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Abstract Populus euphratica, a typical hydro-halophyte,

is ideal for studying salt stress responses in woody plants.

MicroRNAs (miRNAs) are endogenous non-coding small

RNAs that fulfilled an important post-transcriptional regu-

latory function. MiRNA may regulate tolerance to salt stress

but this has not been widely studied in P. euphratica. In this

investigation, the small RNAome, degradome and tran-

scriptome were studied in salt stress treated P. euphratica

by deep sequencing. Two hundred and eleven conserved

miRNAs between Populus trichocarpa and P. euphratica

have been found. In addition, 162 new miRNAs, belonging

to 93 families, were identified in P. euphratica. Degradome

sequencing experimentally verified 112 targets that belon-

ged to 51 identified miRNAs, few of which were known

previously in P. euphratica. Transcriptome profiling showed

that expression of 15 miRNA-target pairs displayed reverse

changing pattern under salt stress. Together, these results

indicate that, in P. euphratica under salt stress, a large

number of new miRNAs could be discovered, and both

known and new miRNA were functionally cleaving to their

target mRNA. Expression of miRNA and target were cor-

respondingly induced by salt stress but that it was a complex

process in P. euphratica.
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Introduction

Populus euphratica is a saline, desert living poplar species.

It is an ideal model for salt tolerance research into woody

plants (Chen and Polle 2010; Ottow et al. 2005a). A

number of micrological discoveries were observed in this

hydro-halophyte, such as leaf morphological plasticity,

decreased vessel diameters and adjustment to osmotic

changes (Chen and Polle 2010). These features mean that

P. euphratica has substantial tolerance to salt stress com-

pared with other poplar species. There have been many

researches into why P. euphratica is able to withstand salt

stress (Brinker et al. 2010), especially with regards to ion

transport. When short- and long-term salt stress is applied

to this hydro-halophyte, sodium and chloride ions are

efficiently excreted from the cytosol into the intercellular

space or deposited in a vacuole (Junghans et al. 2006).
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Potassium homeostasis is also well maintained (Ottow

et al. 2005a). Furthermore, proton influx, calcium signal-

ing, ABA signaling and reactive oxygen species homeo-

stasis have been found to be involved in the regulation of

salt stress tolerance in P. euphratica (Chen et al. 2001,

2009; Yang et al. 2007; Zhang et al. 2008; Wang et al.

2008).

Previous studies have revealed many regulation models

for ion exchange and homeostasis, further understanding of

the mechanism behind P. euphratica salt stress tolerance

has been improved by the evidence on gene regulation for

this hydro-halophyte. High throughput microarray tech-

nology has been used previously to profile transcript

expression changes in P. euphratica under salt stress

(Brinker et al. 2010; Gu et al. 2004; Brosche et al. 2005;

Ottow et al. 2005a; Ding et al. 2010). Among these

researches, a recently published work have combined

physiology parameters with a microarray based transcrip-

tome analysis (Janz et al. 2010), it concluded that P. eu-

phratica exhibit high energy requirement in cellular

metabolism and the loss of transcriptional regulation in

saline environments. Meanwhile, another successful strat-

egy was based on physiologically selecting and comparing

poplar to Arabidopsis orthologs (Brinker et al. 2010). Many

genes have been cloned and their possible functions, with

regards to salt stress, have been described. These genes

include two Na?/H? antiporter genes (PeNhaD1 and

PeSOS1), one Calcineurin B-like family (PeCBLs), two

Shaker-like potassium channel families (PeKC1 and

PeKC2) and one PeDREB (dehydration responsive element

binding) gene family (Ottow et al. 2005b; Chen et al. 2009;

Zhang et al. 2008; Wu et al. 2007). Genes related to salt

tolerance regulation have been more extensively described

in Arabidopsis, including genes involved in Na? efflux,

Na? compartmentalization, K? homeostasis and osmotic

and oxidative stress response (Zhu 2002). Thus there are

obvious potentials in discovering salt stress responsive

genes and their regulators in P. euphratica.

MicroRNAs (miRNAs) are endogenous non-coding small

RNAs, typically about 21 nucleotides in length that suppress

gene translation or degrade target mRNAs, therefore miRNA

have negative regulatory functions at the post-transcriptional

level (Bartel 2004). In plants, a few miRNAs are conserved

between species while the majority is species specific (Cuperus

et al. 2011). In the newest Sanger miRNA database (miRBase

18.0 http://www.mirbase.org/), only 234 and 5 miRNAs are

registered as Populus trichocarpa and Populus euphratica

miRNAs, respectively. However, there are 581 rice miRNAs

registered in this database, even though rice and poplar have

almost the same size genome (*500 mega base pairs). This

suggests that a large number of new or species specific miR-

NAs are waiting to be discovered in P. euphratica. A global

search for miRNAs and their targets under salt stress will

increase understanding of the post-transcriptional regulation

networks involved in P. euphratica salt stress tolerance.

This study first applied short- and long-term salt stress to

P. euphratica seedlings and then built sequencing libraries

from the plant leaves. Using deep sequencing technology

and by referring P. trichocarpa genome, 162 new P. eu-

phratica miRNAs were found as well as 211 known

P. trichocarpa miRNAs. MiRNA targets were validated

using the Parallel Analysis of RNA Ends (PARE) method,

also known as degradome sequencing. Overall, 112 targets

were identified by the PARE when the plant was under

short- or long- term salt stress. In addition, transcriptome

sequencing was also used to profile expression changes of

miRNA targets. These results finally found 15 miRNA-

target pairs that showed reverse expression changes under

salt stress. In summary, this study identified miRNA and

their targets in P. euphratica under salt stress. These results

increased the understanding of gene regulation in the

hydro-halophyte, P. euphratica.

Methods and materials

Plant material and salt stress treatment

One year-old seedlings of P. euphratica, obtained from the

Xinjiang Uygur Autonomous Region of China, were

planted in individual pots containing a loam soil and placed

in a greenhouse at Beijing Forestry University. Each pot

contained three individual plants. The plants were irrigated

according to evaporation demand and watered with 1 L of

full strength Hoagland nutrient solution every 2 weeks for

2 months prior to the start of the salt stress treatment. The

temperature in the greenhouse was maintained at 20–25 �C

with a 16 h photo period (4 a.m.–8 p.m.). After establish-

ment, l L of 200 mM NaCl solution was applied to each

pot and every pot was placed on a tray to stop the solution

flowing away. Mature leaves from the same position on

each plant were collected and frozen immediately in liquid

nitrogen for RNA extraction. Leaves collected 1 day after

adding the NaCl solution were called short-term salt

treatment samples and those collected 8 days after the

NaCl treatment were called long-term salt treatment sam-

ples. Control leaf samples were also collected from pots

that had not been treated with NaCl solution.

Ethics statement

Because all filed works were conducted on Beijing Forestry

University owned fields, no specific permits were required

for the described field studies. All field studies in this work

did not involve endangered or protected species.
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RNA extraction and deep sequencing

For each group of samples (control, short- and long-term),

equal numbers of leaves from eight individual plants in their

group were pooled together to represent the control or salt

treatments. These combined samples were used for total RNA

extraction using the standard CTAB method for plants (Chang

et al. 2006). RNA quality and integrity were checked by

Agilent 2100 Bioanalyzer with RNA 6000 Nano kit. All three

methods of deep sequencing: small RNA (sRNA), degradome

and transcriptome sequencing, used the total RNA from the

different pooled samples. Transcriptome and sRNA sequenc-

ing libraries were prepared using an Illumina TruSeq RNA

Sample Prep Kit and an Illumina Small RNA Sample Prep Kit,

respectively. Both the sRNA and transcriptome sequencing

used 10 lg of total RNA from the control, short- and long-term

salt treatment samples. The degradome sequencing library was

prepared using the previously published PARE protocol

(German et al. 2009). Total RNA (270 lg) from each of the

short- and long-term salt treatment samples was used to pre-

pare the degradome sequencing libraries. After the libraries

had been prepared, sRNA and transcriptome sequencing were

undertaken using the Illumina Genome Analysis II platform.

Standard pipeline degradome sequencing was performed using

the sRNA sequencing pipeline as the degradome library

fragments were about 20 nt in length.

Data processing for P. euphratica small RNA

sequencing

Small RNA sequencing analysis

Raw reads from the small RNA sequencing process were first

qualified by clipping adapters and trimming low quality reads

using the fastx-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/).

The left reads were then aligned against the P. trichocarpa

genome (JGI Phytozome V 7.0: Populus trichocarpa) by

bowtie software (http://bowtie-bio.sourceforge.net/index.shtml).

Sequences without mismatches to genome were retained for

further analysis. These sequences were then further aligned

with other poplar genome databases. These databases

included: Genebank (http://www.ncbi.nih.gov/Genbank/),

Rfam (http://rfam.sanger.ac.uk/), miRBase (http://www.

mirbase.org/) and P. trichocarpa sequencing annotation

from Popgenie 2.0 (http://www.popgenie.org/). Following

this process, the acquired small RNA sequences were clas-

sified into tRNA, snoRNA, snRNA, rRNA, miRNA, intron,

exon, 30UTR, 50UTR, intergenic and unknown sequences.

SiRNA prediction

Small interfering RNA (siRNA) is a 20–25 nt long double-

stranded RNA, each strand of which is 2 nt longer than the

other at the 30 end. According to this structural feature, tags

from qualified reads were aligned with each other in order to

find potential siRNA candidates that met this criterion. Bowtie

was used as the alignment software combined with Perl scripts.

Identification of new miRNAs in P. euphratica

To identify new miRNA, all small RNA reads with non-

annotation information in the genome, were first subjected to

a secondary structure study. Genomic sequences, 100 nt in

length and flanking each side of the sRNA sequences, were

extracted and the secondary structures predicted using

RNAfold (http://www.tbi.univie.ac.at/%7Eivo/RNA/RNA

fold.html). Further identification of new miRNA in P. eu-

phratica was conducted by Mireap (http://sourceforge.net/

projects/mireap/) with adjusted parameters to meet the

demands of plant miRNA identification: (1) the length range

of the miRNA sequence was 20–23 bp; (2) the maximum

free energy allowed for a miRNA precursor was -18 kcal

mol-1; (3) the minimum number of common base pairs

between miRNA and miRNA* was 16, with no more than

four bulges and (4) the maximum asymmetry of the

miRNA::miRNA* duplex was four bases. Out of these pre-

dicted new miRNA candidates, those that could be discov-

ered in at least two different sequencing libraries or whose

predicted miRNA* could be sequenced in the same library,

were finally identified as true new miRNAs.

Profiling miRNA expression abundance

The high-throughput sequencing abundance profile analy-

sis was based on the sequence reads in each library. The

first step was to normalize the miRNA sequence reads to

tags per million (TPM). The calculation of the p value for

comparing the miRNA expression between salt treated

samples with control sample was based on previously

established methods (Audic and Claverie 1997; Man et al.

2000). Specifically, the log2 ratio formula was:

log2 ratio ¼ log2 miRNA reads in the salt treatmentð =

miRNA reads in the controlÞ

p value formulas were:

p xjyð Þ ¼ N2

N1

� �y xþ yð Þ!

x!y! 1þ N2

N1

� � xþyþ1ð Þ and P

¼ min
Xk� y

k¼0

p kjxð Þ;
( X1

k¼y

pðkjxÞ
)

where N1 is the total number of reads in the control

sequencing library, N2 is the total number of reads in the

salt treatments sequencing library, x is the number of reads

for a miRNA in the control library and y is the number of
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reads for a miRNA in the salt treatment library. All cal-

culations were performed on a BGI Bio-Cloud Computing

platform (http://cloud.genomics.org.cn). MiRNAs TPM of

less than one were filtered out.

MiRNA target prediction and validation by degradome

sequencing

New P. euphratica miRNA targets were predicted by

Cleaveland 2.0 software (Addo-Quaye et al. 2009; Allen

et al. 2005). A penalty score (alignment score) criterion

was introduced according to the alignment between the

miRNA and its potential target. The cut-off value for both

the prediction and degradome sequencing data analysis was

set to below 2.5, as used previously in poplar miRNA

target prediction (Lu et al. 2008). The predicted targets of

conserved miRNA for P. trichocarpa and P. euphratica

were already available at the PopGenIE ftp site (http://

aspnas.fysbot.umu.se/v1_archive/miRNA/). Raw reads from

the degradome sequencing had adapters and low quality

reads removed by fastx-toolkit. Then the reads were further

analyzed by Cleaveland 2.0 software. Briefly, the reads

were first mapped to the P. trichocarpa transcripts database

from JGI Phytozome V 7.0. At this stage, a target plot was

also conducted to distinguish a true miRNA cleavage site

from background noise. Cleaveland 2.0 was run with

default parameters using 100 randomized sequencing

shuffles. The cleaved target transcripts were categorized

into five categories using the following criteria: 0, the reads

abundance at the cleavage site was the only maximum on

the transcript; 1, the reads abundance at the cleavage site

was the maximum but not unique to the transcript; 2, the

reads abundance at the cleavage site was not the maximum

but higher than the median for the transcript; 3 the reads

abundance at the cleavage site was equal to or less than the

median for the transcript and 4, there was only one raw

read at the cleavage position. Only degradome sequencing

verified targets were recorded in this research; predicted

targets were not recorded.

Transcriptome sequencing analysis

After removing adapters and low quality reads, transcrip-

tome sequencing reads from the control, short- and long-term

salt treatments were aligned to the P. trichocarpa genome

(JGI Phytozome V 7.0: Populus trichocarpa) by TopHat

(http://tophat.cbcb.umd.edu/). Default parameters were used

as well as those specific to the poplar genome: the minimum

length of intron was set to 30 bp and the maximum was set to

4,000 bp. The results from TopHat were then inputted into

Cufflink software (http://cufflinks.cbcb.umd.edu/) so that

the sequencing reads could be assembled into known tran-

scripts, according to P. trichocarpa transcript annotation

(http://www.phytozome.net/poplar). At the same time, the

abundance of assembled transcripts was also calculated in

fragments per kilo-base of exon model per million mapped

fragments (FPKM) (Ali Mortazavi et al. 2008). Following

Cufflink, Cuffmerge software was used to merge the

assembled transcripts from each sample into one file using a

default parameter. Finally, transcript abundance profiling

was undertaken by Cuffdiff software using a Poisson frag-

ment distribution and a fault discovery rate (FDR) lower than

0.05 as the two default parameters. The Cufflink, Cuffmerge

and Cuffdiff software were from the Cufflink software

package (http://cufflinks.cbcb.umd.edu).

Real-time quantitative PCR validation of miRNA

and target expression changes

Real-time quantitative PCR of mature miRNA was done

following the high-stringency protocol in which a poly A

polymerase was used to add a poly A tail (Li et al. 2009).

MiRNA target real-time quantitative PCR were following

protocol as published in Qin et al. (2011). The 3700 Fast

Real-Time PCR System (ABI) and the Power SYBR Green

PCR Master Mix (ABI) were used to carry out real-time

quantitative PCR according to the standard protocol.

Primers used in this research were listed in Table S7.

P. euphratica action gene and 5.8s rRNA were used for

reference gene for target and miRNA expression valida-

tion, respectively.

Pearson Correlation Coefficient analysis

between miRNA and miRNA target

R software (www.r-project.org) was used for the calcula-

tion of Pearson Correlation Coefficient (PCC) between

miRNA and miRNA target. Using results from small RNA

sequencing and transcriptome sequencing, normalized

expression of miRNA and target were directly input into R

and standardized calculation of PCC were carried out by

‘cor’ command.

Results

Deep sequencing of P. euphratica small RNAs

Small RNA deep sequencing of P. euphratica leaves

acquired 13,864,803 sequences from the short-term salt

stressed samples, 16,457,213 sequences from the long-term

salt stressed samples and 14,286,843 sequences from the

control samples (Table 1). Among these three data sets,

approximately 65 % were 21 or 24 nt length sequences

which accounted for the majority composition of P. eu-

phratica sRNA (Figure S1). By comparing the acquired
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sRNA sequences to Genebank (http://www.ncbi.nih.gov/

Genbank/), Rfam (http://rfam.sanger.ac.uk/), miRBase 18.0

(http://microrna.sanger.ac.uk/sequences) and the poplar genome

(http://www.phytozome.net/poplar), P. euphratica small

RNAs were classified into the following categories: tRNA,

snoRNA, snRNA, rRNA, miRNA, intron, intergenic, exon,

50UTR, 30UTR and unknown sequences (Fig. 1; Table S1).

There was little variation in the different sRNA cate-

gories (SD = 2.1 %) among the three treatments. This

indicated that the categories of P. euphratica sRNA

remained relatively stable under salt stress. The deep

sequencing generated sufficient data to cover most of the

P. euphratica sRNA. Of all the sRNA categories, unknown

sequences accounted for an average of 39.06 % in total

acquired sequences and 90.33 % in non-redundant

sequences (Fig. 1; Table S1). This suggested that a large

number of the P. euphratica sRNA remained unidentified.

Besides the unknown sRNA, miRNA made up 27.67 % of

the total acquired sequences, which were represented in the

main by 21 nt small RNAs (Fig. 1, Figure S1; Table S1).

When considering the classification of the P. euphratica

sRNA, then the siRNA and miRNA proved the most inter-

esting as their lengths (21–24 nt), were the most common

lengths found in the our acquired sequences and, further-

more, they have been shown to have the most important post-

transcription regulatory functions (Bartel 2004). Small

interfering RNA is a kind of short (about 20–25 nt) double-

stranded RNA, each strand of which is 2 nt longer than the

other at the 30 end. According to this structural feature, sRNA

sequences were aligned with each other in order to identify

siRNAs candidates that met this criterion. In total, the deep

sequencing identified 151,217, 125,286 and 130,008 siRNA

candidates in the control, short- and long-term salt stressed

samples, respectively (Table S2).

Known miRNAs of P. trichocarpa discovered

in P. euphratica

Among the 237 P. trichocarpa miRNAs registered in

miRBase 18.0, 211 miRNAs could be found in P. euphratica

sRNA sequencing. Specifically, 193, 190 and 208 known

miRNAs could be found in the control, long- and short-term

salt stress treated leaves, respectively (Table S2).

MiRNA* is the reverse strand of mature miRNA and

degrades more easily in the nucleus (Bartel 2004). The

Table 1 Deep sequencing read statistics for three small RNAs, two degradome and three transcriptome libraries from P. euphratica

Number sRNA Degradome Transcriptome

Control SS LS SS LS Control SS LS

Raw reads 14,286,843 13,864,803 16,457,213 18,980,835 17,610,600 39,999,698 37,537,598 41,039,887

Unique reads 3,058,462 3,407,739 3,805,450 1,055,227 1,759,625 22,340,859 21,885,331 22,355,270

Raw reads mapping to

P. trichocarpa genome

8,033,087 7,441,119 9,355,200 11,105,167 14,835,207 31,994,520 29,410,111 32,651,896

Unique reads mapping to

P. trichocarpa genome

592,655 576,176 649,506 435,488 195,668 10,120,757 9,492,205 9,927,442

Unique reads stands for raw reads after removing redundancies; SS, short-term salt stress treatment; LS, long-term salt stress treatment

Fig. 1 Summary of sequence classifications for all P. euphratica
sRNA libraries. The sRNA sequences acquired by deep sequencing

are classified into different categories by each available database. The

‘unknown’ category indicates the sRNA sequences that could not be

mapped in any database. a Sequence classification of total reads.

b Sequence classification of unique reads (total reads without

redundancies). tRNA, transfer RNA; snoRNA, small nucleolar

RNA; snRNA, small nuclear ribonucleic acid; rRNA, ribosomal

RNA; miRNA, microRNA; 30 or 50UTR, 30 or 50 untranslated region
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identification of miRNA* can be further evidence of a new

miRNA discovery (Meyers et al. 2008). Along with the 211

known and conserved miRNAs between P. euphratica and

P. trichocarpa, 150 miRNA* were identified by alignment

(Table 2, Table S2). Among them, ten miRNA*s (ptc-

MIR160b*, ptc-MIR403c*, ptc-MIR408*, ptc-MIR475a*,

ptc-MIR475b*, ptc-MIR1446b*, ptc-MIR1446e*, ptc-

MIR478q*, ptc-MIR481e* and ptc-miR827*) had more

sequencing reads than their mature miRNA in either one or

two libraries. Based on previous studies, miRNA is more

stable than miRNA* for the reason of joining into the RISC

complex (Bartel 2004). The dominant sequence reads

changed between miRNA and miRNA*, which implied that

the choice of which strand of the miRNA::miRNA* complex

entered the RISC complex may vary. Moreover, 20

miRNA*s had consistently higher reads than their mature

sequences in all three libraries (Table 2, Table S2). These

miRNA*s suggested different miRNA expression patterns

between P. euphratica and P. trichocarpa. In most situa-

tions, more than one P. euphratica sRNA could completely

match to a miRNA stem-loop sequence in miRBase 18.0.

Among these small RNAs, the one with the most sequencing

reads was named as the dominant sequence for that miRNA.

Typically, the dominant sequence is supposed to be the

mature sequence registered in miRBase 18.0. However, our

study showed that 105 miRNAs in at least one library and 72

miRNAs overall three libraries had dominant sequences

that were different from their registered mature sequences

(Figure S2). The variation between the dominant sequences

and the miRNA* sequences discovered in this study illus-

trated the complexity of miRNA generation in P. euphratica

under salt stress.

Discovering new miRNAs in P. euphratica

Using an adjusted algorithm for miRNA identification in

plants and Mireap software, 365 P. euphratica sRNA

sequences met the algorithms and were identified as new

miRNA candidates (Table S3). Some had more than one

genomic location. According to previous research (Meyers

et al. 2008), these were grouped and named by their

genomic location and sequence homology. Finally, 473

miRNAs candidates, belonging to 300 families, were

classified.

Research into plant miRNA discovery has been signifi-

cantly improved by deep sequencing but stricter require-

ments are needed for identifying a miRNA candidate as a

reliable new miRNA. There are two additional criteria

regularly employed for identification of plant miRNA by

deep sequencing (Meyers et al. 2008). These are: discov-

ering miRNA and miRNA* in the same sequencing library

or discovering miRNA candidates among multiple and

independent libraries. Of the 473 P. euphratica miRNA

candidates, 162 of them, belonging to 93 families, met at

least one of these criteria, so they were identified as reliable

new P. euphratica miRNAs. Furthermore, 49 miRNA*s,

from these reliable new P. euphratica miRNAs, were also

found. Among them, peu-MIR23*, peu-MIR115*, peu-

MIR148bb*, peu-MIR199*, peu-MIR207ab* and peu-

MIR309a* could be detected in all three sRNA libraries.

Apart from the reliably identified new miRNAs, the

remaining 311 miRNA candidates still have the potential to

be qualified as true new miRNAs in future researches, so

our study further analyzed both 162 newly identified

miRNAs and the 311 potential new miRNA candidates.

Table 2 Number of identified miRNAs and targets in P. euphratica by deep sequencing

Sample Categories miRNA Difference miRNA* miRNA* C miRNA Target

Control Conserved miRNA 193 80 138 25

New miRNA 118 – 31 –

Short-term salt treatment Conserved miRNA 190 79 140 25 18

New miRNA 110 – 19 – 28

Long-term salt treatment Conserved miRNA 208 98 141 25 43

New miRNA 120 – 41 – 34

Total Conserved miRNA 211 105 150 30 55

New miRNA 162 – 49 – 57

Consistent among three libraries Conserved miRNA 188 72 127 20 13*

New miRNA 57 – 6 – 6*

‘Conserved miRNAs’, conserved miRNAs between P. euphratica and P. trichocarpa; ‘New miRNAs’, new miRNAs discovered in

P. euphratica; ‘Total’, number of sequences identified in at least one sample; ‘Consistent among three libraries’, number of sequences identified

in all three sequenced sRNA libraries, * target identified in both short- and long- term salt treatment; ‘Difference’, the most sequenced miRNA

was not the same as the mature miRNA registered in the miRBase 18.0 database; ‘miRNA* C miRNA’, the number of sequenced miRNA*

larger than or equal to miRBase 18.0 registered mature miRNA

530 Plant Mol Biol (2013) 81:525–539
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To ascertain whether these new miRNAs or miRNA

candidates were Populus species-specific, all their 365

mature sequences were aligned to all plant miRNA stem-

loop sequences in miRBase 18.0. Results of the alignments

showed that only peu-miR316* could be found in the stem-

loop sequence of ptc-miR169b, 9 nt on the 50 side of the

mature ptc-miR169b sequence. Then mature sequences

were further compared with all available plant genome

sequences by Blast software (http://blast.ncbi.nlm.nih.gov/).

The plant genome databases used in this study included

223 species assemblages that were deposited in PlantDB.

More information can be accessed on the website: (http://

www.plantgdb.org/prj/ESTCluster/progress.php). In total,

224 of the 365 new miRNA or candidate sequences could

be found in other plant genomes as well as in all Populus

species EST database (Table S3). These conserved

miRNAs or miRNA candidates could be helpful in dis-

covering new miRNAs in future research into other plant

genera. The remaining 141 new miRNA and miRNA

candidate sequences, which had no homologies in other

plant genera, could be Populus specific.

Salt responsive miRNAs in P. euphratica

For the purpose of discovering salt stress responsive

miRNAs in P. euphratica, miRNA expression changes

were profiled by statistical analysis using miRNA reads

acquired by deep sequencing. Comparisons were made

between the two salt stress treatments (short- and long-term)

and the control treatment. At least one comparison

showed significant changes at the level of p \ 0.05. One

hundred and thirty-two miRNAs in P. euphratica exhib-

ited expression differentiations. For the purpose of dis-

covering low differential expression changed miRNA, the

log2 fold change threshold was set to 0.5, that’s about 1.5

fold change of the normalized miRNA reads number

between salt treatment and control. Accordingly, 59

miRNAs showed differential expression between all salt

treatment and control. Among them, 20 and 35 miRNAs

showed consistent up or down-regulation, respectively,

and 4 miRNAs were down-regulated under the short-term

salt stress treatment but up-regulated under the long-term

salt stress treatment, (Fig. 2; Table S4). These results

showed that miRNA expression changes in P. euphratica

under our short- or long-term salt stress were similar.

Therefore, further analyses in our study no longer focused

on the difference between these two conditions. Among

the 59 miRNAs that showed expression change, 14 of

them were newly identified P. euphratica miRNAs and

the remaining 45 miRNAs were miRNAs that were con-

served between P. euphratica and P. trichocarpa. To

partly validate these miRNA expression changes, 20

miRNAs were randomly selected for real-time qPCR

experiment. Results showed all miRNA showed consis-

tence expression change trends comparing with sequenc-

ing results (Fig. 3). This indicated that the miRNA

expression analysis based on small RNA sequencing data

is reliable.

Fig. 2 MiRNA expression profiling under short- and long-term salt

stress treatment in P. euphratica leaves. miRNA expression scatter

plot showing deep sequencing between the control, short- and long-

term salt stress treated P. euphratica leaves. Figure is in three

dimensions. The central axis represents no difference in expression.

The more a miRNA spot leaves the central axis, the greater the

expression differences of that miRNA; p value \ 0.01. b Venn

diagrams of the expression differences between miRNAs under

short- or long-term salt stress. 59 miRNAs showed a significant

(p value \ 0.05) difference in expression under short- and long-term

salt stress, only 4 and 19 miRNAs showed significant expression

changes under short- or long-term salt stress, respectively. Most of

these differently expressed miRNAs exhibited consistent up (20) or

down (35) regulation under short- and long-term salt stress. ?, -,

consistent up (?) or down (-) expression under short- and long-term

salt stress; ‘UD’, up then down or ‘DU’, down then up expression

under short- and long-term salt stress
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MiRNA targets verified by degradome sequencing

To further understand the role of miRNA in salt stress

regulation in P. euphratica, degradome sequencing of

P. euphratica under short- and long-term salt stress was

used to identify miRNA targets (Figure S3). This study

identified 112 miRNA targets, which were regulated by 51

miRNA families or subfamilies (Table 2, Table S5; Figure

S4). Among them, 40 miRNAs targeted 103 of the 112

identified targets, which suggested that these miRNAs

played various roles in the P. euphratica salt stress

response. In contrast, 41 targets were regulated by multiple

miRNAs, which was similar to previous degradome

sequencing results in Arabidopsis and grapes (Addo-Quaye

et al. 2008; Pantaleo et al. 2010).

Function annotations of the degradome sequencing

verified targets were found to be diverse and included

transcription factors, signal transduction factors and other

proteins involved in various biological processes (Figure

S5). The largest category of the targets (26 out of 112

qualified targets) were annotated as transcription factors,

thus indicating their gene regulating functions in P. eu-

phratica under salt stress. Another 17 targets were receptor

like proteins and four targets were auxin signaling factors.

These targets may be involved in the ion regulating ability

of P. euphratica under salt stress. Further research needs to

be undertaken into these signaling related miRNA targets

in order to identify more P. euphratica specific salt stress

regulation factors. The remaining targets had various other

functions such as acting as glyoxylate reductase and

polyketide cyclase (Table S5).

For the purpose of comparing with other miRNA target

prediction methods, we further predicted targets of all new

miRNAs using the psRNATarget web server (Table S5),

among 61 degradome sequencing validated new miRNA

and their target pairs, 40 pairs could be found in

psRNATarget prediction results. Although the degradome

analysis pipeline and psRNATarget use the same miRNA

and target alignment scoring method, degradome analysis

focuses on target cleavage sequence enrichments from

high-throughput sequencing, while psRNATarget applies

better developed bioinformatics criticisms in miRNA tar-

get prediction, like structure matching and energy calcu-

lating. For the reason that degradome sequencing and

psRNATarget based on different algorithm, this compar-

ing indicates that most our miRNA target results are

highly reliable.

Transcriptome profiling in P. euphratica under salt

stress

Three transcriptome sequencing procedures were used to

profile expression changes of miRNA targets under salt

stress. After genome mapping and statistical expression

analysis by the TopHat and Cufflink software set, tran-

scriptome sequencing results were further compared using

sRNA and degradome sequencing. Specifically, transcrip-

tome sequencing acquired around 40 million raw reads

from the control, short- and long-term salt stressed P. eu-

phratica leaves (Table 1). More than 29 million ([78 %)

raw reads could be mapped to the P. trichocarpa genome.

The mapped results were then integrally processed by

Cufflink software set at the default significant level of

p \ 0.05 and with a false discovery rate qualification.

Finally, 4,673 and 4,132 transcripts showed consistent up-

and down-regulation, respectively, in both the short- and

long-term salt stress samples. In contrast, only 477 tran-

scripts exhibited reverse expression changes in two salt

treatments. These results were similar to the miRNA pro-

filing results, which indicated that a majority of the tran-

scripts have same expression changing pattern under our

short- and long-term salt stress treatment.

Although a large number of transcripts showed expres-

sion changes under salt stress, only 15 miRNAs-target pairs

showed reverse expression changing pattern when the

results from miRNA profiling, degradome sequencing and

transcriptome profiling were compared (Table 3). The

function annotations showed that three targets of these 15

pairs, POPTR_0007s08420, POPTR_0001s33030 and

POPTR_0002s09050, were involved in auxin signaling,

they are homologs of NAC1, AFB2 and ARF17 in Ara-

bidopsis (Fig. 4) (Park et al. 2011; Navarro et al. 2006;

Mallory et al. 2005). Another three targets were homolo-

gous to TOE1, HAM3 and TZP in Arabidopsis and

responded to light or circadian rhythms (Hudson et al.

2003; Li et al. 2011b; Loudet et al. 2008). Nine targets,

which were homologous to HAM3, NAC1, TOE1,

AT1G27340.1, SPL4, AFB2, ARF17, TZP and APS3 in

Arabidopsis, had functions related to tissue morphogenesis

(Park et al. 2011; Hudson et al. 2003; Loudet et al. 2008;

Engstrom et al. 2011; Wu and Poethig 2006; Parry et al.

2009; Liang et al. 2010). All 15 miRNA and target pairs

were validated by Real-time qPCR, 14 of them showed

consistent expression changes comparing with high

throughput sequencing results (Figure S6). For the possible

reason that no significant expression changes were

observed in short-term salt treatment or the influence of

homologies, target POPTR_0017s08860 of ptc-miR393a-d

failed to pass the qPCR validation.

For all 132 differential expressed miRNA in salt treat-

ment, 32 miRNA-target pairs were found in combining

Fig. 3 Real-time quantitative PCR validate expressions of 20 ran-

domly selected miRNA. The amount of expression was normalized to

the level of 5.8s rRNA. The normalized miRNA levels in control were

arbitrarily set to 1

b
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with degradome and transcriptome sequencing (Table S6).

Among them, 9 miRNA-target pairs belonged to the 59

differentially expressed miRNAs with log2 fold change

larger then 0.5, the other 23 pairs were then categorized as

‘‘Not correlated miRNA-target pairs in expression’’. Pre-

viously published researches have evidenced that miRNA

and target could be involved in diverse expression patterns

and their co-regulation can beyond reverse changes in

expression (Lopez-Gomollon et al. 2012; Kawashima et al.

2009; Voinnet 2009). According to the method developed

by Lopez-Gomollon et al. in 2012, the gene expression

PCC of miRNA and their targets were calculated. The PCC

of all the 32 miRNA and target pairs was -0.041, which

showed no correlation (Fig. 5). Similar results were con-

cluded when we separately checked the PCC of short- and

long-term salt treatments, they were 0.009 and -0.088,

respectively. Finally, we calculated negative and positive

miRNA-target pairs from the 9 ones with miRNA showing

more than 0.5 of log2 fold change, and got the PCC -0.834

and PCC 0.927, respectively. This means that they were

showing highly correlations. Specially, three pairs (ptc-

miR395c::POPTR_0010s09140, ptc-miR1447::POPTR_00

19s13730 and ptc-miR1447::POPTR_0063s00260) showed

both high PCC positive and negative expression changes in

different conditions, and they were categorized as mixed

correlations. The calculation of expression PCC of all other

23 miRNA-target pairs got the value of 0.235. All these

results indicated that complex regulation networks were

existed between miRNA and target in P. euphratica under

salt stress.

Discussion

Complexities of miRNA generation and limitations

of lacking P. euphratica genome

Comparing with previous discoveries in animals and

plants, this study also found that ten miRNA* had larger

sequencing read numbers than their mature miRNAs in one

or two samples (Schwarz et al. 2003; Zhu et al. 2008).

Additionally, 105 previously identified miRNAs have been

found that their mature miRNA have dominant sequence

changes in one or more libraries. Meanwhile, our published

results identified 142 new miRNAs in P. euphratica under

drought stress (Li et al. 2011a), a comparing between this

drought study with our salt stress research showed that only

40 new miRNAs or miRNA* are the same (Table S3). In

summary, the divergences discovered in this research

showed the complexity of miRNA generation in P. eu-

phratica under salt stress.

In the meanwhile, our study was inevitable restricted by

lacking the P. euphratica genome as a reference. Firstly, we

failed to discover new P. euphratica specific miRNAs which

were not exit P. trichocarpa genome. Although many gen-

ome sequences of P. euphratica are available in NCBI

Fig. 4 A combined view of reverse expressions between a miRNA

and its target in P. euphratica under short- or long-term salt stress.

Expression of P. euphratica miRNA (left side) was validated by small

RNA sequencing of leaves from the control (C), under short-term salt

stress treatment (SS) and under long-term salt stress treatment (LS).

The miRNA targets (right side) were validated by degradome

sequencing and their expressions were checked by transcriptome

sequencing. Up (red) or down (green) regulation in expression were

based on normalized data (color bar at the top) generated by

Cluster3.0 software. Comparing to Arabidopsis shows homologous

genes of miRNA targets in Arabidopsis. The table is combined with

the expression hot spot figure and contains ‘Homology’, gene ID and

gene ‘Name’ abbreviation and function ‘Annotation’
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database, like EST sequences, we did not find any new

miRNA by referring these sequences. Another problem was

whether our newly identified P. euphratica miRNAs are true

new miRNAs or just fake signals which randomly mapping

to P. euphratica genome. By avoiding this problem, we

applied strict criterions in new miRNA identification, we first

required non-mismatch mapping of sRNA to the P. tricho-

carpa genome, therefore our mapped sRNA were exist in

both P. trichocarpa and P. euphratica genome. We further

required that new miRNAs could be discovered in at least

two samples or miRNA* sequences were also found. These

requirements could remove fake miRNA sequences which

randomly mapped to the P. trichocarpa genome.

Degradome sequencing verified previously predicted

miRNA targets

In order to fully understand miRNA function, miRNA target

prediction and validation are always accompanied to miRNA

identification studies (Pantaleo et al. 2010; Li et al. 2011a;

Sunkar and Zhu 2004). A modified 50RACE method is

widely used as a way to qualify the cleavage on predicted

miRNA targets by experimental means (Lu et al. 2005). This

method is limited due to its low efficiency in detecting the

target cleavage sequences generated by miRNA splicing.

This is because the cleavage sequences are single-stranded

RNA and very short lived. The low abundance of cleavage

sequences means that there are likely to be losses at the

adaptor linkage step of the modified 50RACE process. Fur-

thermore, mRNA cleavage sequences generated randomly or

as part of other procedures may interference the identifica-

tion of miRNA cleavage sites. The newly developed method

of miRNA target qualification by degradome sequencing

uses the advantages of deep sequencing to discover low

abundance cleavage sequences. Statistical analysis of

abundance among all cleavage sequences in a transcript can

help to distinguish the dominant miRNA cleavage signals

from other random sequences. For these reasons, degradome

sequencing is popular and has been shown to be highly

efficient in recent studies into miRNA target discoveries

(Pantaleo et al. 2010; Li et al. 2011a). Compared with pre-

vious results from experimental miRNA target verifications,

Fig. 5 Pearson Correlation

Coefficient between the

expression of miRNA and

miRNA target. Red circles
represent miRNA and target

pairs, PCC were presented by

blue line slope and listed in blue
numbers
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the degradome sequencing in this study also confirmed the

miRNA-target pairs that had been published previously for

poplar or Arabidopsis. Among them, only two (ptc-miR475

targeted POPTR_0019s03770 and ptc-miR163a-e targeted

POPTR_0007s08420) had previously been experimentally

qualified in P. trichocarpa by 50RACE (Gu et al. 2004). In

contrast, a comparison between this study with two similar

degradome sequencing studies in Arabidopsis, found that 35

and 48, respectively, of verified targets were consistence

(Table S5) (Addo-Quaye et al. 2008; Lenz et al. 2011). The

verification of previously published miRNA targets indi-

cated the reliability of degradome sequencing in qualifying

miRNA targets.

Reverse expressions between miRNA and its target

in plants under salt stress

A large numbers of miRNA identification studies have

been published for various plant species (Pantaleo et al.

2010; Li et al. 2011a; Sunkar and Zhu 2004), Furthermore,

gradually improving predictive and experimental evidences

form miRNA target cleavage have also been reported fol-

lowing the application of degradome sequencing (Addo-

Quaye et al. 2009; Pantaleo et al. 2010). Although many of

these miRNAs or targets responded to certain exogenous

stimulants (Navarro et al. 2006; Liang et al. 2010), coor-

dinated expression changes between miRNA and target

were important as the evidence of function. Among the 15

miRNAs and target pairs that showed reverse expression

changes in this study, 14 were newly verified in P. eu-

phratica. These results also supplemented previously

published research that had lacked evidence for corre-

sponding expression changes between miRNAs and their

targets. Navarro et al. (2006) verified that miR393 could

repress TIR1, AFB2 and AFB3 at the post-transcription

level during infection by a pathogen (Navarro et al. 2006).

Other research extended the functions of these miRNA and

target pairs to auxin-tolerance related root (Parry et al.

2009). Our results implied that the co-regulation between

miR393 and AFB2 could be observed under salt stress.

Similarly, in another example, miR395 was shown to target

APS1, APS3 and APS4, which respond to sulfate limita-

tion, while complementary expression could only be con-

firmed between miR395 and APS1 or APS4 (Liang et al.

2010; Liang and Yu 2010). Our results suggested the

complementary expression pattern of miR395 and APS3

under salt stress.

Other salt stress regulation genes discovered

by transcriptome profile sequencing

Research into how plants respond to salt stress has been

reported for various plant species including Arabidopsis,

rice and maize etc. (Xiong et al. 2002; Fukuda et al. 1999;

Guan et al. 2000). These studies have shown that a large

number of gene regulation factors were involved in cell

processes, such as ion homeostasis and osmotic stress

management. Our transcriptome profile sequencing results

also discovered many this kinds of regulation factors. In

the Na? efflux pathway, homologs of SOS1, SOS2 and

AVP1 in Arabidopsis were shown be to up-regulated under

salt stress. SOS1 is a plasma membrane Na?/H? antiporter

that catalyze Na? efflux. Under salt stress, SOS1 is up-

regulated partly under the control of SOS2, which is a

serine/threonine protein kinase (Zhu 2003). Overexpres-

sion of AVP1, a vacuolar H? pyrophosphatase in Ara-

bidopsis, could enhance salt tolerance (Gaxiola et al.

2001). In response to salt stress related osmotic stress,

homologs of PEMAT and HK1 are also up-regulated in

P. euphratica. These two genes are an osmotic response

necessary methyltransferase gene and an osmo-sensing

histidine kinase, respectively (Urao et al. 1999). With

regards to ABA response and ABA metabolism, the

homolog of ABA2 was also found to be up-regulated under

salt stress in P. euphratica. The homolog of salt stress

responsive gene RD22 was also found to be up-regulated

in our results (Xiong et al. 2002). Besides the genes

mentioned above, a large number of homologs of other

genes, which have been reported to be involved in Ara-

bidopsis salt regulation and response, were also found in

this study’s transcriptome profiling sequencing results.

Homologs Genes with statistical significant expression

changes in P. euphratica were atrbohD, atrbohF, MEKK1,

MPK3, MPK6, NDPK2, HB7, EIN2, P5PII, FRI/FIERY1,

HSP70, ADH, PLD, CAT1, RAB18, RCI2A, ASK1,

SPK1, SAD1, ARR2, CNGC1, RCD1, ENH1 and PLP

(Table S6) (Xiong et al. 2002; Zhu 2003, 2001a, 2001b;

Serrano and Rodriguez-Navarro 2001; Mahajan et al.

2008). Nevertheless, only two validated targets could be

found amongst them. These two genes were a MYB

transcription factor, targeted by the ptc-miR159 family,

and EREBP (ethylene-responsive element binding pro-

teins), targeted by the ptc-miR172 family.

Summary

In summary, for the purpose of identifying miRNA and

their target in P. euphratica under salt stress, this study

combined the advantages of three deep sequencing tech-

nologies: sRNA sequencing, degradome sequencing and

transcriptome sequencing. The results illustrated many

miRNA and their targets were responsive to salt stress in

P. euphratica. The method and analysis protocols used in

this study provided an efficient strategy for discovering

miRNAs and their targets.
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