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CH-3, CH-5, pre-tillering and tillering group sample
were pooled for each biological replicate, and three bio-
logical replicates were performed.

RNA extraction, sRNAs library construction and
sequencing
Total RNA was extracted from tall fescue root-stem
junction tissues using Trizol reagent (Invitrogen, Carls-
bad, CA). The concentration and quality of the total
RNA was determined by a NanoDrop 8000 spectropho-
tometer (NanoDrop, Wilmington, DE) and checked by
Agilent Bioanalyzer 2100 system. Only high integrity
RNA was used for the sequencing analysis. 3� g of total
RNA for each sample was used to construct a sRNAs li-
brary using NEBNext® Multiplex Small RNA Library
Prep Set for Illumina® (NEB, USA.) following manufac-
turer•s recommendations. Library quality was assessed
on the Agilent Bioanalyzer 2100 system by DNA High
Sensitivity Chips. When RNA Integrity Number (RIN) is
more than 7 and the library effective concentration is
more than 2 nM, the pooled sRNA libraries were se-
quenced on the Illumina HiSeq 2500 at the Novogene
Co., Ltd. (Beijing, China) to produce 50-bp single-end
reads.

SRNAs sequencing data processing
The raw data were filtered through custom perl and py-
thon scripts to remove containing more than 10% N,
with 5� adapter contaminants, without 3� adapter or the
insert tag, containing probably poly A or T or G or C
reads and low quality reads. Then 18–30 nt clean reads
were mapped to reference sequence by Bowtie [38].
Bowtie indexes the reference sequence through the
Burrows-Wheeler transform and the full-text minute-
space index [38]. And memory-efficient alignment pro-
gram was used for aligning short DNA sequence reads
to large reference without mismatch to analyze their ex-
pression and distribution on the reference. Here, we
chose full-length transcriptome data of tall fescue (data
unpublish) as the reference sequence. Reads matched to
protein-coding genes, repeat sequences, rRNA, tRNA,
snRNA, snoRNA and sRNAs tags were removed. To
identify known miRNAs and draw their secondary struc-
tures, we aligned all reads against miRNA registered in
miRbase 20.0 using mirdeep2 [39] and srna-tools-cli
(http://srnatools.cmp.uea.ac.uk). For novel miRNA iden-
tification, the available software miREvo [40] and mir-
deep2 [39] were integrated to predict miRNA through
exploring the secondary hairpin structure.

Differential expression analysis of miRNAs
Expression level for each identified miRNA was estimated
by TPM (transcript per million) through the following the
normalization formula: Normalized expression = Mapped

readcount/Total reads*1000000 [41]. Differential expression
analysis of two groups was performed using the DESeq R
package (version 2.14,http://www.bioconductor. org/pack-
ages/release/bioc/html/DESeq.html) with a threshold of
corrected p-value < 0.05 and the absolute value of fold-
change > 2.

Target genes prediction of miRNAs, and GO and KEGG
enrichment analysis
Predicting the target gene of miRNA was performed by
psRobot_tar in psRobot [42]. Gene Ontology (GO) enrich-
ment analysis for the target gene candidates of differen-
tially expressed miRNAs was performed using GOseq
based Wallenius non-central hyper-geometric distribution.
KOBAS software was used to test the statistical enrich-
ment of the target gene candidates in Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways [43].

Quantitative RT-PCR analysis
Stem-Loop quantitative reverse transcription PCR (qRT-
PCR) was carried out to examine the expression level of
miRNAs. The stem–loop qRT-PCR primers were de-
signed according to Varkonyi-Gasic et al. [44] shown in
Additional file 16. Stem–loop RT reactions were per-
formed at 16 °C for 30 min, followed by 42 °C for 30 min,
85 °C for 5 min in 20� L reaction systems contained 2� g
of RNA samples, 1� L denatured stem-loop RT primer,
0.5� L 10 mM dNTP mix, 4� L 5X First-Strand buffer,
2 � L 0.1 M DTT, 11.15� L nuclease-free water, 0.1� L
RNaseOUT (40 U/� L), 0.25� L SuperScript III RT (200
U/� L) (Invitrogen, USA). 18S rRNA was used as the
internal control. qRT-PCR was performed on ABI
StepOne Plus Real-Time PCR system (Applied Biosys-
tems, Foster City, CA) and SYBR Green Real-Time PCR
Master Mix (Toyobo, Osaka, Japan) in 20� L reactions
according to the manufacturer•s protocol. The relative
expression levels of miRNAs were measured using the
2-�� Ct method.

Statistical analysis
The data obtained from qRT-PCR were expressed as the
mean ± standard deviation. The mean separation was
performed with Fisher•s least significant difference test
at P< 0.05 using the Statistical Analysis System (SAS 9.0
for windows, SAS Institute Inc., Cary, NC). Three bio-
logical replicates were prepared for each sample.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12864-020-07103-x.

Additional file 1. Maping rate of unique reads to full-length transcrip-
tome data in tall fescue.
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Additional file 2. Length distribution of miRNAs in two tall fescue
genotypes in Ch-3, Ch-5, Pre-tillering and Tillering smaples.
Additional file 3. The list of known miRNAs identified in tall fescue.
Additional file 4. miRNAs family analysis in tall fescue.
Additional file 5. The list of novel miRNAs identified in tall fescue.
Additional file 6. The first base preference in 18 ~ 30-nt sRNAs for
identified novel miRNAs.
Additional file 7. Differential expression analysis of miRNAs used for
linkage hierarchical clustering analysis (all data were the TPM value of
miRNAs).
Additional file 8. Differential expression of miRNAs between Ch-3 and
Ch-5 tall fescue.
Additional file 9. Differential expression of miRNAs between Pre-
tillering and Tillering tall fescue.
Additional file 10. Venn diagrams showing co-up-regulated and co-
down-regulated miRNAs involved in tall fescue tillering.
Additional file 11 Expression analysis of 6 randomly selected miRNAs
relative to tillering by stem–loop qRT-PCR. 18 s rRNA gene was used as
the reference gene. Error bars represent the SE for three independent ex-
periments, and three technical replicates were analyzed. Vertical bars indi-
cated LSD values where significant difference were detected (P < 0.05).
‘Ch-3’ with high tiller productive rate and ‘Ch-5’ with few tillers were col-
lected during tillering-stage tall fescue. Pre-tillering and Tillering indicates
samples were collected before and after tiller producing stage.
Additional file 12. Prediction of miRNA target genes in Ch-3, Ch-5, Til-
lering and Pre-tillering samples.
Additional file 13. The details of Go enrichment of miRNA target
genes.
Additional file 14. The list of KEGG pathway for miRNA target genes at
Ch-3/Ch-5 and Tillering/Pre-tillering groups.
Additional file 15. Correlations of expression level analyzed by small
RNA-Sequencing (x axis) with data obtained using qRT-PCR (y axis).
Additional file 16. All the primers used in this study.

Abbreviations
miRNAs: MicroRNAs; nt: nucleotides; MIRs: miRNA genes; pri-
miRNAs: precursor miRNAs; Pol II: polymerase II; DCL1: Dicer-like protein 1;
HYL1: HYPONASTIC LEAVES1; SE: SERRATE; HEN1: HUA ENHANCER 1;
AGO1: ARGONAUTE 1; miRISC: miRNA-induced silencing complex;
UTRs: untranslated regions; qRT-PCR: quantitative reverse transcription PCR;
KEGG: Kyoto encyclopedia of genes and genomes; sRNAs: small RNAs;
snoRNAs: small nucleolar RNAs; snRNAs: small nuclear RNAs; GO: Gene
ontology

Acknowledgments
Not applicable.

Authors’ contributions
HT and CL conceived and designed this research. HT carried out the
experimental work and bioinformatics analysis, and drafted the manuscript.
WT, LHY and XHW performed the experiments. MW helped to revise the
manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (Grant #: 31772349, 31672482 and 31401915), the Major Science and
Technology Innovation Project of Shandong Province (No.
2019JZZY010726), Poverty Alleviation through Agricultural Projects from the
Agricultural Office of Chinese Academy of Sciences, and Natural Science
Foundation of Henan province (Grant no. 182300410012).

Availability of data and materials
The raw sequences for Festuca arundinacea Schreb. ‘Ch-3’, ‘Ch-5’, Pre-tillering
and Tillering samples have been deposited in the NCBI Sequence Read Arch-
ive (SRA) under BioProject PRJNA629066. Accession numbers for the miRNA

sequencing are SRR11640118, SRR11640119, SRR11640120 and SRR11640121
(https://dataview.ncbi.nlm.nih.gov/object/PRJNA629066).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests

Author details
1CAS Key Laboratory of Plant Germplasm Enhancement and Specialty
Agriculture, Wuhan Botanical Garden, The Innovative Academy of Seed
Design, Chinese Academy of Sciences, Wuhan 430074, China. 2Center of
Economic Botany, Core Botanical Gardens, Chinese Academy of Sciences,
Wuhan 430074, China. 3College of Agriculture, Henan University of Science
and Technology, Luoyang, China. 4University of Chinese Academy of
Sciences, Beijing 100049, China.

Received: 4 May 2020 Accepted: 24 September 2020

References
1. Barnes R. Importance and problems of tall fescue. In: Kasperbauer MJ, editor.

Biotechnology in tall fescue improvement; 1990. p. 1–12.
2. Hu T, Sun X, Zhang X, Nevo E, Fu J. An RNA sequencing transcriptome

analysis of the high-temperature stressed tall fescue reveals novel insights
into plant thermotolerance. BMC Genomics. 2014;15(1):1147.

3. Cattani D, Struik P. Tillering, internode development, and dry matter
partitioning in creeping bentgrass. Crop Sci. 2001;41:111–8.

4. Zhuang L, Ge Y, Wang J, Yu J, Yang Z, Huang B. Gibberellic acid inhibition
of tillering in tall fescue involving crosstalks with cytokinins and
transcriptional regulation of genes controlling axillary bud outgrowth. Plant
Sci. 2019;287:110168.

5. Li X, Qian Q, Fu Z, Wang Y, Xiong G, Zeng D, Wang X, Liu X, Teng S, Hiroshi
F, et al. Control of tillering in rice. Nature. 2003;422:618–21.

6. Shao G, Lu Z, Xiong J, Wang B, Jing Y, Meng X, Liu G, Ma H, Liang Y, Chen
F, et al. Tiller bud formation regulators MOC1 and MOC3 cooperatively
promote tiller bud outgrowth by activating FON1 expression in rice. Mol
Plant. 2019;12(8):1090–102.

7. Budak H, Hussain B, Khan Z, Ozturk NZ, Ullah N. From genetics to functional
genomics: improvement in drought signaling and tolerance in wheat. Front
Plant Sci. 2015;6:1012.

8. Jones-Rhoades MW, Bartel DP, Bartel B. MicroRNAs and their regulatory roles
in plants. Annu Rev Plant Biol. 2006;57(1):19–53.

9. Yu Y, Jia T, Chen X. The ‘how’ and ‘where’ of plant microRNAs. New Phytol.
2017;216(4):1002–17.

10. Addo-Quaye CET, Bartel DP, Axtell MJ. Endogenous siRNA and miRNA
targets identifed by sequencing of the Arabidopsis degradome. Curr Biol.
2008;18:758–62.

11. Yu Y, Zhang Y, Chen X, Chen Y. Plant noncoding RNAs: hidden players in
development and stress responses. Annu Rev Cell Dev Biol. 2019;35:407–31.

12. Wu L, Zhou H, Zhang Q, Zhang J, Ni F, Liu C, Qi Y. DNA methylation
mediated by a microRNA pathway. Mol Cell. 2010;38(3):465–75.

13. Chen X. Small RNAs and their roles in plant development. Annu Rev Cell
Dev Bi. 2009;25(1):21–44.

14. Ruiz-Ferrer V, Voinnet O. Roles of plant small RNAs in biotic stress responses.
Annu Rev Plant Biol. 2009;60:485–510.

15. Song X, Li Y, Cao X, Qi Y. MicroRNAs and their regulatory roles in plant-
environment interactions. Annu Rev Plant Biol. 2019;70:489–525.

16. Liang GYF, Yu D. MicroRNA395 mediates regulation of sulfate accumulation
and allocation in Arabidopsis thaliana. Plant J. 2010;62:1046–57.

17. Yuan NYS, Li Z, Li D, Hu Q, Luo H. Heterologous expression of a rice miR395
gene in Nicotiana tabacum impairs sulfate homeostasis. Sci Rep. 2016;6:
28791.

18. Liu Y, Wang K, Li D, Yan J, Zhang W. Enhanced cold tolerance and tillering
in switchgrass (Panicum virgatum L.) by heterologous expression of Osa-
miR393a. Plant Cell Physiol. 2017;58(12):2226–40.

Hu et al. BMC Genomics          (2020) 21:696 Page 12 of 13

https://dataview.ncbi.nlm.nih.gov/object/PRJNA629066


19. Xia K, Ren W, Ou X, Fang Z, Tian C, Duan J, Wang Y, Zhang M. OsTIR1 and
OsAFB2 downregulation via OsmiR393 overexpression leads to more tillers,
early flowering and less tolerance to salt and drought in rice. PLoS One.
2012;7:e30039.

20. Zhang H, Zhang J, Yan J, Gou F, Mao Y, Tang G, Botella JR, Zhu JK. Short
tandem target mimic rice lines uncover functions of miRNAs in regulating
important agronomic traits. Proc Natl Acad Sci U S A. 2017;114(20):5277–82.

21. Xie K, Shen J, Hou X, Yao J, Li X, Xiao J, Xiong L. Gradual increase of miR156
regulates temporal expression changes of numerous genes during leaf
development in rice. Plant Physiol. 2012;158(3):1382.

22. Guo S, Xu Y, Liu H, Mao Z, Zhang C, Ma Y, Zhang Q, Meng Z, Chong K. The
interaction between OsMADS57 and OsTB1 modulates rice tillering via
DWARF14. Nat Commun. 2013;4:1566.

23. Yuan S, Li Z, Li D, Yuan N, Hu Q, Luo H. Constitutive expression of rice
MicroRNA528 alters plant development and enhances tolerance to salinity
stress and nitrogen starvation in creeping bentgrass. Plant Physiol. 2015;
169(1):576–93.

24. Llave C, Xie Z, Kasschau KD, Carrington JC. Cleavage of scarecrow-like
mRNA targets directed by a class of Arabidopsis miRNA. Science. 2002;297:
2053–6.

25. Li H, Hu T, Amombo E, Fu J. Genome-wide identification of heat stress-
responsive small RNAs in tall fescue (Festuca arundinacea) by high-
throughput sequencing. J Plant Physiol. 2017;213:157–65.

26. Alam MM, Hammer GL, van Oosterom EJ, Cruickshank AW, Hunt CH, Jordan
DR. A physiological framework to explain genetic and environmental
regulation of tillering in sorghum. New Phytol. 2014;203(1):155–67.

27. Saxena P, Huang B, Bonos SA, Meyer WA. Photoperiod and temperature
effects on rhizome production and tillering rate in tall fescue [Lolium
arundinaceum (Schreb.) Darby.]. Crop Sci. 2014;54(3):1205–10.

28. Li J, Jiao Z, He R, Sun Y, Xu Q, Zhang J, Jiang Y, Li Q, Niu J. Gene expression
profiles and microRNA regulation networks in tiller primordia, stem tips, and
young spikes of wheat Guomai 301. Genes (Basel). 2019;10(9):686.

29. Matts J, Zheng Y, Jagadeeswaran G, Sunkar R. MicroRNA expression profiles
in the emerging tillers and inflorescence of switchgrass, a major feedstock
for biofuel production. Indian J Plant Physiol. 2017;22(4):558–65.

30. Zheng LL, Qu LH. Application of microRNA gene resources in the
improvement of agronomic traits in rice. Plant Biotechnol J. 2015;13(3):329–36.

31. Jiao Y, Wang Y, Xue D, Wang J, Yan M, Liu G, Dong G, Zeng D, Lu Z, Zhu X,
et al. Regulation of OsSPL14 by OsmiR156 defines ideal plant architecture in
rice. Nat Genet. 2010;42(6):541–4.

32. Zhao J, Yuan S, Zhou M, Yuan N, Li Z, Hu Q, Bethea FG Jr, Liu H, Li S, Luo H.
Transgenic creeping bentgrass overexpressing Osa-miR393a exhibits altered
plant development and improved multiple stress tolerance. Plant
Biotechnol J. 2019;17(1):233–51.

33. Wang L, Sun S, Jin J, Fu D, Yang X, Weng X, Xu C, Li X, Xiao J, Zhang Q.
Coordinated regulation of vegetative and reproductive branching in rice.
PNAS. 2015;112(50):15504–9.

34. Cuperus JT, Fahlgren N, Carrington JC. Evolution and functional
diversification of MIRNA genes. Plant Cell. 2011;23(2):431.

35. Ma CBS, Lers A. miR408 is involved in abiotic stress responses in Arabidopsis.
Plant J. 2015;84:169–87.

36. Damodharan S, Zhao D, Arazi T. A common miRNA160-based mechanism
regulates ovary patterning, floral organ abscission and lamina outgrowth in
tomato. Plant J. 2016;86(6):458–71.

37. Zhao YF, Peng T, Sun HZ, Teotia S, Wen HL, Du YX, Zhang J, Li JZ, Tang GL,
Xue HW, et al. miR1432-OsACOT (acyl-CoA thioesterase) module determines
grain yield via enhancing grain filling rate in rice. Plant Biotechnol J. 2019;
17(4):712–23.

38. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient
alignment of short DNA sequences to the human genome. Genome Biol.
2009;10(3):R25.

39. Friedlander MR, MSD LN, Chen W, Rajewsky N. miRDeep2 accurately
identifies known and hundreds of novel microRNA genes in seven animal
clades. Nucleic Acids Res. 2011;40:37–52.

40. SY WM, Shi S, Tang T. miREvo: An Integrative microRNA Evolutionary
Analysis Platform for Next-generation Sequencing Experiments. BMC
Bioinformatics. 2010;13:140.

41. Zhou L, Chen J, Li Z, Li X, Hu X, Huang Y, Zhao X, Liang C, Wang Y, Sun L,
et al. Integrated Profiling of MicroRNAs and mRNAs: MicroRNAs Located on
Xq27.3 Associate with Clear Cell Renal Cell Carcinoma. PLOS One. 2011;
5(12):e15224.

42. Wu HJMY, Chen T, Wang M, Wang XJ. PsRobot a web-based plant small
RNA meta-analysis toolbox. Nucleic Acids Res. 2012;40:W22–8.

43. Mao X, Cai T, Olyarchuk JG, Wei L. Automated genome annotation and
pathway identification using the KEGG orthology (KO) as a controlled
vocabulary. Bioinformatics. 2005;21:3787–93.

44. Varkonyi-Gasic E, Wu R, Wood M, Walton EF, Hellens RP. Protocol: a highly
sensitive RT-PCR method for detection and quantification of microRNAs.
Plant Methods. 2007;3:12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Hu et al. BMC Genomics          (2020) 21:696 Page 13 of 13


