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Identification of miRNAs Involved in Stolon Formation in Tulipa edulis by High-Throughput Sequencing
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MicroRNAs (miRNAs) are a class of endogenous, non-coding small RNAs that play an important role in transcriptional and post-transcriptional gene regulation. However, the sequence information and functions of miRNAs are still unexplored in Tulipa edulis. In this study, high-throughput sequencing was used to identify small RNAs in stolon formation stages (stage 1, 2, and 3) in T. edulis. A total of 12,890,912, 12,182,122, and 12,061,434 clean reads were obtained from stage 1, 2, and 3, respectively. Among the reads, 88 conserved miRNAs and 70 novel miRNAs were identified. Target prediction of 122 miRNAs resulted in 531 potential target genes. Nr, Swiss-Prot, GO, COG, and KEGG annotations revealed that these target genes participate in many biologic and metabolic processes. Moreover, qRT-PCR was performed to analyze the expression levels of the miRNAs and target genes in stolon formation. The results revealed that miRNAs play a key role in T. edulis stolon formation.
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INTRODUCTION

Tulipa edulis is a perennial herb in the family Liliaceae and is an important medicinal plant in China. The dry bulb of T. edulis is commonly used in the treatment of a variety of tumors (Lee et al., 2010; Lin et al., 2015). Currently, T. edulis is mainly dependent on wild resources, so there are huge gaps in market demand. The stolon is one of the main asexual reproductive organs of T. edulis, with a unique morphology characterized by the absence of an adventitious root, as well as the absence of an obvious node or internode (Figure 1). Determining the mechanism of stolon formation has great significance for the promotion of research into T. edulis. In our previous works, we have performed an RNA-seq analysis of the transcriptomes of stolons at different developmental stages. Some differentially expressed genes (DEGs) were detected and annotated to involved in many physiological and biochemical processes, such as material and energy metabolism, hormone signaling, cell growth, and transcription regulation (Miao et al., 2016). However, to explore the molecular mechanism of stolon formation, the research on the characteristics and morphological development of the T. edulis stolon is still very limited. MicroRNAs (miRNAs) are noncoding RNAs comprising 21–24 nucleotides (nt) that are processed from long self-complementary precursor RNAs. In general, miRNAs regulate gene expression by completely or partially binding target mRNAs (Obernosterer et al., 2006). Since the first miRNA lin-4 was identified in Caenorhabditis elegans (Lee et al., 1993), more and more miRNAs, which play a pivotal role in post-transcriptional gene regulation, have been identified in plants and animals. The latest miRNA database (miRBase version 21.0) contains 28,645 entries representing hairpin pre-miRNAs and 35,828 mature miRNA products from 233 species. However, in plants, most studies of miRNAs have focused on model species. Exploring the miRNAs that are present in non-model species without reference genome data can help to broaden the species database. Recently, high-throughput sequencing has been successfully used to discover species-specific or lowly expressed miRNAs, such as those found in Aquilaria sinensis (Gao et al., 2012), Brachypodium (Zhang et al., 2009), and olive (Donaire et al., 2011). This powerful tool allows discovery of conserved and novel miRNAs in plant species without whole-genome data.
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FIGURE 1. (A) Tulipa edulis with elongated stolon; (B) T. edulis stolon developed into a new bulb; (C–E) T. edulis stolon formation at the initial, middle, and later stages. Scale: (A,B) 2 cm; (C–E) 5 mm.



Many researchers have reported that miRNAs play an important role in various stages of plant development, such as bud differentiation, flowering, leaf growth, and root elongation (Aukerman and Sakai, 2003; Chen, 2004; Wang J. W. et al., 2011). For example, miR160 plays important roles in the regulation of floral organ development and auxin signaling (Wu et al., 2006), whereas miR167 regulates sex differentiation in Arabidopsis (Mallory et al., 2005). Some auxin response transcription factors (ARFs) have been shown to regulate plant development and are targeted by miR160 and miR167 (Mallory et al., 2005; Wu et al., 2006; Chapman and Estelle, 2009). MiR156/157 and miR172 target SPL genes regulating floral transition in Arabidopsis (Gandikota et al., 2007; Jung et al., 2007). Furthermore, miR172 can also regulate floral organ identity and flowering time by translational repression or target binding of the APETELA2 genes (Aukerman and Sakai, 2003; Varkonyi-Gasic et al., 2012).

To date, miRNA expression levels in T. edulis have not been reported. To identify the key miRNAs involved in stolon formation in T. edulis, we performed high-throughput sequencing and bioinformatics analysis to compare miRNA populations from three libraries of three developmental stages (stage 1, 2, and 3). A total of 88 conserved and 70 novel miRNAs were identified in T. edulis, and differentially expressed miRNAs among the three libraries were screened. Furthermore, the potential miRNA-target genes were predicted and annotated by the GO, COG, and KEGG databases. In addition, quantitative real-time PCR (qRT-PCR) was used to analyze the expression patterns of miRNAs and their target genes in the aforementioned three developmental stages. The results serve as a valuable information resource regarding the miRNAs that are associated with stolon formation in T. edulis.

MATERIALS AND METHODS

Plant Materials

The experiment was performed under natural day/night conditions in the greenhouse of the Institute of Chinese Medicinal Materials at Nanjing Agricultural University, Nanjing, P. R. China, from October 2013 to March 2014. Disease-free bulbs of uniform size (approximate 1.0–1.5 g) were selected for planting in polyethylene plastic discs filled with nutrient-enriched soil. Stolon formation was divided into three stages: stage 1, the initial period of stolon formation, 41 days after planting (DAP), Figure 1C; stage 2, the middle period of stolon formation, 118 DAP, Figure 1D; and stage 3, the later period of stolon formation, 133 DAP, Figure 1E. Fertilizer and water conditions were strictly controlled during the experiment. The stolon samples were collected at the three stages, immediately frozen in liquid nitrogen and then stored at −80°C.

RNA Extraction, Construction of the Small RNA Library, and Solexa Sequencing

Total RNA was extracted from each sample by the modified CTAB method (Chang et al., 1993). The extracted RNAs of each sample were used to construct three small RNA libraries. In brief, polyacrylamide gel electrophoresis was used to enrich small RNA molecules in the range of 18–30 nt, which were ligated to adapters at their 5′- and 3′-ends and converted into cDNA by reverse transcription-PCR (RT-PCR). Three libraries were sequenced with an Illumina Hi-seq 2500 platform (Biomarker Technologies Co., Ltd, Beijing, China).

Prediction of Conserved and Novel MiRNAs

After removing the low-quality sequences, sequences with lengths < 16 nt and >30 nt and unique reads of 15–30 nt were used for further analyses. All clean reads were annotated as genome RNAs, rRNAs, scRNAs, snRNAs, snoRNAs, tRNAs according to the Genbank (http://www.ncbi.nlm.nih.gov/genbank) and Rfam databases (http://rfam.sanger.ac.uk). To identify the conserved miRNAs in T. edulis, small RNA sequences were used for a BLASTn search against the known mature plant miRNAs in the miRBase (Version 19.0). The unique sequences which have more than 90% sequence similarity (no more than two mismatches) with known plant miRNA family sequence are considered to be conserved miRNAs. The transcriptome data (the NCBI accession number SRR 2177458) were used to predict novel miRNAs.

Prediction of Potential MiRNA Target Genes and Functional Annotation of Target Genes

The potential target genes of the miRNAs were predicted using the psRNA Target program (http://plantgrn.noble.org/psRNATarget/) (Dai and Zhao, 2011). The sequences of miRNAs were submitted in NCBI, under the accession number SRP074213. The functional annotation of potential target genes was performed using diverse protein databases, including Gene Ontology (GO; Ashburner et al., 2000), Cluster of Orthologous Groups (COG; Tatusov et al., 2000) and the Kyoto Encyclopedia of Genes and Genomes (KEGG; Kanehisa et al., 2004).

Differential Expression of MiRNAs between Three Libraries

To identify the differentially expressed miRNAs, the frequencies of the miRNAs in three libraries were normalized to one million of the total number of miRNA reads in each sample. The differentially expressed miRNAs were identified among the three libraries using IDEG6 software (Romualdi et al., 2003). A threshold of a false discovery rate < 0.01 and a fold-change ≥2 were used to determine significant expression changes. Then the Hochberg Benjamini correction method (Benjamini and Hochberg, 1995) was used for correcting the p-value which obtained from the original hypothesis test, finally the false discovery rates were used as a key indicator to select the differentially expressed miRNAs.

QRT-PCR Analysis of MiRNAs and Target Genes

Total RNAs were extracted from three stolon samples by the modified CTAB method. Then, the small RNAs were reverse-transcribed into cDNA using the One Step PrimeScript® miRNA cDNA Synthesis Kit (TaKaRa, Dalian, China). qRT-PCR was performed using a SYBR Premix EX Taq Kit (TaKaRa, Dalian, China) in a 20 μl reaction volume containing 2 μl of cDNA, 7 μl of diluted cDNA, 0.5 μl of each primer, and 10 μl of PCR Master Mix. The reactions were carried out using the ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. 5S rRNA was used as the reference gene. Three replicates were performed for each sample, and the relative gene expression levels were calculated using the 2−ΔΔCt method (Pfaffl, 2001). The primers used for the miRNAs and target genes are shown in Table S1.

RESULTS

High-Throughput Sequencing Analysis of Small RNAs

To determine the possible involvement of miRNAs in stolon formation, three small RNA libraries were constructed for sequencing. Deep sequencing generated 19,054,308, 18,379,715, and 17,472,455 reads in the three libraries, respectively. After removing low quality reads, adapter sequences, and sequences with lengths shorter than 15 nt or longer than 30 nt, the clean reads were 12,890,912 for stage 1, 12,182,122 for stage 2, and 12,061,434 for stage 3. The length distribution of the small RNAs in the three libraries is shown in Figure 2. The most abundant small RNAs in all of the libraries are 24 nt in length, followed by 21 nt length. A similar result was reported in Arabidopsis thaliana and peanut (Rajagopalan et al., 2006; Chi et al., 2011). Previous studies have reported that 21 nt small RNAs have been described as the typical miRNAs and that 24 nt small RNAs involve repeats and heterochromatin formation (Pontes et al., 2009). Reads from all T. edulis libraries were annotated according to the GenBank and Rfam databases, and the numbers and proportions of the different categories are given in Table 1. As a result, reads with 11.50%, 13.11%, and 12.97% matches to genome RNAs were identified in stage 1, 2, and 3, respectively. Excluding the unannotated reads, the most abundant class was rRNA, which accounted for almost 15%–20%.
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FIGURE 2. Length distribution of sequence reads in T. edulis. Stage 1, T. edulis stolon formation at the initial stage; Stage 2, T. edulis stolon formation at the middle stage; Stage 3, T. edulis stolon formation at the later stage.



Table 1. Statistics of small RNA sequence reads in T. edulis.
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Discovery of Conserved and Novel MiRNAs

To identify the conserved miRNAs in T. edulis, small RNA sequences were compared with the currently known mature plant miRNAs in the miRBase. A total of 112,903, 149,433, and 158,159 small RNAs could be matched with previously known miRNAs in the three libraries, which accounted for 0.08%, 0.06%, and 0.04% of all clean reads, respectively. A significant predominant bias of U was observed in the first nucleotides of all putative miRNA sequences across all libraries (Figure S1), which was consistent with the typical miRNA sequence patterns. The miRNAs that perfectly matched with conserved miRNA sequences or had stem-loop precursors were further identified as conserved miRNAs. Finally, a total of 88 small RNAs in T. edulis were identified as orthologs of known miRNAs in other species.

To uncover novel miRNAs sequences in T. edulis, all unannotated small RNAs were searched against the transcriptome sequence data (SRR 2177458; Miao et al., 2016). After searching for potential miRNA precursors and predicting stem-loop hairpin structures, 70 unique sequences were identified as novel miRNAs in T. edulis and renamed ted-miR1 to ted-miR70. The sequences of conserved and novel miRNAs are represented in Tables S2, S3.

Prediction and Functional Annotation of MiRNA Target Genes

MiRNAs are involved in many biological processes via negative regulation of their target genes (Bartel, 2004; Jones-Rhoades et al., 2006). In this study, we searched for putative target genes using TargetFinder software, with default parameters (Fahlgren and Carrington, 2010). A total of 531 potential target genes were predicted in T. edulis. Among them, there were 331 and 206 target genes for 68 conserved and 54 novel miRNAs, respectively. The majority of miRNAs had more than one target gene.

To better understand the functions of the target genes, five public databases (Nr, Swiss-Prot, GO, COG, and KEGG) were used to annotate gene functions. Among all target genes, 339 target genes had annotation information (Table 2). A total of 335 and 303 target genes were homologous with known proteins in the Nr and Swiss-Prot databases, respectively. According to GO analysis, 249 target genes were classified into three gene ontology categories and 40 functional categories (Figure 3). In the cellular component, the greatest frequencies in the GO terms were “cell,” “cell part,” and “organelle.” “Catalytic activity” and “binding” accounted for a large proportion of molecular functions. According to biological processes, the target genes were concentrated on “metabolic process” and “cellular process.” Figure 4 summarized the categorization of the target genes according to COG analysis. A total of 157 target genes were functionally clustered into 25 classifications. “General function prediction only” accounted for the largest proportion in COG annotation, followed by “transcription,” “replication, recombination, and repair,” and “signal transduction mechanisms.” KEGG pathway analysis was further used to understand the biological functions and pathways of target genes. By mapping the enzyme commission numbers to the pathways, 61 target genes were assigned to 46 pathways, with the most frequently represented pathways including “purine metabolism,” “pyrimidine metabolism,” “pyruvate metabolism,” and “protein processing in endoplasmic reticulum.”

Table 2. Functional annotation of miRNA target genes in T. edulis.
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FIGURE 3. GO classification assigned to miRNA target genes in T. edulis.
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FIGURE 4. COG classification of miRNA target genes in T. edulis.



Differential Expression of MiRNAs during Stolon Formation

To identify the miRNAs involved in stolon formation, the normalized expressions of miRNAs in each sample were compared. IDEG6 software was used to screen the differentially expressed miRNAs. The miRNAs with changes in expression greater than 2-fold in three comparisons are represented in Tables S4–S6. In three comparisons, there were 39, 34, and 10 differentially expressed miRNAs in stage 1 vs. stage 2, stage 1 vs. stage 3, and stage 2 vs. stage 3, respectively. Among them, we found that 22, 19, and 5 differentially expressed miRNAs were novel miRNAs. Compared with stage 1, 21 and 16 miRNAs were up-regulated in stage 2 and stage 3, and 18 and 18 miRNAs were down-regulated in stage 2 and stage 3, respectively. However, in stage 2 vs. stage 3, 5 miRNAs were up-regulated, and 5 miRNAs were down-regulated. This result suggested that most miRNAs are related to stolon formation in the initial period and that novel miRNAs may play important roles in stolon formation. The expression of differentially expressed miRNA in the three libraries was analyzed by hierarchical cluster analysis. The result is shown in Figure 5. A large number of miRNAs showed differential expression during the early stage, but their expression trends during the late stages were similar. At the same time, we observed that the expression levels of most of the miRNAs were higher, indicating that they may play an important role in related biological processes.
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FIGURE 5. Cluster analysis of differentially expressed miRNAs in three developmental stages of T. edulis. Stage 1, T. edulis stolon formation at the initial stage; Stage 2, T. edulis stolon formation at the middle stage; Stage 3, T. edulis stolon formation at the later stage.



Expression Patterns of MiRNAs at Different Stages of Stolon Formation

To verify the expression profiles obtained from sequencing, the expression levels of five conserved (ath-miR165a, zma-miR396g-5p, aly-miR397a-3p, ath-miR1886.2, and osa-miR2094-5p) and 4 novel (ted-miR16, ted-miR17, ted-miR27, ted-miR40) differentially expressed miRNAs were examined by qRT-PCR, and the stage 1 was used as the control. As shown in Figure 6, the relative expressions of most miRNAs were in agreement with previous sequencing data. Of the conserved miRNAs, the expressions of ath-miR165a and ath-miR1886.2 increased slightly during stolon formation. The relative expression of zma-miR396g-5p was higher in stage 2 and stage 3 than in stage 1. aly-miR397a-3p and osa-miR2094-5p were more highly expressed in stage 1 and were expressed weakly in stage 2 and stage 3. Among the novel miRNAs, ted-miR16 exhibited high expression in stage 1 but showed a large decrease during the stolon developmental stages, whereas the relative expression of ted-miR17 decreased at stage 2 but followed an upward trend thereafter. The relative expression of ted-miR27 increased from stage 1 to stage 3, whereas ted-miR40 expression declined during this period. These observations demonstrated that most of the tested miRNAs were differentially expressed during stolon formation.
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FIGURE 6. qRT-PCR validation of selected conserved and novel differentially expressed miRNAs in T. edulis. Stage 1, T. edulis stolon formation at the initial stage; Stage 2, T. edulis stolon formation at the middlestage; Stage 3, T. edulis stolon formation at the later stage.



Expression Patterns of Target Genes at Different Stages of Stolon Formation

To explore the regulation of miRNAs and their target genes in stolon development, we further analyzed the dynamic expression patterns of the corresponding target genes targeted by selected miRNAs. The annotations of the target genes are represented in Table S7. These genes were annotated as transcription factors, biosynthesis-related enzymes, transporter proteins, and putative proteins. As shown in Figure 7, the relative expression levels of these five target genes varied among different developmental stages. Except Te96708 and Te97389, the other three genes showed strong negative correlations with their corresponding miRNAs. The expressions of Te71675 and Te96708 were down-regulated during stolon formation as they were targets for the up-regulated ath-miR165a and ath-miR1886.2, respectively. However, the expression of alymiR397a-3p was not significantly correlated with its target gene Te97389. Remarkably, Te96708 and osa-miR2094-5p both experienced decreases in their expression and showed weak expression in stage 2 and stage 3.
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FIGURE 7. qRT-PCR analysis of target genes in T. edulis. Stage 1, T. edulis stolon formation at the initial stage; Stage 2, T. edulis stolon formation at the middle stage; Stage 3, T. edulis stolon formation at the later stage.



DISCUSSION

The stolon is one of the asexual reproductive organs of T. edulis. It has the structural characteristics of both the root and rhizome but also differs significantly from them. Thus, the stolon can serve as experimental material for studying the evolution and environmental adaption of T. edulis. Previous studies found that the number of growth years affects stolon formation. Additionally, the environment has a very significant effect on the number of buds and stems produced, especially in moist conditions, which can significantly promote the formation of stolons. Similar conclusions have been reached regarding tulip stolon structure (Le Nard and De Hertogh, 1993; Bach and Ptak, 2005). Current data on the molecular mechanism of stolon formation in T. edulis are insufficient. To data, only one RNA-seq analysis of the transcriptomes of T. edulis stolons at three developmental stages has been established. Among the three libraries of stolons at three developmental stages, there were 5119 differentially expressed genes (DEGs) which mainly involved in many physiological and biochemical processes (Miao et al., 2016).

MiRNAs regulate a variety of physiological and metabolic processes in plants. A number of studies have revealed that most miRNA-target genes were annotated as transcription factors or functional genes that are directly involved in plant growth and resistance (Sunkar et al., 2007; Rodriguez et al., 2010). To date, there has been no research about miRNA in T. edulis. High-throughput technology has been widely applied in the study and functional analysis of miRNAs. In this study, we performed Illumina sequencing and obtained the first miRNA information for T. edulis. A total of 12,890,912, 12,182,122, and 12,061,434 clean reads were generated from three libraries. Throughout the sequencing data, reads of 24 nt were dominant in all small RNAs, as has been reported in many other species, such as Arabidopsis thaliana and peanut (Rajagopalan et al., 2006; Chi et al., 2011). Based on the sequence conservation and unique structure of mature miRNAs, 88 conserved, and 70 novel miRNAs were identified. However, without the whole-genome data of T. edulis, the number of identified miRNAs is relatively small. More miRNAs in T. edulis remain to be discovered. Some important and common miRNA families, such as miR169, miR172, and miR156, were detected in our miRNA libraries. It is worth studying further the functions of these miRNAs in T. edulis.

Gene regulation is closely related to organ development during plant growth (Dugas and Bartel, 2004; Chen, 2009). High throughput sequencing can help to evaluate the expression levels of miRNAs. Compared with stage 1, 39 and 34 miRNAs were differentially expressed in stage 2 and stage 3, respectively. However, only 10 miRNAs were identified as differentially expressed miRNAs between stage 2 and stage 3, suggesting that most miRNAs play important roles in the initial stage of stolon formation. In addition, in our previous study, we also found that the expression levels of DEGs in stage 1 had a large difference compared to stage 2 and stage 3, while a similar pattern was observed between stage 2 and stage 3 (Miao et al., 2016). That means the initial stage was important in stolon formation. It is worth noting that approximately half of the differentially expressed miRNAs were novel miRNAs, which provided useful information for studying their roles further. Numerous studies have reported that miRNAs play important roles in regulating organogenesis. For example, miR165/miR166 acts as a translational repressor of HD-ZIP III, which regulates root and nodule development in Medicago truncatula (Boualem et al., 2008). Overexpression of miR165 influences apical meristem formation and vascular development in Arabidopsis (Zhou et al., 2007). MiR396 can guide mRNA cleavage of several genes encoding the GRF and bHLH transcription factors that control leaf development (Wang L. et al., 2011; Debernardi et al., 2012). MiR397 is highly expressed in rice seeds and contributes to the regulation of seed development and other agronomic traits (Zhang et al., 2013). In this study, these miRNAs were differentially expressed during stolon formation. Of the miRNAs with significantly different expression levels, the known miRNAs were conserved among plant species. MiR1886 and miR2094 both have been rarely detected in other plants, but in this study, their expressions were specifically altered. This result suggests that some miRNAs may be species-specific. Additionally, the four novel miRNAs showed different expression levels at different stages, which enrich the data for studying the roles of miRNAs.

To explore the functional importance of the miRNAs, target genes were predicted. In the T. edulis libraries, 531 target genes were cleaved by 122 miRNAs. Most of the miRNAs targeted several genes. Five public databases were used to annotate the functions of the target genes. Functional annotation results revealed that the majority of the targets are involved in a broad range of physiological and molecular processes, such as cellular and metabolic processes and signal transduction. Previous studies showed that molecular mechanisms, hormone signals, and metabolic pathways are the major intrinsic regulators for controlling plant growth and development (Eveland and Jackson, 2012; Vanstraelen and Benková, 2012). In a previous study, many target genes involved in plant development were successfully identified in potato and cotton (Lakhotia et al., 2014; Xie et al., 2015). The expression patterns of miRNA-target genes in T. edulis were also analyzed. As expected, the target genes were negatively correlated with their corresponding miRNAs, which suggested that these miRNAs negatively regulated the participation of their target genes in stolon formation. Te90709, which encodes a cysteine proteinase protein, showed a high expression level during the late development stage in T. edulis stolon formation. The cysteine proteinase gene is also expressed highly in tomato and sweet potato in leaf development (Drake et al., 1996; Chen et al., 2002). ath-miR1886.2 and aly-miR397a-3p were, respectively predicted to target the transcription factors Te97389 (belongs to CIPK family) and Te96708 (belongs to CYP family), and these transcription factors are known to play roles in various aspects of plant growth and development (Morant et al., 2003; Tripathi et al., 2009). Nevertheless, further analysis of these differentially expressed miRNAs and their corresponding target genes are still necessary to explore the miRNA-mediated regulatory mechanisms of stolon formation in T. edulis.

CONCLUSIONS

In conclusion, this is the first report to identify conserved and novel miRNAs and their target genes using high throughput sequencing in T. edulis. Many conserved and novel miRNAs were significantly differentially expressed in stolon development stages and identified as development related miRNAs. Most of the target genes were annotated to participate in growth and development and signal transduction pathways. The digital expression data of differentially expressed miRNAs were further quantified by qRT-PCR to determine up-or down-regulation in stolon formation. The expression levels of target genes were analyzed to gain a better understanding of their function. These results contribute to our understanding on miRNA-mediated regulatory networks in stolon formation in T. edulis.

AUTHOR CONTRIBUTIONS

QG and ZZ conceived and designed the research. ZZ generated the experimental data, performed the data analysis, and drafted earlier versions of the manuscript. ZZ and YM were involved in the sample collection and revised the manuscript. YZ partially generated the experimental data. XY and YS were involved in the sample collection. All authors read, reviewed and approved the final manuscript.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation of China (81202867).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2016.00852

REFERENCES

 Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene Ontology: tool for the unification of biology. Nat. Genet. 25, 25–29. doi: 10.1038/75556

 Aukerman, M. J., and Sakai, H. (2003). Regulation of flowering time and floral organ identity by a MicroRNA and its APETALA2-like target genes. Plant Cell 15, 2730–2741. doi: 10.1105/tpc.016238

 Bach, A., and Ptak, A. (2005). “Induction and growth of tulip ‘Apeldoorn’ bulblets from embryo cultures in liquid media,” in Liquid Culture Systems for In vitro Plant Propagation, eds A. K. Hvoslef-Eide and W. Preil (Netherlands: Springer Dordrecht), 359–364.

 Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297. doi: 10.1016/S0092-8674(04)00045-5

 Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat. Soc. B Methodol. 57, 289–300.

 Boualem, A., Laporte, P., Jovanovic, M., Laffont, C., Plet, J., Combier, J. P., et al. (2008). MicroRNA166 controls root and nodule development in Medicago truncatula. Plant J. 54, 876–887. doi: 10.1111/j.1365-313X.2008.03448.x

 Chang, S. J., Puryear, J., and Cairney, J. (1993). A simple and efficient method for isolating RNA from pine trees. Plant Mol. Biol. Rep. 11, 113–116. doi: 10.1007/BF02670468

 Chapman, E. J., and Estelle, M. (2009). Mechanism of auxin-regulated gene expression in plants. Annu. Rev. Genet. 43, 265–285. doi: 10.1146/annurev-genet-102108-134148

 Chen, G. H., Huang, L. T., Yap, M. N., Lee, R. H., Huang, Y. J., Cheng, M. C., et al. (2002). Molecular characterization of a senescence-associated gene encoding cysteine proteinase and its gene expression during leaf senescence in sweet potato. Plant Cell Physiol. 43, 984–991. doi: 10.1093/pcp/pcf125

 Chen, X. M. (2004). A microRNA as a translational repressor of APETALA2 in Arabidopsis flower development. Science 303, 2022–2025. doi: 10.1126/science.1088060

 Chen, X. M. (2009). Small RNAs and their roles in plant development. Annu. Rev. Cell Dev. Biol. 25, 21–44. doi: 10.1146/annurev.cellbio.042308.113417

 Chi, X., Yang, Q., Chen, X., Wang, J., Pan, L., Chen, M., et al. (2011). Identification and characterization of microRNAs from peanut (Arachis hypogaea L.) by high-throughput sequencing. PLoS ONE 6:e27530. doi: 10.1371/journal.pone.0027530

 Dai, X. B., and Zhao, P. X. (2011). psRNATarget: a plant small RNA target analysis server. Nucleic Acids Res. 39, W155–W159. doi: 10.1093/nar/gkr319

 Debernardi, J. M., Rodriguez, R. E., Mecchia, M. A., and Palatnik, J. F. (2012). Functional specialization of the plant miR396 regulatory network through distinct microRNA-target interactions. PLoS Genet. 8:e1002419. doi: 10.1371/journal.pgen.1002419

 Donaire, L., Pedrola, L., de la Rosa, R., and Llave, C. (2011). High-throughput sequencing of RNA silencing-associated small RNAs in olive (Olea europaea L.). PLoS ONE 6:e27916. doi: 10.1371/journal.pone.0027916

 Drake, R., John, I., Farrell, A., Cooper, W., Schuch, W., and Grierson, D. (1996). Isolation and analysis of cDNAs encoding tomato cysteine proteases expressed during leaf senescence. Plant Mol. Biol. 30, 755–767. doi: 10.1007/BF00019009

 Dugas, D. V., and Bartel, B. (2004). MicroRNA regulation of gene expression in plants. Curr. Opin. Plant Biol. 7, 512–520. doi: 10.1016/j.pbi.2004.07.011

 Eveland, A. L., and Jackson, D. P. (2012). Sugars, signalling, and plant development. J. Exp. Bot. 63, 3367–3377. doi: 10.1093/jxb/err379

 Fahlgren, N., and Carrington, J. C. (2010). miRNA target prediction in plants. Methods Mol. Biol. 592, 51–57. doi: 10.1007/978-1-60327-005-2_4

 Gandikota, M., Birkenbihl, R. P., Höhmann, S., Cardon, G. H., Saedler, H., and Huijser, P. (2007). The miRNA156/157 recognition element in the 3′ UTR of the Arabidopsis SBP box gene SPL3 prevents early flowering by translational inhibition in seedlings. Plant J. 49, 683–693. doi: 10.1111/j.1365-313X.2006.02983.x

 Gao, Z. H., Wei, J. H., Yang, Y., Zhang, Z., Xiong, H. Y., and Zhao, W. T. (2012). Identification of conserved and novel microRNAs in Aquilaria sinensis based on small RNA sequencing and transcriptome sequence data. Gene 505, 167–175. doi: 10.1016/j.gene.2012.03.072

 Jones-Rhoades, M. W., Bartel, D. P., and Bartel, B. (2006). MicroRNAs and their regulatory roles in plants. Annu. Rev. Plant Biol. 57, 19–53. doi: 10.1146/annurev.arplant.57.032905.105218

 Jung, J. H., Seo, Y. H., Seo, P. J., Yun, J., Chua, N. H., and Park, C. M. (2007). The GIGANTEA-regulated microRNA172 mediates photoperiodic flowering independent of CONSTANS in Arabidopsis. Plant Cell 19, 2736–2748. doi: 10.1105/tpc.107.054528

 Kanehisa, M., Goto, S., Kawashima, S., Okuno, Y., and Hattori, M. (2004). The KEGG resource for deciphering the genome. Nucleic Acids Res. 32, D277–D280. doi: 10.1093/nar/gkh063

 Lakhotia, N., Joshi, G., Bhardwaj, A. R., Katiyar-Agarwal, S., Agarwal, M., Jagannath, A., et al. (2014). Identification and characterization of miRNAome in root, stem, leaf and tuber developmental stages of potato (Solanum tuberosum L.) by high-throughput sequencing. BMC Plant Biol. 14:6. doi: 10.1186/1471-2229-14-6

 Lee, R. C., Feinbaum, R. L., and Ambros, V. (1993). The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell 75, 843–854. doi: 10.1016/0092-8674(93)90529-Y

 Lee, S. A., Hong, S. K., Suh, C. I., Oh, M. H., Park, J. H., Choi, B. W., et al. (2010). Anti-HIV-1 efficacy of extracts from medicinal plants. J. Microbiol. 48, 249–252. doi: 10.1007/s12275-009-0176-9

 Le Nard, M., and De Hertogh, A. (1993). “Tulipa,” in The Physiology of Flower Bulbs, ed A. De Hertogh (Amsterdam: Elsevier), 617–682.

 Lin, R., Li, Z., Lin, J., Ye, J., Cai, Q., Chen, L., et al. (2015). Ethanolic extract of Tulipa edulis bak induces apoptosis in sgc-7901 human gastric carcinoma cells via the mitochondrial signaling pathway. Oncol. Lett. 10, 2371–2377. doi: 10.3892/ol.2015.3501

 Mallory, A., Bartel, D., and Bartel, B. (2005). MicroRNA-directed regulation of Arabidopsis AUXIN RESPONSE FACTOR17 is essential for proper development and modulates expression of early auxin response genes. Plant Cell 17, 1360–1375. doi: 10.1105/tpc.105.031716

 Miao, Y., Zhu, Z., Guo, Q., Zhu, Y., Yang, X., and Sun, Y. (2016). Transcriptome analysis of differentially expressed genes provides insight into stolon formation in Tulipa edulis. Front. Plant Sci. 7:409. doi: 10.3389/fpls.2016.00409

 Morant, M., Bak, S., Møller, B. L., and Werck-Reichhart, D. (2003). Plant cytochromes P450: tools for pharmacology, plant protection and phytoremediation. Curr. Opin. Biotechnol. 14, 151–162. doi: 10.1016/S0958-1669(03)00024-7

 Obernosterer, G., Leuschner, P. J., Alenius, M., and Martinez, J. (2006). Post-transcriptional regulation of microRNA expression. RNA 12, 1161–1167. doi: 10.1261/rna.2322506

 Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

 Pontes, O., Costa-Nunes, P., Vithayathil, P., and Pikaard, C. S. (2009). RNA polymerase V functions in Arabidopsis interphase heterochromatin organization independently of the 24-nt siRNA-directed DNA methylation pathway. Mol. Plant 2, 700–710. doi: 10.1093/mp/ssp006

 Rajagopalan, R., Vaucheret, H., Trejo, J., and Bartel, D. P. (2006). A diverse and evolutionarily fluid set of microRNAs in Arabidopsis thaliana. Gene Dev. 20, 3407–3425. doi: 10.1101/gad.1476406

 Rodriguez, R. E., Mecchia, M. A., Debernardi, J. M., Schommer, C., Weigel, D., and Palatnik, J. F. (2010). Control of cell proliferation in Arabidopsis thaliana by microRNA miR396. Development 137, 103–112. doi: 10.1242/dev.043067

 Romualdi, C., Bortoluzzi, S., D'Alessi, F., and Danieli, G. A. (2003). IDEG6: a web tool for detection of differentially expressed genes in multiple tag sampling experiments. Physiol. Genomics 12, 159–162. doi: 10.1152/physiolgenomics.00096.2002

 Sunkar, R., Chinnusamy, V., Zhu, J., and Zhu, J. K. (2007). Small RNAs as big players in plant abiotic stress responses and nutrient deprivation. Trends Plant Sci. 12, 301–309. doi: 10.1016/j.tplants.2007.05.001

 Tatusov, R. L., Galperin, M. Y., Natale, D. A., and Koonin, E. V. (2000). The COG database: a tool for genome-scale analysis of protein functions and evolution. Nucleic Acids Res. 28, 33–36. doi: 10.1093/nar/28.1.33

 Tripathi, V., Parasuraman, B., Laxmi, A., and Chattopadhyay, D. (2009). CIPK6, a CBL-interacting protein kinase is required for development and salt tolerance in plants. Plant J. 58, 778–790. doi: 10.1111/j.1365-313X.2009.03812.x

 Vanstraelen, M., and Benková, E. (2012). Hormonal interactions in the regulation of plant development. Annu. Rev. Cell Dev. Biol. 28, 463–487. doi: 10.1146/annurev-cellbio-101011-155741

 Varkonyi-Gasic, E., Lough, R. H., Moss, S. M. A., Wu, R., and Hellens, R. P. (2012). Kiwifruit floral gene APETALA2 is alternatively spliced and accumulates in aberrant indeterminate flowers in the absence of miR172. Plant Mol. Biol. 78, 417–429. doi: 10.1007/s11103-012-9877-2

 Wang, J. W., Park, M. Y., Wang, L. J., Koo, Y., Chen, X. Y., Weigel, D., et al. (2011). MiRNA control of vegetative phase change in trees. PLoS Genet. 7:e1002012. doi: 10.1371/journal.pgen.1002012

 Wang, L., Gu, X., Xu, D., Wang, W., Wang, H., Zeng, M., et al. (2011). miR396-targeted AtGRF transcription factors are required for coordination of cell division and differentiation during leaf development in Arabidopsis. J. Exp. Bot. 62, 761–773. doi: 10.1093/jxb/erq307

 Wu, M. F., Tian, Q., and Reed, J. W. (2006). Arabidopsis microRNA167 controls patterns of ARF6 and ARF8 expression, and regulates both female and male reproduction. Development 133, 4211–4218. doi: 10.1242/dev.02602

 Xie, F. L., Jones, D. C., Wang, Q. L., Sun, R. R., and Zhang, B. H. (2015). Small RNA sequencing identifies miRNA roles in ovule and fibre development. Plant Biotechnol. J. 13, 355–369. doi: 10.1111/pbi.12296

 Zhang, J., Xu, Y., Huan, Q., and Chong, K. (2009). Deep sequencing of Brachypodium small RNAs at the global genome level identifies microRNAs involved in cold stress response. BMC Genomics 10:449. doi: 10.1186/1471-2164-10-449

 Zhang, Y. C., Yu, Y., Wang, C. Y., Li, Z. Y., Liu, Q., Xu, J., et al. (2013). Overexpression of microRNA OsmiR397 improves rice yield by increasing grain size and promoting panicle branching. Nat. Biotechnol. 31, 848–852. doi: 10.1038/nbt.2646

 Zhou, G. K., Kubo, M., Zhong, R., Demura, T., and Ye, Z. H. (2007). Overexpression of miR165 affects apical meristem formation, organ polarity establishment and vascular development in Arabidopsis. Plant Cell Physiol. 48, 391–404. doi: 10.1093/pcp/pcm008

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Zhu, Miao, Guo, Zhu, Yang and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-07-00852-g005.gif
Jty-miRtseasp
tod.miRs
tedmiRts

mR3S7a3p.
fosa-miRs1s1
todmins
todmiR19

I .2
tod.miR4D
Jatn miR1886.2
todmiRe2
tedmiRsD
fosa-miRisss
ptc miR7sss
todmiR?
todmiR17
gma.miRs037a
todmiRz?

o miRz1

I i
ama-miRas6:Sp

— ltoa.miR1a
zmamiRissg-5p
osamiRs28dp.

e

emiRit2d
osa-miR2094.59
todmiR10
potmiR1oat
tedmiRe
todmiRzS
tocmiRs
todmiRt> A
latnmiRz9ssa 1
osamiR6284 A
ted-miRzd 1

osa-miRsS34a
[

todmiRz2

Stage1  Stage2  Stage3





OPS/images/fpls-07-00852-g006.gif





OPS/images/fpls-07-00852-g003.gif





OPS/images/fpls-07-00852-g004.gif





OPS/images/fpls-07-00852-t002.jpg
Annotated
database

Annotated
number

335
303
157
249
61
339

300 < length < 1000
(bp)

88
72
20
52
10
91

Length > 1000
(bp)

234
220
134
188
51
234





OPS/images/fpls-07-00852-g007.gif
4 rorrers amamsissa






OPS/images/fpls-07-00852-t001.jpg
Type

Genome RNA
RNA

SCRNA
SRANA
SnORNA
tANA
Repbase
Other
Clean_reads

Stage 1, T. edulis stolon formation at the initial stz

Number

1481965
2033198
0
15792
238
321373
5491
9032855
12890912

Stage 1

Percentage (%)

1150
1577
0.00
012
0.00
249
0.04
7007
100.00

Number

1597305,
2344894
0
4752
352
171061
10014
8053744
12182122

Stage 2

Percentage (%)

1311
1925
0.00
0.04
0.00
1.40
0.08
66.11
100.00

Number

1564278
2008866
o
6854
280
154487
7736
8318933
12061434

Stage 3

Percentage (%)

1297
1666
0.00
0.06
0.00
128
0.06
68.97
100.00

tage 2, T, edulis stolon formation at the middle stage; Stage 3, T, edulis stolon formation at the later stage.





OPS/images/fpls-07-00852-g001.gif





OPS/images/fpls-07-00852-g002.gif
Lad Ly

- e
- s
e
30
® oo

e

[





OPS/images/cover.jpg
’ frontiers
in Plant Science

Identification of miRNAs Involved
in Stolon Formation in Tulipa
edulis by High-Throughput
Sequencing









OPS/images/crossmark.jpg
®

o fark





OPS/images/logo.jpg
, frontiers
in Plant Science





