Bra008760

	
0.17 ± 0.05

	
0.99 ± 0.08

	
0.62 ± 0.10

	
0.98 ± 0.12

	
↑

	
↓

	
↑




	

	
Bra023464

	
0.10 ± 0.11

	
0 ± 0

	
0 ± 0

	
0 ± 0

	
↓

	
-

	
-




	
DWF4

	
Bra030023

	
16.63 ± 0.99

	
17.08 ± 1.20

	
17.21 ± 0.29

	
20.92 ± 0.60

	
↑

	
↑

	
↑




	
Bra036097

	
1.04 ± 0.07

	
1.17 ± 0.25

	
1.55 ± 0.14

	
1.79 ± 0.10

	
↑

	
↑

	
↑




	

	
C-3 oxidase

	
CPD

	
Bra005863

	
0 ± 0

	
0 ± 0

	
0 ± 0

	
0 ± 0

	
-

	
-

	
-




	
Bra009126

	
47.84 ± 2.43

	
32.95 ± 2.96

	
37.92 ± 2.75

	
28.61 ± 1.01

	
↓

	
↑

	
↓




	
Bra028751

	
5.85 ± 1.66

	
3.73 ± 0.16

	
2.95 ± 0.07

	
1.47 ± 0.44

	
↓

	
↓

	
↓




	

	
steroid 5 α-reductase

	
DET2

	
Bra017142

	
17.34 ± 0.57

	
14.12 ± 0.40

	
12.93 ± 0.09

	
16.35 ± 1.73

	
↓

	
↓

	
↑




	

	
C-23 hydroxylase

	
CYP90D1

	
Bra021505

	
16.89 ± 0.91

	
12.79 ± 1.71

	
7.59 ± 0.03

	
3.86 ± 0.62

	
↓

	
↓

	
↓




	
Bra027405

	
1.31 ± 0.34

	
2.77 ± 0.79

	
1.19 ± 0.01

	
0.98 ± 0.12

	
↑

	
↓

	
↓




	
ROT3

	
Bra011678

	
2.02 ± 0.11

	
4.98 ± 1.27

	
3.22 ± 0.04

	
1.72 ± 0.13

	
↑

	
↓

	
↓




	
Bra017757

	
9.12 ± 0.51

	
4.10 ± 0.18

	
5.22 ± 0.34

	
3.92 ± 0.32

	
↓

	
↑

	
↓




	

	
C-6 oxidase

	
BR6OX2

	
Bra020747

	
12.05 ± 1.98

	
6.74 ± 1.53

	
6.91 ± 0.57

	
3.82 ± 1.32

	
↓

	
↑

	
↓




	
Bra025409

	
15.65 ± 2.15

	
19.43 ± 4.79

	
19.66 ± 3.46

	
13.82 ± 0.23

	
↑

	
↑

	
↓




	
Bra036203

	
0 ± 0

	
0 ± 0

	
0 ± 0

	
0.06 ± 0.04

	
-

	
-

	
↑




	
BR6OX1

	
Bra025427

	
3.31 ± 0.24

	
2.36 ± 0.61

	
3.18 ± 0.90

	
3.26 ± 0.55

	
↓

	
↑

	
↑




	
inactivation

	
cytochrome P450 monooxygenase

	
BAS1

	
Bra012046

	
7.43 ± 1.62

	
9.19 ± 0.97

	
8.30 ± 0.04

	
6.32 ± 0.23

	
↑

	
↓

	
↓








Note: -, not detected; FPKM, fragments per kilobase of transcript per million mapped reads. Red: the changes in gene expression from the vegetative growth stage to the critical stage of flower bud differentiation were consistent with the changes in hormone content at these two stages.
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Table 3. Differentially expressed genes related to BR metabolism at different growth stages of pak choi.
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Gene Name

	
Coding Enzyme

	
Gene Annotation

	
FPKM

	
Log2FC




	

	

	

	
V10

	
S0

	
S1

	
S3

	
V10 vs. S0

	
S0 vs. S1

	
S1 vs. S3






	
Bra000469

	
ABCG31

	
Brassinosteroid biosynthetic process (GO:0016132)

	
0.16 ± 0.03

	
0.51 ± 0.00

	
0.34 ± 0.01

	
0.49 ± 0.01

	
1.83

	
−0.38

	
0.17




	
Bra003687

	
ACO5

	
Same as above

	
1.56 ± 0.02

	
17.15 ± 2.25

	
7.14 ± 0.06

	
4.30 ± 0.07

	
3.37

	
−0.52

	
−0.88




	
Bra005212

	
AT2G37220

	
Same as above

	
8.99 ± 2.21

	
150.92 ± 0.13

	
106.17 ± 2.51

	
154.33 ± 13.08

	
3.75

	
−0.50

	
0.58




	
Bra017201

	
Same as above

	
33.98 ± 2.73

	
162.24 ± 10.55

	
122.56 ± 13.70

	
169.43 ± 15.44

	
2.17

	
−0.39

	
0.43




	
Bra007002

	
CP29

	
Same as above

	
35.90 ± 5.31

	
151.75 ± 11.07

	
136.40 ± 12.70

	
157.45 ± 12.99

	
2.17

	
0.05

	
0.02




	
Bra007096

	
ARP1

	
Same as above

	
1.20 ± 0.38

	
6.95 ± 1.13

	
5.66 ± 0.19

	
4.50 ± 0.31

	
2.42

	
−0.05

	
−0.35




	
Bra007824

	
CPI1

	
Same as above

	
1.86 ± 0.14

	
18.12 ± 2.77

	
11.26 ± 2.79

	
7.58 ± 1.06

	
3.01

	
−0.67

	
−0.66




	
Bra009738

	
SQE5

	
Same as above

	
25.29 ± 1.35

	
90.43 ± 4.03

	
61.52 ± 3.00

	
69.38 ± 9.46

	
1.94

	
−0.60

	
0.12




	
Bra029392

	
Same as above

	
3.97 ± 1.32

	
18.19 ± 0.69

	
11.36 ± 0.15

	
6.90 ± 0.94

	
1.54

	
−0.88

	
−0.72




	
Bra010542

	
DIR6

	
Same as above

	
0.10 ± 0.01

	
3.84 ± 0.95

	
1.04 ± 0.82

	
0.59 ± 0.01

	
3.13

	
−0.77

	
-




	
Bra010693

	
GRP8

	
Same as above

	
109.43 ± 8.32

	
1361.84 ± 175.56

	
945.68 ± 26.37

	
1534.85 ± 163.23

	
3.28

	
−0.19

	
0.31




	
Bra011869

	
Same as above

	
78.31 ± 2.56

	
1128.01 ± 198.71

	
772.50 ± 29.45

	
1138.56 ± 0.89

	
3.61

	
−0.30

	
0.49




	
Bra010706

	
RD19

	
Same as above

	
14.37 ± 3.49

	
45.32 ± 5.13

	
19.85 ± 1.70

	
23.16 ± 3.11

	
1.79

	
−0.81

	
−0.31




	
Bra015789

	
SMT3

	
Same as above

	
39.29 ± 0.52

	
107.55 ± 10.70

	
105.15 ± 3.45

	
101.06 ± 20.98

	
1.33

	
−0.11

	
−0.07




	
Bra020710

	
AACT2

	
Same as above

	
0.79 ± 0.05

	
2.57 ± 0.19

	
2.07 ± 0.02

	
1.93 ± 0.18

	
1.60

	
−0.49

	
0.30




	
Bra024901

	
BAT1

	
Same as above

	
1.37 ± 0.05

	
9.53 ± 0.91

	
4.97 ± 0.13

	
7.18 ± 0.10

	
2.58

	
−0.68

	
0.29




	
Bra026228

	
WRKY14

	
Same as above

	
1.47 ± 0.05

	
4.22 ± 0.37

	
2.54 ± 0.02

	
1.94 ± 0.07

	
1.43

	
−0.57

	
−0.42




	
Bra029023

	
DFL1

	
Same as above

	
35.08 ± 2.36

	
84.26 ± 6.00

	
59.69 ± 1.56

	
47.18 ± 7.67

	
1.16

	
−0.28

	
−0.17




	
Bra030284

	
GRP7

	
Same as above

	
6.77 ± 1.58

	
2125.45 ± 119.01

	
1013.80 ± 272.03

	
1633.85 ± 567.75

	
7.59

	
−0.49

	
0.77




	
Bra031210

	
Same as above

	
18.28 ± 0.67

	
4198.73 ± 211.01

	
1692.18 ± 390.00

	
2862.16 ± 884.40

	
7.25

	
−0.68

	
0.99




	
Bra027963

	
AT2G03750

	
Brassinosteroid metabolic process (GO:0016131).

	
20.21 ± 0.63

	
5.44 ± 0.19

	
12.53 ± 0.30

	
8.09 ± 1.76

	
−2.11

	
1.06

	
−0.69




	
Bra026365

	
GH3.5

	
Same as above

	
63.44 ± 2.63

	
80.49 ± 2.36

	
28.26 ± 5.80

	
22.65 ± 7.64

	
0.14

	
−1.06

	
−1.06




	
Bra004513

	
KCS13

	
Same as above

	
4.38 ± 0.15

	
6.53 ± 0.01

	
11.05 ± 1.94

	
45.84 ± 4.94

	
0.82

	
0.94

	
1.55




	
Bra028711

	
ST2A

	
Brassinosteroid metabolic process (GO:0016131).

	
1.40 ± 0.53

	
2.94 ± 0.15

	
2.45 ± 0.38

	
0.24 ± 0.06

	
2.11

	
−0.89

	
−3.35
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