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Abstract

Main conclusion Identification and characterization of

5,446 mlncRNAs from Salvia miltiorrhiza showed that

the majority of identified mlncRNAs were stress

responsive, providing a framework for elucidating

mlncRNA functions in S. miltiorrhiza.

mRNA-like noncoding RNAs (mlncRNAs) are transcribed

by RNA polymerase II and are polyadenylated, capped and

spliced. They play important roles in plant development

and defense responses. However, there is no information

available for mlncRNAs in Salvia miltiorrhiza Bunge, the

first Chinese medicinal material entering the international

market. To perform a transcriptome-wide identification of

S. miltiorrhiza mlncRNAs, we assembled over 8 million

RNA-seq reads from GenBank database and 5,624 ESTs

from PlantGDB into 44422 unigenes. Using a computa-

tional identification pipeline, we identified 5446 S. mil-

tiorrhiza mlncRNA candidates from the assembled

unigenes. Of the 5446 mlncRNAs, 2 are primary transcripts

of conserved miRNAs, and 2030 can be grouped into 470

families with at least two members in a family. Quantita-

tive real-time PCR analysis of mlncRNAs with at least

900 nt showed that the majority were differentially

expressed in roots, stems, leaves and flowers and respon-

sive to methyl jasmonate (MeJA) treatment in S. mil-

tiorrhiza. Analysis of published RNA-seq data showed that

a total of 3,044 mlncRNAs were expressed in hairy roots of

S. miltiorrhiza and the expression of 1,904 of the 3,044

mlncRNAs was altered by yeast extract and Ag? treatment.

The results indicate that the majority of mlncRNAs are

involved in plant response to stress. This study provides a

framework for understanding the roles of mlncRNAs in S.

miltiorrhiza.
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Introduction

In recent years, the next-generation sequencing and tran-

scriptome analysis of eukaryotic cells have provided a

large body of evidence for the versatility of RNA mole-

cules. The idea that RNAs not only encode proteins but

also function as noncoding RNAs (ncRNAs) is now widely

accepted. For instance, more than 90 % of the human

genome is likely to be transcribed, but only about 2 % of

the transcribed regions encode proteins (Birney et al.

2007). It strongly suggests that there are a large number of

RNAs with little or no protein-coding capacity in human

cells. In fact, using genomic tiling arrays, whole tran-

scriptome analysis, reverse-transcription PCR (RT-PCR)

and computational prediction, ncRNAs acting mainly or

exclusively at the RNA level have been identified from

various organisms (Bertone et al. 2004; Tran et al. 2009).

With the progress of ncRNA identification, it has been

shown that the more complex organisms produce the

greater proportion of ncRNAs in transcriptomes. Although

the function of the majority of ncRNAs is still unknown,

current evidences suggest the significance of ncRNAs in

plant development and response to environmental stresses

(Matsui et al. 2013).

Based on the expression profiles and predicted func-

tions, ncRNAs can be subdivided into housekeeping ncR-

NAs and regulatory ncRNAs. Housekeeping ncRNAs

include tRNAs, rRNAs, snRNAs and snoRNAs. According

to the distribution of length, regulatory ncRNAs can be

divided into small RNAs (sRNAs) (\200 nt), such as mi-

croRNAs (miRNAs) and small-interfering RNAs (siR-

NAs), and long noncoding RNAs (lncRNAs) ([200 nt),

such as mRNA-like noncoding RNAs (mlncRNAs) (Erd-

mann et al. 2000; Rodriguez et al. 2004; Griffiths-Jones

2007; Rymarquis et al. 2008; Ponting et al. 2009). sRNAs,

particularly miRNAs, have been intensively studied. In

plants, miRNAs are about 21-nt-long single-stranded small

RNAs generated from long primary miRNAs (pri-miR-

NAs) (Bartel 2004; Voinnet 2009). To produce miRNAs,

pri-miRNAs are first transcribed from miRNA loci and fold

into internal hairpin structures. Then, Dicer-like 1 (DCL1)-

mediated cleavage of pri-miRNAs is carried out. It results

in the production of miRNA precursors (pre-miRNAs).

Further process of pre-miRNAs by DCL1 and other pro-

teins generates miRNA:miRNA* duplexes bearing 2 nt

overhangs at both 30 ends. The duplexes are finally

unwound by a helicase to release the single-stranded

mature miRNAs. Plant miRNAs mainly function as post-

transcriptional regulators by targeting mRNAs for direct

cleavage at a region with perfect or near-perfect sequence

complementarities (Bartel 2004). mlncRNAs are a class

of lncRNAs transcribed by RNA polymerase II and

polyadenylated, capped and spliced as conventional

mRNAs (Erdmann et al. 2000; Rodriguez et al. 2004;

Griffiths-Jones 2007; Rymarquis et al. 2008). They have all

the properties of mRNAs, but lack protein-coding potential

(Griffiths-Jones 2007). mlncRNAs may generate from

mlncRNA loci located between protein-coding genes.

Noncoding alternative transcripts of protein-coding genes,

natural antisense transcripts and pri-miRNAs can also be

mlncRNAs if they have the properties of mRNAs (Rodri-

guez et al. 2004; Griffiths-Jones 2007). Compared with

miRNA, mlncRNAs are less studied, and owing to their

homology to known genes, some mlncRNAs, such as nat-

ural antisense transcripts, are often discarded in computa-

tional screens (Rymarquis et al. 2008). The majority of

currently known plant mlncRNAs were identified from

Arabidopsis thaliana (Maclntosh et al. 2001; Ben Amor

et al. 2009), Medicago truncatula (Wen et al. 2007), wheat

(Xin et al. 2011), Panax ginseng (Wang et al. 2014),

Digitalis purpurea (Wu et al. 2012a) and Zea mays (Bo-

erner and McGinnis 2012). A few were obtained from

cucumber, soybean and other plants species (Rohrig et al.

2002; Sugiyama et al. 2003; Cho et al. 2005; Ma et al.

2008).

Plant mlncRNAs appear to play significant roles in cell

differentiation, plant response to biotic and abiotic stresses

and nodulation. For instance, cucumber CR20, one of the

first transcripts identified as plant mlncRNAs, was repres-

sed by cytokinins (Teramoto et al. 1996). GUT15 (gene

with unstable transcript 15), known as an unstable tran-

scripts in tobacco cell cultures, was hormone-regulated

(Taylor and Green 1995). CsM10 was found to be highly

expressed in the apexes of one and four leaf cucumber

seedlings grown under short day (i.e. male-inducing) con-

ditions than under long day (i.e. female-inducing) condi-

tions in Cucumis sativus (Cho et al. 2005). CCLS96.1 was

expressed in both genders in leaves and flowers in Silene

latifolia (Sugiyama et al. 2003). Zm401 played important

roles in pollen development in Zea mays (Ma et al. 2008).

TPSI1/Mt4 responded to phosphate starvation in tomato

(Liu et al. 1997) and Medicago (Burleigh and Harrison

1997). Moreover, some mlncRNAs functioned as endoge-

nous target mimics (eTMs) to inhibit the activity of miR-

NAs in plants. So far, a total of 36 Arabidopsis mlncRNAs

have been identified to be potential eTMs for 11 miRNAs

and 189 rice mlncRNAs to be eTMs for 19 miRNAs.

Overexpression of IPS1, one of Arabidopsis eTMs, resulted

in the accumulation of miR399-targeted PHO2 transcripts

in Arabidopsis (Wu et al. 2013).

Salvia miltiorrhiza Bunge is a well-known Salvia species

in the Labiatae family with great economic and medicinal

value. It has been widely used in the treatment of cardio-

vascular, hyperlipidemia, cerebrovascular and acute
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ischemic stroke diseases, and is the first Chinese medicinal

material entering the international market (Li et al. 2009b).

The active pharmaceutical ingredients of S. miltiorrhiza

mainly include lipophilic tanshinones, such as tanshinone I

and tanshinone IIA, and hydrophilic phenolic acids, such as

rosmarinic and salvianolic acids (Wu et al. 2012b). It has

been shown that methyl jasmonate (MeJA), an effective

elicitor, could enhance the accumulation of tanshinones and

phenolic acids through inducing the expression of various

tanshinone biosynthesis- and phenolic acid biosynthesis-

related genes (Luo et al. 2014). Moreover, the biosynthesis

of tanshinones in S. miltiorrhiza hairy root cultures could

also be enhanced by biotic (yeast extract) and abiotic (Ag?)

treatments (Gao et al. 2014).

Salvia miltiorrhiza is an emerging model system for

medicinal plant biology because of its relatively small

genome size (about 600 Mb), short life cycle, undemand-

ing growth requirements and significant medicinal value

(Song et al. 2013). S. miltiorrhiza genes involved in sec-

ondary metabolism (Ma et al. 2012; Li and Lu 2014; Zhang

et al. 2014a, b), stress response (Zhao et al. 2014) and

miRNA pathway (Shao and Lu 2013, 2014) have been

intensively studied recently. However, there is no infor-

mation available for S. miltiorrhiza mlncRNAs. With the

aim to identify mlncRNAs in S. miltiorrhiza, a large

number of expressed sequences collected in GenBank

database and PlantGDB were assembled. A total of 44,422

unigenes were obtained, from which 5,446 mlncRNAs

were identified. It includes two pri-miRNAs. Various

important characteristics of the identified mlncRNAs were

analyzed using computational and experimental approa-

ches. The results suggest that mlncRNAs are functionally

meaningful in S. miltiorrhiza.

Materials and methods

Plant materials and stress treatment

Salvia miltiorrhiza Bunge (line 993, plants kindly provided

by Prof. Xian’en Li) was grown in a field nursery at the

Institute of Medicinal Plant Development, Beijing, China

(Ma et al. 2012). Flowers, healthy leaves, young stems and

roots with diameters about 0.5 cm were collected from

2-year-old plants. Samples from three plants were pooled

and stored in liquid nitrogen until use. Plantlet cultivation

and methyl jasmonate (MeJA) treatment were performed as

described previously (Ma et al. 2012). Briefly, stem seg-

ments of field-grown S. miltiorrhiza (line 993) were used as

explants for generation of shoots on MS agar medium

(Murashige and Skoog 1962). Small shoots were excised

from the explants and then rooted on 6.7-V agar medium

(Chen et al. 1997). About 6-week-old plantlets with

regenerated roots were transferred to 6.7-V liquid medium

and cultivated for 2 days. MeJA in carrier solution con-

taining 0.1 % Tween-20 and 5 % ethanol was added to the

medium to obtain a final concentration of 200 lM. Plant-

lets were treated for 12, 24, 36 and 48 h and then leaves

with similar sizes were collected. Plantlets treated with

carrier solution containing 0.1 % Tween-20 and 5 % eth-

anol were used as controls. Three biological replicates were

carried out for each experiment.

EST assembly, annotation and classification

RNA-seq reads were downloaded from GenBank database

under the accession numbers SRA020132 (Hua et al. 2011)

and SRA012102 (Li et al. 2010). S. miltiorrhiza EST

sequences were downloaded from PlantGDB (http://www.

plantgdb.org/). High-quantity RNA-seq reads and ESTs

were assembled into unigenes using Trinity software. The

sequences of 5 SmRDRs (Shao and Lu 2014), 10 SmAGOs

(Shao and Lu 2013) and 110 SmMYBs (Li and Lu 2014)

were downloaded from GenBank under the accession

numbers KF872203–KF872207, KF153679–KF153688,

and KF059355–KF059464, respectively. Sequence com-

parison of the assembled unigenes with SmRDRs, SmAGOs

and SmMYBs was analyzed using BLASTN (Altschul et al.

1997). An e value cutoff of 10-5 was applied to the

homolog recognition. Unigenes were annotated by

sequence similarity searched against the NCBI non-

redundant protein (Nr) database, Swiss-Prot protein data-

base, Gene Ontology (GO) database, KEGG database and

COG database using the Basic Local Alignment Search

Tool (BLAST) (Altschul et al. 1997). An e value cutoff of

10-5 was applied to the homolog recognition. Based on the

annotation results from BLAST search against the Nr

database, Gene Ontology (GO) terms were assigned by

Blast2Go software (Conesa et al. 2005) and classified

functionally by WEGO software (Ye et al. 2006).

Computational identification of mlncRNAs

The computational method for mlncRNA identification is

shown in Fig. 1. The assembled unigenes without Nr

annotation were first checked for simple repeat transcripts

and then open reading frames (ORFs) were predicted using

ESTScan2 software with the cutoff of 100 amino acids (aa)

(Iseli et al. 1999; Maclntosh et al. 2001). Computational

prediction was performed on linux system using default

parameters. To distinguish mlncRNA candidates from

housekeeping ncRNAs, unigenes with the longest ORF less

than 100 aa were analyzed against Rfam 11.0 (August

2012) using BLASTN (Altschul et al. 1997; Gardner et al.

2011). The conservation of mlncRNAs was analyzed by

searching S. miltiorrhiza mlncRNA candidates against the
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NONCODE database and PLncDB database using

BLASTN (Altschul et al. 1997; He et al. 2008; Jin et al.

2013). A word size 7 and an e value cutoff of 10-5 were

applied to the homolog recognition.

Identification of primary transcripts of conserved

miRNAs

Plant miRNA sequences were downloaded from miRBase

(Released 19, http://www.mirbase.org/). mlncRNA candi-

dates were searched against plant miRNA sequences with

no more than three mismatches using the BLASTN pro-

gram. A word size of 4 was used as described. Secondary

structures of mlncRNA candidates were predicated on the

mfold web server (http://www.bioinfo.rpi.edu/applications/

mfold) and then checked manually (Zuker 2003). The

criteria applied include (1) a single-stranded, hairpin pre-

cursor with the free energy value less than -30, (2) four or

fewer mismatched miRNA bases, and (3) less than two

asymmetric bulges within the miRNA/miRNA* duplex

(Meyers et al. 2008). The targets of miRNAs were pre-

dicted on the psRNATarget Server using the default

parameters with the maximum expectation to be 2.5 (Dai

et al. 2011).

Quantitative real-time reverse-transcription PCR

(qRT-PCR) analysis

Total RNA was extracted from plant tissues using the plant

total RNA extraction kit (Aidlab, Beijing, China) and

digested with RNase-free DNase I (TaKaRa Bio, Otsu,

Japan) to remove genomic DNA contamination. RNA

integrity was analyzed on a 1 % agarose gel and RNA

quantity was determined using a NanoDrop 2000C Spec-

trophotometer (Thermo Scientific, Wilmington, DE, USA).

Reverse transcription was performed on 1.0 lg total RNA

for each example by 200 U SuperScript III Reverse

Transcriptase (Invitrogen, Carlsbad, CA, USA) in 20 ll
volume. The resulting cDNA was diluted to 200 ll with
sterile water. Quantitative real-time PCR was carried out in

triplicate reactions in the CFX96TM real-time PCR detec-

tion system (Bio-Rad, Hercules, CA, USA). Gene-specific

primers were designed using the primer designing tools of

IDT dna (http://www.idtdna.com/scitools/Applications/

RealTimePCR/). Primer sequences are listed in Supple-

mentary Table S1. SmUBQ10 was used as a reference as

described previously (Ma et al. 2012; Shao and Lu 2013).

PCR was carried out in 20 ll volume containing 2 ll
diluted cDNA, 0.5 lM forward primer, 0.5 lM reverse

primer, and 19 SYBR Premix Ex Taq II (Tli RNaseH Plus)

(TaKaRa Bio) using the following conditions: 95 �C for

30 s, 40 cycles of 95 �C for 5 s, 60 �C for 18 s and 72 �C
for 15 s. Amplification specificity was assessed using the

dissociation curve. Relative abundance of transcripts was

analyzed using the comparative Cq method (Livak and

Schmittgen 2001). The arithmetic formula 2-DDCq was

used to achieve results for relative quantification. Cq rep-

resents the threshold cycle. Gene expression data from

three biological replicates were standardized as described

(Gardner et al. 2011). ANOVA (analysis of variance) was

calculated using SPSS (Version 19.0). P\ 0.05 was con-

sidered statistically significant.

Analysis of mlncRNA expression in response to yeast

extract and Ag? treatment

RNA-seq data obtained from S. miltiorrhiza hairy roots

treated with yeast extract (100 lg/ml) and Ag? (30 lM)

were downloaded from GenBank under the accession

number SRR924662 (Gao et al. 2014). RNA-seq reads

from non-treated (0 hpi) and treated for 12 h (12 hpi), 24 h

(24 hpi) and 36 h (36 hpi) were mapped to mlncRNAs

using the SOAP2 software (Li et al. 2009a) with the

parameter v cutoff of 3 and parameter r cutoff of 2. The

expression level of mlncRNAs at different time-points was

calculated by RPKM (RNA-seq reads mapped to an

mlncRNA per total million reads from a treatment per

kilobases of the mlncRNA length). mlncRNAs with the

log-2-transformed RPKM value greater than 2 were

selected for differential expression analysis. RNA-seq

reads of an mlncRNA in yeast extract and Ag?-treated

tissues were compared with the reads in non-treated tissues

using Fisher’s exact test. mlncRNAs with the Fisher’s

Fig. 1 Workflow of the filtering process used to identify mlncRNA

candidates in S. miltiorrhiza. The number of unigenes is shown in

parentheses. ORF open reading frame, aa amino acid
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exact test P value of less than 0.05 were considered as

differentially expressed.

Results

Assembly and functional annotation

of the S. miltiorrhiza transcriptome

To explore the transcriptome of S. miltiorrhiza, we col-

lected over 8 million RNA-seq sequences from GenBank

under the accession numbers SRA020132 (Hua et al. 2011)

and SRA012102 (Li et al. 2010) and 5624 ESTs from

PlantGDB (http://www.plantgdb.org). After pre-processing

and de novo assembly using Trinity software, a total of

44,422 unigenes (C200 bp) were obtained. N50 length of

the assembled unigenes was 550 bp, and the average length

was 501 bp. The distribution of unigene sizes showed that

most of the assembled unigenes ranged from 200 to 600 bp

(Supplementary Fig. S1). Sequence comparison revealed

high identities between the assembled unigenes and

recently reported cDNAs, including 5 SmRDRs (Shao and

Lu 2014), 10 SmAGOs (Shao and Lu 2013) and 110

SmMYBs (Li and Lu 2014) (Supplementary Table S2). It

suggests that the RNA-seq data have been successfully

assembled.

Functional annotation of unigenes was carried out by

BLAST analysis (Altschul et al. 1997) against various

databases, including the Nr database, Swiss-Prot protein

databases, GO database, KEGG database and COG data-

base. An e value cutoff of 10-5 was applied to the homolog

recognition. It resulted in the annotation of 34,615 unig-

enes, which accounted for 77.92 % of total unigenes

(Table 1). The remainders which did not show significant

similarity to any sequences in the protein databases could

be novel protein-coding transcripts, UTR regions of known

protein-coding genes, partial ORFs and UTR regions of

protein-coding genes, or ncRNAs.

GO term, an international standard classified system in

terms of its associated biological process, cellular compo-

nent and molecular function, was used in functional

assignment and classification of the assembled unigenes.

Among the 27,156 unigenes annotated by GO, 21,734 were

assigned to biological process, 23,293 to cellular compo-

nent, and 20,699 to molecular function. In some cases,

multiple terms were assigned to a unigene. GO assignments

of 55 subcategories of three categories are shown in Sup-

plementary Fig. S2. Among the biological process cate-

gories, the majority are related to cellular process

(15.38 %) and metabolic process (14.58 %). Cell

(24.66 %) is the greatest subcategory in the cellular com-

ponent. Within the molecular function category, catalytic

activity (41.88 %) was assigned the most number of

unigenes. The results provide abundant information for the

function of S. miltiorrhiza genes.

Computational prediction of mlncRNAs

To identify S. miltiorrhiza mlncRNAs, the 11464 unigenes

without Nr annotation were first mapped to the current S.

miltiorrhiza genome assembly, which covers about 92 %

of the entire genome and 96 % of the protein-coding genes

(Song et al. 2013). Eighty-three unigenes that could not be

mapped were discarded. To remove the unigenes probably

generated from UTR regions of known protein-coding

genes or including partial ORFs and UTRs of protein-

coding genes, S. miltiorrhiza genomic DNA sequences

mapped with unigenes were extended 1,000 bp at both

ends of unigenes and then annotated by BLAST analysis

(Altschul et al. 1997) against the Nr database. It resulted in

the identification of 5,468 unigenes probably produced

from protein-coding genes. The remaining 5,913 unigenes

were then subjected to detailed characterization using the

pipeline summarized in Fig. 1. The pipeline we used is

similar to those reported previously for systematic identi-

fication of mlncRNAs from EST databases of A. thaliana

(Maclntosh et al. 2001; Ben Amor et al. 2009), M. trun-

catula (Wen et al. 2007), wheat (Xin et al. 2011), P. gin-

seng (Wang et al. 2014), D. purpurea (Wu et al. 2012a) and

Z. mays (Boerner and McGinnis 2012). The pipeline rec-

ognized 3 unigenes encoding simple repeats and 452

putative novel protein genes. It also identified 15 house-

keeping ncRNAs, including a tRNA precursor, 2 rRNA

precursors and 12 snoRNA precursors (Table 2). The

identification of small number of housekeeping ncRNAs

Table 1 Functional annotations of assembled unigenes

Public protein database No. of unigene hits Percentage

Nr 32,958 74.19

KEGG 18,723 42.15

Swiss-Prot 20,746 46.70

GO 27,156 61.13

COG 10,615 23.90

Total 34,615 77.92

Summary of functional annotation for S. miltiorrhiza unigenes in

public protein databases is shown
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suggests that the majority of unigenes obtained in this

study are derived from polyadenylated transcripts. The

remaining 5,446 unigenes were considered as mlncRNA

candidates (Supplementary Table S3). Size distribution

analysis showed that the majority of mlncRNAs were

between 200 bp and 600 bp in length (Fig. 2). Although

we cannot rule out the possibility that some of the

mlncRNA candidates, particularly the shorter ones, were

fragments of protein-coding transcripts, the longer

mlncRNA candidates, such as those with length over

900 bp (Table 3), are very likely to be authentic (Wu et al.

2012a).

Identification of two pri-miRNAs

miRNAs, a class of small endogenous noncoding RNAs

playing crucial regulatory roles in plant development and

stress responses, originate from long primary transcripts

(Bartel 2004; Lu et al. 2008). To determine whether there

were some mlncRNAs to be primary transcripts of miRNA,

we carried out computational search of mlncRNAs against

plant miRNA sequences in miRBase (Released 19, http://

www.mirbase.org/) using the BLASTN program (Altschul

et al. 1997) and analyzed the secondary structures of

mlncRNAs with regions no more than three mismatches to

known plant miRNAs using mfold (http://www.bioinfo.rpi.

edu/applications/mfold) (Zuker 2003). Manually checking

the secondary structures with the criteria for plant miRNA

annotation (Meyers et al. 2008) resulted in the identifica-

tion of two pri-miRNAs (Unigene16661_All and Uni-

gene5483_All), all of which had the potential to generate

members of the deeply conserved MIR156 family (Fig. 3).

It is possible that some other mlncRNAs are primary

transcripts of novel miRNAs, which need to be further

examined.

Fig. 2 Size distribution of the identified mlncRNA candidates in S.

miltiorrhiza

Table 3 Salvia miltiorrhiza mlncRNA candidates with length over

900 bp

ncRNA name Unigene ID Length (bp)

mlncR1 Unigene30309_All 2,421

mlncR2 CL4282.Contig1_All 2,128

mlncR3 Unigene9410_All 1,530

mlncR4 Unigene8460_All 1,230

mlncR5 Unigene2947_All 1,196

mlncR6 CL3678.Contig2_All 1,066

mlncR7 CL4042.Contig1_All 1,047

mlncR8 Unigene10960_All 1,036

mlncR9 CL3162.Contig1_All 1,020

mlncR10 CL3970.Contig1_All 987

mlncR11 CL4867.Contig2_All 973

mlncR12 CL2380.Contig1_All 964

mlncR13 CL3827.Contig1_All 963

mlncR14 Unigene10786_All 946

mlncR15 Unigene30565_All 946

mlncR16 Unigene30331_All 937

mlncR17 CL1896.Contig2_All 914

mlncR18 Unigene6058_All 905

Table 2 Salvia miltiorrhiza housekeeping ncRNAs identified

Unigene ID ncRNA

name

ncRNA ID in

the Rfam database

Unigene10829_All snoZ199 RF00200

Unigene19027_All SNORD25 RF00054

Unigene19028_All SNORD25 RF00054

Unigene19192_All tRNA RF00005

Unigene24075_All snoR64 RF00267

Unigene24078_All SNORD24 RF00069

Unigene31478_All snoF1_F2 RF00482

Unigene31868_All snoR44_J54 RF00357

Unigene32182_All snoZ103 RF00149

Unigene32804_All snoR16 RF00296

Unigene6413_All snoR134 RF01430

Unigene9639_All 5S_rRNA RF00001

CL2587.Contig1_All SNORD96 RF00055

CL2587.Contig2_All SNORD96 RF00055

CL3169.Contig2_All 5S_rRNA RF00001
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In plants, the regulatory role of miRNAs is mainly

through targeting transcripts for direct cleavage at a region

with perfect or near-perfect complementaries between

miRNAs and their targets (Bartel 2004). It allows an

effective prediction of miRNA targets through computa-

tion. Using psRNATarget with the default parameters with

the maximum expectation to be 2.5 (Dai et al. 2011), 2

(Unigene9660_All and Unigene16386_All) of the 44,422

unigenes were predicted to be targets of S. miltiorrhiza

miR156a and miR156b. All of them encode SQUAMOSA

promoter binding protein-likes. It is consistent with pre-

vious results showing the cleavage of miR156 on S. mil-

tiorrhiza SPL transcripts (Zhang et al. 2014a). These results

suggest that miR156 plays crucial regulatory roles in the

development of S. miltiorrhiza and indicate that some

mlncRNAs are important regulators in S. miltiorrhiza.

Characterization of S. miltiorrhiza mlncRNA sequences

Members of a gene family can be derived from the same

ancestors and exhibit similarity on structures and functions

(Wu et al. 2012a; Zhang et al. 2014a). To obtain the first

clue to the function of mlncRNAs, we classified the iden-

tified 5,444 S. miltiorrhiza mlnRNAs (two pri-miRNAs

excluded) based on the sequence homology. The results

showed that 2,030 of the 5,444 mlncRNAs could be

grouped into 470 families with at least two members in a

family (Supplementary Table S4). The number of members

in a family is varied from 2 to 530. No homologs were

found for the other 3,414 mlncRNAs. It suggests that the

majority of mlncRNAs exist as a single copy in the S.

miltiorrhiza genome and indicates that some mlncRNAs

may be recently evolved.

Although many S. miltiorrhiza mlncRNAs show

sequence similarity and can be grouped into families, the

majority of mlncRNAs exhibit low conservation among

organisms, such as A. thaliana (Maclntosh et al. 2001), M.

truncatula (Wen et al. 2007), wheat (Xin et al. 2011), D.

purpurea (Wu et al. 2012a), and Z. mays (Boerner and

McGinnis 2012). To determine the conservation of S.

miltiorrhiza mlncRNAs, we searched the NONCODE

database of known ncRNAs and PLncDB database of plant

lncRNAs for homologs of the 5444 mlncRNA candidates

(pri-miRNAs excluded) using BLASTN (Altschul et al.

1997; He et al. 2008; Jin et al. 2013). A total of 32

mlncRNAs were found to be conserved (Table 4). Among

them, three, including CL3766.Contig2_ALL,

CL4282.Contig1_All and CL4282.Contig1_All, are

homologues of hormone-regulated unstable transcripts

GUT15 (Taylor and Green 1995). Two, including Uni-

gene14038_All and Unigene7516_All, are homologues of

the Pi starvation-responsive TPSI1 (Liu et al. 1997). The

other 27 conserved mlncRNAs are homologues of other

functionally unknown noncoding RNAs.

Tissue specificity of mlncRNA expression

Using the qRT-PCR, expression patterns of 18 mlncRNAs

with size over 900 bp were analyzed in flowers, leaves,

stems and roots of 2-year-old field nursery-grown S. mil-

tiorrhiza plants. Of the 18 mlncRNAs, mlncR12 were

undetected, suggesting that it could be not expressed or

expressed at a low level in the tissues analyzed. The other

17 were detected in at least a tissue and showed tissue-

specific expression (Fig. 4). mlncR1, mlncR2 and mlncR5

were expressed mainly in flowers. mlncR4, mlncR6,

mlncR7, mlncR11, mlncR14, mlncR15 and mlncR16 were

more leaf-specific. mlncR8, mlncR10 and mlncR17 exhib-

ited the highest expression in roots. mlncR9 was expressed

predominantly in leaves and stems. mlncR13 and mlncR18

Fig. 3 Predicted hairpin

structures of S. miltiorrhiza

miRNA precursors. Mature

miRNA sequences are indicated

in red. The red, green and blue

vertical lines indicate G:C, G:U

and A:U pairing, respectively
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showed higher expression in stems, leaves and roots, less in

flowers. The results suggest that the expression of

mlncRNAs is developmentally regulated in S. miltiorrhiza.

Transcriptome-wide analysis of mlncRNA expression

in response to yeast extract and Ag? treatment

It has been shown that mlncRNAs are involved in plant

response to various stresses, such as cold and dehydration

(Wu et al. 2012a). To determine whether the identified S.

miltiorrhiza mlncRNAs are stress responsive, we carried

out a transcriptome-wide analysis of mlncRNA expression

in response to yeast extract and Ag? treatment. RNA-seq

data of S. miltiorrhiza hairy roots treated with or without

yeast extract (100 lg/ml) and Ag? (30 lM) were obtained

from GenBank (accession number SRR924662) (Gao et al.

2014) and then mapped to the identified mlncRNAs using

SOAP2 (Li et al. 2009a). About 2.68–3.16 % of RNA-seq

reads from non-treated (0 hpi) and treated for 12 h

(12 hpi), 24 h (24 hpi) and 36 h (36 hpi) were perfectly

mapped to mlncRNAs (Table 5). Overall, a total of 3,044

(55.69 %) mlncRNAs were found to be expressed in S.

miltiorrhiza hairy roots treated with or without yeast

extract (100 lg/ml) and Ag? (30 lM) (Table 5). The log-

2-transformed RPKM value of most expressed mlncRNAs

is between 4 and 12 (Fig. 5). Compared with the level in

non-treated (0 hpi) control, 1,904 of the 3,044 mlncRNAs

expressed in hairy roots were differentially expressed

(Fig. 6; Supplementary Table S5). It included 1,244 dif-

ferentially expressed only at 12 hpi, 43 only at 24 hpi, 28

only at 36 hpi, 216 at 12 hpi and 24 hpi, 141 at 12 hpi and

36 hpi, 32 at 24 hpi and 36 hpi, and 200 at all three time-

points. Among the 1,801 mlncRNAs differentially

expressed at 12 hpi, 893 were up-regulated, while the other

908 were down-regulated (Table 6). Of the 491 mlncRNAs

differentially expressed at 24 hpi, 151 were up-regulated

and 340 were down-regulated. Among the 401 mlncRNAs

differentially expressed at 36 hpi, the number of up- and

down-regulated mlncRNAs was 163 and 238, respectively

(Table 6). These results suggest that the majority of

mlncRNAs are involved in plant response to stress.

The response of mlncRNAs to MeJA treatment

in S. miltiorrhiza

MeJA is a significant regulator in plant response to biotic

and abiotic stresses. It is also an effective elicitor for the

production of tanshinones and phenolic acids in S. mil-

tiorrhiza (Gao et al. 2014; Luo et al. 2014). To further

analyze the role of mlncRNAs in defense response in S.

miltiorrhiza, expression patterns of 17 mlncRNAs with

length over 900 bp were analyzed in leaves of plantlets

treated with MeJA for 12, 24, 36 and 48 h using the

quantitative real-time PCR method. Plantlets treated with

carrier solution were used as controls and three indepen-

dent biological replicates were performed. As shown in

Fig. 7, the expression of 15 of the 17 mlncRNAs analyzed

was significantly altered in leaves of S. miltiorrhiza

plantlets at at least a time-point of MeJA treatment. These

15 mlncRNAs are considered as MeJA-responsive

mlncRNAs, of which 12 were significantly down-regulated

at different time-points of treatment, such as mlncR7,

mlncR8, mlncR9, mlncR14, mlncR16 and mlncR17 at the

time-point of 24-h treatment; mlncR1 and mlncR4 at the

Table 4 Conserved mlncRNAs

Unigene ID ncRNAs in NONCODE database

and PlncD database ID

Unigene7508_All AJ308020

Unigene8318_All AJ308020

Unigene33087_All AK038160

Unigene16586_All AK046809

Unigene27028_All AK048751

Unigene3726_All AK148696

Unigene9555_All At1NC041650

Unigene23485_All At1NC055770

Unigene8718_All At5NC047530

Unigene10667_All gnl|UG|At#S11699981

Unigene10777_All gnl|UG|At#S14273777

Unigene33095_All gnl|UG|At#S17006977

Unigene5483_All gnl|UG|At#S21989845

Unigene11001_All gnl|UG|At#S25665906

Unigene13091_All gnl|UG|At#S35210180

Unigene33950_All gnl|UG|At#S35212546

Unigene7611_All gnl|UG|At#S35215602

Unigene26200_All gnl|UG|At#S35238116

Unigene19687_All gnl|UG|At#S35270182

CL1619.Contig1_All gnl|UG|At#S35319892

CL3487.Contig1_All gnl|UG|At#S37211286

Unigene21166_All gnl|UG|At#S37211505

Unigene21681_All Group1411

CL4241.Contig3_All Group1914

Unigene29974_All Group3333

CL941.Contig2_All Group7682

Unigene9200_All Seed_Group4623

Unigene14038_All U34808

Unigene7516_All U34808

CL3766.Contig2_All U84972

CL4282.Contig1_All U84972

CL4282.Contig2_All U84972
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time-point of 36-h treatment; mlncR5, mlncR10, mlncR11

and mlncR13 at the time-points of 24- and 36-h treatments;

mlncR6 at the time-points of 12-, 36- and 48-h treatments;

and mlncR2 at all four points of time. It suggests that the

majority of mlncRNAs were down-regulated after MeJA

treatment. Interestingly, the expression of mlncR18 fluc-

tuated from time-point to time-point. It was significantly

down-regulated at the time-point of 24-h treatment, while

up-regulated at the time-point of 36-h treatment. These

results suggest the significance of mlncRNAs in response

to MeJA treatment in S. miltiorrhiza.

Discussion

Salvia miltiorrhiza Bunge, known as Danshen in Chinese,

is an important traditional Chinese medicine and is also an

Fig. 4 Expression of

mlncRNAs in roots (R), stem

(S), leaves (L) and flowers

(F) of 2-year-old S. miltiorrhiza

plants. Expression levels were

quantified by qPCR. Fold

changes of mlncRNA levels are

shown. The level of transcripts

in flowers was arbitrarily set to

1 and the level in other tissues

was given relative to this.

ANOVA was calculated using

SPSS (Version 19.0, IBM,

USA). P\ 0.05 was considered

statistically significant

Table 5 RNA-seq reads mapped to S. miltiorrhiza mlncRNAs

Sample

(hpi)

Mapped

reads

Total

reads

No. of

mlncRNAs

with RNA-seq

reads

Total No.

of

mlncRNAs

with RNA-

seq reads

0 214,459 (3.11 %) 6,882,388 2,299 (75.53 %) 3,044

12 169,113 (2.68 %) 6,300,372 2,111 (69.35 %)

24 181,112 (3.16 %) 5,731,519 2,182 (71.68 %)

36 168,983 (2.97 %) 5,690,024 2,185 (71.78 %)

Fig. 5 Proportion of expressed mlncRNAs with different log-2-

transformed RPKM values. mlncRNAs expressed in S. miltiorrhiza

hairy roots treated with yeast extract and Ag? for 0 h (0 hpi), 12 h

(12 hpi), 24 h (24 hpi) and 36 h (36 hpi) are shown
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emerging model system for medicinal plant biology (Song

et al. 2013). However, there is no information available for

mlncRNAs in S. miltiorrhiza. In this study, we identified a

total of 5,446 mlncRNA. It is the first attempt to identify

mlncRNAs in S. miltiorrhiza. Although it is possible that

some of the identified mlncRNAs are false positive, the

longer ones are more likely to be authentic. The results

provide useful information for further analyzing the func-

tion of mlncRNAs in S. miltiorrhiza.

Among the 5,446 mlncRNA candidates, 2,030 can be

grouped into families with at least two members in a

family (Supplementary Table S4). The number of three

biggest mlncRNA families is 530, 62, and 39, respec-

tively. The existence of super large mlncRNA families

was also found in P. ginseng (Wang et al. 2014). It

indicates the significance and complexity of mlncRNAs in

plants. BLAST analysis of the conservation of mlncRNAs

against the NONCODE database and PLncDB database

showed that the vast majority of mlncRNAs (99.4 %)

could be species specific. Similar results were observed

for mlncRNAs in other plant species, such as A. thaliana

(Maclntosh et al. 2001), M. truncatula (Wen et al. 2007),

wheat (Xin et al. 2011), P. ginseng (Wang et al. 2014), D.

purpurea (Wu et al. 2012a) and Z. mays (Boerner and

McGinnis 2012). It suggests low conservation degree of

plant mlncRNAs from different species, although many

mlncRNAs from a species show sequence similarity and

can be grouped into families.

Although the function of most plant mlncRNAs is still

unknown, current results suggest that mlncRNAs may play

regulatory roles through interacting with RNA, DNA, and

protein-coding genes (Burleigh and Harrison 1997; Ben

Amor et al. 2009; Ponting et al. 2009; Kim et al. 2010) or

function as small RNA precursors (Wu et al. 2012a; Wang

et al. 2014). For example, Arabidopsis IPS1 and M. trun-

catula Mt4 fine-tune the expression of miR399/PHO2 in

plants under phosphate starvation (Burleigh and Harrison

1997; Liu et al. 1997). D. purpurea mlncR8 and mlncR31

contain regions sharing high identities with genes encoding

4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase

(HDS) and solanesyl diphosphate synthase (SPS), respec-

tively (Wu et al. 2012a). P. ginseng MAR generates a large

amount of small RNAs to regulate targets involved in

diverse metabolic pathways (Wang et al. 2014). Moreover,

among the 3,688 P. ginseng mlncRNAs, 11 produced

miRNAs (Wang et al. 2014). Among the 2,660 D. purpurea

mlncRNA candidates, 13 are primary transcripts of con-

served miRNAs (Wu et al. 2012a). In this study, two pri-

mary transcripts of miR156 were identified from the 5446

S. miltiorrhiza mlncRNA candidates. miR156 regulates S.

miltiorrhiza development through direct cleavage of SPL

transcripts (Zhang et al. 2014a). The results suggest that

some mlncRNAs are important regulators in S. miltiorrh-

iza. Based on the results from other plant species, such as

P. ginseng (Wang et al. 2014), it is very likely that some

other S. miltiorrhiza mlncRNAs are primary transcripts of

siRNAs or novel miRNAs. These mlncRNAs remain to be

identified.

Expression patterns of S. miltiorrhiza mlncRNAs ana-

lyzed exhibit apparent tissue specificity. It is consistent

with the results from D. purpurea mlncRNAs (Wu et al.

2012a), suggesting that mlncRNAs are developmentally

regulated and involved in plant growth and development.

Transcriptome-wide analysis of mlncRNA expression

showed that the majority of mlncRNAs expressed in hairy

roots of S. miltiorrhiza were responsive to yeast extract and

Ag? treatment. Quantitative RT-PCR analysis revealed

that the expression levels of 15 of 17 mlncRNAs analyzed

were significantly altered in leaves of S. miltiorrhiza

plantlets treated with MeJA treatment. Similarly, among

the 27 mlncRNAs expressed in D. purpurea plantlets, 24

and 27 are responsive to cold and dehydration, respectively

(Wu et al. 2012a). The results suggest the sensitivity of

mlncRNA expression in plants growing under the stressful

environments and indicate the significance of mlncRNAs

Fig. 6 The number of mlncRNAs responsive to yeast extract and

Ag? treatment in S. miltiorrhiza hairy roots. The tissues were treated

for 12 h (12 hpi), 24 h (24 hpi) and 36 h (36 hpi). mlncRNAs with

the log-2-transformed RPKM value greater than 2 and the Fisher’s

exact test P value of less than 0.05 were considered as differentially

expressed. Fisher’s exact test was performed on RNA-seq reads of an

mlncRNA from yeast extract and Ag?-treated tissues and its reads

from non-treated tissues

Table 6 Differentially expressed mlncRNAs in S. miltiorrhiza hairy

roots treated with yeast extract and Ag?

Sample

(hpi)

Up-regulated Down-regulated Subtotal Total

(unique)

12 893 908 1,801 1,904

24 151 340 491

36 163 238 401
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in plant response to stress. It has been shown that yeast

extract, Ag? and MeJA are effective elicitors for the pro-

duction of bioactive compounds in S. miltiorrhiza (Gao

et al. 2014). The response of many mlncRNAs in the

treatment of these elicitors indicates that some mlncRNAs

are probably associated with the biosynthesis of bioactive

compounds in S. miltiorrhiza. Further characterization of

the identified mlncRNAs may help to test this hypothesis.
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