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Plant microRNAs (miRNAs) have been shown to play essential roles in the regulation of gene expression. In this study, small RNA deep sequencing was applied to explore novel miRNAs expressed in elongating cotton fibers. A total of 46 novel and 96 known miRNAs, primarily derived from the corresponding specific loci in genome of Gossypium arboreum, were identified. 64 miRNAs were shown to be differentially expressed during the fiber elongation process; 16 were predicted to be novel miRNAs while the remaining 48 belong to known miRNA families. Furthermore, RLM-5′ RACE (RNA ligase-mediated rapid amplification of 5′-cDNA ends) experiments identified the targets of eight important miRNAs, and the expression levels of these target genes were confirmed to be negatively correlated with the expression patterns of their corresponding miRNAs. We propose a potential functional network mediated through these eight miRNAs to illustrate their important functions in fiber elongation. Our study provides novel insights into the dynamic profiles of these miRNAs and a basis for investigating the regulatory mechanisms involved in the elongation of cotton fibers.
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INTRODUCTION

Upland cotton (Gossypium hirsutum) is a widely cultivated economic crop that provides natural textile fibers and material for edible oil. A cotton fiber is a single-cell trichome derived from the epidermal cells of the ovule, and its development occurs in four overlapping stages: initiation, elongation, secondary wall thickening, and maturation (Qin and Zhu, 2011; Du et al., 2013; Tang et al., 2016). Following initiation on the day of anthesis, single-celled seed trichomes subsequently undergo endoduplication and rapid elongation (Kim and Triplett, 2001; Yang et al., 2008). Thus, cotton fiber is a powerful model for studying cell differentiation and elongation.

Small RNAs (sRNAs), ranging from 18 to 24 nt in length, are key post-transcriptional regulators of gene expression in many eukaryotic organisms. A distinct class of sRNAs, known as microRNAs (miRNAs), negatively regulates gene expression by either mRNA degradation or translational inhibition. Advances in the understanding of miRNA-mediated gene regulation revealed that miRNAs play important roles in plant developmental switching and plant responses to environmental abiotic and biotic stresses as well as signal transduction (Jones-Rhoades et al., 2006; Li and Zhang, 2016). To date, several studies have investigated many miRNAs and their regulatory functions in the developmental processes of cotton fibers (Wang et al., 2012, 2015; Xue et al., 2013; Liu et al., 2014; Yu et al., 2014; Xie et al., 2015). Both computational prediction and experimental examinations have been widely employed to identify miRNAs in plants. From the very beginning, the identification of cotton miRNAs depended on a homolog-based comparative genomics approach, in which new miRNAs are identified by the comparison of currently known mature miRNAs or pre-miRNAs sequences with all cotton genomic sequences and/or ESTs (Zhang et al., 2005; Qiu et al., 2007). In 2008, two miRNAs were cloned from the cotton ovule (0–10 day post-anthesis; DPA) through sequencing (Abdurakhmonov et al., 2008). Recently, high-throughput sequencing technology has emerged as a powerful tool for identifying miRNAs and investigating their expression profiles on a genome-wide level. In 2009, four novel and 27 conserved miRNA families were identified from G. hirsutum L. cv. Texas Marker-1 in ovules (–3, 0, and 3 DPA) and 7 DPA fibers (Pang et al., 2009). In our previous studies, a comparative small RNAomic analysis combined with northern blotting and RACE–PCR (Rapid amplification of cDNA ends-polymerase chain reaction) was performed to reveal seven fiber initiation-related miRNAs in developing cotton ovules (Wang et al., 2012). Subsequently, eight fiber elongation-related miRNAs were identified in the genome of G. raimondii Ulbr (Xue et al., 2013). Recently, 21 novel miRNA candidates were found to be expressed in secondary wall thickening fiber cells (Yu et al., 2014) and 23 novel miRNAs were identified in developing cotton seeds (Wang et al., 2015). To date, a total of 713 and 427 miRNAs have been identified in the model plant species Oryza sativa and Arabidopsis thaliana, respectively. However, only 378 miRNAs from Gossypium spp. have been registered in miRBase (release 21). Therefore, the potential to discover novel miRNAs related to fiber development is immense.

With the goal to identify novel miRNAs in elongating fiber cells, we generated and sequenced four small RNA libraries from 5, 10, 15, and 20 DPA elongating cotton fibers. A comprehensive view of the variations in the expression patterns of miRNAs in the four samples was obtained based on high-throughput sequencing and published G. arboreum genome (Li et al., 2014). A total of 96 known and 46 novel miRNAs with 1127 genes as targets, were identified, of which 64 miRNAs were differentially expressed. The verification of eight elongation-related miRNAs and their putative targets by RLM-5′ RACE (RNA ligase-mediated rapid amplification of 5′-cDNA ends) experiments confirmed the sequencing results. Subsequently, qRT-RCR was used to verify the expression pattern of these miRNAs and their putative targets to illustrate the roles of miRNAs during cotton fiber elongation.

MATERIALS AND METHODS

Plant Material Preparation and Total RNA Isolation

Seeds of upland cotton (G. hirsutum cv. CRI35) were kindly provided by Cotton Research Institute of Chinese Academy of Agricultural Sciences. The seeds were germinated and maintained in pots under greenhouse conditions at 28°C/25°C (day/night) with 60% relative humidity and a photoperiod of 16/8 h (day/night) for 20 days. Then, the well-grown plantlets were transplanted to an open field at Tsinghua University in Beijing to continue growing. Flowers were tagged on the day of anthesis. Normal bolls were harvested at 5, 10, 15, and 20 DPA and temporarily stored on ice. The young seeds with fibers were stripped of hulls, frozen in liquid nitrogen and stored at –80°C. Total RNA was extracted from the frozen 5, 10, 15, and 20 DPA fibers using the PureLinkTM Plant RNA Reagent kit (Invitrogen, USA) according to the manufacturer’s instructions. The quality of RNA was tested using an Agilent 2100 Bioanalyzer (Agilent Technologies, USA).

Small RNA Library Construction and Sequencing

Small RNA library construction was performed as described previously (Wang et al., 2012). Briefly, 15–30 nt small RNAs were isolated on 15% PAGE (7 M urea), and ligated to the 5′ and 3′ RNA adaptors. Then, RT-PCR using primers with partial complementarity to the adaptors was performed. Four DNA pools from different samples were amplified from the first-strand cDNA and then sequenced using Hiseq2000 (Illumina, USA) at the Beijing Genomics Institute (BGI), Shenzhen, China.

Prediction of Known and Novel miRNAs

The raw reads from the small RNA libraries were first filtered to remove low-quality reads and the adaptor sequences were trimmed to obtain clean reads. After removing sequences belonging to rRNA, tRNA, snRNA, and snoRNA in the Rfam database1, high-quality small RNA reads ranging from 18 to 28 nt were aligned against the genome of G. arboreum2 and reads mapping to the cotton genome sequence assemblies were retained for further analysis. Subsequently, the unique reads that could be mapped onto miRNA precursors and mature miRNAs in miRBase (release 21: June 20143) were considered known miRNAs with the maximum of two mismatches. The remaining sequences were analyzed for predictions to identify novel miRNA candidates using the mireap_0.2 program4. Briefly, the cotton genome was used as a reference to explore the potential precursors for novel miRNA candidates in G. arboreum, and the obtained precursor sequences were examined for the potential to form secondary structures. The secondary structures were further checked for free energy, dominance of the novel miRNA reads relative to other precursor-mapped small RNA reads in abundance, the number of mismatches between the miRNA and the other arm of the hairpin, and no more than two asymmetric bulges in the stem region, to meet the gold criteria defined previously for the annotation of plant miRNAs (Meyers et al., 2008). We calculated the minimal folding free energy index (MFEI) of all candidates to confirm whether they were true miRNAs. Based on previous studies, the value of MFEI for most potential precursors was greater than 0.85, which is remarkably higher than that of other non-coding small RNAs. The MFEI was calculated as (100 × MFE)/(length × G/C content) (Zhang et al., 2006). Secondary structures of the obtained miRNA sequences were predicted using MFOLD5.

Analysis of Differentially Expressed miRNAs

Normalized reads (reads per 10 million, RPTM; defined as actual miRNA count/total count of clean reads ∗1,000,000) were used to evaluate the relative expression levels of each miRNA. Differentially expressed miRNAs were calculated according to our previous publications (Wang et al., 2012; Xue et al., 2013). Forty-eight known miRNAs and 16 novel miRNAs, with normalized expression levels more than 100 RTPM in at least one library, were selected to perform cluster analysis. A hierarchical clustering algorithm implemented in the Genesis software6 was applied to determine the miRNAs related to fiber elongation in cotton fibers.

Target Gene Prediction

The targets of miRNAs were predicted using the web server psRNATarget7 with the default parameters (Dai and Zhao, 2011). The most abundant sequence from each miRNA family served as the query, and the Gossypium (cotton) DFCI Gene index (CGI) Release 118 as the sequence database for the target search.

Verification of the miRNA Cleavage Sites Using RLM-5′ RACE

To identify the cleavage sites of target transcripts, the First Choice RLM-RACE kit (Ambion, USA) was used to perform RLM-5′ RACE. Total RNA was extracted using the PureLinkTM Plant RNA Reagent (Invitrogen) from fibers (5, 10, 15, and 20 DPA), and poly(A)+ mRNA were purified using a mRNA Purification Kit (Invitrogen). The purified mRNA was reverse transcribed to cDNA using the TaKaRa RNA PCR Kit. The resulting samples were ligated to a 5′ RACE adapter. Gene-specific reverse primers and gene-specific reverse nested primers were designed for the predicted targets and used in combination with the 5′ RACE adapter primers to amplify the cleaved transcripts. The 5′ RACE products were purified, cloned into pEASY-T1 vector (TransGen, Beijing) and sequenced. All gene-specific primers used in the experiments are listed in Supplementary Table S8.

Expression Analysis of Target Genes Using Quantitative Real-Time RT-RCR (qRT-RCR)

Total RNAs were extracted using the PureLinkTM Plant RNA Reagent (Invitrogen) from fibers (5, 10, 15, and 20 DPA). cDNAs were synthesized from 2 μg of total RNA using the TaKaRa RNA PCR Kit. Quantitative RT-PCR was performed on an iCycler iQ5 Multicolor real-time PCR detection system (Bio-Rad) using the Power SYBR Green PCR MasterMix (Applied Biosystems). Each PCR reaction (10 μL) contained 5 μL of real-time PCR Mix, 0.1 μL of each primer and the appropriately diluted cDNA. The thermal cycling conditions were 95°C for 30 s followed by 40 cycles of 95°C for 10 s, 55°C for 30 s, and 72°C for 15 s. The GhUBQ10 transcript was used as an internal reference for all the qRT-PCR analyses (Walford et al., 2011). Each sample was analyzed using three biological replicates and three technical replicates for each biological replicate. The relative gene expression levels were calculated according to the 2-ΔΔCT method of the system. The primers used are described in Supplementary Table S8.

RESULTS AND DISCUSSION

Deep Sequencing and Data Analysis

To identify novel miRNAs in elongating cotton fibers, we constructed four small RNA libraries from allotetraploid cotton fibers at 5, 10, 15, and 20 DPA. The small RNA libraries were sequenced on an Illumina HiSeq 2000 analyzer. A total of 76.2 million raw reads were generated, and the total numbers of clean reads, ranging from 18 to 44 nucleotides in length, obtained from each of the four libraries after precluding low quality reads, adaptor contamination and RNAs smaller than 18 nucleotides were as follows: 17979849 (F5), 18747051 (F10), 19597538 (F15), and 17845500 (F20) (Supplementary Table S1). These high-quality sRNAs were used for further analyses. Our analyses showed that 2338626, 2350998, 2146087, and 1581403 of the clean reads in the F5, F10, F15, and F20 libraries, respectively, were aligned to the G. arboreum genome (Table 1). In addition, sequences corresponding to rRNAs, tRNAs, snRNAs, and snoRNAs were also identified (Table 1).

TABLE 1. Distribution of small RNA sequences in the elongating cotton fiber small RNA libraries.
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Of the millions of high-quality sRNAs obtained, 95.27% (F5), 94.98% (F10), 92.96% (F15), and 90.24% (F20) were 20–24 nt in length with 24, 23, and 21 nt sequences representing the predominant size classes (Figure 1; Supplementary Table S1). It has been reported that most sRNAs functioning as small interfering RNAs (siRNAs) are 24 nt long (Rajagopalan et al., 2006); the appearance of such large numbers of 24 nt sRNAs in the four small RNA libraries indicated that siRNAs accounted for a large proportion in the sRNA datasets. These results are in agreement with previous reports on cotton (Wang et al., 2015) and other plants such as rice (Li et al., 2011), maize (Kang et al., 2012), and Medicago truncatula (Szittya et al., 2008).
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FIGURE 1. Sequence length distribution of small RNAs from the elongating cotton fiber libraries isolated at 5, 10, 15, and 20 DPA.



Identification of Known and Novel miRNAs

Currently, 378 unique mature sequences, belonging to 217 families registered in miRBase (release 21: June 20149) for cotton. To identify conserved miRNAs in the four libraries, the candidate miRNAs sequences were compared with those of published miRNAs using BLASTN search in miRBase. In total, 96 known miRNAs, belonging to 45 conserved miRNA families, were found to be expressed during cotton fiber elongation (Supplementary Table S2). Another previous study (Pang et al., 2009) also revealed 27 conserved and 4 novel miRNA families in four sequencing libraries from seedling leaves and ovules at -3, 0, and 3 DPA. Then, miRNA microarrays have been employed to measure expression of 21 conserved miRNAs present in their sequencing libraries and further found an additional nine miRNAs expressed in 7 DPA fibers. In our study, the 45 miRNA families included not only nearly all the miRNA families previously identified by Pang et al. (2009) but also another 18 known miRNA families in miRBase.

Another notable feature in this study is that the number of miRNAs varied among identified families (Supplementary Table S2). The miR156 and miR166 family were the two largest identified families, with seven members distinguished by internal nucleotide diversity or different genomic locations of pre-miRNAs. The miRNA families of miR169, miR482, miR157, miR160, miR164, miR167, miR390, and miR399 were represented by 6, 5, 4, 4, 4, 4, 4, and 4 members, respectively. Among the remaining 35 miRNA families, 11 were represented by two to three members and 24 by only one member. It was also observed that many sequence-variants were identified for almost every member of the known miRNAs.

One of the most important advantages of high-throughput sequencing technology is that it can facilitate the detection of novel miRNAs with extremely low expression level. Following the three criteria suggested by Meyers et al. (2008), a total of 46 novel miRNAs represented by 45 unique miRNA sequences were predicted (Supplementary Table S3). These novel miRNA candidates were named temporarily using the GhmiRna-number format, before being submitted for an official designation. The lengths of the newly identified miRNAs ranged from 19 to 24 bp; 21 nt miRNAs comprised the largest category followed by 24 nt miRNAs, and other species were much less frequent (Table 2), which is consistent with the observation that miRNAs are typically 21 or 24 nt in plants. Additionally, first nucleotide bias analysis of novel miRNAs showed that adenosine (A, 39.1%) and uracil (U, 32.6%) were the two most prominent nucleotides at the 5′ terminus (Table 2), which is in agreement with previous findings that AGO4 displays a preference for miRNAs with 5′ terminal A, while AGO1 usually recruits miRNAs with 5′ terminal U (Mi et al., 2008).

TABLE 2. The 5′ terminal nucleotides and lengths of the 46 novel cotton miRNAs.
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The precursor of each novel miRNA was able to form an appropriate secondary hairpin structure with the minimal folding free energy (MFE) ranging from -24.1 to -66.5 kcal/mol (Supplementary Figure S1; Supplementary Table S3). Furthermore, the MFEI, an important parameter to distinguish miRNAs from other non-coding RNAs, defines that a candidate RNA sequence is more likely to be a miRNA when the MFEI is greater than 0.85. Hence, we calculated the MFEI for each novel miRNA sequence (Supplementary Table S3), and found that 30 of the 46 novel miRNA sequences exhibited a MFEI greater than 0.85, while the MFEIs of 16 miRNAs were lower than 0.85. These results are in agreement with previous studies (Bonnet et al., 2004; Zhang et al., 2006).

Expression of Known and Novel miRNAs during Cotton Fiber Elongation

To measure miRNA read abundance, the abundances of known miRNAs were normalized to reads per 10 million (RPTM). In the four cotton fiber sRNA libraries, there were 94 known miRNAs in common, while miR398 was only found in the F15 and F20 libraries; another miRNA, GhmiR5141, was undetected in the F20 library (Supplementary Figure S2A; Supplementary Table S4). Further analysis found that 38 of the known miRNAs exhibited average abundances of more than 100 RPTM in the F5 library, 46 in the F10 library, 42 in the F15 library, and 45 in the F20 library (Supplementary Figure S2C). However, all the 46 predicted novel miRNAs were expressed in all four libraries, while 10 were highly expressed in the F5 library, 11 in the F10 library, 14 in the F15 library, and 13 in the F20 library (Supplementary Figures S2B,D; Supplementary Table S5).

The 48 known and 16 novel strongly expressed miRNAs, with more than 100 RPTM in at least one library, were used to perform cluster analyses. Based on the hierarchical clustering method, the expression patterns of miRNAs were clustered into four classes in both known and novel miRNAs (Figure 2). In class A, two known miRNA families (GhmiR166 and GhmiR390) and three novel miRNAs (GhmiRna08, GhmiRna15, and GhmiRna17) were progressively down-regulated during cotton fiber elongation, indicating that these miRNAs may play important negative regulatory roles in fiber elongation after 5 DPA. Consistently with previous findings of a general repression of miRNAs in fibers (Pang et al., 2009; Wang et al., 2012), we found that GhmiR166 and GhmiR390 were down-regulated along with fiber initiation, which correlates with the up-regulation of a dozen miRNA targets that promote fiber initiation. The abundance of two known miRNA families (GhmiR164 and GhmiR397) and three novel miRNAs (GhmiRna16, GhmiRna20, and GhmiRna32) in class B was very high at 10 DPA. Class C consisted of six known miRNAs (GhmiR167, GhmiR2950, GhmiR8718, GhmiR399, GhmiR396, and GhmiR8741) and three novel miRNAs (GhmiRna11, GhmiRna39, and GhmiRna42), whose accumulation peaked at 10 or 15 DPA during the rapid fiber elongation period (Ruan et al., 2001; Zhang and Liu, 2016), implying that these miRNAs may promote rapid fiber elongation. Combined with previously studies (Pang et al., 2009; Wang et al., 2012), GhmiR164 and GhmiR167 may function not only in fiber-bearing ovules (3 DPA) but also in rapid elongating cotton fibers. In class D, the abundance of the five known miRNA families (GhmiR156, GhmiR157, GhmiR479, GhmiR2218, and GhmiR7505) and seven novel miRNAs continuously increased during cotton fiber elongation, particularly at 20 DPA, the time at which fiber elongation is terminated.
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FIGURE 2. A complete linkage hierarchical cluster analysis of 16 novel and 48 known differentially expressed miRNAs in the cotton fibers was performed by comparing the RPTM of the miRNAs in every library to the average of the four cotton fiber sRNA libraries (5, 10, 15, and 20 DPA). The color indicates the log2-fold change from high (red) to low (green), as indicated in the color scale. On the right are names of the miRNAs, on the left are the classes to which they belong.



Targets of Known and Novel miRNAs

Previous studies have indicated that miRNAs inhibit gene expression by binding to protein-coding mRNAs. To elucidate the functions of miRNAs in cotton fiber elongation, we predicted their potential regulatory targets (Supplementary Tables S6 and S7) using the psRNATarget program. As shown in Supplementary Table S6, 729 non-redundant EST (expressed sequence tag) sequences, with an average of 7.8 targets/miRNA was predicted for 94 known miRNAs. On the other hand, a total of 451 EST sequences that matched the 43 novel miRNAs are listed in Supplementary Table S7. No target genes were found for the remaining two known miRNAs (GhmiR166-3 and GhmiR8682) and three novel miRNAs (GhmiRna02, GhmiRna18, and GhmiRna28), suggesting that the miRNAs with no predicted targets may suppress gene expression by different mechanisms including the inhibition of translation. Most miRNA families have multiple distinct targets, indicating that these miRNAs may play numerous roles in cotton fiber development. On the other hand, a single gene may also be targeted by several miRNAs, which map to the same cDNA at different sites, and cleave the mRNA into different-sized fragments. In addition, miRNAs in one family were found to target the same mRNAs.

Cleavage Sites and Expression Correlation between miRNAs and Their Targets

The RLM-5′ RACE experiment was carried out to verify the cleavage sites of the predicted miRNA target genes. The targets genes of the four known (GhmiR156, GhmiR160, GhmiR164, and GhmiR8718) and four novel miRNAs (GhmiRna06, GhmiRna17, GhmiRna35, and GhmiRna42) were used for the following analysis. The nine target genes were TC267737 (chlorophyll a/b binding protein CP29, CAB), TC240488 (UDP-glucuronic acid decarboxylase 2, UXS2), TC277286 (armadillo repeat superfamily protein, ARM), TC268754 (auxin response factor, ARF), TC242128 (1-aminocyclopropane-1-carboxylic acid synthase, ACS2), TC251866 (small nuclear ribonucleoprotein family protein, snRNP), EV492788 (actin-like ATPase superfamily protein, ATPase), TC257722 (growth-regulating factor 5, GRF5), TC243565 (phosphoglycerate mutase, PGM). All nine predicted target genes had specific cleavage sites that were located in the complementary sequences between miRNAs and their targets (Figure 3). CAB, UXS2, ARF, and ACS2 were precisely mapped from the 9–11th position of complementary sequences at the 5′ end of the miRNA, showing evidence of cleavage by GhmiRna17, GhmiR164, GhmiR160, and GhmiRna06, respectively. On the other hand, some miRNAs had multiple cleavage sites with different relative activities (Figure 3). For example, the target of GhmiR156, TC277286, predicted to be an armadillo repeat superfamily protein, has two cleavage sites with different relative activities in the complementary region, and the site with the highest activity is located at position 12th at the 5′ end of the miRNA.
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FIGURE 3. Mapping of target mRNA cleavage sites by RLM-5′ RACE. The arrows indicate the cleavage sites and the numbers show the fraction of cloned PCR products terminating at different positions. TC267737: CAB (chlorophyll a/b binding protein CP29); TC240488: UXS2 (UDP-glucuronic acid decarboxylase 2); TC277286: ARM (armadillo repeat superfamily protein); TC268754: ARF (auxin response factor); TC242128: ACS2 (1-aminocyclopropane-1-carboxylic acid synthase); TC251866: snRNP (small nuclear ribonucleoprotein family protein); EV492788: ATPase (actin-like ATPase superfamily protein); TC257722: GRF5 (growth-regulating factor 5); TC243565: PGM (phosphoglycerate mutase).



To assess the influence of the miRNAs on their targets, quantitative RT-PCR (qRT-PCR) analysis was used to quantify the transcription levels of the nine target genes during cotton fiber elongation. As shown in Figure 4, for the targets of Class A miRNAs, the transcript levels of CAB were negatively correlated with the reduction in GhmiRna17 levels. In contrast to GhmiRna17 expression, which decreased from 5 to 20 DPA, the expression of CAB increased from 5 to 20 DPA. It was reported that CAB proteins constitute the major light harvesting complex, which facilitate at the initial capture of light energy (Stayton et al., 1986; Anderson et al., 1993). This result indicated that GhmiRna17 may be associated with energy metabolism during fiber development. Among the targets of Class B miRNAs, the expression levels of which increased from 5 DPA and reached peak levels at 10 DPA, the expression of UXS2 was reduced from 5 to 10 DPA and subsequently up-regulated at 20 DPA (Figure 4). Interestingly, UXS2 has been found to be closely correlated with UDP-xylose synthesis, a process that is critical to the development of primary walls in fiber cells (Pan et al., 2010). Thus, GhmiR164 may serve as a key regulator of fiber elongation. The expression of GhmiR156 increased from 5 to 20 DPA, which might contribute to suppressing the expression of its target gene ARM (Figure 4). The same phenomenon was observed with between GhmiRna35 and its target snRNP; while snRNPs are implicated in pre-mRNA splicing and mature mRNA formation (Zhang et al., 2007). Previous investigations showed that the ARM genes function in several cellular processes including signal transduction, cytoskeletal regulation, nuclear import, transcriptional regulation, and ubiquitination (Phillips et al., 2012; Sharma and Pandey, 2015). Additionally, low expression of GhmiR160 was found to lead to the accumulation of ARFs at 15 DPA (Figure 4), which act as transcriptional activators and repressors that bind to the auxin response elements to regulate the expression of other genes (Tiwari et al., 2003). It has been reported that auxin promotes the development of fiber cells in vitro cultured ovules, and displays a positive correlation between final fiber length and in vivo-quantified IAA levels (Gokani and Thaker, 2002). Hence, GhmiR160, via its mediation of the cleavage of ARF mRNA, might be critical for rapid fiber elongation. The reads of GhmiRna06 increased gradually from 5 to 20 DPA and were negatively correlated with the level of ACS2 expression (Figure 4). It is also worth mentioning that ACS is the rate-limiting enzyme in ethylene biosynthesis during cotton fiber elongation (Wang et al., 2011). The expression levels of Class C miRNAs (GhmiR8718 and GhmiRna42) increased from 5 DPA and peaked at 10 or 15 DPA, while those of their target genes were reduced from 5 to 10 DPA or 15 DPA and slightly increased at 20 DPA. GhmiR8718, whose target mRNA encodes an ATPase, might be involved in cell expansion during elongation (Joshi et al., 1988). Two GhmiRna42 targets, GRF5 and PGM, were also identified (Figure 4); GRFs are plant-specific transcription factors that have diverse growth-related functions (Omidbakhshfard et al., 2015), and PGM is a ubiquitous glycolytic enzyme that plays an important role in glycogen metabolism in eukaryotic cells (Zhao and Assmann, 2011; Jablonsky et al., 2013).
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FIGURE 4. Expression pattern correlation between miRNAs and their target genes. The dotted lines and bars indicate miRNAs and accordingly the target abundance from the qRT-PCR results, respectively, in the four fiber libraries (5, 10, 15, and 20 DPA). The y-axis on the left and right were used to measure the expression levels of target and miRNA, respectively. The data represent the mean values ± SD of three replicates.



To confirm the results of qRT-PCR experiments, we analyzed the RNA-seq data from G. hirsutum transcriptome analyses downloaded from the NCBI Sequence Read Archive (SRA) under the accession number PRJNA248163. Consistent expression patterns of these nine miRNA target genes during cotton fiber elongation were observed between both qRT-PCR and RNA-seq-based differential expression analysis (Supplementary Figure S3). Therefore, our results demonstrate that miRNA-mediated regulation occurs in response to fiber elongation. A putative regulatory network connecting fiber elongation-related miRNAs to their targets may play a crucial role in cotton fiber elongation (Figure 5).
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FIGURE 5. A possible functional network of fiber elongation-related miRNAs in cotton fiber. The arrows indicate positive regulation, and the nail shapes represent negative regulation.



CONCLUSION

In summary, a total of 96 known miRNAs and 46 novel miRNAs were identified through the high-throughput sequencing of sRNAs isolated from 5, 10, 15, and 20 DPA cotton fibers. A complete linkage hierarchical cluster analysis revealed that 48 known miRNAs and 16 novel miRNAs were differentially expressed during cotton fiber elongation. Further, the target genes of eight miRNAs were validated through RLM-5′ RACE. The expression patterns of these target genes revealed negative correlation with the expression levels of their corresponding miRNAs. Thus, the present study revealed a regulatory network of miRNAs and may further facilitate the investigation of the functional importance of miRNA-mediated gene regulation during fiber elongation.
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