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Abstract

:

Branching is an important agronomic trait that is conducive to plant architecture and yield in flowering Chinese cabbage. Plant branching is regulated by a complex network mediated by hormones; gibberellin (GA) is one of the important hormones which is involved in the formation of shoot branching. Research on the regulatory mechanism of GA influencing rosette branch numbers is limited for flowering Chinese cabbage. In this study, the exogenous application of 600 mg/L GA3 effectively inhibited rosette branching and promoted internode elongation in flowering Chinese cabbage. RNA-Seq analysis further found that these DEGs were significantly enriched in ‘the plant hormone signal transduction’ pathways, and auxin-related genes were significantly differentially expressed between MB and MB_GA. The upregulation of auxin (AUX) and the upregulation of auxin/indole-3-acetic acid (AUX/IAA), as well as the downregulation of SMALL AUXIN-UPREGULATED RNA (SAUR), were found in the negative regulation of the rosette branching. The qRT-PCR results showed that the expression of AUX/IAA and SAUR from IAA gene family members were consistent with the results of transcriptome data. Phytohormone profiling by targeted metabolism revealed that endogenous auxin contents were significantly increased in MB_GA. Transcriptome and metabolome analysis clarified the main plant hormones and genes underlying the rosette branching in flowering Chinese cabbage, confirming that auxin could inhibit rosette branching. In this regard, the results present a novel angle for revealing the mechanism of gibberellin acting on the branching architecture in flowering Chinese cabbage.
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1. Introduction


Flowering Chinese cabbage (Brassica campestris L. ssp. chinensis [L.] Makino var. utilis Tsen et Lee) is an important and popular vegetable because of its high nutrient content and good flavor [1]. The major edible part of flowering Chinese cabbage is the stalk, the development of which has a direct impact on plant yield. The main species in Guangdong has one remarkable stalk per plant that can be harvested only once in production. A local variety, ‘Zengcheng flowering Chinese cabbage’, found in the Zengcheng District of Guangdong Province (23°26′ N, 113°8′ E), can be harvested multiple times because of the strong development of axillary branches on the rosette shoot.



The shoot branching of flowering Chinese cabbage is a vital characteristic that is conducive to improving crop yield and adaptability [2]. The branching system includes the main branch developed from the apical meristem, the lateral branch developed from the axillary meristem, and the primary rosette branch that grows from the basal rosette leaves [3]. The bud can immediately grow, hibernate, or remain dormant after the formation of axillary buds. The activity of axillary buds is closely related to different endogenous and environmental stimuli, like plant hormones, nutrients, and light. The hormones involved in the network regulation of shoot branching include auxins, strigolactones (SLs), and cytokinins (CKs). However, further determination is needed on how these hormones interact to regulate the activation and growth of axillary buds in flowering Chinese cabbage.



Auxin is associated with axillary bud outgrowth and shoot branching formation by apical dominance [4]. The proliferation apex generates excess auxin, which is transported downwards to the stem to repress the growth of axillary buds and promote apical elongation. Removing the apex releases its inhibition on axillary buds, triggering the formation of branches. At present, some genes related to auxin transport that affect shoot branching formation have been reported. A mutant of OsIAA6 in rice showed abnormal tiller outgrowth because of the regulation of the auxin transporter OsPIN1 and tillering suppressor OsTB1 [5]. In Arabidopsis, the major auxin influx carrier is AUXIN INFLUX CARRIER PROTEIN 1 (AUX1), whereas the main auxin efflux carrier is PIN-FORMED1 (PIN1) because it facilitates efficient auxin export from cells [6,7,8,9]. Exploring the genes involved in auxin transport is of great significance for revealing the shoot branching mechanism of flowering Chinese cabbage. Furthermore, other phytohormones also play important roles during the initiation of shoot branching. CKs promote shoot branching by upregulating the expression of PIN3, PIN4, and PIN7 on the basal plasma membrane of xylem parenchyma cells [10]. The branching regulation of SL signaling pathways involves the MAX genes, which lead to the polyubiquitination and 26S-proteasome-mediated degradation of D53 by the receptor D14 and the recruitment of the SCF complex in Arabidopsis [11]. ABA inhibits the growth of lateral buds by the transcription factor BRANCHED1 (BRC1), which promotes ABA synthesis by activating the expression of the transcription factor family HOMEOBOX PROTEIN (HB), including NCED3 in Arabidopsis [12]. In addition, the SL and BR signaling pathways commonly regulate and control shoot branching via MAX2-induced degradation of bri1-EMS-suppressor 1 (BES1) [13].



Bioactive gibberellin (GA) is a diterpenoid plant hormone that undergoes biosynthesis through complex pathways and controls almost all plant development processes throughout the plant life cycle [14]. The bioactive GAs are GA1, GA3, GA4, and GA7 in higher plants [15]. GAs is also a plant hormone that plays an important role in the regulation of bud outgrowth, the specific role of GAs in branching has been characterized well [16,17,18]. GAs are often considered to be branching inhibitors because the shoot branching phenotype has been observed in GA biosynthesis mutants of Arabidopsis and in genetically modified plants of different species lacking GAs. For example, gibberellin inhibits the formation of axillary buds in Arabidopsis by regulating the activity of the DELLA-SPL9 complex [19]. Transgenic rice overexpressing GA2oxs, which normally limits bioactive GA levels, exhibited early and increased tillering by inactivating endogenous and exogenous bioactive GAs [20]. In rice, high GA levels can stimulate APC/CTE to facilitate the degradation of MOC1 in the AM, leading to restricted tillering [21]. In aspen plants, a decrease in the biological activity of GAs leads to significantly higher lateral buds compared to the wild type [22]. GAs negatively regulate the formation of axillary buds by overexpression of the GA metabolic gene GA2ox, leading to an increased number of tillers in turfgrass [23]. In a suppressor of runnerless strawberry mutant (srl), FveRGA1, encoding a DELLA protein, negatively regulates stolon formation [24]. Contrary to the above results, some studies have shown that GAs can promote shoot branching. In the perennial woody plant Jatropha curcas, GAs and CKs both negatively influence BRC1 and BRC2 expression to synergistically promote lateral bud outgrowth [25]. The growth of axillary buds in a GA biosynthesis mutant is restricted, while the application of bioactive GA rescues the phenotype in strawberries [26]. In sweet cherries, spraying GA3 can promote the growth of lateral branches [27]. However, GA3 under light-induced sugar metabolism contributes to bud burst, as been reported in rose [28]. Moreover, when exogenous spraying of GA3, GA4, and GR24 was performed on aspen trees, GA3 induced shoot branching from axillary bud abscission whereas GA4 promoted outgrowth [29].



Plant growth regulators have been widely used to improve crop yield and quality. In recent years, there has been increasing interest in the exogenous application of GA3 to regulate plant growth and development. In a previous study, we constructed a gene mapping population in flowering Chinese cabbage using the non-branching double haploid line ‘CX010′ and the multiple branching double haploid line ‘CX020′ as parents, and the two tandem genes BraA07g041560.3C and BraA07g041570.3C, which encode gibberellin 2-oxidase that in turn acts on C19 gibberellins, were obtained by a map-based cloning strategy [30]. One of the two genes negatively regulated the formation of shoot branching in flowering Chinese cabbage. Hence, we chose to spray GA3 to explore the potential molecular mechanism of gibberellin affecting flowering Chinese cabbage branching. In this study, comparative transcriptome analysis was used to characterize the gene expression profiles and high-performance liquid chromatography (HPLC) was used to test the levels of plant hormone content. We analyzed GA3 to inhibit the branching of rosette shoots in flowering Chinese cabbage by affecting the auxin signaling pathway. Our study provides novel information for clarifying the molecular mechanism of flowering Chinese cabbage varieties.




2. Materials and Methods


2.1. Plant Materials and Exogenous GA3 Spraying Treatment


CX020 (MB) is a multiple-branch phenotype isolated by microspore culture to obtain a double haploid (DH) line of Zengcheng flowering Chinese cabbage. This is a pure line in the genetic sense. The experimental materials were planted in the experimental field of Shenyang Agricultural University (41°79′ N, 123°4′ E). In spring 2019, the seeds were directly sowed into a 50-hole tray, and after 20 days, the pots were changed to a red plastic bowl with a diameter of 15 cm to conveniently observe the phenotypic changes. Exogenous GA3 (Solarbio, Beijing, China) with different concentrations (200, 400, 600, 800, and 1000 mg/L) was applied to the whole plant (except for the roots) when the third euphylla had grown and was carried out once every two days for a total of 3 times. Each concentration consisted of 10 plants with 3 replicates. The control material was separately sprayed with distilled water. Finally, 600 mg/L was selected as the optimal spraying concentration. The branching traits appeared after 40 days of spraying GA3. To reduce differences between plants, 3 plants were selected from each of MB and MB_GA, and basal parts of 3 cm were randomly collected from each group of plants. All of the stems collected from three MB or MB_GA plants were mixed together to obtain a library, named MB_1, MB_2, MB_3, MB_GA_1, MB_GA_2, and MB_GA_3. All samples were frozen in liquid nitrogen and then stored in a −80 °C freezer to sequence transcriptomes and to measure hormone content.




2.2. RNA Extraction and Transcriptome Sequencing


Total RNA was extracted using a Plant RNAprep Pure Micro Kit (TIANGEN, Beijing, China). The concentration, quality, and integrity were determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Three micrograms of RNA were used as the input material for the RNA sample preparations. Sequencing libraries were generated using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA), as per the manufacturer’s instructions. In order to select cDNA fragments of the preferred 200 bp length, the library fragments were purified using the AMPure XP system (Beckman Coulter, Beverly, CA, USA) [31]. DNA fragments with ligated adaptor molecules on both ends were selectively enriched using the Illumina PCR Primer Cocktail in a 15 cycle PCR reaction. The products were purified (AMPure XP system) and quantified using an Agilent high-sensitivity DNA assay on a Bioanalyzer 2100 system (Agilent, Suzhou, China). The library was sequenced on a Hiseq platform (Illumina, San Diego, CA, USA).




2.3. Transcriptome Analysis


The clean reads were mapped to the brassica reference genome (http://brassicadb.cn/#/ (accessed on 9 March 2020)). The combination of false discovery rate (FDR) ≤ 0.001 and the absolute value of log2Ratio ≥ 1 were used as the threshold for judging significant different gene expression levels [32,33,34]. In the study, genes with a threshold value of |log2 ratio| ≥ 1.0 and a false discovery rate (FDR) ≤ 0.01 were defined as possessing significant differential gene expression (DEGs). The trend analysis was performed by the genescloud tools (https://www.genescloud.cn, accessed on 9 March 2020).



Gene set enrichment analysis for Gene Ontology (GO) was performed using the topGo 2.54.0 package (Sunovo Hulian, Beijing, China). ClusterProfiler was used to perform KEGG enrichment analysis. The gene list and gene number of each pathway were calculated using the differential genes annotated by the KEGG pathway. The hypergeometric distribution method was used to calculate p ≤ 0.05, and compared with the background of the entire genome, to determine the differences between the main biological functions of the genes [35].




2.4. Metabolite Profiling of Hormone Content Using UPLC-MS/MS


Next, 3 cm stem parts were sampled with 3 biological replicates for each group of samples to measure hormone content. Fresh plant materials were harvested, weighed, immediately frozen in liquid nitrogen, and stored at −80 °C until needed. Plant materials (50 mg fresh weight) were frozen in liquid nitrogen, ground into powder, and extracted with 1 mL methanol/water/formic acid (15:4:1, v/v/v). The combined extracts were evaporated to dryness under a nitrogen gas stream, reconstituted in 100 μL of 80% methanol (v/v), and filtered through a 0.22 µm pore size, 14 mm diameter filter for further LC-MS analysis. The sample extracts were analyzed using an UPLC-ESI-MS/MS system. The LC column used was a Waters ACQUITY UPLC HSS T3 C18 (100 mm × 2.1 mm i.d. 1.8 µm). The HPLC effluent was connected to an electrospray ionization (ESI)-triple quadrupole-linear ion trap–MS/MS system (Applied Biosystems 4500 Q TRAP) [36]. A specific set of MRM transitions was monitored for each period, as determined by the plant hormones eluted within this period.




2.5. Real-Time Quantitative PCR Analysis (qRT-PCR)


Transcriptome gene expression was analyzed using real-time quantitative PCR (qRT-PCR). cDNA was prepared using an iScript™ cDNA Synthesis Kit according to the manufacturer’s protocol. qRT-PCR was performed using a Bio-Rad CFX96 real-time system with SYBR® Green PCR Supermix (Hercules, CA, USA). Each system contained 10.4 µL of SYBR mixture, forward and reverse primers, 8.8 µL of H2O, and 0.8 µL of cDNA in a total final volume of 20 µL. This technique was repeated three times. The following qRT-PCR program was used: 98 °C for 30 s, followed by 39 cycles of a two-step reaction (98 °C for 15 s and 60 °C for 30 s). The 2-ΔΔCT method was used to calculate the relative expression levels [37]. Actin gene was used as a control. To verify the expression levels detected by RNA-seq, the RNA-seq data were compared to the data obtained by qRT-PCR. DEGs were identified by two-fold change (log2 ratio ≥ 2). The primers are listed in Supplementary Materials. All reactions were performed with three technical and biological replicates, and three independent biological replicates were conducted for all the qRT-PCR reactions.




2.6. Statistical Analysis


The data were determined using the t-test with IBM SPSS Statistics 23 software (IBM, New York, NY, USA) at the 0.05 level to compare the significant differences. Maps were generated in Origin 2018 (OriginLab, Guangzhou, China).





3. Results


3.1. Exogenous GA3 Obviously Inhibited Rosette Branching


‘CX020 (MB)’ plants formed a multiple-branch phenotype, the cauline branching numbers increased from when sprayed with GA3 (Figure 1A,B) and the rosette branching numbers decreased from when sprayed with GA3 (Figure 1C,D) when the cauline and the rosette branching numbers were counted during harvest. The total number of cauline branches, 15.20, was significantly greater in the MB_GA group than in the MB group. The number of rosette branches were 3.40 and 9.04 in the MB_GA and MB groups, respectively, which was significantly lower in the MB_GA group than in the MB group (Figure 2A). This result revealed that the effect of GA on the branching phenotype of MB was noticeably different. In addition, the length of the internode in the MB_GA group was significantly different from that in the MB group (Figure 2B). These results showed that GAs influence rosette branching from the first to the fourth node and may limit the growth of lateral branches in flowering Chinese cabbage.




3.2. Influences of Exogenous GA3 on Gene Expressions


To determine the DEGs involved in the regulatory mechanisms of branching, we performed an integrated transcriptome analysis of MB and MB_GA and sequenced six cDNA libraries (two samples with three replicates). A total of 379.9 million high-quality reads were generated, constituting 57.4 GB of cDNA sequences. The Q30 value (sequence error rate was 0.1%) of each sample was no less than 93.7%. To further define the quality of sequencing, 90.36% of read coverage was analyzed, representing the percentage of a gene covered by the reads (Tables S1 and S2). The GC content of the six libraries was 47.26%, 47.17%, 47.18%, 47.22%, 47.21%, and 47.21%, respectively. The comparison efficiency between the reads and the reference genome of each sample was between 94.4% and 95.26% (Tables S3 and S4). We first counted the scatter plot to confirm gene expression levels in the samples and generated a heatmap plot to show changes in the six libraries (Figure 3A). The RNA-seq data from the biological replicates were found to co-cluster when assessed using principal component analysis (PCA). The results of the PCA plot were consistent across the biological replicates (Figure 3B). The volcano plot shows that there were more genes with multiple significant differences among the upregulated genes, while the difference multiple of downregulated genes was smaller (Figure 3C).



To identify the genes involved in the formation and development of branching, significant DEGs (with the filter criteria set as fold change ≥ 2.0 and FDR ≤ 0.001) were obtained for the two types of plants (MB and MB_GA) (Tables S5 and S6). As a result, 2183 DEGs were identified between MB and MB_GA, of which 1318 were upregulated and 865 were downregulated in MB versus MB_GA (Figure 3D). The number of downregulated DEGs was higher than that of the upregulated DEGs.



All 2183 DEGs were classified into eight trend clusters with an algorithm developed from gene expression trends (RPKM ≥ 2, FDR ≤ 0.001 and |log2(ratio)| ≥1). The results showed that in the clusters 1, 2, 3, and 4, the gene expression decreased obviously from MB to MB_GA, containing 941 genes, and in the clusters 5, 6, 7, 8, and 9, the gene expression increased obviously from MB to MB_GA, containing 1242 genes (Figure 4). These results indicate that the transcriptome data are reliable.




3.3. Enrichment Analysis for the DEGs


To further confirm the biological functions and assign genes related to branching, DEGs were mapped using GO terms to classify their functions (p ≤ 0.05), and the top 20 enriched pathways were used to make the GO enrichment map (Figure 5A). We identified 144 enriched GO terms that were assigned, including 73 under biological processes, 55 under molecular functions, and 16 under cellular components (Table S7). Under biological processes, the subcategories were related to biological regulation (GO: 0008152; 1043DEG) and regulation of metabolic processes (GO: 0019222; 236DEG), and the subcategories related to hormones were response to hormones (GO: 0009725; 37DEG) and response to auxin (GO: 0009733; 32DEG). Under molecular function, the subcategories were related to catalytic activity (GO: 0003824; 986DEG) and DNA binding (GO: 0003677; 302DEG).



To further identify genes associated with metabolic pathways, a total of 771 DEGs were mapped to 41 KEGG pathways (Table S8). The top 20 KEGG pathways were significantly enriched (Figure 5B, Table 1). The plant hormone signal transduction pathway (brp04075; 74) was the largest category, which was significantly enriched compared to other pathways, followed by phenylpropanoid biosynthesis (brp00940; 51) and starch and sucrose metabolism (brp00500; 39). These results indicate that hormone signal transduction was highly enriched in branching development, suggesting the complexity of the mechanisms underlying the development of branching in plants.




3.4. DEGs in Plant Hormones Related to Branching


In KEGG enrichment analysis, we observed that the plant hormone signaling pathway involved the most differentially expressed genes (Table S9). Based on this, we further studied plant hormone-related genes. Of these, 40 DEGs were enriched in the IAA signal transduction pathway, indicating a potential connection between auxin and GA. The DEGs of the primary auxin-response factors included auxin1 (AUX1), auxin/indole-3-acetic acid (AUX/IAA), SMALL AUXIN-UPREGULATED RNA (SAUR), and GH3 involved in IAA biosynthesis [38]. Only one AUX1 gene (BraA04g027030.3C) was annotated which showed log2 ratios of 2.268 in MB_GA/MB. AUX/IAA genes (BraA01g031100.3C, BraA05g024120.3C, BraA03g054630.3C, BraA01g035920.3C, BraA01g008880.3C, BraA03g040660.3C, BraA03g057220.3C, BraA03g017680.3C, BraA03g040670.3C, BraA06g001750.3C) were annotated of which 10 DEGs may be associated with plant branching. Twenty-four SAUR genes were annotated, of which eight genes (BraA09g050440.3C, BraA05g001150.3C, BraA04g032240.3C, BraA05g009190.3C, BraA10g011930.3C, BraA01g013230.3C, BraA04g025770.3C, BraA03g023650.3C) were upregulated in MB_GA and sixteen genes (BraA07g016220.3C, BraA01g006580.3C, BraA10g022010.3C, BraA02g007500.3C, BraA07g002710.3C, BraA07g039120.3C, BraA01g003540.3C, BraA10g022020.3C, BraA01g003530.3C, BraA01g003550.3C, BraA06g044670.3C, BraA01g000130.3C, BraA02g022940.3C, BraA02g007480.3C, BraA01g003510.3C, BraA08g015690.3C) were downregulated in MB_GA. Five GH3 genes (BraA03g053600.3C, BraA10g025440.3C, BraA02g013860.3C, BraA09g054360.3C, BraA06g004330.3C) were upregulated in MB_GA. The GH3 upregulated genes showed log2 ratios of 2.255, 1.260, 1.232, 1.873, and 1.823, respectively (Figure 6A).



Cytokinins are often used as the second messenger of auxins to regulate branching development [39]. Two ARABIDOPSIS RESPONSE REGULATOR (B-ARR) genes (BraA07g012270.3C, BraA03g046670.3C) were annotated. Ten genes had relevance to the ABA signal, including BraA03g029760.3C, BraA03g002100.3C, BraA05g005770.3C, BraA10g000590.3C, BraA03g021430.3C, BraA07g024750.3C, BraA03g020010.3C, BraA06g027110.3C, BraA05g018520.3C, and BraA10g016990.3C (Figure 6A).



Gibberellin has an important effect not only on internode elongation but also on branching development. In rice, auxin and gibberellin can regulate the negative gravity response of the stem by antagonizing the expression of XYLOGLUCAN ENDOTRANSGLYCOSYLASE (XET) [40,41]. We detected two XET genes (BraA10g015660.3C, BraA02g012200.3C) that were upregulated in the MB. In the GA signal transduction pathway, we detected one differentially expressed GA INSENSITIVE DWARF 1 (GID1) gene (BraA05g040050.3C) [42], which was upregulated in MB and its log2 ratio (MB_GA/MB) was −1.142. In the GA biosynthetic process, GA20ox2 (BraA02g015640.3C), GA2ox2 (BraA09g034980.3C, BraA08g023600.3C), GA2ox8 (BraA01g011970.3C and BraA03g049490.3C), and GA3ox1 (BraA09g058660.3C) were upregulated in the MB_GA. In the cellular response to GA stimulus process, BraA06g028670.3C, BraA09g062830.3C, and BraA06g005530.3C (bZIP transcription factor family protein) were upregulated and BraA03g042690.3C (gibberellin-regulated family protein) was downregulated. In response to GA3 treatment, the GASA10 gene (BraA03g011100.3C) was upregulated and the GASA14 gene (BraA03g006560.3C) was downregulated (Figure 6B).



In the BR signal transduction pathway, two were upregulated (BraA01g002030.3C and BraA02g030240.3C), and two were downregulated (BraA03g045210.3C and BraA02g022600.3C) in MB_GA. Four genes associated with ethylene metabolism were upregulated, including BraA09g064090.3C, BraA01g030800.3C, BraA09g005890.3C, and BraA03g042600.3C in MB_GA compared to MB. Three JA-related genes, including BraA02g020000.3C, BraA09g022310.3C, and BraA07g035430.3C, were upregulated in MB_GA compared to MB (Figure 6B).




3.5. qRT-PCR Analysis on DEGs Related to Auxin


To further confirm the accuracy of the RNA-seq data, 11 DEG-related auxin biosynthesis pathway genes that showed log2 ratio ≥ 2 in expression between MB and MB_GA were selected for qRT-PCR. These genes were AUX1 (BraA04g027030.3C), IAA29 (BraA03g057220.3C), IAA1 (BraA06g001750.3C), SAUR10 (BraA09g053610.3C), SAUR21 (BraA02g007500.3C), SAUR1 (BraA01g003530.3C), SAUR59 (BraA09g050440.3C), SAUR45 (BraA05g009190.3C), SAUR16 (BraA06g044670.3C), SAUR37 (BraA04g000440.3C), and CH3.5 (BraA03g053600.3C) (Table S10). Correlation analysis showed that the high expression patterns of these genes that were selected by RNA-seq were consistent with the qRT-PCR data (Figure 7), thus indicating the dependability of the transcriptome results obtained in this study.




3.6. Exogenous GA3 Altered Auxin Contents in the Rosette Shoot


The content of auxin hormones was determined in the rosette shoot of MB and MB_GA by HPLC (Figure 8). The auxin content significantly increased after spraying with GA3. The results indicated that auxin may contribute to the development of rosette branch numbers.





4. Discussion


The branching of the rosette shoot is crucial for increasing the yield of flowering Chinese cabbage. Previous studies have shown that the application of GA3 reduced tillering in rice [43]. The overexpression of genes controlling GA3 leads to reduced GA1 levels producing increased branching phenotypes in pea [44], and treatment with higher concentrations of GA3 inhibited the promotion of axillary bud (AB) outgrowth in apple trees [5]. Herein, we aimed to decipher the potential mechanism of exogenous GA3 application to reduce the primary rosette branching in flowering Chinese cabbage. To this end, we firstly screened out a concentration of 600 mg/L GA3 for spraying and found an increase in the length of the rosette shoots and a decrease in the primary rosette branching numbers. Following comparative transcriptome analysis and multiple phytohormone profiling by targeted metabolism, auxin has been found to be negatively regulated in rosette branching for flowering Chinese cabbage.



In this study, we detected 2183 genes that were differentially expressed between the multiple-branching Chinese flowering cabbage and GA treatment by RNA-seq, of which 1318 genes were upregulated and 865 genes were downregulated. The plant hormone signal transduction pathways were also significantly enriched by analyzing the functional annotation of the DEGs. The IAA signaling pathway had the highest number of DEGs, and transcriptome data indicated that the key genes in the IAA signaling pathway are all changing. Therefore, the genes involved in the IAA signaling pathway are of particular concern.



The degradation of Aux/IAA promoted by auxin is achieved by inhibiting the transcription of ARFs, and the degradation of Aux/IAA requires the participation of TIR1 [45,46,47]. The stability of the interaction between Aux/IAA and TIR1 is mainly mediated by the binding of auxin to the F-box of TIR1 [48,49,50]. The TIR1/AFB Aux/IAA pathway enhances the regulatory effect of SAUR19, and SAUR19 is a very small family protein member that can be rapidly induced by auxin [51]. Aux/IAAs are believed to act as auxin-responsive proteins that mediate IAA signaling in the regulation of plant development [52]. Numerous studies have shown that Aux/IAA plays a significant role in regulating lateral branch development. The downregulation of SlIAA2, SlIAA4, SlIAA7, and SlIAA9 has been found in transgenic tomatoes with multiple branches [53]. Furthermore, GA can also synergistically regulate axillary bud formation with IAA. The main influx and efflux of auxin rely on the polarity transport streams mediated by PIN and Aux/IAA proteins [54]. GA regulates PIN synthesis and accounts for auxin transport-dependent growth by the DELLA protein, which is a suppressor of GA biosynthesis and signal transduction [55]. It can also bind to the transcription factor SQUAMOSA PROMOTER BINDING PROTEIN-LIKE9 (SPL9) to facilitate axillary bud formation and regulate branching in Arabidopsis [19,56,57]. We identified DEGs of AUX1, IAA29, SAUR1, SAUR10, SAUR16, and SAUR21 related to IAA metabolism and signal transduction between MB and MB_GA, which suggested that auxin may be involved in the formation of rosette branches in flowering Chinese cabbage. IAA concentration was increased and the IAA-related genes IAA2, IAA11, and IAA29 were highly expressed in response to GA treatment to inhibit branching [58]. Similar to the above research result, the content of auxin determined by HPLC has a significant increase in MB_GA compared to MB. These results indicate that auxin may play an important role in flowering Chinese cabbage rosette branches.



Based on the results, we predicted a potential genetic mechanism of exogenous GA3 application to reduce the primary rosette branching in flowering Chinese cabbage (Figure 9). It was speculated that exogenously sprayed GA3 might upregulate the expression of AUX1 influx carriers in specific areas of the rosette shoot, whereafter the AUX1 might further induce the upregulated expression of the auxin receptor TIR1. TIR1 and AFB2 were shown to interact with IAA29 by reducing the IAA29 expression. The TIR1/AFB-Aux/IAA-ARF complex could directly or indirectly inhibit flowering Chinese cabbage rosette branches by suppressing the expression of SAUR1, SAUR10, SAUR16, and SAUR21.



The analysis of the hormone-responsive gene promoter region revealed various cis-regulatory elements like GA-responsive elements (GARE-motif, P-box) [59], auxin (TGA-element, AuxRR-core element and TATC-box) [60], ABA (ABRE element), ET (ERE element) [61], JA (MYC element, TGACG-motif) [62], SA (TCA-element) [63], etc., suggesting that they may have been involved in growth, development, and stress responses [64,65]. ARF24 combined with an auxin response region (AuxRR) affects kernel size in different maize haplotypes [66]. Two GARE-motif cis-acting elements are sufficient for gibberellin-upregulated proteinase expression in rice seeds [67]. In addition, the promoter of the gene in Figure 9 was analyzed (Table S11). The phytohormone-responsive cis-regulatory elements not only include GA-responsive elements (GARE-motif, P-box), but also many other hormone-responsive elements, including auxin (TGA-element, AuxRR-core element and TATC-box), ABA (ABRE element), JA (MYC element, TGACG-motif), SA (TCA-element), and ET (ERE element). This result indicates that auxin-related genes may respond to GA and various plant hormones to regulate branching development. Our results will be useful for elucidating the regulatory mechanisms of branching architecture in flowering Chinese cabbage.




5. Conclusions


According to the comprehensive experimental results, GA3 spraying can significantly decrease primary rosette branching in flowering Chinese cabbage, as well as influence the total and single plant yield. The transcriptome data indicate that GA3 can interact with auxin-related genes to reduce the number of branches on the rosette stems in flowering Chinese cabbage. Using metabolic profiling, we identified that the content of auxin was significantly increased in MB_GA, which was highly associated with RNA-seq. Based on the above results, our results provide a new molecular mechanism for flowering Chinese cabbage branching, and can provide theoretical and practical guidance for its production.
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Figure 1. Phenotypes of MB and MB with 600 mg/L of GA3 treatment. The entire plant appearance of MB (A) and MB after 600 mg/L of GA3 treatment (B). The phenotype of rosette branching in MB (C) and MB after 600 mg/L of GA3 treatment (D). The rosette branching is indicated with red arrows. 
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Figure 2. The primary rosette branch numbers of MB and MB_GA (A). Relationship between internode position and internode length (B). * and ** indicate significant differences in expression levels at p < 0.05 and p < 0.01 between the two types as determined according to the t-test. 
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Figure 3. Comparative analysis of expression patterns of differentially expressed genes (DEGs) in six segments of MB. Hierarchical cluster diagram of gene expression level in samples. MB1, MB2, and MB3 are controls; MB_GA_1, MB_GA_2, and MB_GA_3 are the experimental groups treated with 600 mg/L GA3 (A). Principal component analysis (PCA) of the differentially expressed genes between MB and MB_GA (B). Volcano plot of the differentially expressed genes between MB and MB_GA. Blue indicates downregulation of the gene, red indicates upregulation of the gene, and gray indicates non−regulation of the gene (C). The number of up− and down−regulated expressed genes (D). 
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Figure 4. The trend analysis of the expression profile of all DEGs in all six pairwise comparisons. The y-axis represents the clustering groups of the gene expression level and the x-axis represents the different samples. 
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Figure 5. Twenty most significantly enriched GO and KEGG metabolic pathways. (A) GO enrichment analysis for MB vs. MB_GA; (B) KEGG enrichment analysis for MB vs. MB_GA. 
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Figure 6. Expression of differentially expressed genes involved in the plant hormone genes (auxin, cytokinin, abscisic acid). Note: The bar on the right represents the relative expression values. Upregulated genes are marked with red borders and downregulated genes with green borders. Unchanged genes are marked with black borders (A). Expression of differentially expressed genes involved in the plant hormone genes (gibberellin, ethylene, brassinosteroid, jasmonic acid) (B). 
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Figure 7. Expression profiles of 11 key differentially expressed genes (DEGs) in the MB and MB_GA. Error bars represent the standard error of the mean for three biological replicates. ** p < 0.01 and *** p < 0.001 determined by Student’s t-test. 
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Figure 8. Determination of the content of auxin in MB and MB_GA. ** p < 0.01 determined by Student’s t-test. 
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Figure 9. A hypothetical regulatory network of the rosette branching inhibited by exogenous GA3 in flowering Chinese cabbage. 
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Table 1. Significantly enriched KEGG pathways of DEGs in MB vs. MB_GA.
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	Pathway ID
	Pathway
	DEG (%)
	Total DEGs
	Adjust p Value





	brp04075
	Plant hormone signal transduction
	74 (9.60%)
	771
	1.73 × 10−2



	brp00940
	Phenylpropanoid biosynthesis
	51 (6.61%)
	771
	6.20 × 10−4



	brp00500
	Starch and sucrose metabolism
	39 (5.06%)
	771
	2.91 × 10−3



	brp04626
	Plant–pathogen interaction
	38 (4.93%)
	771
	3.54 × 10−1



	brp04016
	MAPK signaling pathway—plant
	32 (4.15%)
	771
	6.81 × 10−2



	brp00710
	Carbon fixation in photosynthetic organisms
	30 (3.90%)
	771
	2.24 × 10−4



	brp00270
	Cysteine and methionine metabolism
	29 (3.76%)
	771
	4.43 × 10−2



	brp04146
	Peroxisome
	27 (3.50%)
	771
	1.95 × 10−2



	brp00480
	Glutathione metabolism
	26 (3.37%)
	771
	1.95 × 10−2



	brp00630
	Glyoxylate and dicarboxylate metabolism
	24 (3.11%)
	771
	3.32 × 10−2



	brp00230
	Purine metabolism
	24 (3.11%)
	771
	3.19 × 10−1



	brp00195
	Photosynthesis
	23 (2.98%)
	771
	8.07 × 10−4



	brp00260
	Glycine, serine, and threonine metabolism
	21 (2.72%)
	771
	5.77 × 10−2



	brp00040
	Pentose and glucuronate interconversions
	21 (2.72%)
	771
	4.72 × 10−1



	brp00360
	Phenylalanine metabolism
	20 (2.60%)
	771
	1.71 × 10−3



	brp00380
	Tryptophan metabolism
	20 (2.60%)
	771
	2.16 × 10−3



	brp00130
	Ubiquinone and other terpenoid–quinone biosynthesis
	16 (2.08%)
	771
	3.71 × 10−2



	brp00561
	Glycerolipid metabolism
	16 (2.08%)
	771
	2.49 × 10−1



	brp00966
	Glucosinolate biosynthesis
	15 (1.95%)
	771
	1.41 × 10−7



	brp00906
	Carotenoid biosynthesis
	15 (1.95%)
	771
	8.07 × 10−4







Total DEGs: total number of DEGs with pathway annotations. Percentage (%) = 100% × (number of DEGs)/total number of DEGs.
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