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Abstract

:

The TEOSINTE BRANCHED 1, CYCLOIDEA, and PROLIFERATING CELL FACTORS (TCP) gene family is a group of plant-specific transcription factors that have versatile functions in developmental processes and stress responses. In this study, a total of 73 TCP genes in upland cotton were identified and characterizated. Phylogenetic analysis classified them into three subgroups: 50 belonged to PCF, 16 to CIN, and 7 to CYC/TB1. GhTCP genes are randomly distributed in 22 of the 26 chromosomes in cotton. Expression patterns of GhTCPs were analyzed in 10 tissues, including different developmental stages of ovule and fiber, as well as under heat, salt, and drought stresses. Transcriptome analysis showed that 44 GhTCP genes exhibited varied transcript accumulation patterns in the tested tissues and 41 GhTCP genes were differentially expressed in response to heat, salt, and drought stresses. Furthermore, three GhTCP genes of the CIN clade were found to contain miR319-binding sites. An anti-correlation expression of GhTCP21 and GhTCP54 was analyzed with miR319 under salt and drought stress. Our results lay the foundation for understanding the complex mechanisms of GhTCP-mediated developmental processes and abiotic stress-signaling transduction pathways in cotton.
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1. Introduction


Transcription factors are essential for the control of gene expression. Gene expression can be regulated by transcription factors that either activate or repress transcription, so they are vital for many cell biological process [1]. The TEOSINTE BRANCHED 1, CYCLOIDEA, and PROLIFERATING CELL FACTORS (TCP) gene family is a small group of transcription factors exclusive to higher plants [2]. This class of transcription factors has many functions in regulating diverse plant growth and development processes by controlling cell proliferation [3]. They are characterized by a highly conserved 59-amino-acid basic helix–loop–helix (bHLH) motif at the N-terminus designated as the TCP domain [4]. This domain is responsible for DNA binding, nuclear targeting, and is involved in protein–protein interactions [5]. Based on variation in the TCP domain, TCP family members can be classified into two classes: Class I (also known as the PCF or TCP-P class) and class II (also known as the TCP-C class) [6,7]. Class II is further subdivided into the CINCINNATA (CIN) and CYC/TB1 subgroups. In addition to the TCP domain, several class II members possess an 18–20-residue arginine-rich motif [8]. This so-called R domain was predicted to form a hydrophilic α-helix or a coiled-coil structure that mediates protein–protein interactions [2].



It has been reported that many TCP transcription factors participate in the regulation of diverse physiological and biological processes, such as phytohormone biosynthesis and signal transduction, branching, leaf morphogenesis flower development and senescence, pollen development, and regulation of the circadian clock in various plants [9,10,11]. In Arabidopsis thaliana seeds, TCP14 was expressed in the vascular tissues of embryos. It promotes germination through antagonism of abscisic acid signaling [12]. TCP1 is expressed in restricted areas of the flower meristem, leaf vasculature, and at the junctions of roots and hypocotyls. It mediates the expression of a key brassinosteroid (BR) biosynthetic gene by directly associating with the two GGNCCC motifs in the promoter region of DWARF4 (DWF4) [13]. DWF4 encodes a 22-hydroxylase and is responsible for multiple 22-hydroxylation steps during BR biosynthesis [14]. The expression levels of DWF4 were positively correlated with TCP1 abundance in planta. In Arabidopsis flowers, the gynoecium and silique development was modulated by TCP15 through partly regulating auxin biosynthesis. The ectopic expression of Arabidopsis TCP15 represses style and stigma development, thus producing gynoecia with decreased stigmatic tissue and/or carpel fusion defects in apical parts [15]. TCP17 and its two closely related homologs, TCP5 and TCP13, play an important role in mediating shade-induced hypocotyl elongation by up-regulating auxin biosynthesis via a PHYTOCHROME INTERACTING FACTORS (PIF)-dependent and a PIF-independent pathway [16]. In rice (Oryza sativa), OsTCP19 was upregulated under salt and water-deficit stress. Overexpression of OsTCP19 in Arabidopsis caused upregulation of INDOLE-3-ACETIC ACID3(IAA3), ABSCISIC ACID INSENSITIVE 3(ABI3), and ABI4, and downregulation of LIPOXYGENASE2 (LOX2), thus leading to developmental abnormalities, such as less lateral roots [17]. MicroRNAs (miRNAs) are a class of smallnon-coding RNAs generated from single-strand hairpin RNA precursors. They regulate gene expression by binding to complementary sequences within target mRNAs [18]. Considerable progress has been made in identifying the targets of plant miRNAs. In Arabidopsis, five CIN-like TCP genes (TCP2, TCP3, TCP4, TCP10, and TCP24) were targeted by miR319 and have been implicated in regulating leaf morphogenesis [19]. Knockdown of a subset of Class II TCP transcription factors by overexpression of miR319 increases tolerance to dehydration and salinity stress in bentgrass (Agrostis stolonifera) [20]. Accumulated functional characterization of TCPs indicated their diverse function in a developmental-, tissue-, and signal-dependent context. In addition to their importance as transcriptional regulators of cell-cycle genes, TCPs have other functions with comparable impact on plant development. Characterization of TCPs and their signaling pathway will be beneficial to unravel their exact role in the control of plant development and evolution.



Allotetraploid upland cotton (Gossypiumhirsutum L.) accounts for more than 90% of cultivated cotton worldwide, is the main source of renewable textile fibers, and is also grown to produce oilseed. It has proven to be difficult to sequence, owing to its complex allotetraploid (AtDt) genome [21]. Recently, its whole genome was sequenced by integrating whole-genome shotgun reads, bacterial artificial chromosome-end sequences, and genotype-by-sequencing genetic maps [22,23]. Repeated sequences account for 67.2% of the AtDt genome, and transposable elements originating from Dt were more active than those from At [23]. Availability of the genome information can provide a great opportunity to identify and characterize TCP genes in this plant species for the first time. In this study, we identified and characterized 73 non-redundant TCP transcription factors in the G. hirsutum genome. Detailed information regarding their genomic structures, chromosomal locations, and a phylogenetic tree were also provided. Using RNA-seq data, we investigated their transcript profiles in different tissues, including different developmental stages of ovule and fiber, as well as their response to heat, drought, and salt stress. Furthermore, the miR319-targeted TCP genes were characterized.




2. Results


2.1. Identification and Characterization of TCP Proteins in G. hirsutum


To identify the TCP genes in the G. hirsutum genome, protein sequences of Arabidopsis and rice TCPs serve as BLAST search queries, and multiple-alignment was performed. A total of 73 TCP genes were identified. All candidate TCP genes were confirmed to encode the conserved TCP domain using the InterProScan database and NCBI’s CDD, the Conserved Domain Database [24]. Seven GhTCP genes were found to possess the R domain. These characteristic features suggested that they were members of the TCP gene family. Detailed characteristics of the TCP transcription factors in G. hirsutum are offered in Table S1. The GhTCP proteins are different in their length, molecular weight (Mw), and theoretical isoelectric point (pI). The mean length and Mw of these proteins was 347 amino acids and 37.58 kDa, respectively. The pI varied from pH 5.80 (GhTCP9) to 10.07 (GhTCP38) with an average of pH 8.09. All the GhTCP proteins were predicted to localize in the nucleus. Proteins were localized at their appropriate subcellular compartment to perform their desired function [3,25].



Unrooted phylogenetic trees were constructed based on the multiple sequence alignment of 73 GhTCP protein sequences and their Arabidopsis and rice homologs. The TCP transcription factors from the three species were distributed in almost all clades, indicating that the TCP family diversified before divergence of these plants. The phylogenetic tree placed the GhTCPs into two classes (Figure 1), as was also found for all species so far. Class I was named the TCP-P or PCF class, and class II was named the TCP-C class. The class II genes were further divided into two groups: CYC/TB1 and CIN. In G. hirsutum, CYC/TB1 and CIN were a larger family: For CYC/TB1, approximately twice the size of those of Arabidopsis and rice; and for CIN, approximately five times the size. Seven GhTCP genes belonged to the CYC/TB1 group–in Arabidopsis and rice, three of 24 AtTCPs and three of 21 OsTCPs were grouped into this subfamily. Fifty GhTCPs belonged to the PCF group, and13 AtTCPs and10 OsTCPs were also grouped into this subfamily. CYC/TB-type proteins were divided into two subgroups. One group contained four G. hirsutum TCPs, but only one Arabidopsis TCP and none from rice, which indicated that this group was either acquired after the divergence of monocots and dicots or was lost in rice. In G. hirsutum, the number of TCP genes was significantly higher than those in tomato, Citrullus lanatus, Arabidopsis, rice, and Prunus mume (Figure 2).




2.2. Genomic Distribution, Gene Structural Organization, and Domain Analysis of GhTCP Genes


The complete genome sequences provided an overview of the chromosomal distribution of these TCP genes. Among the 73 G. hirsutum TCPs, 67 members were located on the 22 chromosomes, and the other six were located at six unmapped scaffolds. GhTCP genes were unevenly distributed on 22 of the 26 G. hirsutum chromosomes, with the number of TCP genes per chromosome in the range of 0–8 (Figure S1). Chromosomes, A12 and D11, contained eight and seven genes, respectively, while chromosomes A02, A06, D03, D06, and D13 had no TCP genes.



To better understand the gene structures of GhTCP family genes, we analyzed their exon–intron organization. Overall, 88% of the GhTCPs contained only one exon (Figure S2). Seven GhTCP genes contained one intron and two exons: GhTCP3, GhTCP23, GhTCP26, GhTCP56, GhTCP64, and GhTCP66. Only GhTCP33 in the CYC/TB1 group possessed four introns and five exons. Losses or gains of exons were identified during the evolution of the PCF group genes. GhTCP19 comprised seven introns and eight exons, whereas GhTCP13 consisted of four introns and five exons. Comparing their structural patterns showed the loss of an exon in the middle of the GhTCP13 sequence. Two PCF class genes contained one intron and two exons, and the remaining PCF class genes contained only one exon. Analysis of the pattern of exon–intron junctions can provide important understanding into the evolution of gene families. Our results suggested that TCP genes maintained a relatively constant exon–intron composition during evolution of the G. hirsutum genome.



The conserved motif of TCP proteins in G. hirsutum was investigated using Clustal X. The sequences were found to encode a putative TCP-domain protein that contained a bHLH-type motif at the N-terminus (Figure S3). The components of the loop, and helixes I and II, were quite different between class I and II proteins. Within the TCP domain, several putative residues involved in DNA binding were located in the basic region and several putative hydrophobic residues located in helixes I and II. In the basic region, the CIN and CYC/TB1 type proteins contained an insertion of four amino acids. The R domain, an arginine-rich motif of 18–20 residues, was absent from all class I proteins and was mainly present in CYC/TB1 group proteins.




2.3. Expression Analysis of GhTCP Genes in Different Tissues and under Various Stress Conditions


To provide reliable information on the growth and developmental functions of TCP genes in G. hirsutum, their transcript accumulation patterns in mature leaves, stem, root, torus, petal, stamen, pistil, cylycle, ovules, and fibers of G. hirsutum was investigated (Figure 3). We obtained transcriptome data from the NCBI Sequence Read Archive (accession number RJNA248163). Some TCP genes with close phylogenetic relationships showed similar or divergent expression patterns. For instance, the paralogous pair, GhTCP2 and GhTCP5, was expressed highly in both the torus and petal, at moderate levels in the ovules at 20 days post anthesis (DPA), and at low levels in mature leaves. Most CYC/TB1-type genes were only weakly or not expressed in all tissues, suggesting that they were primarily expressed in other organs not tested or under special conditions. In contrast, GhTCP31, GhTCP40, and GhTCP47 were constitutively expressed at very high levels in all tissues tested, indicating that these genes played regulatory roles during multiple development stages. Some TCP genes exhibited tissue-specific expression. GhTCP31 and GhTCP40 were highly expressed only in reproductive organs: Torus, petal, stamen, pistil, and calycles.



To predict possible functions of TCP genes in environmental adaptation, we investigated the transcriptional profile of TCP genes under various stress conditions, including heat, salt, and drought stresses. In total, 41 genes exhibited variations in expression (Figure 4). Of the three treatments, heat stress caused relatively more fluctuations in the transcript abundance of TCPs than did salt or drought stress. Under heat stress conditions, 18 TCP genes were downregulated and eight were upregulated. In response to salt treatment, the expression of five GhTCPs (TCP7, 14, 25, 33, and 35) increased instantly, and then decreased slowly during continued salt stress. Six GhTCP genes were selected at random for quantitative RT-PCR (qRT-PCR) analysis to determine the relative expression under salt and drought stresses (Figure 5). The qRT-PCR results indicated that these GhTCP genes showed similar expression patterns to the transcriptome sequencing results.




2.4. Target Sites of miR319 in GhTCP Genes


The miRNAs can cause endonucleolytic cleavage of mRNA by extension, which often perfect complementarity to mRNAs. In plants, miR319 was one of the first characterized and conserved miRNA families, which has been demonstrated to target TCP genes. In G. hirsutum, miR319 had only 1-nt mismatch compared with sequences in Arabidopsis (Figure 6). The predicted hairpin structures of the miR319 precursor had 191 nt. The miR319 sequence was located at the 3′-end of the pre-miRNAs and began with a 5′-uridine. Using a set of strict standards, GhTCP21, GhTCP31, and GhTCP54 were predicted as targets of miR319. These three miR319 target sites were all located in the coding regions, and all miR319-targeted genes belonged to the CIN clade. Similarly, there were five and three TCP genes containing miR319-binding sites in Arabidopsis and P. mume, respectively, and they also belonged to the CIN group [26]. This suggests that miR319 held homologous target interactions during the evolution and diversification of plants.



Degradome sequencing had been widely used to identify plant miRNA cleavage sites. In this study, the GhTCP mRNA degradation sites were determined by BLASTing the sequenced degraded fragments against the G. hirsutum TCP genes. The degradome sequencing data are available at Gene Expression Omnibus (GEO accession number GSE69820). Using PairFinder software, miR319 was found to cleave GhTCP21 and GhTCP54 mRNA transcripts (Figure 7). The miR319–mRNA pair was at the cleavage site of the two TCP genes. There were both 67 raw reads at the position, with abundance at the position equal to the maximum on the transcript, and with only one maximum on the transcript. The 5′-ends of the mRNA fragments mapped to the nucleotide that paired to the tenth nucleotide of the miR319 sequence. To research the biological function of miR319, a negative-correlation expression test was undertaken for miR319 and its target GhTCP21 and GhTCP54 mRNAs using qRT-PCR. In response to salt and drought treatments, miR319 showed different degrees of upregulation. The transcriptome sequencing analysis showed that expression of GhTCP21 and GhTCP54 was downregulated.





3. Discussion


A number of TCP proteins had been recently identified in various plants due to completion of their whole-genome sequence, including Arabidopsis, rice, tomato (Solanum lycopersicum), and watermelon (Citrullus lanatus), Orchis italica, and Populus euphratica [27,28,29,30,31]. The allotetraploid, G. hirsutum, is not only the world’s most important fiber crop, but is also a model polyploid crop. Despite being among the largest and most diverse gene families, the TCP gene family has not been systematically identified in the G. hirsutum genome. In this study, we identified 73 TCP genes in the sequenced genome of G. hirsutum. We analyzed their phylogenetic relationship, genomic distribution, conserved protein motif, and exon–intron organization. Over 80% of GhTCP genes were intronless, which was quite similar to the structure of G. raimondii and G. arboretum TCP genes [32,33]. Generally speaking, most GhTCPs within the same subclade showed similar gene structure in terms of numbers and lengths of introns and exons. Furthermore, similar to the exon–intron organization, members of the same subclade also showed similar motif composition, indicating their functional similarities. Additionally, some motifs were only present at specific subclades, such as the R domain, suggesting that they can have subclade-specific functions.



The GhTCP genes possessed an expanded family, with approximately three-fold size compared with Arabidopsis, tomato, and rice, and approximately two-fold compared with G. arboreum and G. raimondii. This suggests that although plant TCP genes may derive from a common ancestor, many had undergone distinct patterns of differentiation with the divergence of different lineages. Based mainly on amino acid sequence differences, especially in the basic region of the TCP domain, the TCP transcription factors are divided into three groups. There were 50 GhTCP genes in the PCF group, 16 in the CIN group, and seven in the CYC/TB1 group. The numbers of genes in each group were approximately twice those in G. arboretum and G. raimondii. According to a recent study, all tetraploid cotton species (AtDt) evolved from A-genome diploid, G. arboretum, and D-genome diploid, G. raimondii, at around 1–2 Mya [34]. In addition, previous studies indicated that gene duplication contributed to increasing the number of gene family members on various scales, including whole-genome duplication [35]. The expansion of regulatory genes is rarely achieved simply through single gene duplication alone, implying that genome duplication contributed to the amplification of the TCP gene family in G. hirsutum.



TCP transcription factors was involved in the regulation of cell growth and proliferation, which performed diverse functions in multiple aspects of plant growth and development [3]. We determined the spatial and temporal expression profiles of G. hirsutum TCP genes in 10 tissues, which included different developmental stages of ovule and fiber, using transcriptome analysis. The expression in different tissues varied widely among GhTCP genes and different organs for individual TCP genes. This implies functional divergence of GhTCP genes during different plant developmental processes. GhTCP15 and GhTCP71 were relatively highly expressed in ovules and fibers at 10 DPA. Previous study demonstrated that GbTCP was preferentially expressed in elongating G. barbadense fiber during5 to 15 DPA [36]. Overexpression of GbTCP enhanced root hair initiation and elongation in Arabidopsis and regulated branching. Both GbTCP in G. barbadense and GhTCP71 are orthologs of AT1G69690 in Arabidopsis (named AtTCP15), compared with which they had only one amino acid difference within the TCP domain [37]. AtTCP15 was expressed in trichomes and rapidly dividing tissues and vascular tissue, and the protein promoted mitotic cell division, but inhibited endo-reduplication by modulating the expression of several key cell-cycle genes [15,38]. In our study, GhTCP14 was also expressed predominantly in fiber cells, especially at the initiation and elongation stages of development as previously reported. Induced expression of GhTCP14 can increases the density and length of root hairs and trichomes and affects gravitropism of Arabidopsis [39]. These results suggested that cotton fiber and Arabidopsis root hair elongation may have a similar regulatory mechanism for TCP genes.



Many Arabidopsis TCP genes with similar functions tended to cluster in the same clade, implying that TCP genes within the same clade may have similar functions in G. hirsutum. In Arabidopsis, some angiosperm members of the CIN-like clade involved in leaf and flower morphogenesis are targeted by miR319–for example, AtTCP2, 3, 4, 10, and 24 [40]. Loss of function of these genes results in enlarged leaves, due to an excess of cells that are smaller in size, while their gain of function leads to smaller leaves [41,42]. The miR319, previously known as “miR-JAW”, was first described in Arabidopsis because its involvement in the control of leaf morphogenesis [43]. Several studies had reported the involvement of miR319 in plants in response to stress conditions via downregulation of its target genes [44]. Transgenic creeping bentgrass overexpressing a rice miR319, Osa-miR319a, exhibited enhanced salt and drought tolerance [45]. In this study, we observed upregulation of miR319 and downregulation of the targets in both salt and drought treatments. To understand the responses of GhTCP genes to stresses, the expression profiles were investigated in response to abiotic stresses, such as heat, salinity, and drought. In total, 40 GhTCP genes exhibited variations in expression. It is noteworthy that some genes showed instantaneous upregulation, and decreased slowly during continued stress. For example, GhTCP6, 14, 35, and 51 exhibited their highest expression at 3 h of dehydration and salinity treatment. However, no significantly upregulated expression was found at late time points. It is plausible to postulate that these genes might be the part of a stress-signaling system. The functions of these stress-responsive GhTCP genes in abiotic stress resistance will be further characterized in future work.



In this study, a total of 73 non-redundant TCP encoding genes were identified in G. hirsutum. Our results provided evidence for the relationship between structure and function in the G. hirsutum TCP gene family, and laid the foundation for further identification of the functions of the GhTCP gene family and their relationship with miR319.




4. Materials and Methods


4.1. Plant Materials and Treatments


The G. hirsutum L. accession TM-1 was used in this study. The seeds were provided by the National Mid-term Genebank of the Institute of Cotton Research in China. Cotton seeds were sterilized, and germinated in vermiculite under greenhouse conditions: 30/22 °C day/night temperature, 55–70% relative humidity, and a 14/10 h light/dark cycle under 450 μmol m−2·s−1 light intensity. At the two-leaf stage, healthy seedlings were placed in pots containing aerated nutrient solution. Plants were cultured under normal conditions for 10 d to ensure full establishment before starting the drought and salt stress treatments. The pH was maintained close to 6.9 by adding H2SO4 or KOH as required. The roots of cotton seedlings were irrigated with 20% PEG to test the response to drought. The seedlings were treated with 150 Mm NaCl solution to test the response to salt. After exposing the seedlings to drought and salt stress for 24 h, leaves were harvested directly into liquid nitrogen and stored at −80 °C for subsequent use.




4.2. Sequence Retrieval and TCP Gene Identification


To identify TCPs in G. hirsutum, multiple database searches were performed. The completed genome sequence and protein sequences of this species were downloaded from the CottonGen database (http://www.cottongen.org) and the Cotton Genome Project (http://cgp.genomics.org.cn/page/species/index.jsp). A local protein database was constructed using the protein sequences. The TCP proteins from Arabidopsis and rice were used as query sequences, and were collected from published literature and downloaded from The Arabidopsis Information Resource (TAIR release 10, http://www.arabidopsis.org) and the Rice Genome Annotation Project (ftp://ftp.plantbiology.msu.edu), respectively. The BLASTP (http://cgp.genomics.org.cn/) was used to do the BLAST search. The e-value was set at 1e-10. The candidate TCP genes were further aligned to remove redundant sequences. To verify the reliability of the initial results, all non-redundant candidate TCP sequences were analyzed to confirm the presence of the conserved TCP domain using the InterProScan database (https://www.ebi.ac.uk/) and the NCBI’s CDD (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). Based on the results, the sequences that did not include the TCP domain were eliminated.




4.3. Analysis of Protein Features and Chromosomal Locations


The Mw and pI of each TCP protein were obtained using the online ExPASy program (http://web.expasy.org/compute_pi/). Protein pI was calculated using pK values of amino acids. Protein Mw was calculated by the addition of average isotopic masses of amino acids in the protein and the average isotopic mass of one water molecule. The subcellular localization of each GhTCP protein was analyzed using the CELLO v2.5 server (http://cello.life.nctu.edu.tw/). Through BLASTN (http://cgp.genomics.org.cn/) searches against the G. hirsutum whole genome, some information was obtained about the physical locations of each GhTCP genes on chromosomes.




4.4. Phylogenetic Analysis and Gene Structure


To analyzethe phylogenetic relationships between TCP genes in G. hirsutum and other species, the protein sequences of the identified GhTCP genes, Arabidopsis TCP genes, and rice TCP genes, were used to generate aphylogenetic tree. The ClustalX program was used to align the TCP domains. Phylogenetic trees were constructed by MEGA6.0 using the NJ and Minimal Evolution (ME) methods. For both methods, the bootstrap test of phylogeny was performed with 1000 replications. The exon/intron structures for each GhTCP gene was determined by aligning the CDS sequences to their corresponding genomic DNA sequences. The structures were shown using the Gene Structure Display Server 2.0 (http://gsds.cbi.pku.edu.cn/).




4.5. Expression Analyses of the TCP Genes and Search for miR319 Targets


Expression data for GhTCP genes were obtained from transcriptome data. RNA-seq data were obtained from the NCBI Sequence Read Archive (SRA: PRJNA248163). The expression pattern of GhTCP genes was analyzed in leaves, roots, and stems of 2-week-old plants; petals, torus, pistils, stamens, and lower sepals dissected from whole mature flowers; ovules from −3, −1, 0, 1, 3, 5, 10, and 20 days after pollination; fibers from 5, 10, 20, and 25 days; and true leaves of seedlings treated with salt, PEG, and heat. Gene expression levels were calculated according to Fragments Per Kilobase Million (FPKM) values and the default empirical abundance threshold of FPKM > 1 was used to identify the expressed gene.



Degradome sequencing data were used to find miR319 that caused TCP transcript degradation (GEO: GSE69820). We matched the degraded fragments to the GhTCP gene sequences, identified the cDNA sequences expressed, and then calculated normalized expression numbers of each degraded site along every cDNA, blast with miR319 sequences. A t-plot figure was constructed to show the tag distributions. PairFinder software was used to identify the sliced targets for miRNAs.




4.6. RNA Extraction and qRT-PCR Analysis


Total RNA was extracted with TRIzol Reagent (Invitrogen, 15596-026, Dalian, China) according to the manufacturer’s instructions. For the first-strand cDNA synthesis experiment of miR319, a One Step PrimeScript® miRNA cDNASynthesis Kit (Takara, Dalian, China) was used. For each sample, 4 μg of total RNA was converted to cDNA in a 20-μL reaction system, which contained 10 μL of 2× miRNA reaction buffer mix, 2 μL of 0.1% BSA, and 2 μL of miRNA PrimeScript®RT Enzyme Mix. qRT-PCR was performed using SYBR® Premix Ex TaqTM II (Takara) and undertaken with a 7500 Fast Real-Time PCR system (Applied Biosystems Inc., Foster City, CA, USA). The specific miR319 and TCP genes primers used are given in Table S2. The reactions were incubated in a 96-well plate at 95 °C at 30 s, followed by 40 cycles of 95 °C at 15 s and 60 °C at 30 s. The 25-μL reaction solutions contained 12.5 μL of SYBR®Premix Ex TaqTMII (2×), 1 μL of PCR forward primer (10 μM), 1 μL of PCR reverse primer (10 μM) and 2 μL of five fold diluted cDNA template. All reactions were performed with three replicates. Relative expression levels were calculated by the comparative threshold cycle (2−ΔΔT) method.
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Figure 1. Phylogenetic analysis of TCP proteins from G. hirsutum, Arabidopsis, and rice. The deduced full-length amino acid sequences were aligned using ClustalX 2.0 and the phylogenetic tree was constructed using MEGA 6.0 by the Neighbor-Joining (NJ) method with 1000 bootstrap replicates. The three subclasses are indicated with different colors. 
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Figure 2. TCP family members of G. hirsutum, G. raimondii, G. arboretum, tomato, Citrullus lanatus, Arabidopsis, rice, and Prunus mume. Different colors represent the different subclasses, and the number of genes in each subclass is shown. Green: CYC/TB1 genes; Red: CIN genes; Blue: PCF genes. 
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Figure 3. Heat map representation of GhTCP gene expression in different tissues. The tissues used for expression profiling are indicated at the top. The genes are shown on the left of the expression bars and the phylogenetic relationship is shown. The −3 to 20 days post anthesis (DPA) indicate −3, −1, 0, 1, 3, 5, 10, and 20 days after pollination. 
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Figure 4. Expression of GhTCP genes under heat, salt, and drought stresses. The genes are shown on the left of the expression bars and the phylogenetic relationship is shown. The abiotic stresses used for expression profiling are indicated at the top. The 1, 3, 6, and 12 h indicate hours after treatment. 
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Figure 5. Relative expression levels of six GhTCP genes under salt and drought stress. QRT-PCR analyses were performed using RNA generated from cotton leaves after NaCl and Polyethylene Glycol (PEG) treatment. Error bars represent standard error of the mean. 
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Figure 6. Mature and predicted fold-back structures of miR319 precursors in G. hirsutum. Sequences of mature miR319 are underlined. 
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Figure 7. miR319 and its target genes, GhTCP21 and GhTCP54, in G. hirsutum. (A) Target plot (t-plot) for GhTCP21 and GhTCP54, which were targeted by miR319. Arrows indicate the signatures corresponding to the miRNA cleavage site. Partial mRNA sequences of target genes aligned with the miRNAs show perfect matches (straight lines) and G-U wobbles (circles). (B) Relative expression levels of miR319, GhTCP21, and GhTCP54 under salt and drought stresses. QRT-PCR analyses were performed using RNA generated from cotton leaves after NaCl and Polyethylene Glycol (PEG) treatment. Error bars represent standard error of the mean. 
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