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Series-Spatial Transcriptome Profiling of Leafy Head Reveals the Key Transition Leaves for Head Formation in Chinese Cabbage
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Chinese cabbage is an important leaf heading vegetable crop. At the heading stage, its leaves across inner to outer show significant morphological differentiation. However, the genetic control of this complex leaf morphological differentiation remains unclear. Here, we reported the transcriptome profiling of Chinese cabbage plant at the heading stage using 24 spatially dissected tissues representing different regions of the inner to outer leaves. Genome-wide transcriptome analysis clearly separated the inner leaf tissues from the outer leaf tissues. In particular, we identified the key transition leaf by the spatial expression analysis of key genes for leaf development and sugar metabolism. We observed that the key transition leaves were the first inwardly curved ones. Surprisingly, most of the heading candidate genes identified by domestication selection analysis obviously showed a corresponding expression transition, supporting that key transition leaves are related to leafy head formation. The key transition leaves were controlled by a complex signal network, including not only internal hormones and protein kinases but also external light and other stimuli. Our findings provide new insights and the rich resource to unravel the genetic control of heading traits.
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INTRODUCTION

Chinese cabbage (Brassica rapa ssp. pekinensis) is a widely cultivated vegetable crop in East Asia. It has a unique product organ, a leafy head, which is a distinct type of plant architecture shared by several vegetable crops, including cabbage, mustard, endive, and lettuce (Wang et al., 2014; Yu et al., 2020). The vegetative growth period of Chinese cabbage can be divided into three stages: seedling, rosette and heading stage (Yu et al., 2013). At the seedling stage, the leaves are round and flat with long petioles, while at the rosette stage, the inner new leaves are continually formed at the shoot apical meristem (SAM) and subsequently become large with short petioles, which start to grow more upright surrounding the axis of the enlarged, but compressed stem (Opena et al., 1998; Sun et al., 2019).

When it comes to the heading stage, some rosette leaves begin to incurve and fold upward. As more new leaves form and expand around the SAM, they become increasingly entrapped until they remain folded in the center to form leafy heads as nutrient storage organs. When leafy heads are ready for harvest, the leaves are wrinkled with broad midveins and broad fleshy petioles (Sun et al., 2019), and different regions of the blade and petiole also show varying degrees of curvature. In addition, various types of leaf morphology can be distinguished from the inner to outer leaves. The inner head leaves (HLs) curve inward, are wrapped by outer HLs, and are not exposed to the sunlight. They can be white, orange, or yellow, while outer HLs are green, grow upright, and curve outward (Li et al., 2012; Li Y. et al., 2019). In contrast, the outermost leaves are non-heading and close to the soil surface and easily become senescent and rotting. Generally, the outer leaves are considered to promote head formation by supplying photosynthates to the inner leaves for head formation, as well as providing shade to the head (He et al., 2000; Wang et al., 2014). Leaf morphological and functional differentiation with the growth stage and spatial position indicate that leafy head formation is a very complex process.

As for the leafy head domestication trait, some genes involved in adaxial–abaxial polarity pathway and hormones related genes, were found to be under selection in leaf-heading accessions, indicating their contribution to leafy head formation (Cheng et al., 2016; Liang et al., 2016; Cai et al., 2021). Genetic analysis has demonstrated that the ad-ab polarity pathway gene BcpLH affected the inward curvature of leaves (Yu et al., 2000; Ren et al., 2020). Transcription factors, such as BrpTCP4 and BrpSPL9, have been proven to be involved in leafy head formation by affecting head shape and heading time, respectively (Mao et al., 2014; Wang et al., 2014). In addition, gibberellin biosynthesis related gene BrKS1 was identified for leafy head formation by screening the EMS mutant library of Chinese cabbage (Gao et al., 2020). Auxin biosynthesis genes (AUXs) have also been investigated and demonstrated to be involved in leafy head formation, possibly by regulating the concentration of auxin (He et al., 2000).

In addition to the differences in leaf morphology, the leaf functions are also different; i.e., the rosette leaves act as photosynthetic organs, while leafy head serves as a nutrient sink organ (He et al., 2000). Carbohydrate accumulation in the leaves was also considered to be closely related to leafy head formation (Ito and Kato, 1957; Wang et al., 2012). Sucrose, fructose and glucose are the main soluble sugars, most of which in edible organs come from the photosynthate of source leaves. Sucrose is the main form of photosynthate output, which can be decomposed into fructose and glucose in sink cells (Park et al., 2008). The distribution and composition of carbohydrates in sink tissues depends on the relative gene expression of enzymes in carbohydrate metabolism. A recent study investigated differing sugar accumulation and expression patterns of sugar-metabolizing enzyme genes in heading leaves of Chinese cabbage, and then identified the important role of sucrose synthase (SUS1) in leafy head formation (Liu et al., 2021).

To reveal the molecular mechanism underlying leafy head formation, a range of transcriptomic studies were performed based on the comparison of changes in transcript abundance of only certain leaves at different development stages, or between heading Chinese cabbage or non-heading pak-choi (Wang et al., 2012; Li J. et al., 2019; Sun et al., 2019). Wang et al. (2012) discovered that some stimuli (such as carbohydrate levels, light, and hormones), and transcription factors, protein kinases and calcium, may play important roles in leafy head development. In addition, hormones such as auxin, cytokinin, abscisic acid, gibberellin, and brassinosteriods (BR), were found to perhaps play important roles in leafy head formation (Gao et al., 2017; Gu et al., 2017; Li J. et al., 2019). However, previous transcriptome analyses to date have focused on only the inner leaves between different stages or simply separated the blade and midrib of internal and external leaves of leafy heads, which ignores the various leaf morphologies at heading stages that may play diverse and potentially fundamental roles in leafy head formation. To date, the genetic basis and molecular mechanism of leafy head formation remain largely unclear, including the roles of leaf blades and petioles.

Considering the significant differences in leaf morphology, including age, color, size, and curvature degree, the inner to outer leaves of leafy head at the heading stage reflect their functional diversification and specialization; i.e., the outer leaves might act as source tissues, while the inner leaves act as sink tissues. In addition, even on the same leaf, the different regions show significantly different structures and curvature degrees, indicating their different contributions to the leaf heading process. Here, we investigated the transcriptome profiles of continuous head leaves from inside to outside at the heading stage, including inner SAM, inner leaves (covered and not exposed to sunlight), and outer leaves (exposed to sunlight), which represented different leaf morphology. Moreover, five different regions in the blade and petiole of head leaves were further separated considering that different regions on the same head leaf show different degrees of curvature. The series-spatial profiles of genome-wide gene expression were presented in a total of 24 different leaf tissues, identifying the key transition head leaves that likely have an important role in leaf-heading. Overall, our study provided new insights into leafy head formation.



RESULTS


RNA-Seq of Dissected Leaves at the Heading Stage of Chinese Cabbage

The leafy head formation of Chinese cabbage is attributed to significantly spatial leaf morphological differentiation. The head leaves presented two regions, the blade and petiole, which show different structures and curvature degrees. The head leaves from the inside to the outside also showed significant morphological variations (Figure 1A). In addition to the gradually increasing leaf size, the color of the leaf blades changed from yellow (L1–L4) to yellow–green (L5–L6), then became light green (L7) and dark green (L8–L9). Moreover, the SAM and inner leaves (L1–L6) curved inward, while the outer leaves (L8–L9) curved slightly outward. Of all the leaves, L7 was positioned at the boundary between the inner incurved leaves and outer outward-curved leaves, and they covered all the inner leaves and provided shade to form the head. Here, L7 was defined as an outer leaf.
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FIGURE 1. Transcriptome profiling of Chinese cabbage leaves in different leaf layers at the heading stage. (A) Representative pictures of leaves spanning 11 leaf layers. The leaf layers marked with a check mark were used for RNA-seq. Scale bar is 5 cm. (B) L2 was divided into two regions (including leaf blades and petioles) for sampling. L3, L5, L7, and L9 were divided into five regions (named R1, R2, R3, R4, and R5, respectively) for sampling. (C) PCA of the transcriptomes of the 24 different tissues. The first PC (PC1) distinguished leaf positioning from SAM and explained 35.4% of the total sample variation. The second PC (PC2; 17.6% of sample variance) clearly distinguished the petioles from the leaf blades. (D) The cluster dendrogram for total samples. IL1 inner leaves 1; IL2B, blade of inner leaves 2; IL2P, petiole of inner leaves 2; OLB, outer leaf blade; OLP, outer leaf petiole.


To explore the molecular processes underlying the leafy head formation, comprehensive transcriptome analysis was conducted on 24 leaf tissue samples with two biological replicates for each tissue, including the shoot apical meristem with the incipient youngest leaves (SAM), whole inner leaves (L1), and dissected blade and petiole tissues from three inner leaves (L2, L3, and L5), and two outer leaves (L7, L9), which represented significant differences in leaf morphology (Figures 1A,B). Transcriptome sequencing yielded 7.43 × 108 high-quality clean reads from 48 samples (1.549 × 107 reads per sample, on average; Supplementary Table 1). All biological replicates showed a high correlation, with a Pearson correlation coefficient of 0.92–0.99 (Supplementary Figure 1). After mapping clean reads to the Chinese cabbage reference genome, transcripts per million (TPM) was calculated for each gene. A total of 27,876 expressed genes were identified (Supplementary Figure 2A and Supplementary Table 2), and 75.08% of genes (20929/27876) were commonly expressed in all samples (Supplementary Figure 2B).

Principal component analysis (PCA) showed a clear separation along principal components (PC) 1 and 2. PC1 separated the leaf samples according to their distance from the SAM, whereas PC2 separated the blade and petiole tissues. In combination with hierarchical clustering analysis, the transcriptomes were divided into five distinct leaf tissue groups. Samples from SAM and L1 formed inner leaves 1 (IL1) and represented the tissues that were closest to the shoot apex. Blades of inner leaves 2 (IL2B) and petioles of inner leaves 2 (IL2P) represented the blade and petiole tissues of L2–L5, whereas the outer leaf blade (OLB) and outer leaf petiole (OLP) represented the blade and petiole tissues of outer leaves (L7 and L9), respectively (Figures 1C,D). These groups were in accordance with our observation of leaf morphological differentiation in these selected leaf samples, indicating that our sampling strategy would identify tissue-specific genes from different head leaves.



Profiling of Differentially Expressed Genes in Heading Leaves

Differentially expressed genes (DEGs) were identified in different leaves at the whole-genome level to explore the diverse and potential functions among these leaves. A total of 9,133 DEGs were found, including 5,186 DEGs among leaf blades and 6,136 DEGs among petioles, as well as 5,514 DEGs between leaf blades and petioles (Supplementary Figure 3). A display of DEGs (Figure 2A) showed that they were divided into 14 co-expression clusters (CEC1–CEC14; Supplementary Figure 4) using the k-means clustering, and these CECs were closely related to the five groups of HL samples in Figures 1C,D.
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FIGURE 2. Expression profiles and functional transition of 9,133 DEGs in different leaves. (A) K-means clustering of DEGs. A total of 9,133 DEGs were grouped into 14 clusters. For each gene, expression data were Z-score standardized. (B) Gene ontology (GO) slim categories of each co-expressed cluster were presented as a heatmap with a color gradient based on the false discovery rate (FDR) values. Only significant GO categories (FDR < 0.05) were displayed.


The high expression level of DEGs in IL1 was best represented by CEC 1 and 2 (Figure 2A and Supplementary Table 3). CEC 1 was highly expressed in SAM and was represented by genes related to meristem development, tissue development, and adaxial/abaxial polarity (Figure 2B). For example, STM, KNAT2, and KNAT6 in SAM are required to maintain indeterminate cell fate and to prevent cell differentiation in the meristem (Carles and Fletcher, 2003). In addition, BOP1 and BOP2 are expressed in the proximal region to directly activate the adaxially expressed AS2 and the boundary-expressed LOB (Jun et al., 2010). CEC 2 was highly expressed at SAM and L1 and contained a set of genes related to cell division, cell proliferation, cell growth, and auxin biosynthetic process (Figure 2B), such as CDKB1, CDKB2, CYCA1;1, AN3, ANT, FKD1, and PIN1. Previous studies showed that CDKBs, CYCAs, ANT, and AN3 were involved in cell proliferation during leaf development (Powell and Lenhard, 2012; Kalve et al., 2014). In developing leaf veins, FORKED1 is required for localization of PIN1, contributing to organ positioning, separation, and outgrowth (Vernoux et al., 2000; Hou et al., 2010).

The high expression level of DEGs in IL2B was best represented by CEC 4–6 (Figure 2A and Supplementary Table 3). CEC 4, 5, and 6 were all enriched in the organic acid metabolic process, starch metabolic process, plastid organization, and glycosinolate metabolic process. Additionally, both CEC 5 and 6 contained substantial expression of genes related to photosynthetic light reactions, as well as several key genes of the Calvin cycle, including PSAE2, PSBQ2, CAB, PSAK, and PSAL (Figure 2B). The high expression level of DEGs in IL2P was best represented by CEC 9 (Figure 2A and Supplementary Table 3). The CEC 9 were enriched in plant cell wall-related process, including wall organization or biogenesis, and pectin metabolic processes (Figure 2B). For example, IRX9, IRX3, and IRX15 are essential for normal xylan synthesis and deposition in the secondary cell wall (Doering et al., 2012). In addition, the genes encoding expansins (EXPA3, EXPA4, EXPA9, and EXP12) were also enriched in CEC 9 (Kalve et al., 2014).

The high expression level of DEGs in OLB was best represented by CEC 7 and 8 (Figure 2A and Supplementary Table 3). CEC 7 were highly expressed in leaf blade of L7 and were represented by genes related to protein modification process, protein phosphorylation, and protein serine/threonine kinase activity (Figure 2A), such as BRI1, CPK5, and CRK39. These results reflected that the L7 was characterized by obvious signal transduction and gene regulation characteristics. CEC 8, with a high expression level in the leaf blade of L9, contained a set of genes related to chlorophyll catabolic process, cellular catabolic process, regulation of defense response, response to fructose, and abscisic acid-activated signaling pathway (Figure 2B). For example, MCCA, ACD1, ACD2, and HGO were involved in the catabolic process (Ding et al., 2012; Pattanayak et al., 2012; Han et al., 2013). Abscisic acid (ABA) regulates various developmental processes and adaptive stress responses in plants (Cutler et al., 2010). In addition, many abscisic acid-responsive genes were also enriched in CEC 8, including ABI5, ABI1, SNRK2, CIPK15, NAC019, ANAC2, PYL7, and MYB74.

The high expression level of DEGs in OLP was best represented by CECs 11 and 12 (Figure 2A and Supplementary Table 3). The genes in CEC 11 were highly expressed in the petioles of L7–L9, but they were not enriched in any Gene ontology (GO) term. The genes in CEC 12 were highly expressed in the petiole of L9. These genes might be mainly involved in the abscisic acid-activated signaling pathway, jasmonic acid (JA) metabolic process, JA responsion, defense responsion, biotic stimulus responsion, salicylic acid responsion, and external stimulus responsion. Many JA pathway genes were enriched in CEC 12, including JA biosynthetic genes (AOC3, OPR3, JASSY, AOS, and LOX4) and JA response genes (MYBR1, ILL6, TAT3, JAZ1, JAZ5, JAZ6, MYC2, JAZ10, JAZ8, and JAZ3) (Huang et al., 2017; Wasternack and Song, 2017). These results suggest that L9 may play a role in protecting the leafy head from external damage.

Although whole-genome transcriptomic profiling suggested five distinct groups for leaf samples (Figures 1C,D), a total of 3,051 highly expressed genes, including 195 TFs, in CECs 3 and 4, CECs 6 and 14, and CEC 10 may have similar functional processes in IL1-IL2B, IL2B-OLB, and IL2P-OLP, respectively, as these genes represented similar expression patterns between groups (Figure 2A and Supplementary Table 3). These shared genes may have important roles in the functional transition from one group to another. The discovery of group-specific and group-shared highly expressed genes indicated the dynamic expression profiling existing in heading leaves.



Expression of Genes Related to Leaf Development Reveals the Key Transition Leaves in Leafy Head

Cell proliferation and elongation rates along different axes directions shape leaf morphology (Tsukaya, 2003; Horiguchi et al., 2006; Nakata and Okada, 2013). We identified previous characterized cell proliferation-related genes and cell expansion-related genes (Powell and Lenhard, 2012; Du et al., 2018; Supplementary Table 4 and Supplementary Figure 5), to investigate the role of cell proliferation and expansion genes in morphology differentiation of head leaves. We found that most cell proliferation genes peaked in IL1 HLs, including SAM and L1, but were rapidly downregulated in IL2 HLs and outer HLs (Figure 3A), implying their important role in the initiation of the constantly growing inner leaves. Unlike cell proliferation genes, most cell expansion genes were highly expressed in the blade regions of IL2 HLs and outer HLs, and they displayed more diverse expression patterns and were divided into four clusters (Figure 3A). Notably, several genes in cluster VI had higher expression levels in R1 and R2 than in R3, such as BrTCP5.1, BrTCP5.2, BrNGA1.1, and BrNGA1.2, indicating their potential role in leaf marginal growth of HLs. The genes from cluster V were dominantly expressed in the petioles, indicating that they have a specific role in petiole growth. Furthermore, genes from clusters V, VI, and VII showed significantly different patterns between IL2 HLs and outer HLs. Cluster VI genes showed significant downregulation in outer HLs compared with IL2 HLs, while cluster VII genes dominantly expressed in outer HLs than IL2 HLs and cluster V genes showed the highest expression in the outer HL L7. These results indicated that L7 are special transition leaves, which was in accordance with our observation that L7 were positioned as key boundary leaves between the outer and inner leaves. Overall, our results suggested that leafy head growth included a developmental transition of cell proliferation-dominant in IL1 HLs to cell expansion-dominant in IL2 and outer leaves, and cell division/cell expansion of the leaf blade and petiole were coordinated by different genes. In addition, most cell expansion genes showed different expression pattern between IL2 HLs and outer HLs, resulting in a significant change in the regulation of cell division and cell expansion in L7 compared with IL2 HLs and outer leaves (Figure 3B).
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FIGURE 3. Expression pattern of cell proliferation and cell expansion genes. (A) Hierarchical clustering analysis of cell proliferation genes and cell expansion genes. For each gene, expression data were Z-score standardized. (B) Expression model of cell proliferation genes and cell expansion genes in Chinese cabbage at the heading stage.


The curvature of Chinese cabbage HLs is generally considered to be caused by the asymmetric cell growth between the adaxial and abaxial axis of the leaf (Cheng et al., 2016; Liang et al., 2016; Yu et al., 2020). To explore the role of ad-ab polarity genes in the curvature of head leaves, their expression patterns were analyzed (Supplementary Table 5). Almost all adaxial genes, except BrAS1.1, showing a significantly low expression level in the outer HLs (Figures 4A,B). For the abaxial gene, two major expression patterns were observed. Many abaxial genes, except BrKAN2.1 and BrKAN2.3, showed a similar expression pattern with adaxial genes; they were predominantly expressed in inner HLs, downregulated from the inner to the outer leaves, and significantly repressed in the outer HLs (Figures 4A,C). Conversely, there were still many abaxial genes were upregulated from the inner to the outer leaves, and significantly upregulated in the outer HL L7, such as BrARF2.1, BrARF2.2, and BrARF2.3 (Figures 4D–F). Interestingly, the adaxial gene BrAS1.1 and two abaxial genes BrKAN2.1 and BrKAN2.3 were specifically upregulated in L7. A homologous gene of AS1 (LsAS1) in lettuce has been confirmed to be involved in leafy head formation (Yu et al., 2020), whereas BrKAN2.1 and BrKAN2.3 were demonstrated to be under strong selection in heading Chinese cabbage (Cheng et al., 2016). Altogether, most ad-ab polarity genes showed significantly different expression patterns in the outer HLs compared with inner HLs.


[image: image]

FIGURE 4. Expression profiles of ad-ab polarity genes. (A) Expression characteristics of ad-ab polarity genes in leafy head. For each gene, expression data were Z-score standardized. (B) Expression pattern of adaxial genes. (C–F) Four expression patterns of abaxial genes. Crescent indicated transverse section of a leaf.


Considering the morphological observations, PCA and clustering analysis, and expression of genes related to cell division/expansion and ad-ab polarity, L7 were positioned at the boundary between the inner leaves and outer leaves. L7 curved inward, thus showing a similar characteristic to inner leaves. However, L7 covered all inner leaves, providing shade for inner leaves, but the top of the blades exposed to light were light-green, thus showed similar to outer leaves. Therefore, L7 were classified into the outer leaves group by PCA and clustering. In agreement with this observation, expression analysis of genes related to cell division/expansion and ad-ab polarity revealed that L7 were a transition state showing three patterns. First, L7 showed a similar expression pattern to adjacent inner leaves L5 but were different from adjacent outer L9. Second, L7 showed a similar pattern to the outer L9 but were different from the inner L5. Third, L7 showed a specific pattern compared to the adjacent inner L5 and outer L9. In summary, our results confirmed that L7 and adjacent leaves L5 showed consecutive transition states and acted as transition leaves, but L7 were the key transition leaves.



Analysis of Sugar Metabolism Further Demonstrates the Key Transition Leaves in Leafy Head

In addition to the differences in leaf morphology between the inner and outer leaves at the heading stage, at this stage, the inner leaves are shielded from light, acting as storage organs, whereas the outer leaves are green and exposed to light, implicating their ability to photosynthesize to provide a carbon source for head development (He et al., 2000). Sucrose is the main form of photoassimilate transportation from the photosynthetic “sources” to the heterotrophic “sinks” (Fu et al., 2011; Chen et al., 2012). Here, we further identified and analyzed the accumulation of soluble sugar in HLs and expression characteristics of related gene (Supplementary Table 6).

Almost all genes encoding sucrose-phosphate synthase (SPS), a key enzyme of sucrose synthesis and its activity dictating the identities of source tissues (Ruan, 2014; Rodrigues et al., 2020), were predominantly expressed in outer leaves L7 and L9 (Figure 5A). Consistent with this, several key sucrose transporters (BrSWEET11s, BrSWEET12s, and two BrSUT1) were also preferentially expressed in outer leaves L7 and L9 (Figure 5A). In Arabidopsis, AtSWEET11 and AtSWEET12 are highly expressed in source leaves and are co-expressed with genes involved in sucrose biosynthesis and phloem loading (Gottwald et al., 2000; Chen et al., 2012). These results indicated that the outer leaves from L7 to L9 were the sites of sucrose synthesis. Interestingly, four genes encoding sucrose transporters (BrSUT2.1, BrSUT2.2, BrSUT4.1, and BrSUT4.2) were highly expressed in the petioles of HLs (Figure 5A). According to previous reports, SUT2 and SUT4 showed higher expression in sink cells and tissues (Meyer et al., 2004; Schulz et al., 2011; Schneider et al., 2012). These seemed to indicate that the petioles may be sink tissues. Almost all genes encoding SUS, which is an important sucrose-degrading enzyme hydrolyzing sucrose to fructose and UDP-glucose and considered a marker for sink strength (Ruan, 2014), were preferentially expressed in the inner HLs (SAM to L5) (Figure 5A), while other sucrose degrading genes such as BrCIN3, BrCIN7.2, and BrCIN1, showed significantly higher expression in the outer HLs than inner HLs. In addition, starch is an important storage substance in sink organs, and its important synthetic genes were highly expressed in inner HLs (SAM to L5), while lowly expressed in outer HLs. These results also supported that heading leaves from SAM to L5, as well as all petioles, could be storage organs for storing nutrients.
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FIGURE 5. The expression pattern of starch, sucrose and transport genes in leafy head. (A) Expression profiles of the genes related to sucrose synthesis, transport, degradation, and starch synthesis. For each gene, expression data were Z-score standardized. (B) Soluble sugar content in different leaves. The X axis depicts 12 samples, and the y axis depicts the sugar content. Error bars represent the SD (n = 2). (C) A model proposed for sucrose synthesis, transport, degradation and starch synthesis in leafy head.


We further determined the content of sucrose, fructose and glucose in different head leaves. In accordance with the expression pattern of SUSs, the trend curves of fructose and glucose content in different head leaves were shown as inverse V shapes (Figure 5B). The content of fructose increased dramatically from L1 to L2, peaked at L3, and tapered off from L5–L9, and glucose content was maintained at a high level in the inner HLs (SAM to L3), decreased rapidly from L5 to L9. While the content of sucrose was constantly decreased from inner to outer HLs (Figure 5B). Taken together, our results demonstrated that outer leaves were source tissues that provide energy, while inner leaves the sink tissues for storing nutrients, and the L7 were the key transition leaves for leafy head development (Figure 5C).



The Key Transition Leaves Are Related to Leaf Heading

To explore the contribution of the key transition leaves in leafy head formation, we next analyzed the expression characteristics of the previously identified candidate genes for leafy head formation. Since heading is the result of artificial domestication (Cheng et al., 2016; Zhang et al., 2019), the genes under strong selection in heading B. rapa might be candidate genes involved in leafy head formation. In this study, besides ten reported heading-related genes, 13 other leaf-heading candidate genes were further discovered in the domesticated selection region collected from our previously published data (Supplementary Table 7; Cheng et al., 2016; Cai et al., 2021). Surprisingly, nine of the ten reported heading-candidate genes were obviously activated or inhibited in the key transition leaves L7, including two downregulated genes (ARF3.1 and ARF4.1) and seven upregulated genes (KAN2.1, KAN2.3, BRX.1, BRX.2, BrPIN3.3, BrFL5.1, and BrSAL4.2) (Figure 6A and Supplementary Table 7). Moreover, eight of the 13 newly identified candidate genes also showed specific expression trends (Figure 6B and Supplementary Table 7). The expression level of BrKS (a reported heading-related gene) in the key transition leaves and inner leaves was significantly higher than that of the outer L9, and peaked at the petiole R4 region of the key transition leaves (Figure 6A). The significantly different expression of the heading candidate genes in the key transition leaves compared with other leaves confirmed that these genes will no doubt be the targets of future functional studies, and suggested that the transition leaves were related to leafy head formation.
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FIGURE 6. Expression characteristics of heading candidate genes. (A) The expression characteristics of reported heading candidate genes in key transition leaves. (B) The expression characteristics of heading candidate genes newly identified by domesticated selection analysis.




Weighted Gene Coexpression Network Analysis Reveals the Complex Signal Interactions That Integrate Phytohormones-External Stimuli in the Transition Leaves

To identify the pathways contributed to the special state of the transition leaf, weighted gene coexpression network analysis (WGCNA) were performed. A total of 17 modules were identified by WGCNA (Supplementary Figure 6). Among them, five modules (greenyellow, magenta, purple, turquoise, and yellow) displayed close associations with transition leaves. Two modules, greenyellow and magenta, were specifically related to the transition leaves and contained many genes encoding protein kinase, including mitogen-activated protein kinases (MAPK), calcium-dependent protein kinases (CDPKs), and cysteine-rich receptor-like kinases (CRKs) (Figure 7A, Supplementary Figures 7, 8, and Supplementary Table 8). These protein kinases are key actors in plant signaling and play an important role in plant development, and external stimulus and phytohormone responses (Xu and Zhang, 2015; Baba et al., 2018; Shi et al., 2018). For example, MPK12 is a negative regulator of auxin signaling, and its kinase activity is increased following auxin treatment (Lee et al., 2009). In addition, the activity of MAPKs is also regulated by BR signals (Kim et al., 2012). In Arabidopsis, AtCRK5 can phosphorylate the hydrophilic loops of PIN3, impacting auxin distribution (Ding et al., 2011; Baba et al., 2019). AtCRK1 regulates the light response, and the Atcrk1-1 mutant shows serious growth defects under continuous illumination (Baba et al., 2018). Here, from the inner to outer leaves, CRK1, CPK5, MPK12, and CML4 displayed increased expression in the blades of L7 but rapidly decreased in L9, indicating that key transition leaves L7 might be regulated by complex signal interactions, not only light and other external stimuli, but also internal hormones.
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FIGURE 7. Important pathway identified in the key transition leaves. (A) Expression profiles of the genes related to protein phosphorylation and calcium ion binding identified in key transition leaves. Vertical shade boxes indicate transition leaves position. (B) Expression profiles of auxin signaling genes upregulated in key transition leaves. Vertical shade boxes indicate transition leaves position. (C) Expression profiles of BR signaling genes upregulated in key transition leaves. Vertical shade boxes indicate transition leaves position.


As expected, multiple phytohormonal pathways were activated in the petioles or blades of the transition leaves (Figures 7B,C and Supplementary Figure 7). Many auxin signaling pathway genes PIN3, TIR1, AXR3, ARF7, ARF19, SAUR20, and SAUR19 were highly expressed in key transition leaves L7 (Figure 7B). As reported, ARF7, ARF19, and SAUR19 constituted a module that mediates the bending growth of hypocotyls in response to light and gravity stimulation (Wang et al., 2020). The icu6, semi-dominant mutation of AXR3, results in leaf incurvature (Pérez-Pérez et al., 2010). Meanwhile, AXR3 could be induced by exogenous BR and is significantly downregulated in bri1 plants (Kim et al., 2006; Nakamura et al., 2006). Many BR signaling pathway genes showed predominant expression in transition leaves, including synthesis gene CPD, receptor gene BRI, and signal transduction genes BSK1, BIN2, BES1, BZR1, and BEH4 (Figure 7C). The mutation of BRI1 resulted in shorter petioles and curled leaves in Arabidopsis (Yang et al., 2011). BRX mediates the feedback regulation loop between BR synthesis and auxin signaling (Mouchel et al., 2006; Scacchi et al., 2009; Marhava et al., 2018). Overexpression of Chinese cabbage BrBRX.2 in Arabidopsis caused curling leaves with changes in leaf ad–ab polarity patterning (Zhang et al., 2021). Those results indicated that the crosstalk between auxin and BR may play an important role in key transition leaves.

In addition, a lot of light-responsive genes were also activated in transition leaves, such as FHY3, DAG2, RAX2, COP1, PHOT1, and PHYB (Supplementary Figure 8). COP1 is a central repressor of photomorphogenesis and directly interacts with BIN2 and modulates its kinase activity (Ling et al., 2017). PHOT1 is a blue-light photoreceptor that regulates leaf development and morphology by mediating auxin efflux (Jenness et al., 2020). Some important transcription factors that regulate leaf development were also identified, including PIF4, TCP24, TCP2, MYB30, HB12, BLH2, BrKAN2.1, and BrAS1.1, were identified (Supplementary Figure 8). MYB30 is closely integrated with the phytochrome-PIF4/PIF5 signaling module to participate in photomorphogenesis (Yan et al., 2020). Collectively, our data show that a complex signal network integrates plant hormones and external stimuli to maintain the special state of transition leaves.




DISCUSSION

To explore the mechanism of leafy head formation, many transcriptome studies of Chinese cabbage leaves have been conducted (Wang et al., 2012; Li J. et al., 2019; Sun et al., 2019). However, most heading candidate genes discovered through domestication selection analysis, genetic analysis, or molecular biology have not been identified by these studies. The reason may be that previous transcriptome studies only focused on a certain leaf between different stages, or analyzed mixed-leaf samples, thereby ignoring the diverse and potentially fundamental roles of complex head leaves with different morphology during leaf heading and limiting the value of transcriptome data to understand the process of leafy head formation. In this study, we constructed a spatial transcriptome landscape of leafy head using 24 dissected leaf tissues at the heading stage. Our samples contained continuous head leaves representing very different leaf morphologies. For example, the outer leaves wee yellow-green or green, and curved outward, while the inner leaves were covered by outer leaves, showing yellow and inwardly-curved. And the different part of the leaves by dissecting different regions from blades and petioles due to their structure or curvature degree is different. Our spatial sampling approach enabled the detection of tissue-specific or low abundance genes and their spatial expression changes in a leafy head. For example, the previously identified leaf head related genes such as BrKAN2.1 showed enrichment in blades, while BrARF3.1 was predominantly expressed in petioles. More importantly, it enabled the identification of the key transition leaves, because most of the genes involved in leaf development, including the genes related to cell division/expansion and ad-ab polarity, and the genes involved in sucrose metabolism showed significant expression changes in the key transition leaves (L7) or in both the key transition and their adjacent leaves (L5).

Surprisingly, most heading candidate genes (17/23), including those previously identified and those newly identified by domesticated selection analysis, indeed showed very different expression in the key transition leaves. In addition, an independent experiment was conducted to observe the morphological changes of transition leaves from the rosette stage to the heading stage (Figure 8). At the rosette stage, the new leaves were continually formed at the SAM, and the rosette leaves started to grow more upright. The leaves were arranged as a spiral path. As plants gradually grew up, the fifth whorls of leaves from outside to inside began to curve inward gradually until folding upward, thus covering all the inner leaves and finally forming a leafy head (Figure 8), which were similar to the key transition leaves (L7, the fourth whorls of leaves from outside to inside) identified from the transcriptome analysis. Conversely, the first fourth whorls of leaves, including the outermost leaves that were totally covered, did not curve inward and kept growing upright, resulting in the gentle outward curved in the top of their blades. Our observations showed the key transition leaves as the first inwardly-curved leaves that subsequently folded upward, which covered all the inner leaves and supported a frame for leafy head formation. These results strongly support the existence of special transition leaves, that play very important roles in leafy head formation, suggesting that the key transition leaves are worthy of attention in future heading research.


[image: image]

FIGURE 8. Morphological changes of Chinese cabbage (Brassica rapa cv Chiifu-401-42) from rosette stage to heading stage. The edges of key transition leaves were marked by colored dotted lines.


Accordingly, we further analyzed the specific transcriptional characteristics of the transition leaves through WGCNA. The transition leaves showed the enrichment of transcripts associated with protein kinases, auxin and BR pathways, and the light-responsive pathway, which was consistent with a previous study (Wang et al., 2012). Moreover, many of the previously identified heading-related genes were involved in the auxin and BR signaling pathways, including ARF3, ARF4, PIN3, and BRX. Interestingly, the protein kinases that play an important role in cell signal transduction (Xu and Zhang, 2015; Shin et al., 2016) were preferentially highly expressed in the leaf blade of the key transition leaves. Comparatively, many auxin and BR signaling genes were enriched at the R4 position of the key transition leaves, which were located at the top of the petiole and connected to the leaf blade and the petiole (Figure 7). Gao et al. (2017) found an uneven distribution of auxin, and the level of auxin peaked at the lower area of the leaf blades in the HLs in the early folding stage, which was caused by the polar transport of auxin. These results suggested that the transition leaves first curved inward, resulting from complex signal network regulation, including internal hormones, such as auxin and BR, as well as external stimuli, such as light. In addition, the leaf blade and leaf petiole showed different contributions to these signal integrations, and the region R4 is a site worthy of future attention for hormone content analysis.

In summary, the spatial transcriptome of the Chinese cabbage leafy head enabled the identification of the key transition leaves and provided a new perspective for leaf heading in Chinese cabbage. The values of the key transition leaves were illustrated to elucidate the genetic control of the complex leaf morphological and functional differentiation underlying leaf head formation. It also provides a valuable reference for leaf-heading research in other vegetables with leafy head, such as cabbage, mustard, lettuce, and endive, and the identification of the key transition leaves may be a valuable starting point to understand leaf head formation. However, the transition leaves may not be the exact leaves L7 identified by our study due to different species, different growth conditions, and even different heading types of the same species. In addition, our comprehensive and spatial transcriptome data cover almost all the aerial parts of Chinese cabbage at the heading stage. These data can be used to study leaf morphology and development, as well as to analyze the synthesis and accumulation of nutrient substances in leafy heads, such as glucosinolate, and explore the differentiation between homeologs after whole genome triplication.



MATERIALS AND METHODS


Plant Materials and Sample Collection

Chinese cabbage (B. rapa cv Chiifu-401-42) was sown in potted trays in a greenhouse at August. After 3 weeks, seedlings were transplanted in the field with plastic sheds at the Chinese Academy of Agricultural Sciences. Eleven-week-old plants were used for sampling. Two normal growing Chinese cabbages were randomly selected. Since all head leaves arise on the axis of the enlarged but compressed stem, the spiral path of leaves may have five leaves in two whorls or eight leaves in three whorls (Zhang et al., 2021). The leaves in the same whorl showed similar size and similar morphology. Accordingly, all head leaves (leaf length > 2 cm) from the outer leaves to inner leaves were separated and collected in order, while the young and small inner leaves (leaf length < 2 cm) with the SAM were not separated and were collected as a mixed sample. A total of 30 leaves were obtained from each head. From the inside to the outside, every three leaves with similar morphology and similar size were taken as a whorl of leaves and a total of 10 whorls of leaves were obtained (Figure 1A). One leaf from every whorl was selected, named L1–L10, but only SAM, L1, L2, L3, L5, L7, and L9 were chosen for transcriptome analysis. L2 was dissected into two parts, leaf petiole (L2R2) and leaf blade (L2R1) for RNA-seq, while for L3, L5, L7, and L9, five regions, including the top (R1), outer margin (R2), and middle region (R3) of the blade and the top (R4) and middle (R5) regions of the petiole, were sampled. After sampling, a total of 48 samples from two biological replicates (two leafy heads) were ultimately used for transcriptome sequencing via the Illumina platform.



RNA Isolation and Sequencing

Total RNA was extracted using the TRIzol reagent (Invitrogen, CA, United States). RNA integrity was confirmed using the 2100 Bioanalyzer. RNA-seq libraries were constructed according to the manufacturer’s protocol of the Vazyme mRNA-seq library preparation kit (Vazyme) and were sequenced to generate 150-nucleotide paired-end reads on a HiSeq platform (Illumina).



Read Mapping and Differential Expression

The Chiifu reference genome (Brapa_v1.5; Cheng et al., 2016) was downloaded from http://brassicadb.org/brad/. After removing low-quality reads using the NGS QC Toolkit_v2.3.3 (Patel and Jain, 2012), clean reads were mapped to the Brapa_v1.5 reference genome using Hisat2-2.1.0 (Kim et al., 2015) with default settings for parameters. The bam files of uniquely mapped reads were used as inputs for the StringTie v1.3.4 software (Pertea et al., 2016), and TPM values were calculated to measure the expression levels of genes. To reduce transcription noise, only the genes with an average TPM ≥ 1 between two biological replicates were considered to be expressed and used for subsequent analysis.

Based on TPM values, DEGs were detected with a Fisher exact test (P-value cutoff < 0.05 and log2 fold change > 1 or <−1). By comparing the expression levels of genes at the corresponding positions of adjacent leaf blades (R1 vs R1, R2 vs R2, and R3 vs R3); that is, if a gene was upregulated or downregulated in multiple comparisons, it was considered a differential gene among leaf blades. SAM or HL1 were also used to compare adjacent blades. A similar method was also used to identify DEGs among petioles. The DEGs were identified between leaf blades and petioles by comparing the expression levels of genes in leaf blades and petioles from the same leaf; that is, if the expression level of a gene in any leaf blade sample was upregulated or downregulated relative to any petiole samples, it was considered to be a differential gene between leaf blades and petioles. Pearson correlation coefficient was calculated between biological replicates with the normalized expression levels of log2 (TPM value +1). Hierarchical clustering and PCA analysis were performed using the prcomp and hclust functions in R software (R Core Team, 2013) with default settings. The syntenic genes between A. thaliana and B. rapa were identified as previously described (Liang et al., 2016). An orthologous gene dataset was established for obtaining functional annotations of B. rapa genes based on A. thaliana genes.



Co-expression Cluster Identification and GO Enrichment Analysis

Co-expression analysis was performed on all samples using MeV (V 4.9) with the k-means method (Gasch and Eisen, 2002). The normalized expression values of genes with Z-scores were used for k-Means clustering. Gene ontology enrichment analysis of each co-expression cluster was performed using agriGO with the singular enrichment analysis method (FDR < 0.05) (Tian et al., 2017).



Content Assay of Soluble Sugars

The leaf blade or petiole samples from the same leaf layer were mixed together and ground in liquid nitrogen. Subsequently, 600 μl water and 800 μl internal standard (10 mg/ml arabinose water) were added to 200 mg ground powder, vortexed and mixed well. After sonication and of centrifugation for 10 min each, the mixture was filtered through a 0.22 μm filter membrane. Then, 895 μl of acetonitrile and 5 μl 20% ammonia water were added to 100 μl of filtrate, and the mixture was shaken to mix. The samples were maintained at in 4°C for 10 h and then filtered with a 0.22 μm organic membrane filter. The sugar content was then determined by UPLC-MS/MS (ACQUITY UPLC I-Class-Xevo TQ-S Micro, Waters).



Co-expression Network Analysis

To identify modules of highly correlated genes, those genes with an average TPM of more than 1 were used to perform the co-expression network analysis by WGCNA. The one-step network construction and module detection were performed using the function blockwiseModules, with the following settings: the soft threshold power was set to 16, the maxBlockSize was set to 30,000, the minModuleSize was set to 30, and a dynamic tree cutoff was 0.25.
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Supplementary Figure 1 | Pearson correlation coefficients of transcriptome data and distribution of TPM normalized expression. (A) Pearson correlation coefficients of transcriptome data from biological replicates for 24 leaf tissues. (B) Distribution of TPM normalized expression among 24 leaf tissues.

Supplementary Figure 2 | Distribution of expressed genes. (A) The numbers and proportion of expressed genes in 24 leaf tissues. (B) Distribution of expressed genes among different leaves.

Supplementary Figure 3 | Distribution of DEGs among different leaves/tissue-types. (A) DEGs overlap for the blades of neighboring leaf. (B) DEGs overlap for the petioles of neighboring leaf. (C) Overlap of DEGs between leaf blades and petioles.

Supplementary Figure 4 | K-means clustering grouped 9133 DEGs into 14 clusters. The X axis depicts 24 samples, and the Y axis represents the expression data per gene. For each gene, expression data were Z-score standardized.

Supplementary Figure 5 | Cell proliferation and cell expansion genes constitute a regulatory network that controls leaf size.

Supplementary Figure 6 | WGCNA of all expressed genes. (A) Hierarchical cluster tree showing co-expression modules identified by WGCNA. (B) Module–sample association. Each row corresponds to a module, labeled with a color as in panel (A). Each column corresponds to a specific tissue. (C) Expression profiles of the 17 module eigengenes in all tissues. The X axis indicates the tissues; The Y axis indicates the value of the module eigengene.

Supplementary Figure 7 | Expression pattern of some important genes identified in key transition leaves. (A) Expression profiles of the genes related to protein phosphorylation identified in KTLs. Vertical shade boxes indicate the position of key transition leaves. (B) Many auxin signaling genes were up-regulated in key transition leaves. Vertical shade boxes indicate the position of key transition leaves.

Supplementary Figure 8 | Expression pattern of some important genes in transition leaves. (A) Many light-responsive genes were identified in key transition leaves. Vertical shade boxes indicate the position of key transition leaves. (B) Many genes encoding transcription factors were up-regulated in key transition leaves. Vertical shade boxes indicate the position of key transition leaves.
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