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Abstract

Background: MicroRNAs (miRNAs) are small, non-coding RNAs that are important regulators of gene expression, and
play major roles in plant development and their response to the environment. Root extracts from Panax notoginseng
contain triterpene saponins as their principal bioactive constituent, and demonstrate medicinal properties. To
investigate the novel and conserved miRNAs in P. notoginseng, three small RNA libraries constructed from
1-, 2-, and 3-year-old roots in which root saponin levels vary underwent high-throughput sequencing.

Methods: P. notoginseng roots, purified from 1-, 2-, and 3-year-old roots, were extracted for RNA, respectively.
Three small libraries were constructed and subjected to next generation sequencing.

Results: Sequencing of the three libraries generated 67,217,124 clean reads from P. notoginseng roots. A total of 316
conserved miRNAs (belonging to 67 miRNA families and one unclassified family) and 52 novel miRNAs were identified.
MIR156 and MIR166 were the largest miRNA families, while miR156i and miR156g showed the highest abundance of
miRNA species. Potential miRNA target genes were predicted and annotated using Cluster of Orthologous Groups, Gene
Ontology, and Kyoto Encyclopedia of Genes and Genomes. Comparing these miRNAs between root samples revealed 33
that were differentially expressed between 2- and 1-year-old roots (8 increased, 25 decreased), 27 differentially expressed
between 3- and 1-year-old roots (7 increased, 20 decreased), and 29 differentially expressed between 3- and 2-year-old
roots (8 increased, 21 decreased). Two significantly differentially expressed miRNAs and four miRNAs predicted to target
genes involved in the terpenoid backbone biosynthesis pathway were selected and validated by quantitative reverse
transcription PCR. Furthermore, the expression patterns of these six miRNAs were analyzed in P. notoginseng roots, stems,
and leaves at different developmental stages.

Conclusions: This study identified a large number of P. notoginseng miRNAs and their target genes, functional annotations,
and gene expression patterns. It provides the first known miRNA profiles of the P. notoginseng root development cycle.
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Background

The root of Panax notoginseng (Burk.) F. H. Chen, also
known as Radix Notoginseng or Sanchi, is a well-known
traditional Chinese medicine belonging to the genus Panax
and family Araliaceae. P. notoginseng has been cultivated
and used medicinally since ancient times for its remarkable
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and valuable hemostatic effects [1]. This species is not nor-
mally found in the wild, but is cultivated commercially in
Wenshan County (Yunnan Province), and Jingxi County
(Guangxi Province), China [2]. Clinical trials indicate that
P. notoginseng root extracts possess anti-hypertensive,
anti-oxidant, anti-thrombotic, anti-atherosclerotic, he-
patoprotective, and neuroprotective properties [3-5].
The principal bioactive constituents of the herb are tri-
terpene saponins, which are dammarane-type glycosides
[3-5]. More than 60 variant dammarane-type saponins
have been isolated and identified from P. notoginseng
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including notoginsenosides, ginsenosides, and gypeno-
sides [6]. However, the oleanane-type saponin ginse-
noside Ro has not been isolated from this species,
although it exists in other major Panax plants such as
P. ginseng and P. quinquefolius [7]. The P. notoginseng
saponins (PNS) mainly contain ginsenoside Rg;, ginse-
noside Rb;, and notoginsenoside R; according to the
Chinese Pharmacopoeia (2010 Edition). PNS content
and composition differs between tissues and plant age,
with the highest PNS levels found in roots [6].

Although the pharmacological importance of PNS is well
established, the biosynthetic enzymes involved in their
synthesis and their regulation is not fully understood. As
steroids involved in plant defense they are thought to derive
from pathways that lead to the synthesis of isoprenoids.
These precursors of PNS are synthesized by the mevalonic
acid (MVA) pathway in the cytosol and the methylerythritol
phosphate (MEP) pathway in the plastid, resulting in the
synthesis of 2,3-oxidosqualene [8]. Subsequent modification
of 2,3- by multiple oxidations (e.g. mediated by cytochrome
P450-dependent monooxygenases) and glycosylation results
in a wide variety of PNSs. Although most of MVA-pathway
genes in P. notoginseng have not been functionally charac-
terized, their corresponding sequence homologues have
been identified. Recently a large-scale transcriptome ana-
lysis of P. notoginseng leaves, roots and flowers identified
270 unigenes putatively involved in triterpene saponin
biosynthesis and a large number of cytochrome P450
and glycosyltransferease-like genes that may be involved
conversion of triterpene saponin backbone into different
PNSs [9].

microRNAs (miRNAs), which are approximately 19-24
nucleotides in length, are a class of small endogenous non-
coding RNAs (sRNA) that originate from primary tran-
scripts of stem—loop structures [7]. In plants, miRNAs
regulate target gene expression either through direct
endonucleolytic cleavage or translational inhibition at
the post-transcriptional level [10]; under certain circum-
stances, they lead to methylation at the transcriptional level
[11-13]. Increasing evidence indicates that miRNAs play
important regulatory roles in diverse biological and meta-
bolic processes such as plant development, abiotic stress re-
sponses, and pathogen defense [14].

Plant miRNAs have been studied extensively using com-
putational and experimental methods since the discovery
of Arabidopsis miRNAs in 2002 [15-18]. To date, a total of
25,141 mature miRNA sequences from 193 different spe-
cies (ranging from viruses to humans) have been identified
according to the miRBase database (release 19.0, August
2012). However, there is currently no available information
about P. notoginseng miRNAs. In this study, three SRNA li-
braries from P. notoginseng roots of different ages were
constructed and analyzed by high-throughput sequencing
(llumina Genome Analyzer) [19-22]. We identified a total
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of 316 conserved miRNAs and 52 novel miRNAs from the
three sSRNA datasets. To investigate the functions of the
novel miRNAs, the Cluster of Orthologous Groups (COG)
annotation, Gene Ontology (GO) enrichment analysis, and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way mapping of predicted targets were performed [23]. Fi-
nally, the expression of six miRNAs was validated in the
root samples and their expression patterns at different de-
velopmental stages and in different tissues of P. notoginseng
were determined using quantitative reverse transcription

(RT)-PCR.

Results

Triterpene saponin content analysis

High-performance liquid chromatography (HPLC) was
performed on 1-, 2- and 3-year-old P. notoginseng root,
stem, and leaf samples to quantify saponin levels. As ex-
pected, the levels of P. notoginseng saponins ginsenoside
Rg;, ginsenoside Rb;, and notoginsenoside R; were high-
est in the roots, with a large increase observed in sap-
onin content between 1-year-old (1y) and 2-year-old (2y)
roots. The highest saponin levels were found in 3-year-
old roots (3y) (Additional file 1: Table S1). Stem PNS
levels displayed an inverse concentration profile to roots,
with decreasing levels of saponin seen with increasing
age. Leaf samples possessed the lowest PNS levels com-
pared with root and stem samples, with the highest PNS
levels found in 2y samples. Pairwise analyses identified
significant differences between triterpene saponin levels
of root samples in different years (P < 0.01), with the ex-
ception of R, levels between 2y and 1y roots.

Features of P. notoginseng sRNA populations

To examine P. notoginseng root miRNAs, three sRNA li-
braries were generated from 1y, 2y, and 3y old root
(herb) samples. The libraries were sequenced by Illumina
sRNA deep sequencing technology. Sequences of the 3
libraries were combined and then analyzed the features
of miRNAs and identified novel and conserved miRNAs.
In total, 69,361,627 raw root sequence reads were obtained.
After removing contaminants, low quality sequences, and
those reads shorter than 18 nt, 67,217,124 (97.36 %) clean
reads of 18-30 nt were used for further analysis (Table 1).
Among the selected reads, 12,754,484 sequences from
P. notoginseng roots mapped perfectly to the transcrip-
tome, amounting to 18.98 %, of the total reads (Table 2).
Additionally, 6,129,134 reads in P. notoginseng roots
were found to be highly similar to previously identified
miRNAs from other species. The remaining sequences
consisted of other RNA types, including non-coding RNA,
transfer (t)RNA, ribosomal (r)RNA, small nuclear (sn)RNA,
small nucleolar (sno)RNA, and novel miRNAs (Table 2).
The size distributions of SRNAs were uneven between the
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Table 1 Statistics of high-through sequencing results of Panax
notoginseng small RNAs

Read number Read percentage (%)

total reads 69361627

high quality 69041414 100
adapter 3 null 12057 0.02
insert null 11535 0.02
adapter 5 contaminants 136781 0.2
smaller than 18 nt 1658945 24
polyA 4972 0.01
clean reads 67217124 97.36

three root libraries, but the majority ranged in length from
20-24 nt (Fig. 1).

Identification of conserved P. notoginseng root miRNAs
To investigate the expression of conserved miRNAs in
P. notoginseng root, SRNA sequences from the three root
libraries were compared with known mature miRNAs
and precursors in miRBase 19.0. A total of 316 con-
served miRNAs (belonging to 67 miRNA families and
one unclassified family) were identified in P. notoginseng
from these three sSRNA datasets (Additional file 2: Table
S2). The frequency of these miRNAs varied widely be-
tween families. In most miRNA families, such as MIR1033,
MIR1120, and MIR1510, only one conserved member was
identified. However, some miRNA families possessed sev-
eral members. For example, MIR156 was the largest family
identified, with twenty four members, whereas twenty
members were found in the MIR166 family, followed
by MIR482, in which sixteen members were identified.
The frequency of these miRNAs varied significantly be-
tween different miRNA families, with some having fewer
than 100 sequence reads, while others possessed hundreds
of thousands of reads.

The proportion of different categories of sSRNAs often
reflects the roles they play in a particular tissue or at
different developmental stages, and their associated

Table 2 Summary of lllumina small RNA deep sequencing data
for small RNAs of Panax notoginseng

Category Unique sRNAs % Total SRNAs %
total 15267563 100 67217124 100
mapping to transcriptome 1082863 709 12754484 18.98
miRNA 2028 0.01 6129134 9.12
rRNA 257687 169 8356595 1243
tRNA 64444 042 2986789 444
SNRNA 4853 003 10441 0.02
snoRNA 2484 002 6226 001
un-annotated 14936067 97.83 49727939 73.98
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Fig. 1 Length distribution and abundance of sRNAs in
Panax notoginseng

biological mechanisms [24—26]. The following 13 miRNAs
were highly abundant in the combined library: miR156n,
miR156j, miR156g, miR156q, miR156b, miR156, miR156i,
miR166s, miR166l-3p, miR166k, miR166m, miR166u and
miR166e. Each of these 13 miRNAs possessed more than
200,000 reads, whereas the majority of other miRNAs se-
quenced had approximately 500 reads. According to the se-
quence data, miR156i (2,154,952) and miR156g (2,154,952)
were the most abundant miRNAs in P. notoginseng roots.

Identification of novel miRNAs in P. notoginseng root

To identify novel miRNAs that may be specific to P.
notoginseng, all unannotated sSRNAs were searched against
the publically available 96,704 unigene P. notoginseng tran-
scriptome using MIREAP software. After searching for
potential precursors (pre-miRNAs) and predicting their
stem—loop hairpin secondary structures, a total of 52 novel
miRNAs were identified in the three libraries (Additional
file 3: Table S3). The novel miRNA sequences ranged in
length from 20-23 nt, with a mode of 21 nt. The pre-
miRNAs ranged in length from 72-363 nt, with an aver-
age of 122 nt. The average minimum folding free energy
value of the hairpin structures was -39.71 kcal/mol
in P. notoginseng, which is higher than that found in
Arabidopsis (-59.50 kcal/mol) [27]. The structures of
52 new miRNA precursors are shown in Additional file 4:
Figure S1. miRNA lengths and nucleotide preference distri-
butions indicated that most miRNAs started with a 5'-U
not 5'-G, which is consistent with typical miRNA sequence
patterns [28].

Target prediction and functional annotation

We used psRNA Target software to predict putative tar-
get genes of novel and conserved miRNAs. A total of
803 putative target genes were identified in P. notogin-
seng roots (Additional file 5: Table S4). A total of 749



Wei et al. BMC Genomics (2015) 16:835

target gene sequences could be assigned to COG classifi-
cations, the database of orthologous gene products [29],
and were classified into 23 groups. The largest of these
groups was ‘general function prediction only’ followed by
‘transcription” (Fig. 2). GO annotation enrichment showed
that the most significantly enriched of biological_processes,
cellular_components, and molecular_functions were meta-
bolic process, cell/cell part, and binding, respectively (Fig. 3).
Overall, 506 different pathways enriched with miRNA tar-
gets were found in P. notoginseng, and the most enriched
included metabolic pathways (76 enzymes), spliceo-
some (61 enzymes) and biosynthesis of secondary me-
tabolites (41 enzymes) (Additional file 6: Table S5).
Analysis of both novel and conserved miRNAs identi-
fied four miRNAs that were computationally predicted
to target genes associated with the terpenoid backbone
biosynthesis pathway. 3-hydroxy-3-methylglutaryl co-
enzyme A synthetase (HMGS), catalyses the reaction
of acetoacetyl-coenzyme A to 3-hydroxy-3-methylglu-
taryl coenzyme A, the first committed enzyme of the
mevalonate (MVA) pathway was predicted to be targeted
by miR5021 and miR5293. miR5163 was predicted to tar-
get all-trans-nonaprenyl diphosphate synthase (geranyl—
diphosphate specific), which may be involved with geranyl
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diphosphate synthase (GPS). GPS catalyses the conden-
sation reaction of isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), which product is
geranyl diphosphate (GPP), the entry to the formation
of terpene moiety. Finally, the putative target gene of
novel miR 27 was predicted to be 1-deoxy-D-xylulose-5-
phosphate synthase (DXS), the first rate-limiting enzyme
for sesquiterpene synthesis in the 2-C-Methyl-D-Erythritol-
4-Phosphate (MEP) pathway in triterpene saponin biosyn-
thesis. The synthesis of 1-deoxy-D-xylulose-5-phosphate
(DXP) is catalyzed by the enzyme DXS.

miRNAs differentially expressed in P. notoginseng root

Pairwise analysis of the miRNA abundance between root
libraries identified 33 (8 increased, and 25 decreased), 27
(7 increased, and 20 decreased), and 29 (8 increased,
and 21 decreased) significantly differentially expressed
miRNAs (|logyratio| = 1, adjusted P-value <0.01) between
2y-1ly, 3y-ly, and 3y-2y root samples, respectively
(Additional file 7: Table S6). Interestingly, different
expression levels were also observed among different
members of the same miRNA family, namely those in-
volved in tissue- or development stage-specific expression.
For example, two members of the MIR156 family, miR156a
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molecular_function

and miR157a-3p, exhibited significantly differential expres-
sion between 2y—1y, although the fold-changes were lower
at —3.7 and -2.5 log, ratio, respectively.

gRT-PCR validation and analysis of six miRNAs in P.
notoginseng

To validate the data obtained from high-throughput
sequencing, two significantly differentially expressed
miRNAs (miR156f-3p and miR157a-3p) and four miRNAs
(miR5021, miR5163, miR5293, and novel_miR_27) pre-
dicted to target genes involved in the terpenoid backbone
biosynthesis pathway were selected and their expression
levels quantified using stem—loop qRT-PCR (Fig. 4).
The results were consistent with deep sequencing data
(Additional file 8: Figure S2). The majority of analyzed
miRNAs showed age- and tissue-specific expression with
predominant expression in the roots (Fig. 4). For example,
miR5163 and miR5293 exhibited the lowest expression in
roots of 3y plants, while miR157f-3p and novel_miR_27
showed high expression in 3y roots and relatively low
expression in 1y and 2y roots. This indicates that develop-
mental stage-specific regulation of miRNA expression oc-
curs in P. notoginseng.

In the 1y sample, miR156f-3p, miR157a-3p, miR5021,
miR5163, miR5293, and novel_miR_27 showed very simi-
lar expression patterns, with the highest levels expressed
in roots, followed by leaves and stems. The expression pat-
terns of miR5021, miR5293, and novel miR_27 were also
similar in the different tissues of 2y plants, with the high-
est expression observed in roots, followed by stems and
leaves. miR156f-3p and miR157a-3p 3y expression

patterns were consistent with that of the miR5163 2y
sample, which showed the same patterns as the 1y sam-
ple. miR5021, miR5163, and miR5293 of the 3y sample
exhibited similar expression patterns, with the lowest
levels expressed in roots, followed by leaves and stems.

miR156f-3p and miR157a-3p are members of the same
miRNA family. Their expression patterns were similar in
the root and stem tissues of 1y and 3y plants. This implies
that a functional relationship exists between miR156f-3p
and miR157a-3p in these tissues at this developmental
stage. However, their expression patterns differed from
that observed in 2y tissues. miR156f-3p showed the
highest expression in the stem, the lowest expression
in the roots, and moderate expression in the leaves,
whereas miR157a-3p exhibited the highest expression
in the leaves, followed by the stem and roots. This sug-
gests that miR156f-3p and miR157a-3p could be func-
tionally different at 2y, although they belong to the
same family.

Discussion

High-throughput sequencing and bioinformatic ap-
proaches are efficient means for identifying miRNAs
[24]. Many conserved plant miRNAs have been previ-
ously identified, although relatively few have been well
characterized [22, 29, 30]. In this study, sSRNA profiles
from 1y, 2y, and 3y P. notoginseng roots were obtained,
which represents the first major examination of miRNAs in
this species. Sequence analysis showed that the majority of
sRNAs ranged in length from 20-24 nt. These results are
typical of Dicer-processed sRNA products and in keeping
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with the known 18-25 nt range for miRNAs [30, 31]. More
than 60 million clean reads of 18—30 nt were obtained from
each sRNA library. A total of 316 known miRNAs (belong-
ing to 67 families and one unclassified family) and 52 novel
miRNAs were identified in P. notoginseng roots. miR156a
was one of frequently sequenced miRNAs. miR156a is also
expressed abundantly in Taxus chinensis [27] and Arachis
hypogaea [30].

Several miRNAs were computationally predicted to
directly target known genes in the terpenoid backbone
biosynthesis pathway, including HMGS and DXS. qRT-
PCR analysis of these miRNAs in root, stem, and leaf
material from 1y, 2y, and 3y tissues revealed complex
expression profiles that showed good concordance with
the sequencing data. miRNAs usually negatively regulate
the expression of genes, therefore it would be expected
that increased levels of a miRNA that targets biosyn-
thetic genes in the PNS pathway may inversely correlate
with PNS levels. For stem tissue, levels of miR5021,
miR5163, miR5293, and novel_miR_27 all inversely cor-
related with total PNS content, whereas in leaf tissues
miR5021, miR5293, and novel_miR_27 inversely corre-
lated only with Rb; content. However in the roots only
miR5293 inversely correlated with PNS content as mea-
sured by HPLC. However, PNS biosynthesis is a complex
process involving many triterpene saponins, so it is
simplistic to discern simple correlations between miRNA
expression and saponin content. Given the importance
of triterpene saponins from P. notoginseng, further
characterization of these miRNAs is required, because
greater understanding of the regulatory mechanism of

miRNAs in triterpene saponin biosynthesis could fa-
cilitate a miRNA-based biotechnology for manipulat-
ing PNS in both in vitro and in vivo systems.

Characterization of specific cytochrome P450s (CYP450s)
involved in triterpene saponin biosynthesis in P. notogin-
seng will facilitate to elucidation of the triterpene saponin
biosynthetic pathway. It is reported that some CYP450s
participate in the oxidation of the dammarane skeleton at
C-6 and the other at C-12 toward the production of proto-
panaxatriol and protopanaxadiol, respectively [32, 33].
Previous studies have characterized CYP716A12 from
Medicago truncatula (CYP85 clan) [34], which was in-
volved in triterpene saponin biosynthesis. Therefore,
the novel_miR_47 in this paper, one of its putative tar-
gets was CYP716A12 (belonging to CYP85 clan), which
might be a candidate enzyme involved in triterpene
saponin biosynthesis in P. notoginseng.

Target gene prediction in this study showed that
miRNAs can target transcription factors related to plant
growth and development, including squamosa promoter-
binding protein-like (SPL), APETALA2 (AP2), myeloblas-
tosis related proteins (MYB), and WRKY proteins. Previous
research indicated that miRNA families in different plants
are highly conserved and perform analogous regulatory
functions [35]. For example, miR156 was predicted to tar-
get the SPL transcription factor, which plays an important
part in the developmental transition from the juvenile to
adult phase of Arabidopsis and from the vegetative to re-
productive phase during postembryonic development [36].
The AP2 transcription factor is involved in flowering time,
while miR172 regulates Arabidopsis floral morphology
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[37], and targets AP2 in P. ginseng [38], Brassica oleracea
[21], and the opium poppy [39]. In Arabidopsis, miR156
maintains the juvenile stage and prevents precocious flow-
ering, whereas miR172 acts downstream of miR156 and
promotes flowering [40], and miR172 targets and promotes
the expression of SPL genes that are negative regulators of
miR156 [37, 38, 41]. miR156 and miR172 exhibit contrast-
ing development-specific expression patterns: the miR156
abundance declines during vegetative development, while
that of miR172 correspondingly increases.

One of the larger groups of plant transcription factors
is the MYB protein family. Members carry a conserved
MYB DNA binding domain and play a regulatory role in
developmental processes and defense responses [37, 41].
This study suggests that MYB proteins might be the tar-
get of miR5021 in P. notoginseng. Previous studies have
also suggested that this occurs in P. ginseng [42] and B.
oleracea [21]. Additionally, WRKY transcription factor
family members are key players in responding to bacter-
ial infections, wounding, and other stresses [39]. Inter-
estingly, certain WRKY members are positive regulators
of triterpene ginsenoside biosynthesis in P. quinquefolius
[43]. Therefore, the conservation of putative target genes
in P. notoginseng suggests that these transcription factors
also share the same function in plant growth and devel-
opment, including in triterpene ginsenoside biosynthesis,
although this requires further experimental validation.

Conclusions

The present study is the first report to examine the
miRNA expression profiles of P. notoginseng roots. We
identified a large number of conserved and novel miRNAs
in P. notoginseng, as well as their target genes, functional
annotations, and gene expression patterns. Four miRNAs
were computationally predicted to directly target known
genes in the terpenoid backbone biosynthesis pathway.
Further investigation concerning the functions of these
miRNAs should facilitate our understanding of the regula-
tory roles of miRNAs in regulating P. notoginseng triter-
pene saponin biosynthesis. Greater understanding of these
regulatory mechanisms could facilitate miRNA-based bio-
technology for manipulating saponin production in both
in vitro and in vivo systems.

Methods

Plant material

P. notoginseng plants were grown in Jingxi County,
Guangxi Province, China to 1y, 2y, and 3y. Leaves,
stems, and roots were collected from all plants and im-
mediately frozen in liquid nitrogen. The frozen samples
were then stored at —80 °C until required for total RNA
extraction and sRNA library construction.
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Triterpene saponin content analysis

Leaves, stems, and roots were collected from 1-, 2- and
3-year-old plants, and dried at 60 °C. Twenty samples
for each year were used for triterpene saponin content
analyses. Approximately 0.2 g of the dried material was
ground in a 10 ml centrifuge tube, soaked in 2 ml metha-
nol, and extracted twice with ultrasonication for 30 min,
then cooled to room temperature. The residue was recon-
stituted with methanol for HPLC analysis according to
Chinese Pharmacopoeia (2010 Edition). All analyses were
performed in triplicate.

HPLC analysis was performed using an Agilent 1260
Infinity system (Agilent, Palo Alto, CA). Samples were
separated on an Agilent ZORBAX SB-C18 column
(250 x 4.6 mm, 5 um particle size) using a HyO:CH3CN
gradient from 19-36 % CH3CN at 1 ml/min over 60 min.
The wavelength of measurement was set at 203 nm. Rg;
(standard 1), Rb; (standard 2), and R; (standard 3) were
obtained from the National Institute for the Control of
Pharmaceutical and Biological Products.

sRNA library construction and deep sequencing

Total RNA was extracted from 1y, 2y, and 3y P. notoginseng
roots using Trizol reagent (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s protocol. At each stage, five
P. notoginseng roots were randomly and separately collected
to prepare three pools for constructing sRNA libraries.
RNA quality and quantity were examined using an
Agilent 2100 Bioanalyzer. Three sRNA libraries were
constructed using previously described methods [44].
Briefly, 10-30 nt sRNAs were purified from a 15 % de-
naturing polyacrylamide gel and then ligated with 5°
and 3’ adapters. After being reverse-transcribed by
Superscript II reverse transcriptase (Invitrogen), sRNAs
were amplified by PCR, then deep sequenced using the Illu-
mina Genome analyzer (Illumina) at the Beijing Genomics
Institute (BGI, Shenzhen, China). All SRNA sequences from
the 1y, 2y, and 3y P. notoginseng root libraries have been
deposited in the NCBI Sequence Read Archive under
accession numbers SRR1554324, SRR1555735, and
SRR1556449, respectively.

Bioinformatic analysis of sSRNAs

After removal of adaptor sequences and filtering low-
quantity reads from raw reads, the clean 18-30 nt SRNAs
were mapped to GenBank (http://www.ncbinlm.nih.gov/)
and Rfam (version 10.1) database (http://rfam.sanger.ac.uk),
with a cut-off value of 0.01, and rRNA, tRNA, snRNA, and
snoRNA were discarded from the sRNA reads. The con-
served miRNAs were annotated by a nucleotide-nucleotide
Basic Local Alignment Search Tool (BLASTn) search
against miRBase 19.0, allowing no mismatches. To identify
novel miRNAs, the MIREAP program (http://sourceforge.
net/projects/mireap/) was used to obtain all candidate
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precursors with hairpin-like structures that were perfectly
mapped by sequencing tags, with the following parameters
applied. It includes minimal miRNA length (18), maximal
miRNA length (25), minimal miRNA (reference) length
(20), maximal miRNA (reference) length (23), maximal
copy number of miRNAs on reference (20), maximal free
energy (—18 kcal/mol), maximal space (300), minimal ma-
ture pair (16), maximal mature bulge (4), maximal duplex
asymmetry (4), and flank sequence length (20).. The sec-
ondary structures of putative pre-miRNAs were then
manually checked using Mfold [45]. The criteria chosen
for stem-loop hairpins were described by Meyers et al.
[46]. Target genes of miRNAs were predicted using
the psRNA Target program (http://plantgrn.noble.org/
psRNATarget) using a publically available P. notogin-
seng transcriptome (accession number SRP060270) de-
rived from 1-, 2-, and 3-year-old roots. The threshold
use for target prediction were using default parameters
based on those suggested by Schwab et al. [47] and
Allen et al. [48]. Target gene analysis was also per-
formed using the transcriptome of Liu et al. [9], however,
no additional genes putatively involved in biosynthesis of
PNS was identified as targets.

COG, GO, and KEGG were used to investigate putative
functions of target genes [20]. COG database is based on
the evolution relation of protein system among bacteria,
algae and eukaryotes. Protein sequence can be classified
into one kind of COG parts and each kind of COG part is
composed by homologues sequences which can be used to
deduce the function of protein, with the e-value of le™”.
GO is an international standardized classification system
for gene function, which supplies a set of controlled vo-
cabulary to comprehensively describe the property of genes
and gene products. There are 3 ontologies in GO: molecu-
lar function, cellular component and biological process.
The basic unit of GO is GO-term, each of which belongs to
one type of ontology. The GO annotations were obtained
based on the BlastX search against the A. thaliana database
(from NCBI) with an e-value threshold of 1e™®. KEGG is
the major public pathway-related database. KEGG pathway
analysis identifies significantly enriched metabolic pathways
or signal transduction pathways in target gene candidates
comparing with the whole reference gene background.
Genes with FDR (false discoverty rate) <0.05 are considered
as significantly enriched in target gene candidates. The
KEGG analysis could reveal the main pathways which the
target gene candidates are involved in. The e-value thresh-
old was sat at 1e™*°.

To analyze differential miRNA expression, miRNA ex-
pression in each library was normalized to calculate the
expression of transcripts per million. The fold-change and
P-value were calculated from the normalized expression.
Significantly differential expression was defined when
|logoratio| = 1 and the adjusted P-value < 0.01 [24-26].
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Quantitative real-time PCR analysis of miRNAs

qRT-PCR was used to validate the miRNAs identified using
deep sequencing and to analyze their expression patterns.
Total RNA of roots, stems, and leaves from 1y, 2y, and 3y
P. notoginseng plants was extracted using Trizol reagent
(Invitrogen) according to the manufacturer’s protocol. They
were then reverse-transcribed into cDNA using the AMV
First Strand ¢cDNA Synthesis Kit (TaKaRa, Dalian, China)
according to the manufacturer’s instructions. qRT-PCR was
carried out on the ABI StepOnePlus RT-PCR systems (Ap-
plied Biosystems, Foster City, CA) using the amplification
conditions recommended by TaKaRa and the ABI SYBR®
Green PCR Master Mix (2x) (Applied Biosystems). Each
sample was processed in triplicate, and 18S rRNA was used
as an internal control. Primers are listed in Additional file
9: Table S7.

Availability of supporting data

All sSRNA sequences from the 1y, 2y, and 3y P. notoginseng
root libraries generated by Illumina sequencing have been
deposited in the Sequence Read Archive (SRA) data
base (http://www.ncbi.nlm.nih.gov/sra) under accession
numbers SRR1554324, SRR1555735, and SRR1556449,
respectively. The mRNA sequences from the 1y, 2y, and
3y P. notoginseng root also have been deposited in the
SRA database (http://www.ncbi.nlm.nih.gov/sra) under
accession number SRP060270.
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Additional file 1: Table S1. Panax notoginseng saponin content from
different tissues of different ages. (XLSX 9 kb)

Additional file 2: Table S2. Conserved miRNAs in the three libraries of
Panax notoginseng. (XLSX 24 kb)

Additional file 3: Table S3. Novel miRNA candidates in Panax
notoginseng. (XLSX 17 kb)

Additional file 4: Figure S1. The secondary structures of new Panax
notoginseng mMiRNA precursors. (PDF 44 kb)

Additional file 5: Table S4. Statistics of target genes of novel miRNAs
in Panax notoginseng. (XLSX 21 kb)

Additional file 6: Table S5. Statistics of target genes pathways of novel
miRNAs in Panax notoginseng. (XLSX 16 kb)

Additional file 7: Table S6. The statistically significant differentially
expressed known and novel miRNAs in Panax notoginseng. (XLSX 17 kb)

Additional file 8: Figure S2. gRT-PCR validation of six differentially
expressed MiRNAs identified using lllumina small RNA deep sequencing. A.
Fold-change of six miRNAs that were differentially expressed among 1-, 2- and
3- year old roots based on deep sequencing data. B. The relative expression
abundance of the six miRNAs 1-, 2- and 3- year old roots by real-time
quantitative RT-PCR. (TIFF 737 kb)

Additional file 9: Table S7. Primers used for stem-loop qRT-PCR.
(XLSX 9 kb)

Abbreviations

AP2: APETALA2; BLASTN: Nucleotide-nucleutide Basic Local Alignment Search
Tool; FDR: False discoverty rate; COG: Cluster of Orthologous Groups;
CYP450: Cytochrome P450; DMAPP: Dimethylallyl diphosphate; DXP: 1-deoxy-
D-xylulose-5-phosphate; DXS: 1-deoxy-D-xylulose-5-phosphate synthase;


http://plantgrn.noble.org/psRNATarget
http://plantgrn.noble.org/psRNATarget
http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra
dx.doi.org/10.1186/s12864-015-2010-6
dx.doi.org/10.1186/s12864-015-2010-6
dx.doi.org/10.1186/s12864-015-2010-6
dx.doi.org/10.1186/s12864-015-2010-6
dx.doi.org/10.1186/s12864-015-2010-6
dx.doi.org/10.1186/s12864-015-2010-6
dx.doi.org/10.1186/s12864-015-2010-6
dx.doi.org/10.1186/s12864-015-2010-6
dx.doi.org/10.1186/s12864-015-2010-6

Wei et al. BMC Genomics (2015) 16:835

GO: Gene ontogloy; GPP: Geranyl diphosphate; GPS: Geranyl diphosphate
synthase; HMGS: 3-hydroxy-3-methylglutaryl coenzyme A synthetase;
HPLC: High-performance liquid chromatography; IPP: Isopentenyl
diphosphate; KEGG: Kyoto Encyclopedia of Genes and Genomes;

MEP: Methylerythritol phosphate pathway; miRNAS: MicroRNAs;

MVA: Mevalonic acid pathway; MYB: Myeloblastosis related proteins;

PNS: Panax notoginseng saponins; gRT-PCR: Quantitative reverse
transcription PCR; rRNA: Ribosomal RNA; SPL: Squamosa promoter-binding
protein-like; SRNA: Non-coding RNAs; snRNA: Small nuclear RNA;

snoRNA: Small nucleolar RNA; tRNA: Transfer RNA.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RCW conceived the study, designed and performed the experiments,
participated in data analysis, and drafted the manuscript. DYQ, IW and SFL
revised the paper. HZ, JHM, SXF, LHB, QHW and DPT helped with tissue
sample collection and RNA extraction. XJM and QT initiated the project,
helped to conceive the study, and participated in the design and
coordination. All authors read and approved the final manuscript.

Acknowledgements

This research was supported by grants of the Guangxi Natural Science Foundation
Program of China (No. 2013GXNSFAAQ019207 and 2014GXNSFAA118254), the
Program of Guangxi Scientific Research and Technology Development (No.
Guikezhong 1355001-1), Program for Innovative Research Team in IMPLAD
(IT1306) and the Youth Foundation of Guangxi Botanical Garden of Medicinal
Plants (No. Guiyaoji 201106).

Author details

'Institute of Medicinal Plant Development, Chinese Academy of Medical
Sciences & Peking Union Medical College, Beijing 100193, China. “Guangxi
Botanical Garden of Medicinal Plants, Nanning 530023, China. *Hunan
Provincial Key Laboratory of Crop Germplasm innovation and Utilization and
National Chinese Medicinal Herbs (Hunan) Technology Center, Hunan
Agricultural University, Changsha 410128, China. “Department of Molecular
Biology, The Research Institute of Forestry, Chinese Academy of Forestry,
Beijing 100091, China. >CSIRO Agriculture, PO Box 1600, Canberra ACT 2001,
Australia.

Received: 30 March 2015 Accepted: 3 October 2015
Published online: 22 October 2015

References

1. Briskin DP. Medicinal plants and phytomedicines. Linking plant biochemistry
and physiology to human health. Plant Physiol. 2000;124(2):507-14.

2. Hong DY, Lau AJ, Yeo CL, Liu XK, Yang CR, Koh HL, et al. Genetic diversity
and variation of saponin contents in Panax notoginseng roots from a single
farm. J Agric Food Chem. 2005;53(22):8460-7.

3. Ng TB. Pharmacological activity of sanchi ginseng (Panax notoginseng). J Pharm
Pharmacol. 2006;58(8):1007-19.

4. He N-W, Zhao Y, Guo L, Shang J, Yang X-B. Antioxidant, Antiproliferative,
and Pro-Apoptotic Activities of a Saponin Extract Derived from the Roots
ofPanax notoginseng(Burk.) F.H. Chen. J Med Food. 2012;15(4):350-9.

5. Son HY, Han HS, Jung HW, Park YK. Panax notoginseng Attenuates the
Infarct Volume in Rat Ischemic Brain and the Inflammatory Response of
Microglia. J Pharmacol Sci. 2009;109:368-79.

6. Wan JB, Yang FQ, Li SP, Wang YT, Cui XM. Chemical characteristics for different

parts of Panax notoginseng using pressurized liquid extraction and HPLC-ELSD.

J Pharm Biomed Anal. 2006;41:1596-601.

7. Wang C-Z, McEntee E, Wicks S, Wu J-A, Yuan C-S. Phytochemical and analytical
studies of Panax notoginseng (Burk.) F.H. Chen. J Nat Med. 2006,60(2):97-106.

8. LuoH,SunC SunY,WuQ,LiY,Song J, et al. Analysis of the transcriptome of
Panax notoginseng root uncovers putative triterpene saponin-biosynthetic
genes and genetic markers. BMC Genomics. 2011;12 Suppl 5:55.

9. LiuMH, Yang BR, Cheung WF, Yang KY, Zhou HF, Kwok JS, et al. Transcriptome
analysis of leaves, roots and flowers of Panax notoginseng identifies genes
involved in ginsenoside and alkaloid biosynthesis. BMC Genomics. 2015;16:265.

10.  Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004;116(2):281-97.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 9 of 10

Mallory AC, Vaucheret H. Functions of microRNAs and related small RNAs in
plants. Nat Genet. 2006;38(Suppl):S31-6.

Brodersen P, Sakvarelidze-Achard L, Bruun-Rasmussen M, Dunoyer P, Yamamoto
YY, Sieburth L, et al. Widespread translational inhibition by plant miRNAs and
sIRNAs. Science. 2008;320(5880):1185-90.

Chen X. A microRNA as a translational repressor of APETALA2 in Arabidopsis
flower development. Science. 2004;303(5666):2022-5.

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

Lima JC, Loss-Morais G, Margis R. MicroRNAs play critical roles during plant
development and in response to abiotic stresses. Genetics and molecular
biology. 2012;35(4):1069-77.

Chen L, Ren Y, Zhang Y, Xu J, Zhang Z, Wang Y. Genome-wide profiling of novel
and conserved Populus microRNAs involved in pathogen stress response by
deep sequencing. Planta. 2012,235(5):873-83.

Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of
translational repression and mRNA decay. Nat Rev Genet. 2011;12(2):99-110.
Brennecke J, Hipfner DR, Stark A, Russell RB, Cohen SM. bantam encodes a
developmentally regulated microRNA that controls cell proliferation and
regulates the proapoptotic gene hid in Drosophila. Cell. 2003;113(1):25-36.
Reinhart BJ, Weinstein EG, Rhoades MW, Bartel B, Bartel DP. MicroRNAs in
plants. Genes Dev. 2002;16(13):1616-26.

Chen L, Zhang Y, Ren Y, Xu J, Zhang Z, Wang Y. Genome-wide identification of
cold-responsive and new microRNAs in Populus tomentosa by high-throughput
sequencing. Biochem Biophys Res Commun. 2012/417(2):892-6.

Li G, Zhu'Y, Guo X, Sun C, Luo H, Song J, et al. Transcriptome analysis
reveals ginsenosides biosynthetic genes, microRNAs and simple sequence
repeats in Panax ginseng C. A Meyer BMC Genomics. 2013;14:245.

Li M, Wang F, Xu Z, Jiang Q, Ma J, Tan G, et al. High throughput sequencing of
two celery varieties small RNAs identifies microRNAs involved in temperature
stress response. BMC Genomics. 2014;15:242.

Quail MA, Kozarewa I, Smith F, Scally A, Stephens PJ, Durbin R, et al. A large
genome center's improvements to the lllumina sequencing system. Nat
Methods. 2008;5(12):1005-10.

Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B, Koonin EV, et al. The
COG database: an updated version includes eukaryotes. BMC Bioinformatics.
20034:41.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. The Gene Ontology Consortium.
Nat Genet. 2000;25(1):25-9.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic
Acids Res. 2000;28(1):27-30.

Kang L, Cui X, Zhang Y, Yang C, Jiang Y. Identification of miRNAs associated
with sexual maturity in chicken ovary by lllumina small RNA deep sequencing.
BMC Genomics. 2013;14:352.

Bonnet E, Wuyts J, Rouze P, Van de Peer Y. Evidence that microRNA precursors,
unlike other non-coding RNAs, have lower folding free energies than random
sequences. Bioinformatics. 2004;20(17):2911-7.

Wu B, Wang M, Ma Y, Yuan L, Lu S. High-Throughput Sequencing and
Characterization of the Small RNA Transcriptome Reveal Features of Novel
and Conserved MicroRNAs in Panax ginseng. PLoS One. 2012;7(9), e44385.
Qiu D, Pan X, Wilson IW, Li F, Liu M, Teng W, et al. High throughput sequencing
technology reveals that the taxoid elicitor methyl jasmonate regulates microRNA
expression in Chinese yew (Taxus chinensis). Gene. 2009436(1-2):37-44.

Sunkar R, Zhou X, Zheng Y, Zhang W, Zhu JK. Identification of novel and
candidate miRNAs in rice by high throughput sequencing. BMC Plant Biol.
2008;8(1):25.

Tansakul P, Shibuya M, Kushiro T, Ebizuka Y. Dammarenediol-Il synthase, the
first dedicated enzyme for ginsenoside biosythesis, in Panax ginseng. FEBS
Lett. 2006;580(22):5143-9.

Jung JD, Park HW, Hahn Y, Hur CG, In DS, Chung HJ, et al. Discovery of genes
for ginsenoside biosynthesis by analysis of ginseng expressed sequence tags.
Plant Cell Rep. 2003;22(3):224-30.

Carelli M, Biazzi E, Panara F, Tava A, Scaramelli L, Porceddu A, et al. Medicago
truncatula CYP716A12 is multifunctional oxidase involved in the biosynthesis
of hemolytic saponins. Plant Cell. 2011,23(8):3070-81.

Zhao CZ, Xia H, Frazier TP, Yao YY, Bi YP, Li AQ, et al. Deep sequencing identifies
novel and conserved microRNAs in peanuts (Arachis hypogaea L.). BMC Plant
Biol. 2010;10:3.

Axtell MJ, Snyder JA, Bartel DP. Common functions for diverse small RNAs
of land plants. Plant Cell. 2007;19(6):1750-69.



Wei et al. BMC Genomics (2015) 16:835

37.

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

Fornara F, Coupland G. Plant Phase Transitions Make a SPLash. Cell.
2009;138(4):625-7.

Aukerman MJ, Sakai H. Regulation of flowering time and floral organ
identity by a MicroRNA and its APETALA2-like target genes. Plant Cell.
2003;15(11):2730-41.

Wang J, Yang X, Xu H, Chi X, Zhang M, Hou X. Identification and
characterization of microRNAs and their target genes in Brassica oleracea.
Gene. 2012;505(2):300-8.

Unver T, Parmaksiz I, Diindar E. Identification of conserved micro-RNAs and
their target transcripts in opium poppy (Papaver somniferum L.). Plant Cell
Rep. 2010,29(7):757-69.

Wu G, Poethig RS. Temporal regulation of shoot development in Arabidopsis
thaliana by miR156 and its target SPL3. Development. 2006;133:3539-47.
Yanhui C, Xiaoyuan Y, Kun H, Meihua L, Jigang L, Zhaofeng G, et al. The
MYB transcription factor superfamily of Arabidopsis: expression analysis and
phylogenetic comparison with the rice MYB family. Plant Mol Biol.
2006;60(1):107-24.

Eulgem T, Rushton PJ, Robatzek S, Somssich IE. The WRKY superfamily of
plant transcription factors. Trends Plant Sci. 2000;5(5):199-206.

Sun'Y, Niu'Y, Xu J, Li Y, Luo H, Zhu Y, et al. Discovery of WRKY transcription
factors through transcriptome analysis and characterization of a novel
methyl jasmonate-inducible PQWRKY1 gene from Panax quinquefolius. Plant
Cell, Tissue and Organ Culture (PCTOCQ). 2013;114(2):269-77.

Zuker M. Mfold web server for nucleic acid folding and hybridization prediction.
Nucleic Acids Res. 2003;31(13):3406-15.

Meyers BC, Axtell MJ, Bartel B, Bartel DP, Baulcombe D, Bowman JL, et al.
Criteria for annotation of plant MicroRNAs. Plant Cell. 2008;20(12):3186-90.
Allen E, Xie Z, Gustafson AM, Garrington JC. microRNA-directed phasing
during trans-acting siRNA biogenesis in plants. Cell. 2005;121(2):207-21.
Schwab R, Palatnik JF, Riester M, Schommer C, Schmid M, Weigel D. Specific
effects of MicroRNAs on the plant transcriptome. Dev Cell. 2005,8(4):517-27.

Page 10 of 10

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Results
	Triterpene saponin content analysis
	Features of P. notoginseng sRNA populations
	Identification of conserved P. notoginseng root miRNAs
	Identification of novel miRNAs in P. notoginseng root
	Target prediction and functional annotation
	miRNAs differentially expressed in P. notoginseng root
	qRT-PCR validation and analysis of six miRNAs in P. notoginseng

	Discussion
	Conclusions
	Methods
	Plant material
	Triterpene saponin content analysis
	sRNA library construction and deep sequencing
	Bioinformatic analysis of sRNAs
	Quantitative real-time PCR analysis of miRNAs
	Availability of supporting data

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



