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TCP proteins are plant-specific transcription factors that have multipurpose roles in plant developmental procedures and stress responses. Therefore, a genome-wide analysis was performed to categorize the TCP genes in the rapeseed genome. In this study, a total of 80 BnTCP genes were identified in the rapeseed genome and grouped into two main classes (PCF and CYC/TB1) according to phylogenetic analysis. The universal evolutionary analysis uncovered that BnTCP genes had experienced segmental duplications and positive selection pressure. Gene structure and conserved motif examination presented that Class I and Class II have diverse intron-exon patterns and motifs numbers. Overall, nine conserved motifs were identified and varied from 2 to 7 in all TCP genes; and some of them were gene-specific. Mainly, Class II (PCF and CYC/TB1) possessed diverse structures compared to Class I. We identified four hormone- and four stress-related responsive cis-elements in the promoter regions. Moreover, 32 bna-miRNAs from 14 families were found to be targeting 21 BnTCPs genes. Gene ontology enrichment analysis presented that the BnTCP genes were primarily related to RNA/DNA binding, metabolic processes, transcriptional regulatory activities, etc. Transcriptome-based tissue-specific expression analysis showed that only a few genes (mainly BnTCP9, BnTCP22, BnTCP25, BnTCP48, BnTCP52, BnTCP60, BnTCP66, and BnTCP74) presented higher expression in root, stem, leaf, flower, seeds, and silique among all tested tissues. Likewise, qRT-PCR-based expression analysis exhibited that BnTCP36, BnTCP39, BnTCP53, BnTCP59, and BnTCP60 showed higher expression at certain time points under various hormones and abiotic stress conditions but not by drought and MeJA. Our results opened the new groundwork for future understanding of the intricate mechanisms of BnTCP in various developmental processes and abiotic stress signaling pathways in rapeseed.
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INTRODUCTION
Transcription factors (TFs) contribute to plant growth and development, regulate gene expression, and play a significant role in several cellular/biological processes (Hoang et al., 2017; Karaaslan et al., 2020). The Teosinte Branched 1, Cycloidea, and Proliferating Cell Factors (TCP) gene family is a group of plant-specific TFs limited to higher plants (Cubas et al., 1999). These TFs have numerous roles in controlling plant growth and developmental procedures by directing cell proliferation (Cubas et al., 1999; Martín-Trillo and Cubas, 2010). Notably, these TFs are categorized by an extremely conserved 59-amino-acid basic helix–loop–helix (bHLH) motif at the N-terminus nominated as the TCP domain (Aggarwal et al., 2010). This domain is accountable for nuclear targeting, DNA binding and also contributes to protein-protein interactions (Kosugi and Ohashi, 2002). Due to the dissimilarity in the TCP domain, TCP gene family members are grouped into two main classes, i.e., Class I (PCF) and Class II (CYC/TB1 and CIN sub-classes) (Navaud et al., 2007; Viola et al., 2012). Along with the TCP domain, several members of Class II retain 18–20-residue arginine-rich motifs (Viola et al., 2012; Sarvepalli and Nath, 2018). This supposed R domain was anticipated to develop a hydrophilic-helix or α-coiled-coil structure that facilitates the protein-protein interactions in plants (Cubas et al., 1999).
Over the past few years, TCP gene families have been reported in several plant species. For example, 16 TCP members in Moso bamboo (Phyllostachys edulis) (Liu et al., 2018); 18 TCP members in sweet potato (Ipomoea batatas L.) (Ren et al., 2021); 23 TCP members in orchids (Phalaenopsis equestris) (Lin et al., 2016); 24 TCP members in Arabidopsis thaliana (Yao et al., 2007); 27 TCP members in cucumber (Cucumis sativus L.) (Wen et al., 2020); 28 TCP members in rice (Oryza sativa L.) (Yao et al., 2007); 38 TCP members in cotton (Gossypium raimondii L.) (Ma et al., 2014); 39 TCP members in turnips (Brassica rapa ssp. rapa) (Du et al., 2017); 63 TCP members in Brassica juncea var. tumida (He et al., 2020), 73 TCP members in allotetraploid cotton (Gossypium hirsutum L.) (Yin et al., 2018), etc. Several studies have shown that TCP genes play significant roles in plant growth and developmental processes, including trichome formation (Wang et al., 2013), seed germination (Zhang et al., 2019), petal development (van Es et al., 2018), floral development (Li et al., 2019), shoot branching (Braun et al., 2012), and leaf anatomical morphology (Ren et al., 2021). These findings indicate the diverse role of TCP genes in regulating plant developmental processes.
Likewise, several TCP genes expression is also regulated by various hormones and abiotic stress treatments. For instance, in cotton, the GhTCP14 gene is considered a vital switch in an auxin-facilitated extension of fiber cells (Wang et al., 2013). In A. thaliana, the expression level of AtTCP15 was induced by gibberellic acid (Gastaldi et al., 2020), and AtTCP1 was positively regulated by brassinosteroids treatment (Gao et al., 2015). Furthermore, the different TCP genes also participate in ethylene, strigolactone, and cytokinins signaling pathways (Braun et al., 2012; van Es et al., 2018). Under abiotic stress conditions, the expression level of AtTCP15 was induced by heat stress (Wu et al., 2016), and TCP20/22 was positively regulated by the circadian clock in A. thaliana (Wu et al., 2016). In cotton, several GhTCP genes were significantly up-regulated under heat, salt, and drought stresses (Yin et al., 2018). In cucumber, many CsTCP genes significantly responded to temperature and photoperiod and were also induced by gibberellic acid and ethylene treatments (Wen et al., 2020). TCP genes are also expressed in different tissues, such as many TCP genes mainly expressed in flower, leaf, and stem, flower, bud differentiation, and gametophyte development in Prunus mume (Zhou et al., 2016).
Rapeseed (Brassica napus L.) is the second most crucial oilseed crop and possesses a complex genome. However, its growth and productivity are significantly affected at physiological, biochemical, and molecular levels in response to various plant hormones and abiotic stress conditions (Raza et al., 2021a; He et al., 2021; Raza, 2021; Su et al., 2021). To date, the TCP gene family and key TCP genes responding to abiotic stress have not been fully characterized in rapeseed. Consequently, this is the first genome-wide study to identify the TCP genes in the rapeseed genome. To boost our understanding into TCP genes evolution in rapeseed, their phylogenetic relationships, synteny study, gene structures, conserved motifs, cis-elements, miRNA predictions, and functional annotation were evaluated. Additionally, their expression profile in numerous tissues/organs and under various phytohormones and abiotic stress conditions were largely appraised, which deeply improved our understanding of the TCP genes in rapeseed.
MATERIAL AND METHODS
Identification and Characterization of TCP Genes in Rapeseed
As described in our recent studies (Raza et al., 2021a; Su et al., 2021), two methods were used to recognize TCP genes in the B. napus genome, i.e., BLASTP and the Hidden Markov Model (HMM). The genome of B. napus (ZhongShuang 11; ZS11 variety) was downloaded from the BnPIR database (http://cbi.hzau.edu.cn/bnapus/index.php). For BLASTP, the amino acid sequences of 24 AtTCPs were used as a query with an e-value set to 1e−5. The amino acid sequences of 24 AtTCPs were attained from the TAIR Arabidopsis genome database (http://www.arabidopsis.org/). Secondly, the local software HMMER 3.1 (http://www.hmmer.org/) was used to search the TCP genes with default constraints. Then, the HMM file of the TCP domain (PF03634) was downloaded from the Pfam protein domain database (http://pfam.xfam.org/). Finally, 80 BnTCP genes were found by merging the two processes in the rapeseed genome. Likewise, TCP genes were also identified in Brassica rapa and Brassica oleracea genomes using the same method. Their genome sequences were downloaded from JGI Phytozome 12.0 database (https://phytozome.jgi.doe.gov/pz/portal.html).
The physico-chemical properties of BnTCPs were evaluated with the help of ProtParam (http://web.expasy.org/protparam/). The subcellular localization of BnTCP proteins was prophesied from the WoLF PSORT server (https://wolfpsort.hgc.jp/). Genes structures were created via TBtools software (V 1.068; https://github.com/CJ-Chen/TBtools). The conserved motifs of BnTCP protein sequences were recognized employing the MEME website (https://meme-suite.org/meme/db/motifs).
Phylogenetic Tree and Synteny Analysis of BnTCP Proteins
To explore the evolutionary relationship of the BnTCPs, a phylogenetic tree between B. napus, B. oleracea, B. rapa, and A. thaliana protein sequences were constructed. The sequence alignment was executed using MEGA 7 software (https://megasoftware.net/home). The neighbor-joining process was accomplished to create a phylogenetic tree with 1,000 bootstrap replicates using the Evolview v3 website (https://www.evolgenius.info/evolview) to display the phylogenetic tree. Synteny relationships of TCP genes between B. napus, B. oleracea, B. rapa, and A. thaliana were performed using the python-package, JCVI (https://github.com/tanghaibao/jcvi) and Multiple Collinearity Scan Toolkit (MCScanX; https://github.com/wyp1125/MCScanX). The Ka/Ks ratios of all TCPs were calculated using KaKs_Calculator 2.0 (https://sourceforge.net/projects/kakscalculator2/).
Analysis of Cis-Regulatory Elements in the BnTCPs Promoters
To investigate the putative cis-elements in the BnTCPs promoters, we extracted the 2Kb sequence upstream of start codons in the B. napus genome. Moreover, the promoter sequence of each gene was examined applying the PlantCARE website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/), and the figure was drawn with the help of TBtools software.
Prediction of Putative miRNA Targeting BnTCP Genes and GO Annotation Analysis
The CDS of BnTCPs was employed to distinguish possible target miRNAs in the psRNATarget database (https://www.zhaolab.org/psRNATarget/home) with default parameters. The interaction network figure between the miRNAs and BnTCP genes was constructed with Cytoscape software (V3.8.2; https://cytoscape.org/download.html). Gene ontology (GO) annotation analysis was accomplished by submitting all BnTCPs protein sequences to the eggNOG website (http://eggnog-mapper.embl.de/). At the same time, GO enrichment analysis was performed with TBtools software.
Expression Profiling of BnTCP Genes in Diverse Tissues
For tissue-specific expression profiling, the rapeseed RNA-seq data was downloaded from the National Genomics Data Center (https://ngdc.cncb.ac.cn/gsa/; BioProject ID: PRJCA001495). The data were analyzed as described in a recent study (Raza et al., 2021a). In short, Cuffquant and Cuffnorm were used to produce normalized counts in transcripts per million (TPM) values. Due to the large difference in the expression profiles, we used the log10 method to calculate the expression results to better visualize differently expressed genes in diverse tissues. Based on log10 values, the expression heat map was created using GraphPad Prism 9.0.0 software (https://www.graphpad.com/).
Plant Material and Stress Conditions
A widely used variety, ZhongShuang 11 (ZS11), was used for stress treatments. Seeds of ZS11 were provided by the OCRI-CAAS, Wuhan, China. The stress treatments were carried out as described in our recent work (Raza et al., 2021a). All the treatments were executed with three biological replicates. All the samples were immediately frozen in liquid nitrogen and were stored at −80°C for further experimentation.
RNA Extraction and qRT-PCR Analysis
Total RNA was extracted using TransZol Up Plus RNA Kit (TransGen Biotech, Beijing, China), and cDNA was synthesized using cDNA SuperMix kit (TransGen Biotech, Beijing, China) according to developer instructions. The complete data of qRT-PCR reaction has been explained in our recent work (Raza et al., 2021a). The expression data were investigated using the 2−ΔΔCT method as described by Wang et al. (2014). All the primers used for qRT-PCR are listed in Supplementary Table S1. The graphs were developed using GraphPad Prism 9.0.0 software.
RESULTS
Identification and Characterization of TCP Genes in Rapeseed
To identify TCP family genes in rapeseed, 24 AtTCP protein sequences were used as queries for a BlastP search against the rapeseed genome. As a result, a sum of 80 BnTCP genes was identified with the TCP domain (Table 1). Hereafter, these genes are named as “BnTCP1–BnTCP80.” Among which 38 genes were positioned in the A subgenome, and 42 genes were positioned in the C subgenome (Table 1). Comprehensive data of the 80 BnTCP genes are shown in Table 1. Briefly, gene length varied from 531 bp (BnTCP10) to 9,673 bp (BnTCP40), the CDS length varied from 531 bp (BnTCP10) to 5,193 bp (BnTCP40), and the amino acid length varied from 176 (BnTCP10) to 1,730 (BnTCP40) amino acids. The number of exons varied from one (BnTCP3–BnTCP6, BnTCP8–BnTCP10, BnTCP12–BnTCP15) to 11 (BnTCP40) (Table 1). Notably, only two genes (BnTCP40 and BnTCP66) had the highest number of introns (11 and 8, respectively), and several genes lack introns, such as BnTCP3-BnTCP6, BnTCP8–BnTCP10, BnTCP12–BnTCP15 (Table 1). The forecasted molecular weights of the 80 BnTCP proteins extended from 18.60 kDa (BnTCP10) to 194.78 kDa (BnTCP40), and the isoelectric points prolonged from 5.31 (BnTCP28/45) to 11.12 (BnTCP49). The differences in molecular weights and isoelectric points are mainly due to the unusual high content of basic amino acids and post-translational modifications. The results of in silico subcellular localization prophesied that two BnTCP proteins were located on the peroxisome, four BnTCP proteins on the chloroplast, seven BnTCP proteins on the mitochondria, and remaining 67 BnTCP proteins were located on the nucleus (Table 1). Meanwhile, 24 genes (AtTCP1–AtTCP24) from A. thaliana, 39 genes (BraTCP1–BraTCP39) from B. rapa, and 40 genes (BoTCP1–BoTCP41) from B. oleracea genomes were also identified (Supplementary Table S2).
TABLE 1 | Information of the identified TCP genes in rapeseed genome.
[image: Table 1]Phylogenetic Relationship of TCP Genes
To unreveal the evolutionary relationship between the BnTCPs, BoTCPs, BraTCPs, and AtTCPs genes, an unrooted phylogenetic tree was built by a multiple sequence alignment of the prophesied TCP protein sequences from B. napus, B. oleracea, B. rapa, and A. thaliana (Figure 1). Based on the standard classification of Arabidopsis TCP genes (Yao et al., 2007), the 184 TCPs genes from four plant species were distributed into two main classes, i.e., Class I (PCF) and Class II. Further, Class II was further divided into two sub-classes (CYC/TB1 and CIN) (Figure 1). The TCPs from the four plant species were scattered in nearly all clades, suggesting that the TCP family genes differentiated before the separation of these ancestral plant species. The findings discovered that Class I (PCF) was encompassed 91 TCP members (39 BnTCPs, 19 BoTCPs, 20 BraTCPs, and 13 AtTCPs). Class II contained a sum of 92 TCP members. Particularly, sub-class CYC/TB1 was comprised of 31 TCP members (14 BnTCPs, eight BoTCPs, six BraTCPs, and three AtTCPs), and CIN was comprised of 61 TCP members (27 BnTCPs, 13 BoTCPs, 13 BraTCPs, and eight AtTCPs) (Figure 1; Supplementary Table S3). In a nutshell, TCPs grouping into the same sub-class may retain corresponding functions. It is worth highlighting that BnTCP genes were almost equally scattered in both classes with homologs from other plant species (Figure 1; Supplementary Table S3). Mainly, Class I (PCF) was observed to have a greater number of BnTCPs (39), followed by CIN (27) and CYC/TB1 (14). Moreover, it was observed that the BnTCPs have a more closely phylogenetic relationship with the BoTCPs and BraTCPs in each class.
[image: Figure 1]FIGURE 1 | A neighbor-joining phylogenetic tree assessment of TCP genes from B. napus, B. oleracea, B. rapa, and A. thaliana. Overall, 80 BnTCPs from B. napus (orange triangle), 40 BoTCPs from B. oleracea (green circles), 39 BraTCPs from B. rapa (red boxes), and 24 AtTCPs from A. thaliana (yellow stars) were clustered into two major classes, denoted by exclusive colors.
Chromosomal Locations and Synteny Evaluation of TCP Genes
The chromosol location of 38 BnTCPs gene pairs was observed (Figure 2; Supplementary Table S4), and 18 out of 19 chromosomes held BnTCPs genes (Figure 2). Mainly, chromosomes A04 and A10 possessed only one gene, chromosome A08 possessed two genes, chromosomes A01, A05, A06, C01, C04, and C09 possessed three genes, chromosomes A07, A09, and C07 possessed four genes, chromosomes A02 and C05 possessed five genes, chromosome C06 possessed six genes, chromosomes C02 and C03 possessed eight genes. Chromosome A03 had the highest number of genes (10). Astonishingly, the C08 chromosome did not contain any BnTCP genes (Figure 2). The dataset displays that segmental duplications have contributed to the development of BnTCP genes (Supplementary Table S4). Notably, one putative paralog pair, i.e., BnTCP16/BnTCP55, was produced by tandem duplication (Supplementary Table S4). These results showed the large-scale segmental duplication events involved in the evolution of the BnTCP gene family in rapeseed.
[image: Figure 2]FIGURE 2 | Chromosomal locations and inter-chromosomal relations of BnTCP genes. Grey lines in the background present all syntenic blocks in the B. napus genome, and the red lines present syntenic BnTCPs gene pairs.
Collinearity analysis was used to appraise the evolutionary relationship of the TCP genes between B. napus and the other heritable plant species (Figure 3; Supplementary Table S4). In general, in the A subgenome, several B. napus genes showed syntenic networks with various BraTCPs, and AtTCP. Notably, one BnTCP gene at chromosome A10 also displayed a syntenic relationship with a BoTCP gene at chromosome C09. Likewise, in the C subgenome, many B. napus genes revealed syntenic connections with different BraTCPs, and AtTCPs (Figure 3). Mainly, three BnTCP genes at chromosome C03 and C05 also showed a syntenic relationship with three BrTCP genes at chromosome A03, A05 and A08 (Figure 3). On the other hand, several homologues of A. thaliana, B. rapa, and B. oleracea showed a syntenic alliance with BnTCPs genes in the rapeseed genome, suggesting that whole-genome or segmental duplication events represented a crucial role in the evolution of BnTCPs gene family in the rapeseed genome (Figure 3; Supplementary Table S4).
[image: Figure 3]FIGURE 3 | Collinearity analysis of TCP genes in B. napus, B. rapa, B. oleracea, and A. thaliana chromosomes. Grey lines in the background display the collinear blocks within B. napus and other plant genomes. However, the red and green lines signify the syntenic TCP gene pairs. Genes located on the B. napus A subgenome are syntenic with B. rapa, B. oleracea, and A. thaliana, while genes located on B. napus C subgenome are mainly syntenic with B. rapa, B. oleracea, and A. thaliana.
The Ka/Ks ratio is regarded as a considerable indicator in assessing the sequence evolution in terms of selection pressures and duplication types (Hurst, 2002). Hence, to comprehend the evolutionary history of the BnTCPs, the Ka, Ks, and Ka/Ks ratio was determined for B. napus and the other three plant species (Supplementary Table S4). The calculations disclosed that all of the duplicated BnTCP gene pairs had a Ka/Ks ratio of <1 (Supplementary Table S4), indicating that the BnTCP genes may have undergone intense purifying selective pressure during the evolution process (Supplementary Table S4). Similar outcomes were also examined in B. rapa, B. oleracea, and A. thaliana (Supplementary Table S4).
Assessment of Gene Structures and Conserved Motifs of BnTCP Genes
The exon-intron configurations of the BnTCP genes were examined to boost our knowledge of the evolution of the rapeseed TCP family genes. The results showed that the number of introns and exons ranged from 0 to 10 and 1–11, respectively (Figure 4B; Table 1). Overall, 55 genes have one exon and zero intron; 13 genes have two exons and one intron; five genes have three exons and two introns; five genes have four exons and three introns; one gene has nine exons and eight introns; and one gene has 11 exons and 10 introns (Figure 4; Table 1). Notably, Class I (PCF) and Class II (CIN and CYC/TB1) possessed almost similar structures except for a few genes (Figure 4B). Losses or gains of exons were discovered throughout the evolution of the TCP family genes. Our outcomes advised that TCP genes retained a comparatively constant exon-intron arrangement during the evolution of the rapeseed genome. Moreover, BnTCP gene members inside a Class had extremely matching gene structures, constant with their phylogenetic groups.
[image: Figure 4]FIGURE 4 | The gene structure and motif analysis of BnTCPs genes. (A) Based on phylogenetic relationships, the BnTCPs were clustered into two major classes. (B) Gene structure of BnTCPs genes. The pink color signifies UTR regions, the light green color denotes exon or CDS, the yellow color represents TCP domain, and the black horizontal line symbolizes introns. (C) Conserved motif compositions detected in BnTCPs. Different color boxes represent different motifs.
Furthermore, the full-length protein sequences were examined to identify their conserved motifs (Figure 4C). The conserved motif of the TCP genes varied from 2 to 7. Overall, nine conserved motifs were identified, and the complete data (such as name, sequence, width, and E-value) of discovered motifs are presented in Supplementary Table S5. The motif dispersals were also comparable within the Classes (Figure 4C). For example, motifs 1, 2, 6, and 7 were specific to Class I; however, motifs 6 were also present in some genes belonging to Class II (mainly CYC/TB1). In Class I, only one gene (BnTCP40) was found to have a greater number of motifs (seven). In Class II (mainly CYC/TB1), motifs 5 and 9 were specific and absent in other genes. Likewise, motifs 4, 8, and 3 were specific to Class II (CIN and CYC/TB1) (Figure 4C). In short, the class organization’s consistency was convincingly sustained by evaluating the conserved motifs composition, gene structures, and phylogenetic interactions, indicating that the TCP proteins have tremendously well-maintained amino acid remains and members within a class may possess parallel roles.
Examination of Cis-Elements in Promoters of BnTCP Genes
The cis-acting elements in the gene promoter generally regulate gene expression levels and functions. Therefore, cis-acting elements in BnTCPs promoter localities were analyzed to characterize the gene functions and regulatory roles. The comprehensive data of cis-elements are shown in Supplementary Table S6. Overall, we focused on and identified eight types of elements. Particularly, four phytohormone-correlated [(abscisic acid (ABA), auxin, methyl jasmonate (MeJA), and gibberellin (GA)] responsive elements consist of ABRE, TGA-element, TGACG-motif, CGTCA-motif, P-box, GARE-motif, TATC-box, were distinguished (Figure 5; Supplementary Table S6). Specifically, several phytohormone-correlated elements were anticipated to be limited to some genes and extensively dispersed (Figure 5; Supplementary Table S6), indicating the essential role of these genes in phytohormone-arbitration.
[image: Figure 5]FIGURE 5 | Cis-elements in the promoter regions of the BnTCP genes are linked with different hormone- and stress-responsive elements. Different color boxes show different identified elements. See Supplementary Table S6 for more information.
Additionally, we identified four stress-associated (salt, drought, low-temperature, and anaerobic) responsive elements, including TCA-element, MBS, LTR, ARE, suggesting their contribution to stress stimulation (Figure 5; Supplementary Table S6). TCA-element associated with salt stress responsiveness was mainly present in 38 BnTCP genes and widely distributed in four genes (BnTCP16, BnTCP22, BnTCP45, and BnTCP55) (Figure 5; Supplementary Table S6). Drought stress responsive element (MBS) was mainly present in 36 genes and widely circulated in 12 genes (Figure 5; Supplementary Table S6). Low-temperature responsive element (LTR) was particularly present in 26 genes and widely scattered in six genes (BnTCP42, BnTCP44, BnTCP46, BnTCP65, BnTCP78, and BnTCP80) (Figure 5; Supplementary Table S6). ARE element associated with anaerobic responsiveness was mainly present in 74 genes and largely dispersed in 35 genes (Figure 5; Supplementary Table S6). Generally, these findings recommended that BnTCPs expression profiles may differ under phytohormone and abiotic stress conditions.
Genome-Wide Prediction of miRNA Targeting BnTCP Genes
During the past few years, various investigations have uncovered that miRNA-induced regulation participates in the stress responses in plants. Consequently, for a profound knowledge of miRNA-mediated post-transcriptional adjustment of BnTCP genes, we forecasted 32 miRNAs targeting 21 BnTCP genes (Figure 6A; Supplementary Table S7). Some of the miRNA-targeted sites are shown in Figure 6B, while the comprehensive data of all miRNAs targeted genes/sites is given in Supplementary Table S7. Overall, the results demonstrated that one member of the bna-miR1140 family targeted one gene (BnTCP57); one member of the bna-miR161 family targeted one gene (BnTCP32); one member of the bna-miR162 family targeted one gene (BnTCP77); one member of the bna-miR2111a-3p targeted one gene (BnTCP39); one member of the bna-miR6031 targeted one gene (BnTCP61); one member of the bna-miR6033 targeted one gene (BnTCP57); one member of bna-miR396 family targeted three genes (BnTCP28, BnTCP34, and BnTCP68); and one member of bna-miR159 family targeted 17 genes. Two members of the bna-miR171 family targeted one gene (BnTCP39); two members of the bna-miR6029 family targeted two genes (BnTCP6 and BnTCP45); two members of the bna-miR6030 family targeted two genes (BnTCP24 and BnTCP57); and two members of the bna-miR394 family targeted two genes (BnTCP40 and BnTCP56). Three members of the bna-miR395 family targeted four genes (BnTCP5, BnTCP61, BnTCP20, and BnTCP44). Four members of the bna-miR172 family targeted five genes (BnTCP11, BnTCP19, BnTCP58, BnTCP62, and BnTCP76) (Figure 6A; Supplementary Table S7). In general, BnTCP5, BnTCP19, BnTCP20, BnTCP39, BnTCP44, BnTCP57, BnTCP58, BnTCP61, and BnTCP76 were predicted to be targeted by a greater number (three and four) of miRNAs (Figure 6A; Supplementary Table S7). In further examination, the expression levels of these miRNAs and their targeted genes require validation to preside their biological functions in the rapeseed genome.
[image: Figure 6]FIGURE 6 | miRNA targeting BnTCP genes. (A) Network figure of anticipated miRNA targeting BnTCPs genes. Green hexagon colors correspond to BnTCPs genes, and bluish ellipse shapes represent miRNAs. (B) The schematic illustration signifies the BnTCPs targeted by miRNAs. The RNA sequence of each complementary site from 5′ to 3′ and the predicted miRNA sequence from 3′ to 5′ are exposed in the long-drawn-out areas. See Supplementary Table S7 for the detailed data of all predicted miRNAs.
Functional Annotation Study of BnTCP Genes
To further recognize the contribution of BnTCP genes, we performed GO annotation and enrichment analysis based on biological process (BP), molecular function (MF), and cellular component (CC) classes. These terms can boost our understanding of the diverse function of genes. The results of BP, MF, and CC exhibited several significantly enriched terms (Supplementary Table S8). For instance, in GO-BP class, 49 highly enriched terms were identified, including cellular process (GO: 0009987), RNA biosynthetic process (GO: 0032774), regulation of nucleic acid-templated transcription (GO: 1903506), heterocycle metabolic process (GO: 0046483), organic substance biosynthetic process (GO: 1901576), regulation of metabolic process (GO:0019222), nitrogen compound metabolic process (GO: 0006807) (Supplementary Table S8). The GO-CC enrichment outcomes distinguished ten highly enriched terms, including intracellular part (GO: 0044424), cell part (GO: 0044464), cellular_component (GO: 0005575), organelle (GO: 0043226), membrane-bounded organelle (GO: 0043227), intracellular (GO: 0005622), nucleus (GO: 0005634) (Supplementary Table S8). Similarly, the GO-MF results projected eight significantly enriched terms such as transcription regulator activity (GO: 0140110), molecular_function (GO: 0003674), DNA binding transcription factor activity (GO: 0003700), organic cyclic compound binding (GO: 0097159), nucleic acid binding (GO: 0003676) (Supplementary Table S8). Overall, GO enrichment analysis validates the functional role of BnTCP genes in several cellulars, molecular, and biological processes related to RNA/DNA binding, metabolic processes, transcriptional regulatory activities associated with rapeseed growth and developmental processes.
Expression Profiles of BnTCP Genes Under Various Tissues
Tissue-specific expression profiles of BnTCPs genes were examined in six diverse tissues and organs, i.e., roots, stems, leaves, flowers, seeds, and silique using RNA-seq data from B. napus (ZS11 variety) (BioProject ID: PRJCA001495). Overall, the results showed that only a few genes showed higher expression in some specific tissues (Figure 7). For instance, some genes showed higher expression levels in the root, including BnTCP9, BnTCP13, BnTCP25, BnTCP31, BnTCP35, BnTCP36, BnTCP48, BnTCP52, BnTCP72, and BnTCP74). In stem, a few genes showed higher expression levels, including BnTCP9, BnTCP26, BnTCP31, BnTCP36, BnTCP48, BnTCP52, BnTCP66, BnTCP67, BnTCP72, BnTCP73, and BnTCP74). In leaf, BnTCP9, BnTCP13, BnTCP16, BnTCP19, BnTCP22, BnTCP23, BnTCP35, BnTCP39, BnTCP52, BnTCP55, BnTCP60, BnTCP64, BnTCP65, BnTCP66, BnTCP67, BnTCP74, and BnTCP76 genes display higher expression patterns. In flower, BnTCP16, BnTCP19, BnTCP23, BnTCP35, BnTCP42, BnTCP55, BnTCP60, BnTCP64, BnTCP52, BnTCP55, BnTCP60, BnTCP64, BnTCP66, BnTCP74, BnTCP76, and BnTCP79 genes exhibited higher expression patterns. In seeds, several genes showed higher expression in seeds at different time points, such as BnTCP3, BnTCP9, BnTCP22, BnTCP25, BnTCP35, BnTCP36 BnTCP60, BnTCP74, BnTCP78, and BnTCP79). Likewise, in silique, many genes including BnTCP9, BnTCP22, BnTCP24, BnTCP25, BnTCP27, BnTCP30, BnTCP31, BnTCP35, BnTCP39, BnTCP48, BnTCP52, BnTCP60, BnTCP64, BnTCP66, BnTCP67, BnTCP71, BnTCP74, BnTCP78, and BnTCP80, showed higher expression patterns at different time points (Figure 7). Notably, some genes also showed moderate expression levels in various tissues. Overall, expression data show that only a few genes may significantly contribute to rapeseed growth and development. Therefore, the precise function of these genes could be discovered in future investigations.
[image: Figure 7]FIGURE 7 | Expression profiling of BnTCP genes in various developmental organs/tissues. The 7, 10, 14, and 45 d tags specified the time-points when the samples were harvested. The red, black, and green colors display high to low expression levels. The expression heat map was created by taking log10 of transcripts per million (TPM) values.
Expression Profiles of BnTCP Genes Under Phytohormones and Abiotic Stress Conditions
In this study, qRT-PCR-based expression profiles of ten randomly selected BnTCPs genes were evaluated in response to abiotic (cold, waterlogging, salinity, and drought), and phytohormones (ABA, GA, IAA, and MeJA) stresses at different time points (Figures 8, 9). Under abiotic stress conditions, most of the genes exhibited comparatively low expression levels, apart from some genes. For example, in response to cold stress, BnTCP53 showed significantly higher expression at 4 h (1.521 fold), 6 h (2.081 fold), and 8 h (1.616 fold); BnTCP59 showed higher expression at 2 h (2.312 fold), 4 h (2.409 fold), 6 h (2.873 fold), and 8 h (2.187 fold); and BnTCP60 showed higher expression mainly at 6 h (1.254 fold), and 8 h (1.598 fold), compared to CK. Under waterlogging stress, BnTCP39 showed higher expression at 2 h (11.684 fold), 8 h (13.369 fold); and BnTCP53 showed higher expression at 2 h (10.865 fold), compared to CK. Under salt stress, almost all genes showed relatively higher expression at CK; however, BnTCP53 display substantially higher expression at 2 h (1.402 fold), 4 h (1.395 fold), 6 h (1.109 fold), and 8 h (1.197 fold), compared to CK and other genes. In response to drought stress, only BnTCP7 was up-regulated at 4 h (29.946 fold), 6 h (31.192 fold), and 8 h (28.428 fold) (Figure 8).
[image: Figure 8]FIGURE 8 | Expression patterns of the BnTCP genes under different abiotic stress conditions. The 0 h (CK), 2, 4, 6, and 8 h labels presented the time points (hours) when the samples were harvested for expression study after the stress treatment. Error bars represent the SD (n = 3).
[image: Figure 9]FIGURE 9 | Expression patterns of the BnTCP genes under different hormones treatments. The 0 h (CK), 2, 4, 6, and 8 h labels presented the time points (hours) when the samples were harvested for expression study after the stress treatment. Error bars represent the SD (n = 3).
Under phytohormones treatment, almost all genes showed significantly higher expression except MeJA. Particularly, BnTCP39, BnTCP64, BnTCP75, BnTCP25, BnTCP36, BnTCP53, and BnTCP7 display higher expression levels in response to ABA and GA treatments. These genes also possess ABA and GA-associated cis-elements in their promoter regions (Supplementary Table S6). Furthermore, BnTCP39 under IAA treatment showed higher expression at 2 h (1.568 fold); BnTCP64 significantly showed higher expression at 2 h (2.209 fold), 6 h (1.384 fold), and 8 h (1.590 fold) compared to CK. Notably, BnTCP53 displays higher expression at 6 h (4.487 fold) in response to MeJA treatment than CK (Figure 9). However, BnTCP60 did not reveal any significant expression to any stress conditions except cold stress, and BnTCP53 was found to be more active in response to both hormones and abiotic conditions. These results are also consistent with the identified cis-elements in the promoter regions of genes.
DISCUSSION
Characterization and Evolution of TCP Gene Family in Rapeseed
Rapeseed is an allotetraploid crop that practices broad genome replication and combination activities (Song et al., 2020). Nevertheless, rapeseed yield is pretentious by numerous environmental factors such as cold, heat, drought, salinity, and heavy metals toxicity (Raza et al., 2021a; Raza et al., 2021b; He et al., 2021; Raza, 2021; Su et al., 2021). The TCP TFs are antique plant-specific proteins (Cubas et al., 1999). So far, these TFs are yet to be reported in unicellular algae; and moss, pluricellular green algae, lycophyte, and ferns possess five-six TCP genes in their genomes (Martín-Trillo and Cubas, 2010). Owing to the development, duplications, and divergence of TCP genes, the gymnosperms and angiosperms plants possess bigger TCP gene families containing more than ten TCP members (Martín-Trillo and Cubas, 2010). Over the past few years, TCP gene families have been reported in various crop plants such as Arabidopsis thaliana (Yao et al., 2007), Moso bamboo (Liu et al., 2018), sweet potato (Ren et al., 2021), cucumber (Wen et al., 2020), rice (Yao et al., 2007), Brassica rapa (Du et al., 2017); Brassica juncea (He et al., 2020); and cotton (Ma et al., 2014; Yin et al., 2018), etc. To our best knowledge, the TCP gene family has not been fully characterized in the rapeseed genome. The accessibility of the rapeseed genome sequences offers resources for genome-wide identification of rapeseed genes (Song et al., 2020). Here, we recognized 80 BnTCP genes in the rapeseed genome. Notably, this is the largest TCP gene family found in the rapeseed genome due to whole-genome duplication (WGD; polyploidy). Previously, the highest number of TCP genes (73 members) was reported in allotetraploid cotton (Yin et al., 2018).
In the rapeseed genome, the BnTCP gene family may be evolved by WGD or segmental events, together with numerous tandem duplications. Notably, WGD differs from tandem duplication in that WGD enhances the quantity of all genes altogether and produces duplicate, theoretically redundant copies of all the genes within a genome. In contrast, tandem duplication is another vital way for gene expansion. Genes expanded by tandem duplication are always scattered all together as a cluster in chromosomes (Sémon and Wolfe, 2007; Fang et al., 2012). Gene duplication events of TCP genes were also spotted in several plant species (Ma et al., 2014; Lin et al., 2016; Yin et al., 2018; Wen et al., 2020). Apart from duplication events, exon-intron associations and numbers can also explain the evolutionary story of the gene family (Xu et al., 2012; Raza et al., 2021a; Su et al., 2021). The BnTCPs gene structure compared with the same group presented that TCP genes contribute to analogous exon/intron allocation in terms of exon and intron numbers; in the meantime, BnTCPs with the same class exhibited comparable motif patterns. These results imply that these TCP members may play identical roles in response to a variety of abiotic stresses. Similar observations have been reported in previous TCP gene families where both classes showed comparable diverse intron/exon distribution and motifs patterns (Ma et al., 2014; Lin et al., 2016; Yin et al., 2018; Wen et al., 2020).
The Contribution of TCP Genes to Stress Responses and Tolerance Mechanisms
To get further insights into the contribution of BnTCP genes against various environmental cues, cis-elements in the promoter regions were envisaged. The findings demonstrated that two types of cis-elements were documented, i.e., stress (salt, drought, low-temperature, and anaerobic) and hormones (auxin, ABA, MeJA, and GA) associated. Consistent with earlier studies, cis-elements participate in the plant stress responses (Yamaguchi-Shinozaki and Shinozaki, 1994; Liu et al., 2014).
For instance, in rice, TCA-element between −563 and −249 bp upstream of OsPIANK1 was found to be associated with resistance to Magnaporthe oryzae infection and exogenous SA treatment (Mou et al., 2013). ABREs are a class of cis-elements capable of binding to sturdily conserved ABA-dependent transcription factors, which exist in the promoter region of numerous stress-resistant genes and normalize the expression level of associated genes under abiotic stress conditions (Choi et al., 2000; Barbosa et al., 2013; Fujita et al., 2013). In wheat, the expression pattern of TaGAPC1 was regulated under osmotic and salinity stress conditions. The promoter region of TaGAPC1 contains various stress-related cis-regulatory elements (including MBS, DRE, GT1, and LTR), and methylation changes were observed during the stress treatments, leading to stress tolerance and regulation in gene expression (Fei et al., 2017). In the current study, these results were further authenticated by the GO annotation evaluation. For instance, GO enrichment analysis validates the functional role of BnTCP genes in several cellulars, molecular, and biological processes associated with RNA/DNA binding, metabolic processes, transcriptional regulatory activities related to rapeseed growth and developmental processes under stress conditions. Likewise, numerous scholars stated comparable outcomes in diverse crop plant species where TCP genes were found to play a substantial part in plant growth and developmental processes and responses to different abiotic stress episodes (Yao et al., 2007; Lin et al., 2016; Zhou et al., 2016; Wen et al., 2020). These results can enhance our knowledge of BnTCP genes under different stress conditions and rapeseed developmental processes at a molecular level.
Moreover, 10 randomly selected BnTCP genes’ expression profiling was appraised against various hormones and abiotic stress treatments. Particularly, BnTCP7, BnTCP53, and BnTCP59 exhibited higher expression in response to cold, waterlogging, drought, and salinity stresses. Under hormones treatment, many genes showed higher expression, mainly by ABA, IAA, and GA treatments. These results are in agreement with recent reports where several TCP genes displayed higher expression levels under stress conditions. For example, in cotton, 41 GhTCP genes responded significantly to heat, salinity, and drought stresses (Yin et al., 2018). In cucumber, several TCP genes were up-regulated in response to photoperiod and temperature stresses; likewise, some genes were also induced by phytohormones like ethylene and gibberellin (Wen et al., 2020). In Moso bamboo, several TCP genes were substantially up-regulated in response to various hormones such as ABA, MeJA, and SA (Liu et al., 2018). The overexpression of maize ZmTCP42 gene in A. thaliana led to sensitivity to ABA in seed germination and improved drought stress tolerance in transgenic A. thaliana (Ding et al., 2019). In another study, the overexpression of the MeTCP4 gene regulated the cold tolerance by mediating ROS production and scavenging in transgenic A. thaliana. It also enhances the expression levels of stress- and ROS-scavenging-associated genes in the cold stressed A. thaliana plants (Cheng et al., 2019). Overexpressed PeTCP10 gene improved salt and ABA tolerance of transgenic A. thaliana at the vegetative growth phase (Xu et al., 2021). These results indicate that TCP genes pointedly contribute to hormone signaling pathways and abiotic stress tolerance in various plant species.
Expression Pattern of TCP Genes in Different Developmental Tissues
In the present study, tissue-specific expression profiles of 80 BnTCPs genes were assessed in six unique tissues using a publicly available RNA-seq dataset (https://ngdc.cncb.ac.cn/gsa/; BioProject ID: PRJCA001495). The aforementioned studies have illustrated that TCP genes may exhibit diverse expression profiles in various developmental tissues. For instance, the RNA-seq data was used to analyze the tissue-specific expression levels in cotton. The results showed that many GhTCP genes exhibited higher expression in various tissues, including mature leaves, stem, root, torus, petal, stamen, pistil, calycle (bracts), ovules, and fibers (Yin et al., 2018). In cucumber, qRT-PCR-based expression analysis showed that almost all 27 CsTCP genes exhibited higher expression in diverse tissues comprising root, stem, leaf, cotyledon, tendril, and flower (Wen et al., 2020). In B. rapa, some BrTCP genes showed higher expression in roots, leaves, and flower buds (Du et al., 2017). These results agree with our results where some TCP genes showed higher expression in all studied tissues (roots, stems, leaves, flowers, seeds, and silique), demonstrating that these genes may participate in rapeseed growth and development.
miRNA: Key Performers in the Adaptation of Stress Responses
MicroRNAs (miRNAs) are a class of small-non-coding RNAs produced from single-strand hairpin RNA precursors. These miRNAs control gene expression through binding to complementary sequences within target mRNAs (Shen et al., 2015; Wani et al., 2020). Substantial development has been made in discovering the targets of rapeseed miRNAs that act to diverse stresses and also participate in developmental processes (Buhtz et al., 2008; Huang et al., 2010; Körbes et al., 2012; Zhou et al., 2012; Shen et al., 2015; Chen et al., 2018; Fu et al., 2019). In the present study, we anticipated 32 miRNAs targeting 21 BnTCPs genes. Recent reports support our results, e.g., five TCP genes, including TCP2, TCP3, TCP4, TCP10, and TCP24, were targeted by miR319 and have been involved in normalizing leaf morphogenesis in A. thaliana (Schommer et al., 2008). In cotton, three TCP (GhTCP21, GhTCP31, and GhTCP54) genes were targeted by miR319 (Wen et al., 2020). The overexpression of the miR319-associated TCP gene improves the growth, and it also increases the tolerance to salinity and drought stresses in transgenic bentgrass (Agrostis stolonifera L.) (Zhou et al., 2013).
The overexpression of soybean miR172c improves tolerance to drought and salinity stress, and it also enhances sensitivity to ABA in transgenic A. thaliana plants (Li et al., 2016). Recently, Cheng et al. (2021) found that miR172s (mainly miR172a and miR172b) act as a positive regulator of salt tolerance in rice and wheat. Further, it also maintains the ROS homeostasis during salt stress, generally by balancing the expression of several ROS-scavenging-related genes in both wheat and rice (Cheng et al., 2021). The transgenic B. napus plants overexpressing miR395 indicated a lower degree of cadmium-induced oxidative stress compared to wild-type plants (Zhang et al., 2013). Another miRNA (miR394) was reported to enhance the multiple abiotic stress tolerance, including salinity and drought (Song et al., 2013) and cold stress (Song et al., 2016), in A. thaliana plants by ABA-dependent manner. These discoveries stipulated that miRNA might play critical roles in plant growth, development, and abiotic stress tolerance by regulating the expression levels of their target and stress-responsive genes.
CONCLUSION
In summary, for the first time, we identified 80 putative BnTCP genes in the rapeseed genome, which are distributed on 18 chromosomes. Genome-wide in silico analysis such as characterization, evolution, gene structures, conserved motifs, cis-elements, miRNA prediction, and GO annotation was performed to gain insights into TCP genes in rapeseed. Furthermore, their expression profiling was also appraised in different tissues and against diverse hormones and abiotic stresses. In a nutshell, this study laid the basis for additional functional studies (such as overexpression, knockout via CRISPR/Cas system, etc.) of the BnTCP genes in rapeseed breeding programs under adverse environmental conditions.
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