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Abstract

non-model economical plant.

Background: Osmanthus fragrans is an important economical plant containing multiple secondary metabolites
including flavonoids and anthocyanins. During the past years, the roles of miRNAs in regulating the biosynthesis of
secondary metabolites in plants have been widely investigated. However, few studies on miRNA expression profiles
and the potential roles in regulating flavonoid biosynthesis have been reported in O. fragrans.

Results: In this study, we used high-throughput sequencing technology to analyze the expression profiles of
miRNAs in leaf and flower tissues of O. fragrans. As a result, 106 conserved miRNAs distributed in 47 families and 88
novel miRNAs were identified. Further analysis showed there were 133 miRNAs differentially expressed in leaves
and flowers. Additionally, the potential target genes of miRNAs as well as the related metabolic pathways were
predicted. In the end, flavonoid content was measured in flower and leaf tissues and potential role of miR858 in
regulating flavonoid synthesis was illustrated in O. fragrans.

Conclusions: This study not only provided the genome-wide miRNA profiles in the flower and leaf tissue of O.
fragrans, but also investigated the potential regulatory role of miR858a in flavonoid synthesis in O. fragrans. The
results specifically indicated the connection of miRNAs to the regulation of secondary metabolite biosynthesis in
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Background

MicroRNAs (miRNA) are a class of non-coding single-
stranded RNA molecules with length about 21 nucleo-
tides encoded by endogenous genes. In animals and
plants, miRNAs post-transcriptionally regulate gene ex-
pression through either the mediation of target mRNAs
degradation or the inhibition of target mRNAs transla-
tion. It is well known that miRNAs binds to RNA-
induced silencing complex (RISC), where the target
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mRNA degradation is catalyzed [1, 2]. To target mRNA
for degradation, miRNAs and their target genes are
nearly perfectly complementary pairing [3]. In former
studies from other groups, the roles of miRNAs in plant
development have been well illustrated. For instance,
miRNAs participate in the regulation of numerous bio-
logical processes, such as cell proliferation, leaf and root
development, phase transition [4—6].

Most miRNAs are conserved during evolution and can
be identified by traditional sequence homology analysis
[7]. However, some miRNAs are specifically expressed in
certain plant species at comparatively low levels, which
makes the identification difficult by traditional experi-
mental approaches [8, 9]. Due to the emergence and de-
velopment of deep sequencing technology, the species-
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specific or low-abundance miRNAs can be effectively de-
tected, therefore accelerating the study of miRNAs func-
tion in diverse plant species, for instance, Arabidopsis
[9], rice [10], tomato [11], Zea mays [12], Brassica napus
[13], Chinese cabbage [14], and potato [15, 16]. In
addition, the deep sequencing technology has been
widely used to identify the miRNAs in non-model plant
species. O. fragrans is one of the most known medicinal
plants in China, typically used in folk medicine as expec-
torant and anti-cough agent for thousand vyears. It is
usually served as an additive in food, tea and other bev-
erages [17, 18], and the flower oil of O. fragrans has a
mildly sedative effect on controlling the energy balance
of the body in terms of the prevention of over-eating
and gaining weight [18—20]. Though many studies about
O. fragrans development and application have been re-
ported in the recent years [18, 19, 21-26], there is no
study reported to address the genome-wide identifica-
tion of the microRNAs in O. fragrans, which impeded
the comprehensive understanding of the regulation net-
works during O. fragrans development. Therefore, en-
tirely identifying the miRNAs and analyzing their
functions in O. fragrans can further provide important
additional information about the regulatory mechanisms
in the biological processes of O. fragrans and will be use-
ful to isolate high-quality and native medical or econom-
ical products from O. fragrans.

As secondary metabolites in plants, flavonoids have
important regulatory roles in plant development [27,
28]. Including flavonoids, there are a large number of
secondary metabolites were found to be accumulated in
many tissues of O. fragrans [29, 30]. And interestingly,
more and more evidence has shown that the biosyn-
thesis and accumulation of secondary metabolite in
plants were mediated by miRNAs [31-35]. For instance,
miR156-targeted SPL9 was found to regulate the biosyn-
thetic pathway of flavonoids [32], and the down-
regulation of miR156 significantly induces the accumula-
tion of flavonols [32]. In addition, miR858 was reported
to putatively regulate MYB transcription factors in
A.thaliana [34], and MYB family transcription factors
MYB11, MYB12, as well as MYB111 were found to regu-
late flavonol biosynthesis by targeting CHI, CHS and
F3H [36]. However, the regulation mechanism of flavo-
noids biosynthesis by miRNAs in O. fragrans has not
been investigated yet.

In this study, the total RNA samples were isolated
from O. fragrans leaf and flower tissue, and used to gen-
erate the small RNA libraries for sequencing analysis.
After the measurement of deep sequencing by Illumina
Hiseq 2000 platform, the sequence data quality was care-
fully checked. Via bioinformatical analysis, up to 107
conserved miRNAs and 88 novel miRNAs were identi-
fied from the sequencing data. Furthermore, to better
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understand the functions of the identified conserved and
novel miRNAs, as well as the ways that they play regula-
tory functions in O. fragrans, GO analysis and KEGG
analysis of the target genes were also performed. Our
data suggested a potential regulatory role of miRNAs in
flavonoids biosynthesis in O. fragrans.

Results

Sequence analysis of O. fragrans sRNA libraries

To obtain the RNA sequencing data for identification of
the conserved and novel miRNAs in O. fragrans, total
RNA was firstly extracted from flower and leaf tissues
and c¢cDNA libraries were independently generated for
sequencing measurement. To better study the miRNAs
expression profile and functions, adaptor sequences and
low-quality reads were carefully filtered. In the end,
22.83 and 23.13 million clean reads were acquired from
flower and leaf groups (Additional file 1: Table S1), re-
spectively. The lengths of small RNAs were distributed
from 18 nt to 30nt, with the majority in 20-24 nt, as
shown in Fig. la. In the flower tissue of O. fragrans,
83.9% of small RNAs were 20-24 nt, while 81.2% in the
tissue. Moreover, regardless of the samples source, most
small RNAs were characterized with 24 nt in length, the
percentages of 24 nt small RNAs were 44.2% in flowers
and 41.3% in leaf. These results were in line with former
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Fig. 1 MiRNA sequencing analysis of flower and leaf tissues in O.
fragrans. a. Length distribution and frequency analysis of miRNAs in
O. fragrans. b. First nucleotide bias of miRNAs with different lengths.
Y axis indicates the percent of first nucleotides in miRNAs and X axis

indicates the miRNA length
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studies of other plant species, such as Arabidopsis [9],
rice [10], peanut [37] and L. japonica [38]. As shown in
Additional file 1: Table S1, rRNA and tRNA represented
the two most abundant small RNAs in both small RNA
libraries. In the following data analysis, the rRNAs,
tRNAs, snRNAs and snoRNAs were not included. To
further address the tissue specificity of the small RNAs
in O. fragrans, the comparative analysis of the small
RNAs reads between flower and leaf tissue was per-
formed. There were approximately 80% of clean reads
detected in both tissues, and the remaining clean reads
only detected in either flower or leaf.

Conserved miRNA identification in O. fragrans

To identify the conserved miRNAs in O. fragrans, the
obtained small RNAs sequences were compared with the
identified miRNAs in other plants, which are available in
miRBase database. Analysis result had shown there were
175 and 174 conserved miRNAs identified from the
flower and leaf libraries, respectively (Additional file 2:
Table S2). These conserved miRNAs can be further cate-
gorized into 47 families, among which 43 families were
presented in both libraries. The read numbers of the
conserved miRNAs in miRNA families varied dramatic-
ally from 1to 3,300,711 (Additional file 2: Table S2).
Interestingly, miR-5538 family was specifically observed
in flower tissue, while miR535 family was only identified
in leaf tissue. It was reported that miR-535 was induced
in leaves under low ambient temperature treatment [39],
which is consistent with the analyzing result in this
study since the sampling time was in October and the
temperature was comparatively low in the middle areas
of China. In addition, a total of four potential target
genes of miR-5538 were found and one of them is TPIS_
PETHY (P48495), which was annotated as triose-
phosphate isomerase and plays a role in regulating cor-
olla development [40]. To note, miR-166 family had the
highest expression level in both flower and leaf tissue. In
contrast, miR5538 family normally express at low level,
but it exhibits important functions in regulating plant
developmental processes including flower development
and abiotic stress responses [14]. As mentioned before,
TPIS_PETHY is one of the target genes of miR5538. It
shares 84% sequence similarity with cytosolic tpi gene,
which is finely regulated during flower development.
Therefore, we speculate that over-expression of
miR5538 will mediate corolla development [40]. Taken
together, these results had shown that the expression
levels of conserved miRNAs highly varied, which could
be because of the tissue-specific or stage-specific expres-
sion patterns of conserved miRNAs in O. fragrans. How-
ever, since O. fragrans genome information is limited, it
was difficult to further define the genomic loci for these
conserved miRNA families.
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Novel miRNA identification in O. fragrans

To predict novel miRNAs in the obtained libraries, first
of all, the hairpin structure of miRNA precursors is
characterized. We performed the sequences folding ana-
lysis of potential miRNA precursors and identified the
novel miRNAs in the libraries. To further confirm the
candidate miRNAs, the Dicer cleavage sites as well as
the minimum negative folding free energy were
employed. In the end, 45 novel miRNAs in the flower li-
brary and 58 novel miRNAs in the leaf library were suc-
cessfully detected (Additional file 3: Table S3). As shown
in Additional file 3: Table S3, there were 15 novel miR-
NAs expressed in both tissues, while 73 novel miRNAs
were tissue-specific expressed. Among the 73 tissue-
specific novel miRNAs, 31 novel miRNAs were exclu-
sively observed in flower and the other 42 novel miRNAs
were in leaf. In the flower library, the lengths of mature
novel miRNAs were from 18 to 24 nt, while the lengths
ranged from 18 to 25nt in the leaf library. Importantly,
most miRNAs were 24 nt in length in both libraries, and
the miRNAs with 21 nt were the second most abundant.
Besides, the lengths of the novel miRNA precursors were
also measured. It ranged from 59 to 226 nt in the flower
library and from 58 to 226 nt in the leaf library, with the
average lengths 92 nt and 87 nt, respectively. The MFEI
of the precursor sequences ranges from — 0.67 to - 1.46
with an average of - 1.05 in flower and - 0.59 to - 1.80
with an average of — 1.03 in leaf, respectively. Further-
more, we performed miRNA bias analysis in O. fragrans.
The results showed the miRNAs from flower and leaf
tissues displayed similar nucleotide distribution pattern
at first nucleotide position. For example, approximately
90% of nucleotides were U at first nucleotide in 21-nt
miRNAs. In addition, approximately 60% nucleotides
were U at the first nucleotide in 24 nt miRNAs (Fig. 1b).
Taken together, these results indicated mature miRNAs
had higher A-U content than G-C content at first nu-
cleotide except for miRNAs with length 25 nucleotides
and 26 nucleotides in O. fragrans (Fig. 1b).

Compared with the conserved miRNAs, the novel
miRNAs in O. fragrans had much lower expression
levels (Additional file 3: Table S3). In O. fragrans, ofr-
Novel_35, ofr-Novel 46, ofr-Novel 62, ofr-Novel 64,
ofr-Novel_67, ofr-Novel 84 and ofr-Novel_85 were most
abundant in flower tissues, and the read numbers of
novel miRNAs were normally less than 100. Meanwhile,
eight novel miRNAs were most abundant in the leaf tis-
sue, including ofr-Novel_14, ofr-Novel_46, ofr-Novel_64,
ofr-Novel_67, ofr-Novel_75, ofr-Novel 79, ofr-Novel 84
and ofr-Novel_85. The majority (60.34%) of these novel
miRNAs in leaf had less than 100 reads. Given the sig-
nificant difference of the read numbers between the
novel and conserved miRNAs in O. fragrans, these novel
miRNAs may specifically express in certain tissues or at
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particular developmental stages. Moreover, the low-
expression pattern of these novel miRNAs is consistent
with former study for other important plant species [3].

Differential expression analysis and target gene
prediction of miRNAs in O. fragrans

MiRNAs play versatile roles in post-transcription regula-
tion of the target genes expression, which are essential
for plant development. By performing differential ex-
pression analysis using the DESeq software [41], there
were 77 conserved miRNAs and 5 novel miRNAs up-
regulated, as well as 63 conserved miRNAs and 7 novel
miRNAs down-regulated in flower tissue, compared with
that in leaf tissue (Fig. 2a, b, ¢; Additional file 4: Table
S4). The reliability of the differentially expressed miR-
NAs was further confirmed by qRT-PCR experiments in
which twelve randomly selected differentially expressed
miRNAs were tested (Fig. 2d). To explore miRNA func-
tions in O. fragrans development, we used the software
psRobot to predict the potential target genes of miRNAs
with the published criteria [42]. As a result, 2743 genes
were identified as the potential targets of 159 conserved
miRNAs, and 713 genes were predicted as the targets for
67 novel miRNAs (Additional file 5: Table S5). For dif-
ferent miRNAs, the number of potential target genes
varied dramatically from 1 to 133, with the average
number 15. Interestingly, some of the potential target
genes of identified miRNAs belong to transcription fac-
tors, such as the well-known WRKY family protein and
GRAS family protein. It is well known that GRAS gene
family comprises several transcriptional regulators, and
participates in the regulation of plant growth and devel-
opment [43]. In addition, to validate the target gene of
miRNA858a, miR858a cleavage site on its mRNA target
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MYB1 was detected by 5RLM-RACE (Additional file 6:
Fig. S1).

Afterwards, the potential targets were assigned with
GO terms to address their biological functions. The in-
volved GO terms were further categorized into 67
groups. To better determine the processes regulated by
these target genes, we classified these 67 different groups
into three main fields, cellular component (841 se-
quences), biological process (1361 sequences) and mo-
lecular function (1091 sequences). For example, in the
biological process category, most GO terms were distrib-
uted in “organic cyclic compound metabolic process”,
“organic cyclic compound biosynthetic process”,
“nucleobase-containing compound metabolic process”,
“nucleobase-containing compound biosynthetic process”
and “heterocycle metabolic process” (Fig. 3). These re-
sults indicated the potential target genes of miRNAs par-
ticipate in numerous cellular biosynthetic and metabolic
processes, suggesting that the identified differentially
expressed miRNAs play important roles in regulating
cellular development and metabolic processes in O.
fragrans.

To better understand the biological functions and
underlying mechanisms of the potential target genes, we
took advantage of the KEGG database to explore the
biochemical pathways in which the target genes partici-
pate. As shown in Additional file 7: Table S6, there were
361 KEGG pathways obtained according to the target
genes. Interestingly, several target genes of the novel
miRNAs identified in O. fragrans can regulate spliceo-
some assembly (Top 1 pathway). Among them, some
were the key members of spliceosome, such as Ul, U2,
U4, U5 and U6. Meanwhile, some other target genes dir-
ectly affect the spliceosome assembly, including Prp5,
Prp2, Prplé, Prpl7, Prpl8, Prp22, Slu7, Prp22 and

Validation of differentially-expressed miRNAs using gqRT-PCR

A C Color Ke D e T T T T m TS ——o—————--- ~<
T N
. Conserved miRNA Vi \
N 13 : z, - 3s \
" I 27 ofr-mirsss 2 | ofr-miR167-3P 1] ofr-miR398 220 ofr-miR4995 1
=% PR Py P @
= | z z? z z
e -10 0 10 ) & : £ £ |
z: Value 3 2 2. 2. 1
£ D I;] | Flower  Leaf Flower  Leaf Flower  Leaf Flower  Leaf |
= s | |
N 1
o g 5. . |
FI Leaf ' * 1
ower Lea E . E E
[ ofr-miRI57a-3p N ofr-miRI71 ofr-miR319 = ofr-miR390a
1 £ £, Z° Zn
B ki = k] = |
Novel miRNA 4 [ R & g |
g/ | Flower  Leaf Flower Leaf Flower  Leaf Flower  Leaf I
EE | !
5 . ; i L I
= _— - i i E i i Novel-miR62 |
1”3 21 Novel-miR6 2{ Novel-miR80 < Novel-miR35 <, ovel-mil
| 3 3 : : |
& z z i z
- v E A H 5v ]
. : \ Ee ES Z.N — 2L —
—————— Flower  Leaf Flower Leaf ower ea ower ea
Flower Leaf Flower  Leaf Mo s

[ —

Fig. 2 miRNA identification and differentially expressed miRNA analysis in O. fragrans. a. RPM distribution of conserved miRNA expression. b. RPM
distribution of novel miRNA expression. ¢. Heatmap analysis of the differentially expressed miRNAs of flower and leaf tissues in O. fragrans. d.




Shi et al. BMC Genomics (2021) 22:141

Page 5 of 11

Transcription, DNA-templated - L]
Single-organism developmental process- .
Single -multicelluar organism process-
RNA metabolic process- .
RNA biosynthetic process- .

Regulation of transcription, DNA-templated-
Regulation of RNA metabolic process-

Regulation of RNA biosynthetic process-

Regulation of primary metabolic process-
Regulation of nucleobase-containing compound metabolic process-
Regulation of nitrogen compound metabolic process-
Regulation of metabolic process -

Regulation of macromolecule metabolic process-
Regulation of macromolecule biosynthetic process -
Regulation of celluar process-

Regulation of celluar metabolic process-

Regulation of celluar macromolecule biosynthetic process- : 0.02
Regulation of celluar biosynthetic process- . gg;
Post-embryonic development- L
Organic cyclic compound metabolic process- @ S,'zze
Organic cyclic compound biosynthetic process - . *3
Nucleobase-containing compound metabolic process- o 9i4
Nucleobase-containing compound biosynthetic process- . : :
Nucleic acid metabolic process- [ ]

Nitrogen compound metabolic process- @
Multicellular organismal process-
Multicellular organismal development- 0
Macromolecule biosynthetic process -
Heterocycle metabolic process - o
Heterocycle biosynthetic process- (]
Gene expression- ('}
Developmental process- .
Cellular nitrogen compound metabolic process- @
Cellular nitrogen compound biosynthetic process- .
Cellular macromolecule biosynthetic process-
Cellular aromatic compound metabolic process- @

Aromatic compound biosynthetic process- °
125 150 175 200
Rich_Ratio

Fig. 3 GO (Gene Ontology) analysis of the mRNA targets of differentially expressed miRNAs between flower and leaf tissues in O. fragrans

Richeness of Biological Process

q_value

0.05
I 0.04
0.03

Prp43. These results implied that the miRNAs identified
in O. fragran may play regulatory roles through the
modulation of alternative splicing, therefore mediated
plant development and the responses to stresses. In
addition, the KEGG pathways mainly localized in five
different groups, cellular processes, environmental infor-
mation processing, genetic information processing, as
well as cell metabolism.

Integrative network analysis of miRNA and target genes
in O. fragrans

Integrative network analysis of miRNA and target genes
was further performed in O. fragrans, which is useful to
illustrate the biological functions of the miRNAs. In this
study, there were 133 identified miRNAs differently
expressed in flower and leaf tissues. These miRNAs were
named as DE-miRNAs, including 88 novel miRNAs. In
addition, the miRNA-mRNA networks of the DE-
miRNAs were analyzed and some interesting mRNA

targets were investigated, which were listed in Fig. 4. For
instance, RHL41 has been reported to mediate the toler-
ance to high light and cold acclimation as a transcription
factor, and it is the target of novel-miRx87 [44]. The
flowers and leaves of O. fragrans were reported to con-
tain several flavonoids, including rutin, isoquercitrin,
quercitrin, and quercetin [29, 30]. Here, the flavonoid
content was measured using a modified colorimetric
method. As shown in Fig. 5a, flavonoid content in flower
tissues of O. fragrans is appropriate 67 mg/g, which is
significantly higher than that in leaf tissues (35 mg/g).
Since the differential accumulation of flavonoids in
flower and leave tissues was mainly regulated by the key
genes in flavonoid metabolism pathway, we further in-
vestigated whether the identified miRNAs have effect on
the functions of these genes in O. fragrans. Several miR-
NAs, including miR858, miR156 and miR172, were re-
ported to play essential regulatory roles in flavonoid
biosynthesis [45]. For example, miR858 was reported to
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putatively regulate MYB transcription factors in A.thali-
ana [34], while MYB transcription factors were found to
regulate flavonol biosynthesis by interacting with CHI,
CHS and FLS genes [35]. Importantly, our study also
showed miR858a targets MYB genes in miRNA-mRNA
network (Fig. 3). Moreover, we found miR858a was
downregulated (Fig. 2) and MYB1 gene was upregulated
in flower tissues of O. fragrans (Fig. 5b). Furthermore,
our results showed that CHI, CHS and FLS genes were
significantly up-regulated in flower tissues of O. fragrans
(Fig. 5b). Taken together, these results suggested a nega-
tive correlation between miR858a level and MYB1 gene
expression.

Discussion

MiRNAs are important non-coding small RNA mole-
cules which participate in the regulation of numerous
physiological processes in plant [1]. Based on the advan-
tages of high-throughput sequencing technology, the
capacity in large-scale miRNAs detection and high sensi-
tivity in the measurement of minimally expressed miR-
NAs, it has been widely used to powerfully identify
conserved miRNAs and species-specific miRNAs during

the past years. However, the comprehensive study of
miRNAs detection in O. fragrans, one of the widely cul-
tivated perennial, evergreen broad leaved trees in Asia, is
not reported yet. In our study, small RNA libraries of
flower and leaf tissues in O. fragrans were constructed
using high-throughput sequencing technology, and
about 22.83 million clean reads from flower, 23.13 mil-
lion clean reads from the leaf library were obtained. Via
bioinformatics analysis, there are 47 conserved miRNA
families and 88 novel miRNAs identified from flower
and leaf samples.

The read numbers of the 47 conserved miRNA fam-
ilies varied from 11 (miR5538) to 7,491,182 (miR166),
which implies the expression patterns of different
miRNA families dramatically differ. In this study, there
are 10 highly conserved miRNA families identified, in-
cluding miR156, miR159, miR166, miR167, miR168,
miR319, miR393, miR396, miR403 and miR7972. They
expressed in the flower and leaf tissues with at least ten
thousand reads, which is in line with the previous study
about the correlation between plant evolutionary conser-
vation and expression abundance [39, 40]. Moreover, the
highly conserved miRNAs have been proved to be very
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important for plant growth and development. For in-
stance, miR164 and miR167 affect lateral root develop-
ment and adventitious rooting in A. thalinana,
respectively [46]. miR159, miR166 and miR167 regulate
the floral organs development [47]. In addition, the read
numbers of 9 moderately conserved miRNA families, in-
cluding miR157, miR171, miR172, miR390, miR394,
miR529, miR530, miR894 and miR6300, were more than
one thousand in at least one tissue, suggesting that they
may have important functions in regulating gene expres-
sion, signaling pathways modulation in plant develop-
ment. Moreover, unlike other miRNAs, the expression
level of miR5538 was very low and only 11 reads de-
tected in the flower tissue. However, even though the ex-
pression level is not abundant, the lowly conserved
miRNAs may participate in the regulation of plant devel-
opmental and cellular processes such as flower develop-
ment and abiotic stress responses [14].

Former studies have shown the novel miRNAs nor-
mally expressed at low levels and were hard for detec-
tion via the traditional sequencing approaches [3], but in
this study there were 88 novel miRNAs identified, via
the precursor mapping and the characteristic hairpin
structures prediction. To decipher and explore the miR-
NAs functions in regulating plant development, it is crit-
ical to predict the potential target genes of miRNAs. In
this study, we employed bioinformatics methods to
screen the homologous target sequences of miRNAs. As
a result, 2439 genes were predicted as the potential tar-
gets of 148 miRNAs. Interestingly, most of the predicted
potential targets of novel miRNAs in O. fragrans were

functional genes, and frequently involved in cellular pro-
cesses, metabolic processes and response to stimulus. It
is worth to mention, some of the predicted target genes
were important transcription factors in plant including
WRKY and GRAS. It is known that WRKY proteins have
important roles when plant encounters and responses to
biotic and abiotic stresses [48]. Meanwhile, GRAS pro-
teins possess activities in regulating gene transcription
and are important regulators for diverse processes in
plant growth and development, including gibberellin sig-
nal and phytochrome A signal transduction, radial pat-
terning of root, formation of axillary meristem and
gametogenesi [43]. As a perennial, evergreen shrub, O.
fragrans is known as medicinal plant used in folk medi-
cine. It is usually used as the additive in food, tea and
other beverages [17, 18]. There are multiple secondary
metabolites (such as flavonoids, anthocyanins) and other
important nutrition components isolated from O. fra-
grans [29, 30]. Meanwhile, miRNAs were reported to
regulate the biosynthesis of secondary metabolite in vari-
ous plants [30-34]. For example, several miRNAs, in-
cluding miR156, miR858 and miR172, played important
roles in flavonoid biosynthesis pathway [45].

In this study, the results showed that level of flavonoid
in flower and leaf tissue was significantly different. We
further found miR858a was down-regulated (Fig. 2) and
MYB1 gene was up-regulated in flower tissues of O. fra-
grans (Fig. 5b). Previous studies reported that MYB tran-
scription factors regulate flavonol biosynthesis by
interacting with CHI, CHS and FLS genes [35, 48]. Coin-
cidently, our results showed that CHI, CHS and FLS
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genes were significantly up-regulated in flower tissues of
O. fragrans (Fig. 5b). Based on our results, we speculate
that miR858a might regulate flavonoid metabolism in O.
fragrans by miR858a — MYB — (CHI, CHS, FLS) — Fla-
vonoids pathway (Fig. 5c), which indicated the potential
of medicinal plant derived miRNAs in regulating the
secondary metabolite biosynthesis. Also, these studies
will facilitate the research on the metabolic engineering
to efficiently produce new plant chemical components
or combinations of secondary metabolites. However, fur-
ther investigations are required to demonstrate the de-
tailed mechanisms of miRNAs-mediated regulation of
secondary metabolite biosynthesis in O. fragrans.

Conclusions

In this study, high-throughput sequencing technology is
used to identify miRNAs in leaf and flower tissues of O.
fragrans. In summary, a total of 106 conserved miRNAs
distributed in 47 families and 88 novel miRNAs were
identified. The results of bioinformatics analysis showed
that among the conserved and novel miRNAs, 133 miR-
NAs were differentially expressed in leaves and flowers.
Moreover, the potential target genes of miRNAs and the
related metabolic pathways were predicted to analyze
their functions. In the end, flavonoid content between
flower and leaf tissues was measured and potential role
of miR858 in regulating flavonoid biosynthesis was ex-
plored in O. fragrans. Taken together, this study not
only provided the genome-wide miRNA expression pro-
files in the flower and leaf tissue, but also addressed the
possible regulatory role of miR858 in flavonoid synthesis
in O. fragrans, indicating the potential of medicinal plant
derived miRNAs in regulating the biosynthesis of sec-
ondary metabolite in plants.

Methods

Plant materials and total RNAs isolation

The flower and leaf samples were collected from O. fra-
grans ‘Liuye Jingui’ planted on the campus of Huazhong
University of Science and Technology in Wuhan, Hubei
Province, China. They were identified by Dr. Gang Wu
of College of Life Science and Technology in Huazhong
University of Science and Technology. All plant mate-
rials were owned by Huazhong University of Science and
Technology. The collected samples were immediately
frozen in liquid nitrogen. Afterwards, total RNAs were
isolated via TRIzol (Invitrogen) method, according to
the manufacturer’s instructions. The quality and concen-
tration of isolated total RNAs was analyzed via the meas-
urement using NanoDrop spectrophotometer (Thermo
Fisher Scientific, Inc.). To check the A260/A280 and
A260/A230 values, the purity of the RNA was con-
firmed. In the end, the RNA samples were stored in —
80 °C freezer for further use.

Page 8 of 11

Construction of sRNA library and deep sequencing

Small RNA libraries were constructed via the protocol
described previously [38, 49]. Briefly, electrophoresis of
the total RNAs isolated from O. fragrans samples was
performed in 15% PAGE gel and the fraction with 18—
30nt in size was collected. Next, the 5" and 3" RNA
adapters were ligated to the RNA pool via T4 RNA lig-
ase, and the RNAs with 5" and 3" adaptors were purified
for reverse-transcription and PCR amplification. For
each tissue, three biological replicates of cDNA samples
of flower and leaf were deeply sequenced using Illumina
HiSeq platform, which totally generated ~95 and ~ 97
million raw reads, respectively.

The clean reads data was generated after removing the
adaptor sequences and filtering the low-quality reads
using AdapterRemoval program [50]. The criteria used
to define the low-quality reads are listed as below: 1)
The reads in which quality scores of more than 15% of
the bases are less than 19. 2) The reads in which the per-
centage of N (N means the bases whose base informa-
tion cannot be determined) is greater than 10%. 3) The
reads without 3" adaptor sequence. 4) The reads without
inserted fragments. 5) The reads containing polyA/T. In
addition, rRNA, tRNA, snRNA, snoRNA and the mate-
rials containing the poly-A tail were removed, and the
left sequences were used for further analysis.

The conserved and novel miRNAs identification

The length distribution of the clean reads was summa-
rized and the mapping of the clean reads to the O. fra-
grans EST and GSS databases was performed using
SOAP [51]. The perfectly mapped sRNAs were obtained
for the further study. Meanwhile, the clean reads
mapped to rRNAs, tRNAs, snRNAs and snoRNAs in
Rfam database [52] were discarded. Furthermore, the
remaining sSRNAs were mapped with mature miRNA
and miRNA precursor in miRBase and less than two
mismatches was allowed. The perfectly matched small
RNAs were considered as conserved miRNAs. Finally,
the secondary structure, the cleavage sites of Dicer com-
plex and the minimum negative folding free energy of
the unannotated small RNAs were measured via the
RNAfold (http://www.tbi.univie.ac.at/~ivo/RNA/
ViennaRNA-1.8.1.tar.gz) and psRobot [42]. The follow-
ing criteria [53, 54] were set to identify novel miRNAs:
1) The precursor should have a stem-loop structure con-
taining mature miRNA sequence within one arm. 2) Ma-
ture miRNA should have fewer than 2 mismatches with
its complimentary sequence. 3) The precursor should
not contain the mature miRNA in the hairpin structures’
terminal loop. 4) The stem-loop structures for the pre-
cursors of novel miRNAs have higher minimum folding
free energy index (MFEI).
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Analysis of the differentially expressed miRNAs

To better understand the biological function of the
identified miRNAs, it is necessary to analyze the ex-
pression levels of miRNAs in leaf and flower tissue
and screen the differentially expressed miRNAs. In
order to identify the differentially expressed miRNAs
between flower and leaf tissues, we set the expression
level of the miRNAs in leaf as a control and detected
the up- or down-regulated miRNAs in flower. The
RPKM (reads per kilobases per million reads) of each
miRNA expression in flower and leaf tissues was cal-
culated. The differentially expressed miRNAs were
then defined using DEGseq program [55] with abs
(log, fold-change) >1 and adjusted p-value <0.01.

The confirmation of miRNAs expression via quantitative
real-time PCR (qRT-PCR)

To indirectly certify the sequencing data quality of small
RNAs samples and directly confirm the differential ex-
pression patterns of the identified miRNAs in the flower
and leaf tissues of O. fragrans, we randomly selected
some of the miRNAs to perform qRT-PCR experiment.
In this study, we chose 16 miRNAs (including 9 con-
served miRNAs and 7 novel miRNAs) for qRT-PCR. To
generate cDNA, 3ug of each stored total RNA sample
from leaf and flower tissues were used for reverse tran-
scription, according to the user manual (#AMRT-0020,
GeneCopoeia). The qRT-PCR experiments were inde-
pendently repeated three times to measure the expres-
sion levels of the selected miRNAs in leaf and flower
tissues. All the qRT-PCR experiments were performed
in the ABI StepOne Plus PCR instrument using miRNA
qRT-PCR kit (#AMPR-0200, GeneCopoeia). U6 was
used as the internal control in these qRT-PCR experi-
ments and the relative expression levels of the selected
miRNAs were calculated using the standard comparative
Ct method. For each miRNA, the reactions were tripli-
cate via the sample addition into three wells of the PCR
plate. The primer sequences used in this study were
listed in the Additional file 8: Table S7.

Prediction and annotation of the miRNAs target genes

To further illustrate the biological functions of the iden-
tified miRNAs, the software psRobot was employed to
predict the potential target genes of the identified miR-
NAs [42]. Then, the functions of the potential target
genes were annotated with the Gene Ontology (http://
www.Geneontology.org/) and the Kyoto Encyclopedia of
Genes and Genomes (http://www.Genome.jp/kegg/).

Validation of miRNA target by 5' RLM-RACE

The predicted target gene of miRNA was validated
through 5° RLM-RACE using the First Choice RLM-
RACE kit (Ambion, Austin, TX) as previously described
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(38). The gene-specific primers (Table S7) used for the
above experiments were designed according to sequence
the predicted target. The cleavage target fragments were
cloned into pTA2 vectors (TOYOBO, TAK101) and se-
quenced using the universal T7 primers.

Determination of flavonoid content in O. fragrans

The flavonoid content of the acetonic extract in O. fra-
grans was measured using a colorimetric method de-
scribed previously [56]. In brief, 025mL of or
(+)-catechin standard solution was mixed with distilled
water (1.25mL) in a test tube and 5% NaNO, solution
(75 mL) was then added. 10% of AlCl;-6H,O (150 mL)
was added 5 min later. After standing for another 5 min,
0.5mL of 1M NaOH was added. The mixture was di-
luted to 2.5 mL and the absorbance was measured spec-
trophotometrically against a blank at 510nm in
comparison with standards similarly with known (+)-cat-
echin concentrations. The results were shown in mean
with four replications.
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