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miRNAs are important regulatory components involving in many biological processes, including plant
development, vegetative and reproductive growth, and stress response. However, identiﬁcation and characterization of miRNAs still remain limited for conifer species. In this study, with deep sequencing, we obtained
1,314,450 unique reads with 18–30 nt length from a stress-tolerant conifer, Sabina chinensis. We identiﬁed 37
conserved and 103 novel miRNAs, their unique characteristics were further analyzed, and 10 randomly
selected were validated by qRT-PCR. Through miRNA target predictions and annotations, we found miRNA
may have several targets as well a target could be regulated by several miRNAs, and a total of 2,397 mRNAs
were predicted to be targets of the 140 miRNAs. These targets included not only important transcription factors
such as auxin response factors, but also indispensable non-transcriptional factor proteins. Pathway-based
analysis showed that S. chinensis miRNAs are involved in 172 metabolic pathways, of which 3 were discovered in adaptation-related pathways, indicating their possible relevance to the species’ stress-tolerance
characteristics. This study is expected to lay the foundation for exploring the regulative roles of miRNAs in
development, growth, and response to environmental stresses of S. chinensis.
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1. Introduction
MicroRNAs (miRNAs) are a class of endogenous,
small, non-coding regulatory RNAs consisting of about
18–25 nucleotides (nt) derived from their precursor
sequences (Williams et al. 2005). miRNAs negatively

regulate gene expression by binding to target mRNAs
for initiating mRNA cleavage or inhibition of mRNA
translation at the post-transcriptional levels (Zhang
et al. 2006b). Lots of investigations suggested that
miRNAs are involved in different biological and
metabolic processes in plants and animals (Carrington
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and Ambros 2003; Das et al. 2016; Devi et al. 2018;
Zhang et al. 2007). Plant miRNAs regulate tissue initiation and development in leaf, cotyledon, root, stem,
and ﬂower, signal transduction, transition from the
vegetative stage to reproductive stage, and response to
adverse environmental conditions such as biotic and
abiotic stress (Ferdous et al. 2015; Ruiz-Ferrer and
Voinnet 2009; Sun 2012). Generally, the plant miRNAs
cleave their speciﬁc targets mRNA at the 10th or 11th
complementary base by effector mediated ARGONAUTE 1 (AGO1) protein complex, and directly leads
to target silencing (mRNA cleavage) or protein translation inhibition (Voinnet 2009). Therefore, predication
and annotation of miRNA targets are ﬁrst steps to
understand their biological functions.
The evolutionarily conserved nature of most plant
miRNAs across species promoted the identiﬁcation of
new orthologues (Zhang et al. 2006a). At present, the
identiﬁcation of new miRNA is conducted through two
common approaches: (1) experimentally including
direct cloning and deep sequencing (Niu et al. 2015;
Shuai et al. 2013), and (2) computationally through
homology search (Veneziano et al. 2015; Wang et al.
2005). The computational approach is more effective
and affordable for the identiﬁcation of new miRNAs
from publicly available genomic resources (Das et al.
2016; Zhang et al. 2005). Recently, a large number of
miRNAs have been identiﬁed to play key role in plants
defense mechanism and coping with environmental
stresses. For example, miR171 regulate growth-regulating factor response to abiotic stresses and ﬂoral
development in Oryza sativa (Zhou et al. 2010),
Medicago truncatula (Wang et al. 2011), and Prunus
persica (Eldem et al. 2012). However, although large
number of adaptive-related miRNAs have been discovered, reports on their regulatory role in stress-tolerant conifers are still limited.
Sabina chinensis is a pioneer species used in vegetation restoration projects and widely planted in China,
also it is ecologically important conifer with high tolerance to a wide range of environmental adversities,
including drought and barren soil (China Forestry
Editorial Committee 1998; Flora of China Editorial
Committee 1978). The adaptive mechanism of S. chinensis are not well understood. Thus, genomic study of
S. chinensis would be a good opportunity to improve
our understanding of the regulatory networks that
control biological and metabolic processes. Recently, a
transcriptome dataset of S. chinensis generated by highthroughput sequencing technology was published,
includes 116,814 unigenes from multiple tissue samples (terminal buds, microstrobilus, female strobilus,

biennial leaves, and cambium), providing a useful
reference sequence to identify new miRNA (Hu et al.
2016).
Here, a small RNA (sRNA) library of S. chinensis was
constructed by high-throughput sequencing, and the
miRNAs, their potential targets, and the corresponding
metabolic pathways were identiﬁed in S. chinensis.
Additionally, quantitative RT-PCR was used to validate
the accuracy and reproducibility of the newly identiﬁed
miRNAs. The miRNAs investigation of S. chinensis in
this study would be particularly useful for identifying
speciﬁc miRNAs and pathways that are related to adaptive mechanism of this stress-tolerant species.
2. Materials and methods
2.1 Plant materials
During the ﬂowering season (April–May), terminal
buds, micro-strobilus, female strobilus, biennial leaves,
and cambium tissues were collected from ﬁve S. chinensis adult trees located in Beijing Botanical Garden
(Beijing, China) and immediately frozen in liquid
nitrogen and stored at -80°C until further use.

2.2 Small RNA library preparation
and sequencing
Total RNA was isolated from the tissue samples using
RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s protocol. The RNA
quality was examined using gel electrophoresis
(28S:18S [ 1.5) and Bioanalyzer (Agilent 2100,
RIN C 8.0). RNA samples from the different tissues
were bulked in equal concentration to form a composite
RNA pool. Then, the total RNA was separated and
puriﬁed by polyacrylamide gel electrophoresis and the
18–30 nt sRNAs were ligated with 50 - and 30 -RNA
adapters by T4 RNA ligase (TaKaRa). Using SuperScript II Reverse Transcriptase (Invitrogen), the adapter-ligated sRNAs were subsequently reverse transcribed to complementary DNA (cDNA) and PCRampliﬁed. Finally, the products were sequenced using
Illumina HiSeqTM 2500 platform.

2.3 Analysis of miRNA sequence data
After removing the adaptor sequences and poor-quality
reads, high quality trimmed sequences with length of
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18–30 nt were used in further analyses. The recovered
clean reads were mapped to the mRNA transcriptome
sequences of S. chinensis (NCBI SRA accession No.:
SRR3596662) by SOAP software (Li et al. 2009), the
reads with perfect matches were used for further analyses. Additionally, rRNA, tRNA, snRNA, and
snoRNA as well as those containing poly-A tail were
identiﬁed and removed from the sRNA library by
searching against Rfam database (http://www.sanger.
ac.uk/software/Rfam) and NCBI non-coding RNA
database (http://www.ncbi.nlm.nih.gov/).
To identify conserved miRNAs, the remaining clean
reads were used as query against mature sequences in
the public miRNA database (miRBase version 22.1,
http://www.mirbase.org/) with less than two mismatches. miRBase database contained 48,885 miRNA
products from 271 species (Kozomara et al. 2018). The
identiﬁed conserved candidate miRNAs were further
validated by secondary structure prediction using
Mfold (http://unafold.rna.albany.edu/?q=mfold/RNAFolding-Form) (Zuker 2003). The remaining reads
that did not match any of the sequences in miRBase
were used to predict novel miRNAs by Mireap software (http://sourceforge.net/projects/mireap/). Novel
miRNAs were identiﬁed according to previously published criteria for plant miRNAs (Meyers et al. 2008).
Because most of the pre-miRNA sequences are rapidly
degraded after endonuclease DCL cleavage, only the
mature miRNA and anti-sense miRNA (miRNA*)
sequences were obtained. Therefore, in order to produce a more comprehensive prediction for S. chinensis
miRNAs, a publicly available genome data of Pinus
taeda (Neale et al. 2014), a closely related species to
S. chinensis, also was used as reference. If a reference
sequence with miRNA-like alignment met the criteria it
was considered as a putative miRNA (Meyers et al.
2008).
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(Larkin et al. 2007). The phylogenetic analysis was
performed to understand their evolutionary relationships using the program MEGA5.0 (Tamura et al.
2011) and a phylogenetic tree was constructed using
the neighbor-joining (NJ) method with 1,000 bootstrap
replicates.
2.5 qRT-PCR validation of partially candidate
miRNA in S. chinensis
To conﬁrm the accuracy and reproducibility of the
identiﬁed miRNAs candidates, 10 randomly selected
miRNAs sequences were subjected to qRT-PCR with
U6 snRNA as reference. PCR was ampliﬁed with the
same set of samples (terminal buds, micro-strobilus,
female strobilus, biennial leaves, and cambium tissues)
used for sequencing, and RNA samples from the different tissues were mixed in equal concentration to
form a composite RNA pool. Then, the total RNA
isolated from the collected plant materials was used for
the ﬁrst strand cDNA synthesis by FastQuant RT Kit
(with gDNAase) (Tiangen, Beijing, China) following
the manufacturer’s protocol. qRT-PCR was performed
on a QuantStudioTM Real-Time PCR System (Applied
Biosystems, USA) using 29 RealStar Green Power
Mixture (GenStar BioSolutions (Beijing) Co., Ltd,
China) under the following cycling parameters: 95°C
for 5 min, followed by 40 cycles at 95°C for 15 s, 60°C
for 20 s and 75°C for 15 s. Each reaction mixture was
20 ll, containing 1 ll diluted cDNA and 0.6 ll of each
primer, 29 RealStar Green Power Mixture 10 ll and
PCR-grade water up to 20 ll. All of the qRT-PCR
analyses were performed with three replicates. Relative
miRNA expression abundance were calculated using
the 2-DDCt method (Livak and Schmittgen 2001).

2.4 Phylogenetic analysis

2.6 Prediction of miRNA targets and functional
annotations

Plants highly conserved miRNA members within a
family always have the same function among different
species (Qiu et al. 2016; Taylor et al. 2014). Therefore,
in order to validate the homology between the newly
identiﬁed members and already discovered members
within same miRNA family, the representative S. chinensis miRNAs family was selected for phylogenetic
analysis. The precursor sequences of the candidate
miRNA were derived from miRBase release 22.1
(http://www.mirbase.org), and multiple alignment
analysis was implemented by ClustalW2 program

To better understand the functions of S. chinensis
miRNAs, their targets were predicted using a webbased program psRNATarget (http://bioinfo3.noble.
org/psRNATarget) (Dai et al. 2018). The parameter
settings were as follows: maximum expectation value
at 3; target accessibility-allowed energy to unpair target
site (UPE) as 25; ﬂanking length around target site for
target accessibility analysis (17 bp upstream and 13 bp
downstream); 10–11 nt is the range of central mismatch
that would lead to translational inhibition; maximum
mismatch at complementary site B 4 without 0.5 gaps.
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The putative functions of the identiﬁed target genes
were assigned by performing BLASTx search against
the non-redundant database of NCBI with an e-value of
1e-10. To better understand the miRNA function and
unravel the miRNA gene regulatory network in terms
of molecular function, cellular component, and biological process, GO annotation and enrichment analyses were carried out by web-based BLAST2GO
(Conesa et al. 2005). Finally, the metabolic pathways
and their networks regulated by the potential miRNAs
were searched by blasting against Kyoto Encyclopedia
of Genes and Genomes (KEGG, http://www.genome.jp/
kegg) database.
3. Results
3.1 Deep sequencing of S. chinensis
A total of 19,234,440 raw reads were obtained from the
S. chinensis sRNA library. After removal of lowquality reads, adaptor sequences, and sequences with
lengths outsides of 18–30 nt, 9,414,138 clean reads,
representing 1,314,450 unique reads were remained
(supplementary ﬁle 1). The numbers and proportions of
the different sRNA kinds are shown in table 1, in
which only 455,040 (34.62%) unique sRNA could be
annotated, suggesting that S. chinensis sRNA have not
been extensively mined in previous studies, hence our
study had greater potential to discover more miRNAs.
Additionally, the lengths for most of the sRNA is 21 nt
(5.45%) followed by 24 nt (3.67%).
3.2 Identiﬁcation of conserved miRNA families
A total of 37 conserved miRNAs were identiﬁed
comprising 20 miRNA families. The sequences of
Table 1. Distribution of small RNAs among different categories in S. chinensis
Category1

Unique
sRNA

Percent
(%)

Total
sRNA

Percent (%)

Total
rRNA
tRNA
snoRNA
snRNA
Annotated

1,314,450
434,943
18,852
1,237
8
455,040

35.13
1.43
0.09
0
34.62

9,414,138
5,668,539
349,014
12,805
22
6,030,380

60.21
3.71
0.14
0
64.06

1

rRNA, Ribosomal RNA; tRNA, Transfer RNA; snoRNA,
Small nucleolar RNA; snRNA, Small nuclear RNA.

mature, pre-, and second structure are shown in table 2,
supplementary table 1 and supplementary ﬁgure 1,
respectively. The length of S. chinensis mature miRNAs varied from 19 to 23 nt, with 21 nt (51%) as the
major size classes (table 2). Notably, 18 miRNAs
(49%) started with a 50 terminal uridine residue, which
is a characteristic feature of miRNAs recognized by the
AGO1 protein. The structures predicted of S. chinensis
miRNA precursor sequences show that all the precursors could be folded into reasonable hairpin structure
(supplementary ﬁgure 1). The length of miRNA precursors ranged from 51 to 134 nt, and the minimum
folding free energy (MFE) of miRNA precursors varied
from -18.4 to -60.7 kcal/mol, with an average value
of -42.4 kcal/mol.
Among the 37 conserved miRNAs, 17 were ﬁrst
discovered (table 2), of which 5 miRNAs (schmiR159a, -miR166a-5p, -miR166c-5p, -miR393a, and
-miR1083a-5p) were further validated by qRT-PCR
experiment. Interestingly, some miRNA families contained diverse members (ﬁgure 1), such as the schMIR166 family has 9 members. However, most of the
conserved miRNA families (60%) had only one identiﬁable member. Additionally, the expression abundance of the conserved miRNAs varied from 4 to 6,447
reads, with an average value of 325. Indeed, only ﬁve
miRNA families’ (sch-MIR164, -MIR166, -MIR396, MIR482, and -MIR1083) expression abundance were
above this average.
Among the newly identiﬁed conserved miRNA,
about 57% precursor sequences were found in the S.
chinensis mRNA transcriptome database, and 43%
miRNAs were identiﬁed using Pinus taeda genome
sequences as reference (table 2). Additionally, most of
the newly identiﬁed conserved S. chinensis miRNAs
(89%) could be found in three closely related conifer
plants (Picea abies; Pinus densata; Selaginella moellendorfﬁi), particularly, sch-miR159a, -miR166a-3p, miR166b-3p, -miR166c-3p, -miR166d, and -miR396c
have been found in more than three conifer plants.
Interestingly, 31 (84%) S. chinensis miRNAs could be
found in the Pinus taeda.
3.3 Identiﬁcation of novel candidate miRNAs in S.
chinensis
A total of 103 sRNAs were identiﬁed as novel miRNAs
(supplementary table 2). The precursor sequences of
these miRNAs could form proper secondary hairpin
structure (supplementary ﬁgure 2) with free energies
ranging from -18.0 to -73.1 kcal/mol (average =
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Table 2. Conserved miRNAs identiﬁed in S. chinensis

Structures
miRNA gene
sch-miR156a-5p
sch-miR156a-3p
sch-miR159a
sch-miR160a
sch-miR164a-5p
sch-miR164a-3p
sch-miR166a-5p
sch-miR166a-3p
sch-miR166b-5p
sch-miR166b-3p
sch-miR166c-5p
sch-miR166c-3p
sch-miR166d
sch-miR166e
sch-miR166f
sch-miR167a
sch-miR171a-3p
sch-miR319a
sch-miR319b
sch-miR390a
sch-miR393a
sch-miR395a
sch-miR395b
sch-miR396a
sch-miR396b
sch-miR396c
sch-miR396d
sch-miR482a-3p
sch-miR536a
sch-miR1083a-5p
sch-miR1314a-3p
sch-miR2111a
sch-miR2111b
sch-miR2950a
sch-miR2950b
sch-miR6725a
sch-miR11534a

miRNA sequence (50 -30 )
UUGACAGAAGAUAGAGGGCA
GCUCUCUAUACUUCUGUCAUCa
CUUGGAUUGAAGGGAGGUCUUUa
UGCCUGGCUCCCUGUAUGCCA
UGGAGAAGCAGGGCACGUGCG
CAUGUGCUAUUCUUCUCCAUUa
GGAAUGUUGUCUGGCUCGAa
UCGGACCAGGCUUCAUUCCCC
GGAAUGUUGUCUGGCUCGACa
UCGGACCAGGCUUCAUUCCC
GGAAUGUUGUCUGGCUCGACUa
UCGGACCAGGCUUCAUUCCCCUCa
CCGGACCAGGCUUCAUCCCCU
UCUCGGACCAGGCUUCAUUC
UCUCGGACCAGGCUUCAUUCC
UGAAGCUGCCAGCAUGAUCUGG
CGAGCCGAACCAAUAUUACCCCa
UUUGGACUGAAGGGAGCUCCCa
UUGGACUGAAGGGAGCUCCCU
AAGCUCAGGAGGGAUAGCGCC
UCCAAAGGGAUUGCAUCGAUUCa
CAGAAGUGUUUGGGGGGACUa
CAGAAGUGUUUGGGGGGACUC
UUCCACGGCUUUCUUGAACU
UUCCACAGCUUUCUUGAACUU
UUCCACGGCUUUCUUGAACUU
UUCCACAGCUUUCUUGAACUA
UCUUUCCUACGCCUCCCAUUa
CCGUGCCAAGCUGCGUGCAGCa
UAGCCUGGAACGAAGCACGCa
UCGGCCUUGAAUGUUAGGUGAGa
UAAUCUGCAUCCUGAGGUUUG
UAAUCUGCAUCCUGAGGUUUGAa
UUCCAUCUCUUGCACACUGAG
UUCCAUCUCUUGCACACUGAACa
UGGCAUCUGUCGAGGUCAUCUA
UGAGAUUGUUGGAGAGGUUCA

Conserved in other
speciese

Arm Len.b Count Ref.c MFEd pta pab smo Total
50
30
30
30
50
30
30
50
30
50
50
30
30
30
30
50
30
30
30
50
50
30
30
50
30
50
50
30
50
50
30
50
50
50
50
50
30

20
21
22
21
21
21
19
21
20
20
21
23
21
20
21
22
22
21
21
21
22
20
21
20
21
21
21
20
21
20
22
21
22
21
22
22
21

16
6
7
6
128
128
18
26
8
12
563
563
8
37
321
33
65
28
5
34
4
12
80
44
1730
222
4
448
21
152
18
9
19
4
5
129
32

Sch
Sch
Pta
Sch
Sch
Sch
Sch
Sch
Sch
Sch
Sch
Sch
Pta
Pta
Pta
Pta
Sch
Pta
Pta
Sch
Sch
Pta
Pta
Sch
Sch
Sch
Pta
Sch
Pta
Sch
Sch
Pta
Pta
Pta
Pta
Sch
Pta

-57
-57
-20
-23
-37
-37
-60
-60
-59
-59
-60
-60
-42
-44
-49
-49
-48
-61
-31
-47
-39
-50
-53
-18
-20
-18
-49
-42
-24
-39
-40
-39
-35
-40
-44
-40
-35

?
?

?
?

?
?

?
?
?
?

?

?
?

?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?

?

?
?
?

?

?

?

?
?
?
?
?
?
?
?

?
?
?
?

33
9
41
38
32
31
23
38
26
34
21
41
39
35
36
40
32
34
35
37
32
4
21
42
48
46
48
3
3
2
4
19
20
4
5
1
5

a

New member of corresponding miRNA family; bLength of the miRNA (nt); cSch and Pta are representing the precures came from
S. chinensis, and Pinus taeda, respectively; dMFE is minimal folding free energy (kcal/mol); epta: Pinus taeda, pab: Picea abies,
pde: Pinus densata, smo: Selaginella moellendorfﬁi; ? the plus symbols indicate this species has a homologous miRNA.

-36.4). The expression abundance of the identiﬁed
novel miRNAs is from 2 to 4,574, with an average of
216, however, most of the S. chinensis novel miRNAs
(89%) were far below this average value. Additionally,
most of the novel miRNA families had only one
member, except the sch-MIR63, -MIR64, -MIR65, MIR66, and -MIR67 had two members. Most importantly, 18 newly identiﬁed miRNAs were predicted
with anti-sense miRNA (miRNA*), including four
miRNAs* for corresponding conserved miRNA (sch-

miR171a-3p, -miR482a-3p, -miR1083a-5p, and miR1314a-3p) (ﬁgure 2).
Among the identiﬁed new miRNA candidates, 85
(83%) and 18 miRNAs (17%) precursor sequences
originated from S. chinensis and Pinus taeda, respectively (supplementary table 2). To determine whether
these novel miRNAs were conserved in other plants, all
the 103 miRNA candidates were used as query
sequences against mature and precursor miRNA
sequences in the public miRNA database miRbase.
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(pab), Pinus taeda (pta), Pinus densata (pde)) in the
phylogenetic tree of MIR482 (ﬁgure 3). Meanwhile,
these 9 MIR482-like miRNAs also showed high similarity evolutionary relationship with other gymnosperms
species. In fact, the miRNAs of angiosperm and gymnosperm always form separate clusters, respectively,
indicating the presence of deep evolutionary conservation
of MIR482. For example, sch-miR76–3p is clustered with
pab-miR482o and formed a separate cluster in the phylogenetic tree. However, the homologs across different
plant lineages also were identiﬁed, which further indicates
that the ancient miRNA regulatory system is probably
well-developed in the common ancestors of gymnosperms and angiosperms.
3.5 Validation of S. chinensis miRNA

Figure 1. Numbers of conserved miRNA family member
in S. chinensis.

Homologs were found for 16 miRNAs (16%) in different plant species; however, only 11 (11%) have
homology with more than two species with mismatch
bases between 3 and 7 (table 3). The species that have
homologous with S. chinensis miRNA are always
gymnosperm, especially the closely related Pinus taeda
(table 3). On the other hand, homologs were not found
for the remaining 87 novel miRNA candidates.
3.4 Phylogenetic analysis of MIR482 family
Among the 11 S. chinensis novel miRNAs that have
homology with other plants, 9 were assigned to the
MIR482 family, because these 9 miRNAs’ mature
sequences were highly similar to sch-miR482a-3p (the
number of mismatched bases were between 4 to 7), they
were considered as MIR482-like miRNA. miR482 is
ubiquitously distributed in gymnosperm, monocot, and
dicot plants as a stress-responsive miRNA, and targeted
nucleotide-binding site leucinerich repeat (NBS-LRR)
protein-encoding genes, which play critical regulatory
roles in disease resistance in plants (Zhu et al. 2013). schmiR482a-3p and 9 MIR482-like miRNAs were identiﬁed
in our study, all were included in further phylogenetic
analysis incorporating published precursors of miR482
candidates (a total of 106 sequences from miRBase 22.1).
It is clear that S. chinensis miR482 (sch-miR482a-3p)
was clustered with other gymnosperms (Picea abies

All the randomly selected 10 miRNAs candidates were
readily detected by qRT-PCR (ﬁgure 4), suggesting that
they are genuine miRNAs. The expression abundance
among the candidate miRNAs (conserved and novel) varied signiﬁcantly. The average value of DCt for the selected
conserved miRNAs was 15.33, which was much higher
than the identiﬁed novel miRNAs (DCt = 1.72), indicating
that the conserved miRNA had higher expression compared to the novel ones. All the selected conserved miRNA
appeared to be highly expressed, suggesting their conservative and primary function in essential biological processes. Owing to random selection of miRNAs, only two
(sch-miRNA55 and -miR78–5p) were selected among the
novel miRNAs of S. chinensis, and both appeared to be
poorly expressed compared to other conserved miRNAs,
which may be attributed to different miRNAs’ expression
in different developmental stages in S. chinensis. Meanwhile, it was consistent with previous studies that the relative expression abundance of non-conserved miRNA is
usually at lower levels with tissue or developmental phasespeciﬁc pattern (Ruan et al. 2009; Song et al. 2010). Our
results suggested that RNA sequencing was capable of
successfully discovering novel miRNAs in S. chinensis
with high accuracy and efﬁciency.

3.6 Identiﬁcation and annotation of miRNA
targets
A total of 116,814 sequences from the S. chinensis
mRNA transcriptome database and 140 mature miRNAs were used as a custom target database and a
custom miRNA database in psRNATarget (http://
plantgrn.noble.org/psRNATarget/),
respectively.

miRNAs in stress-tolerant Sabina chinensis
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Figure 2. The secondary hairpin structures of sense and antisense strand of sch-miR171a (A), sch-miR482a (B), schmiR1083a (C) and sch-miR1314a (D). The blue represents conserved miRNAs, and the red represents novel identiﬁed
miRNA in S. chinensis.

Finally, a total of 2,397 unique mRNAs were predicted
to be targets of S. chinensis miRNAs (supplementary
table 3), suggesting one miRNA may have several
targets and one target could be regulated by several
miRNAs. About 66% targets can be annotated in Nr
database, and these targets were involved in a variety of
physiological processes in plants, of which 16 conserved miRNAs’ targets have homologous to previously validated or predicted miRNA targets in
Arabidopsis thaliana, Glycine max, Gossypium raimondii, Medicago truncatula, Oryza sativa, Pinus
densata, Prunus persica, Populus trichocarpa, and
Triticum dicoccoides (table 4).

3.7 GO and KEGG enrichment of the predicted
miRNA targets
About 14% of S. chinensis miRNAs targets can be
annotated and assigned to at least one GO term in the

three ontologies of molecular function (involving 117
unique miRNAs), cellular component (98), and biological process (112) (supplementary table 4). The GO
enrichment analysis further revealed that S. chinensis
miRNAs primarily involved in the development of
cytoplasm, membrane, and nucleus in category of
cellular component (ﬁgure 5A). The results also
showed that different targets were involved in category
of biological processes, such as 9, 12, and 35 miRNAs
could be associated with stress response, signal transduction, and oxidation-reduction processes, respectively (ﬁgure 5B). For the molecular function category,
the sub-category of ATP binding, nucleotide binding,
binding, transferase activity, and metal ion binding
were the signiﬁcantly enriched GO terms (ﬁgure 5C).
In the present study, different miRNAs were associated with response to various biotic and abiotic
stresses. For example, the regulation function of 12
miRNAs (sch-miR11, -miR17, -miR20, -miR30, miR33, -miR48, -miR69–3p, -miR75–3p, -miR78–3p,
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Table 3. Orthologs of novel miRNAs conserved in other species
Highest homology
miRNA
sch-miR16
sch-miR33
sch-miR48
sch-miR69–3p
sch-miR71–5p
sch-miR71–3p
sch-miR72–3p
sch-miR75–3p
sch-miR78–3p
sch-miR80–3p
sch-miR482a-5p

Sequence (50 -30 )
ATGCGAGATTGTGGGAAAGGG
TTTTCCCTGTACCACCCATTCC
TTTTGCCAGTTCCGCCCATTCC
TTTTTCCAATACCTCCTATACC
CGTGGGAGGAATGGCAAGACT
TCTTCCCTGATCCTCCCATGCC
TTGCCGATGCCGCCCATACCT
TTTTACCAGAACCGCCCATTCC
TCTTCCCGATCCCTCCGAAGCC
TCTTTTCAGTTCCGTCCATTCT
AGTGGGACGGTGGGAAAGACT

Namea

Misb

pab-miR11534
pab-miR482b
pvu-miR482–3p
mes-miR482c
pgi-miR482a
pta-miR482a
gma-miR2118a-3p
pab-miR482p
pab-miR482o
pab-miR482g
eun-miR482b-5p

7
4
3
3
7
3
3
4
4
3
4

Homology in other plantsc
pta

pab

?
?

?
?
?

?

?

pde
?
?
?
?

?
?
?

Total
19
24
7
5
20
15
15
2
5
1

a

pab: Picea abies; pvu: Phaseolus vulgaris; mes: Manihot esculenta; pgi: Panax ginseng; pta: Pinus taeda; gma: Glycine max; eun:
Eugenia uniﬂora. bmis. represent the mismatch base; cpde: Pinus densata; ? this species has a homologous miRNA.

-miR78–5p, -miR482a-3p, and -miR11534a) can be
related to defense response, and 9 miRNAs
(sch-miR52, -miR70–5p, -miR71–5p, -miR73–5p,
-miR75–5p, -miR396a, -miR396b, -miR396c, and
-miR396d) were found to be involved with response to
stress. All these miRNAs may be related to the stressresistant mechanism, and this information provided a
useful information for understanding the regulatory
role of miRNAs in S. chinensis.
KEGG enrichment test was conducted to obtain a
deeper insight into the associated metabolic and
biosynthetic pathways with S. chinensis miRNA and
indicated that they are involved in 172 KEGG pathways among the ﬁve main categories, suggesting one
miRNA may play a role in several pathways and one
pathway could be regulated by several miRNAs (supplementary table 5). Finally, 10, 16, 29, 74 miRNAs
were found to be involved in cellular processes, environmental information processing, genetic information
processing, metabolism and organismal systems,
respectively. A more detailed distribution of miRNA in
the subcategories showed that they were primarily
involved in transport and catabolism, and signal
transduction in the category of cellular processes and
environmental information processing, respectively
(ﬁgure 6). Additionally, carbohydrate metabolism,
global and overview maps, and lipid metabolism are
the three subgroups that have been regulated most
frequently by miRNAs in the category of metabolism
(ﬁgure 6). Most importantly three miRNAs were disclosed involvement in subgroup of environmental
adaptation, includes sch-miR05 could be related with
the pathway of circadian entrainment (KEGG_ID:
ko04713), sch-miR53 with the pathway of plant-

pathogen interaction (KEGG_ID: ko04626), and schmiR64b with the pathway of circadian rhythm - plant
(KEGG_ID: ko04712). These ﬁndings open a new
avenue for advancing studies into speciﬁc miRNAs and
pathways in this species, especially related to adaptive
mechanism.

4. Discussion
In this study, a total of 37 conserved and 103 novel
miRNAs in S. chinensis were identiﬁed and characterized. Of which, 17 conservative miRNAs were ﬁrst
discovered; 18 miRNAs were found with an anti-sense
miRNA; and the conservative nature of newly identiﬁed and already discovered members have been
detected by phylogenetic analysis in MIR482. Additionally, the accuracy and reproducibility of the identiﬁed S. chinensis miRNAs were validated by qRTPCR. Targets prediction and annotation showed that S.
chinensis miRNAs acted in a wide range of biological
and metabolic processes, which is particularly useful
for identifying speciﬁc miRNAs and pathways that are
related to adaptive mechanism of this stress-tolerant
species.

4.1 Structural characteristics of the identiﬁed
miRNA
The length of the identiﬁed mature and pre- miRNAs
varied within a reasonable scope, which were in
agreement with previous reports on gymnosperm, such
as Pinus densata (Wan et al. 2012), Picea balfouriana
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Figure 3. A neighbor-joining phylogenetic tree of pre-MIR482 in plants. pab: Picea abies; pta: Pinus taeda; pde: Pinus
densata; vvi: Vitis vinifera; hbr: Hevea brasiliensis; mes: Manihot esculenta; ptc: Populus trichocarpa; fve: Fragaria vesca;
eun: Eugenia uniﬂora; ppe: Prunus persica; Mdm: Malus domestica; csi: Citrus sinensis; gra: Gossypium raimondii; ghr:
Gossypium hirsutum; stu: Solanum tuberosu; sly: Solanum lycopersicum; nta: Nicotiana tabacum; aqc: Aquilegia caerulea;
gma: Glycine max; gso: Glycine soja; mtr: Medicago truncatula; pgi: Panax ginseng; pvu: Phaseolus vulgaris; vun: Vigna
unguiculate; aof: Asparagus ofﬁcinalis; sly: Solanum lycopersicum; nta: Nicotiana tabacum; zma: Zea mays.

(Li et al. 2017), Picea glauca (Liu and El-Kassaby
2017), and Pinus tabuliformis (Niu et al. 2015), and
angiosperm plants, i.e., Arabidopsis (Hsieh et al. 2009)
and Poplar (Klevebring et al. 2009). The thermodynamical characteristics MFE of precursor miRNAs is
an important criterion for distinguishing miRNAs from
other non-coding sRNAs. The RNA secondary hairpin
structure with lower MFE is generally more stable than
those with higher MFE (Bonnet et al. 2004). The
predicted pre-miRNA sequences of S. chinensis all
have low MFE (with an average of -33 kcal/mol). It is
similar to the miRNAs in other plant species, such as

Pinus densata (Wan et al. 2012), Arabidopsis thaliana
(Hsieh et al. 2009), Oryza sativa (Zhou et al. 2010),
Glycine max (Nizampatnam et al. 2015), Medicago
truncatula (Wang et al. 2011).

4.2 The unique characteristics of S. chinensis
miRNAs
Although most of conserved miRNAs of S. chinensis
could be found in other plant species, not all of them
were conservative in conifers and other gymnosperms.

41
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Figure 4. qRT-PCR validation of the randomly selected
miRNAs in S. chinensis. The expression levels indicated by
2-DDCt.

For example, MIR166 is a large family in plants
(Kantar et al. 2011; Li et al. 2011), and could be found
in 23 other species, but they are not conserved in
conifers, and sch-miR166a-5p is the ﬁrst report in
gymnosperms. On the other hand, our study also found
6 miRNAs (sch-miR159a, -miR166a-3p, -miR166b-3p,
-miR166c-3p, -miR166d, and -miR396c) were very
conservative in gymnosperms, because all of them
could be found in more than 3 conifer species. Additionally, 84% conserved S. chinensis miRNAs could be
found in Pinus taeda, which may suggest the close
relationship between these two species.
Plant miRNAs are highly conserved within the
same family among different species (Taylor et al.
2014). Therefore, phylogenetic study was useful to
advance our insight into the evolutionary relationship
of S. chinensis miRNAs with other plant species. The

Table 4. Conserved miRNA targets and their putative functions
Target functiona

miRNA

Targetb

Speciesc

Source

ARF–seed germination and
postgermination stages

sch-miR160a

comp57500_c0_seq1(0.5)
comp68568_c0_seq1(0.5)

Ppe, Ath,
Ptc, Gma

Eldem et al. (2012), Liu et al.
(2007), Shuai et al. (2013) and
Nizampatnam et al. (2015)

NAC domain TF–lateral root
development

miR164a-5p

comp65865_c0_seq7(2)

Mtr, Ptc

Shuai et al. (2013) and Wang
et al. (2011)

HD-ZIPIII transcription factor–
axillary meristem initiation, leaf
and vascular development

sch-miR166a-3p/
sch-miR166b-3p/
sch-miR166c-3p

comp15158_c0_seq1(1)
comp68541_c0_seq2(1)
comp65007_c0_seq1(1)

sch-miR166d

comp15158_c0_seq1(0)
comp68541_c0_seq2(0)
comp65007_c0_seq1(0)

sch-miR166e

comp15158_c0_seq1(2.5)

sch-miR166f

comp15158_c0_seq1(2.5)

TIR and AFB2 and AFB3–
susceptibility to virulent bacteria

sch-miR393a

comp69082_c0_seq1(1.5)

Ath, Ppe

Liu et al. (2008) and Eldem et al.
(2012)

Growth-regulating factor–in stem
and leaf development and
growth processes

sch-miR396a/
sch-miR396b/
sch-miR396c/
sch-miR396d

comp68180_c0_seq2(3)

Ath, Osa,
Mtr, Ppe, Tdi

Liu et al. (2008, 2009), Zhou
et al. (2010), Kantar et al.
(2011), Wang et al. (2011) and
Eldem et al. (2012)

NBS-LRR protein–disease
resistance in plants

sch-miR482a-3p

comp68979_c0_seq2(0)
comp82543_c0_seq1(2)
comp67594_c0_seq2(3)

Gra, Pde

Zhu et al. (2013) and Wan et al.
(2012)

kelch repeat-containing F-box
protein– regulation of mineral
homeostasis

sch-miR2111a/
sch-miR2111b

comp69480_c0_seq1(0.5)

Ath, Gma

Hsieh et al. (2009) and Xu et al.
(2013)

a

Kantar et al. (2011) and Li et al.
(2011)
Tdi, Gma

ARF, auxin response factors; NAC domain TF, (NAM, ATAF1/2 and CUC2) domain proteins; HD-ZIP, class III homeodomain leucine
zipper; TIR1, transport inhibitor response1; AFB, Auxin F-box protein; NBS-LRR domain protein, Nucleotide-binding site leucine-rich
repeat (NBS-LRR) proteins.
b
All predicted miRNA targets with penalty scores (shown in parentheses) of three or less are listed.
c
Ath: Arabidopsis thaliana; Gma: Glycine max; Gra: Gossypium raimondii; Mtr: Medicago truncatula; Osa: Oryza sativa; Pde: Pinus
densata, Ppe: Prunus persica, Ptc: Populus trichocarpa, Tdi: Triticum dicoccoides.
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Figure 5. Gene ontology of predicted targets. (A) Cellular component, (B) biological process, (C) molecular function.

generated phylogenetic tree showed a high degree of
similarity between the new identiﬁed member and
other already reported members in family of miR482.
It is clear that the precursor sequence of S. chinensis
miRNAs (sch-miR482a-3p) could be clustered with
other gymnosperms, such as Picea abies, Pinus taeda
and Pinus densata. According to current standard,
within a miRNA family, mature sequences are identical or nearly identical with up to 4 mismatched
nucleotides between family members (Meyers et al.

2008), the 9 MIR482-like miRNAs were not members
of MIR482. However, the phylogenetic tree showed
that the precursor sequences of these 9 miRNAs have
homology with other miR482 members of gymnosperms. Therefore, with increasing members of
MIR482 discovery, further research on miRNA could
likely reclassify these 9 miRNAs as member of
MIR482.
miRNA* is an incomplete complementarity singlestranded RNA about 22 nt in length and produced in

41
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Figure 6. KEGG pathway analysis of predicted miRNA targets: (a) cellular processes, (b). environmental information
processing, (c) genetic information processing, (d) metabolism and (e) organismal systems.

the process of synthesizing mature miRNAs. Previous
studies have shown that the asymmetry of thermodynamic makes miRNA more likely to be selected to
participate in RNA-induced silencing complex (RISC),
and the complementary miRNA* are more likely to be
degraded (Lau et al. 2001). Therefore, the expression
abundance of miRNAs* was considered much lower
than the corresponding miRNAs, and miRNAs* always
were considered to be ineffective (Berezikov et al.
2011; Lau et al. 2001). However, evidences that
miRNA* are involved in the post-transcriptional regulatory network as miRNA have been documented
(Yonemori et al. 2016). For example, the expression
abundance of miRNA* is not lower than the corresponding miRNAs, and play important roles in biological tissues (Yonemori et al. 2016). In our study,
there was also no certain expression patterns of the
sense and antisense miRNAs in S. chinensis. For
example, the expression abundances were 4,574 and 20
for sch-miR77a-3p/5p, respectively, showing signiﬁcant differences, but there seem to be no signiﬁcant
differences between sch-miR75–3p/5p with expression
abundances of 818 and 906, respectively.

4.3 Identiﬁed miRNAs potential target genes
S. chinensis miRNA targets encoded not only
important transcription factors, but also indispensable
non-transcriptional factor proteins involving in diverse
physiological processes. For example, sch-MIR164
and -MIR166 were predicted targets to the transcription factors of NAC and HD-ZIPIII, respectively, and
this targeting relationship already were veriﬁed in
Medicago truncatula (Wang et al. 2011), Populus
trichocarpa (Shuai et al. 2013), Triticum dicoccoides
(Kantar et al. 2011), Glycine max (Li et al. 2011). On
the other hand, non-transcriptional factor proteins also
were predicted to be targets of S. chinensis miRNAs
(sch-miR482a-3p), such as NBS-LRR resistance-like
protein, an essential components involved in plant
disease resistance that targeted by miR482 and
already been veriﬁed in Pinus densata (Wan et al.
2012) and Gossypium raimondii (Zhu et al. 2013).
These results suggest that miRNA may involve in
species own defense systems for coping with disease
resistance. Additionally, these ﬁndings also are consistent with the previous notion that miRNAs play
vital roles in response to biotic and abiotic stresses

miRNAs in stress-tolerant Sabina chinensis

(Rajwanshi et al. 2014). Furthermore, the identiﬁed
targets of miRNA and corresponding miRNA* indicated that an incomplete complementarity singlestranded RNA was produced in the process of synthesizing mature miRNAs, which provided more
evidence for their existence. However, miRNA and
their corresponding miRNA* always target different
mRNA, suggesting a pair miRNA and miRNA* has
relatively independent biological function in S.
chinensis.
Drought is a normal and recurring climate feature in
most parts of the world and plays a major role in
limiting plant growth. In previous studies, 12 conserved families (MIR156, MIR159, MIR160, MIR164,
MIR166, MIR167, MIR171, MIR319, MIR390,
MIR393, MIR396, and MIR398) have been reported to
be involved in drought stress responses (Eldem et al.
2012; Kantar et al. 2011; Liu et al. 2008; Liu et al.
2007; Nizampatnam et al. 2015; Shuai et al. 2013;
Wang et al. 2011; Williams et al. 2005). In the present
study, homologous targets were also identiﬁed for
sch-MIR160, -MIR164, -MIR166, -MIR393, and
-MIR396, suggesting that miRNAs play key role in
S. chinensis drought resistance mechanisms. It would
be worthwhile to validate these miRNAs and their
respective targets during stress to provide essential
information for understanding the regulatory role of
miRNAs in S. chinensis. Due to the long-life cycle of
forest trees growth and the complicated mechanism of
abiotic resistance, improving forest trees resistant to
these stresses has been a difﬁcult problem to forest tree
breeders. S. chinensis is a highly drought-resistant
species, our ﬁndings are expected to advance understand of the species’ response to drought and determining their underpinning mechanisms, which
undoubtedly can be targeted in development of new
drought tolerant breeds.
5. Conclusions
A total of 37 conserved miRNAs comprising 20
miRNA families and 103 novel miRNAs were identiﬁed, suggesting that miRNA may widely be involved
in regulating the growth and development of S. chinensis. miRNA target prediction and annotation
showed that S. chinensis miRNA not only targeted
important transcription factors, but also involved in
indispensable non-transcriptional factor proteins
involving in diverse physiological processes. The
results from the present study will shed more light on
understanding the functions of miRNA in regulating
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the growth, development and response to environmental stress of S. chinensis, which should be useful
for further investigation into the biological functions
and evolution of miRNAs in this and other species.
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