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Abstract MicroRNAs (miRNAs) are endogenous small

RNAs of *22 nucleotides (nt) that play a key role in down

regulation of gene expression at the post-transcriptional

level in plants and animals. Various studies have identified

numerous miRNAs that were either up regulated or down

regulated upon stress treatment. Here, we sought to

understand the temporal regulation of miRNAs in different

plant species under abscisic acid (ABA) and salt (NaCl)

stress. Our results showed that the regulation of miR398 in

response to ABA and salt stress was more dynamic in

plants than previously reported. In poplars, miR398 was

first induced upon 3–4 h of ABA or salt stress. However,

this induction declined after 48 h and finally accumulated

again over a prolonged stress (72 h). We referred to this

kind of regulation as dynamic regulation. In contrast, such

dynamic regulation of miR398 under salt stress was com-

pletely absent in Arabidopsis, in which miR398 was stea-

dily and unidirectionally suppressed. Interestingly, ABA

treatment caused a deviate dynamic regulation of miR398

in Arabidopsis, showing an opposite response as compared

to that in poplars. We referred to the difference in regu-

lation between Arabidopsis and poplars as differential

regulation. Furthermore, the expression of the miR398

target, copper superoxide dismutase1 (CSD1), was in

reverse correlation with the miR398 level, suggesting a

control of this specific target expression predominantly by

miR398 under abiotic stress. Together, these data consis-

tently show a correlated regulation between miR398 and its

representative target, CSD1, by ABA and salt stresses, and

raise the possibility that regulation of miRNAs in plants is

twofold: a dynamic regulation within a plant species and a

differential regulation between different plant species.
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Abbreviations
ABA Abscisic acid

APS ATP sulfurylase

CSD Cu/Zn superoxide dismutase

miRNA MicroRNA

qRT-PCR Quantitative reverse transcrioption PCR

RISC RNA-induced silencing complex

Introduction

MicroRNAs (miRNAs) are a class of *22 nt, endogenous

non-protein-coding small RNAs that down regulate gene

expression at the post-transcriptional level in plants and

animals (Bartel 2004; Chen 2005; Lai 2005; Nilsen 2007;

Tang et al. 2008; Zhang et al. 2006, 2007). Mature miR-

NAs are derived from stem-loop regions of RNA precur-

sors by Dicer-like enzymes of the RNase III family (Bartel

2004; Chen 2005; Du and Zamore 2005; Kim 2005;

Murchison and Hannon 2004; Tang 2005). The mature

Electronic supplementary material The online version of this
article (doi:10.1007/s11103-009-9508-8) contains supplementary
material, which is available to authorized users.

X. Jia � W.-X. Wang � L. Ren � Q.-J. Chen � V. Mendu �
B. Willcut � X. Tang � G. Tang (&)

Department of Plant and Soil Sciences and KTRDC, Gene

Suppression Laboratory, University of Kentucky, Lexington, KY

40546-0236, USA

e-mail: gtang2@uky.edu

R. Dinkins

Forage-Animal Production Unit, USDA-ARS, Lexington, KY

40546, USA

123

Plant Mol Biol (2009) 71:51–59

DOI 10.1007/s11103-009-9508-8



miRNA is initially a double-stranded duplex, presumably

associated with Dicer, and is further delivered to down-

stream proteins, including a key component Argonaute

(AGO), to form an RNA-induced silencing complex

(RISC). Only one strand, designated ‘‘miRNA,’’ of the

miRNA duplex is incorporated into a RISC that further

guides the target mRNA for cleavage or translational

repression in a sequence-dependent manner. However, the

other strand, termed ‘‘miRNA*,’’ is cleaved by the miRNA

associated RISC and/or excluded from the RISC. Not all

miRNA*s are non-functional, and some are assembled into

RISCs to regulate gene expression under cellular condi-

tions (Okamura et al. 2008).

Plant responses to adverse environmental conditions

have a close relationship with plant self-defense, adapta-

tion, and cellular signaling. Recently, a number of miRNAs

have been implicated to play important roles in abiotic

stresses or other specific environmental stress conditions

(Jones-Rhoades and Bartel 2004; Lu et al. 2005; Marsit

et al. 2006; Shukla et al. 2008; Sunkar et al. 2006, 2007;

Sunkar and Zhu 2004). For example, miR169g played a

role in drought and submergence stress (Zhao et al. 2007).

MiR398 and its target genes were differentially expressed

in response to high sucrose levels and other type biotic and

abiotic stresses (Dugas and Bartel 2008; Jagadeeswaran

et al. 2009; Sunkar et al. 2006). In addition, miR399,

miR395 and miR398 have been shown to be induced by

nutrient deficient stress (e.g., phosphate, sulfate, copper

deficiency), and the induction caused down-regulation of

the respective target genes (Abdel-Ghany and Pilon 2008;

Chiou et al. 2006; Jones-Rhoades and Bartel 2004).

Finally, a number of miRNAs were regulated by mechan-

ical, cold, heat, dehydration, salinity, and mechanical

stresses in woody plant poplars (Lu et al. 2005).

The response of miRNAs is likely controlled by the

promoter elements of the miRNA genes. Cis- and trans-

acting elements involved in stress-induced gene expression

have been identified in the promoter region of several

miRNAs. For example, miR-169g was induced by drought

and its upstream region contained two dehydration-

responsive elements (DREs), suggesting that the expres-

sion of miR-169g may be regulated directly by DRE-

binding transcription factors (Zhao et al. 2007). In addition,

some AREs (anaerobic induction elements) and ABREs

(ABA-response elements) were found in the promoter of

miR167, miR168, miR393, and miR396, implicating that

these miRNAs are involved in various stress-response

processes. However, the regulatory role of miRNA and its

targets can diverge at different development stages (Car-

tolano et al. 2007) or different stress stages. In maize, the

expression of miR159, miR395, miR474, and miR528 were

suppressed at the early stage of water submergence and

induced after 24 h post-submergence, showing a dynamic

regulation of miRNAs during water stress (Zhang et al.

2008). Here, we reported that ABA and salt stress induced

a dynamic regulation of miR398 and its target gene CSD1

in Poplars and a differential regulation of the miRNA and

the target between poplar and Arabidopsis plants, thus

expanding our understanding of the regulatory role of

miRNAs in abiotic stresses.

Materials and methods

Plant materials and stress conditions

Different plant species used in this study are P. tremula and

Arabidopsis thaliana (Col-0). The plants were grown under

normal conditions in a growth chamber or tissue culture

unless indicated for stress treatments. For stress treatments,

1.5 month old in vitro cultured P. tremula plantlets or

2 week old Arabidopsis seedlings were subjected to the

following stress treatments: (1) salt stress: salt stress was

applied by immersing plant roots in a MS liquid growth

medium containing 300 mM NaCl. (2) ABA treatment:

ABA was applied by immersing plant roots in a MS liquid

growth medium containing 100 lM ABA. The plant leaves

were sampled for RNA extraction at different time point.

Design of plant miRNA platform and miRNA array

Plant miRNA probes were selected according to the same

criteria as discussed for animal miRNA array platform

(Tang et al. 2007). About 188 of the plant miRNA antisense

probes (20 lM) were printed in duplicate using the Genetix

Qpix2 robot as described previously (Tang et al. 2007). The

array platform included 4 external controls (MAC2, MAC3,

MAC4, and MAC5, where MAC represents miRNA array

control). The MAC2-5 probes sequences are: ATGGA

CCCGTCTACAGAGGCA (MAC2), ATCCGGGGCTGC

CGGCTTCGA (MAC3), AGCTAGTCCTGGAACCCGG

CA (MAC4), and ATCTCCCCAAGAAAGCCGGCA

(MAC5), corresponding to the four synthetic 21 nt small

RNA oligo sequences UGCCUCUGUAGACGGGUCC

AU, UCGAAGCCGGCAGCCCCGGAU, UGCCGGGUU

CCAGGACUAGCU, and UGCCGGCAGCCCCGGAGGC

UU, respectively.

Total RNAs were isolated from treated plant leaves

using TRIZOL reagent (Invitrogen). 100 lg of total RNA

from each sample was separated on a 15% denaturing

PAGE and small RNAs (14–28 nt) were recovered from the

gel and used for the array as described previously (Tang

et al. 2007). Briefly, the small RNAs were dephosphoryl-

ated with antarctic phosphatase (New England Biolabs),

and then radiolabeled with gamma-32P-ATP and PNK. The
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radiolabeled small RNAs were hybridized to the miRNA

array membrane and subsequently detected using a phos-

phorimager (Typhoon 9400, Amersham). The obtained

data were normalized to external controls and clustered

using Cluster 3.0 (de Hoon et al. 2004). Clustering analyses

were performed with a hierarchical method using an

average linkage and Euclidean distance metric to illustrate

relationships among the experimental data. The clustering

data were visualized using Java TreeView (Saldanha

2004).

Northern blot validation

Northern blot analysis was performed as previously

described (Andrali et al. 2007; Tang 2005; Tang et al.

2003). Briefly, 20 lg of total RNA isolated from plant

leaves was separated on a denaturing 15% Urea-PAGE gel,

electro-transferred to Hybond-N? membrane (Amersham

Biosciences), blotted, and probed using DNA oligonucle-

otides labeled with c- P32-ATP. After washing, Northern

blots were placed on phosphorimager screens, and subse-

quently scanned using the Typhoon Scanner. The radio-

active signals were quantified using the ImageQuant

software package.

Analysis of target gene expression by qRT-PCR

Total RNA was extracted from treated plant samples using

a RNeasy Mini Kit (Qiagen). A total of 1 lg of RNA was

used for reverse transcription (RT) reaction by using High-

Capacity cDNA Archive Kit (Applied Biosystem). qRT-

PCR was performed with an Applied Biosystem-step one

instrument using the SYBR Green PCR master mix kit

(Applied Biosystems) according to the manufacturer’s

instructions. As an internal control, the expression level of

actin in Arabidopsis and poplars was determined. Primers

for the target genes were designed using the Genscript real-

time PCR primer design program. The primer sequences of

the target genes along with the internal control actins are

listed in Table S5. The relative quantity of gene expression

was detected using 2-DDCT method (Livak and Schmitt-

gen 2001).

Results

Differential regulation of various miRNAs in response

to short-time ABA treatment and salt stress in poplar

plantlets

Long-term stress allowed us to examine both the expres-

sion of miRNAs and the consequences of the stressed

plants. However, long-term stress often causes

considerable damages that eventually lead to cell and plant

death (Lichtenthaler 1998). Machineries for plants to adapt

to abiotic stresses should be better explored for their

physiological changes or gene expressions under short-

term stress conditions when the plant can survive the

stress. In order to explore the regulatory mechanism of

miRNAs in abiotic stress, the global response of miRNAs

to short-term (B4 h in this study) ABA and salt stress

were examined in poplar plantlets (Populus tremula) by a

miRNA array (for array layout see Table S1). Specifically,

1.5 month old in vitro cultured poplar plantlets were

subjected to 4 h ABA treatment (100 lM) or 3 h salt

stress (300 mM NaCl), and then RNA was extracted from

leaves for a miRNA array analysis. Compared to the non-

stressed control (normal growth conditions), a significant

regulation of miRNAs was revealed in response to ABA

and salt stress (Fig. 1a). The array results showed that over

15 abundant miRNAs were regulated by ABA and salt

stress (Table 1). Most of the miRNAs were induced after

short-term stress. On the other hand, two miRNAs,

miR167h and miR169a, were suppressed, as revealed by

clustering analysis (Fig. 1b). The pattern of miRNA reg-

ulation between ABA treatment and salt stress was quite

similar.

To confirm the expression of identified miRNAs, six

stress-regulated miRNAs (miR168, miR169, miR395,

miR398, miR399, and miR408) were further validated by

Northern blot analysis (Fig. 1c). As observed in the origi-

nal array, the expression of miR168, miR395, miR398,

miR399, and miR408 were induced in response to ABA

and salt stress. In contrast, the expression of miR169 was

suppressed under the same stress conditions.

Among the 15 stress-responsive miRNAs revealed by

our analysis, several were the previously identified specific

abiotic stress-associated miRNAs. MiR395 was a sulfate

starvation-induced miRNA (Jones-Rhoades and Bartel

2004), miR399 was a phosphate starvation induced miRNA

(Bari et al. 2006; Chiou et al. 2006; Fujii et al. 2005), and

miR408 was induced by tension and compression stresses

(Lu et al. 2005). Additionally, miR168 was responsive to

all of the high-salinity, drought, and cold stress in Ara-

bidopsis. Our results showed that these previously identi-

fied miRNAs were also induced by ABA and salt stress

(Fig. 1), indicating these miRNAs are widely involved in

different types of stress and may exert very different

functions by regulating different targets. In addition, the

array also revealed that a number of other miRNAs, such as

miR164a, miR166a and miR472a/b, were responsive to

ABA and salt stress (Table 1). These miRNAs were

abundantly expressed in the poplars. Strikingly, miR398,

suppressed by oxidative stress in Arabidopsis as previously

described (Sunkar et al. 2006), showed an opposite

response to ABA and salt stress in poplars (Fig. 1b, c).
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Fig. 1 Regulation of miRNAs

in response to abiotic stresses in

poplar plantlets. a The

expressions of miRNAs were

screened for non-stressed

control, ABA and NaCl treated

poplar plantlets by miRNA

array analysis. The highly

regulated miRNAs were

highlighted by their names on

the array map. b Hierarchical

clustering of 15 differentially

expressed miRNAs based on

their expression profiles using

Gene Cluster 3.0 (average

linkage and Euclidean distance

as similarity measure). The data

obtained for each miRNA were

normalized to external controls

and median centered prior to

clustering. The highlighted

miRNAs on the array map were

marked as bolded. c Northern

blot validation of the stress-

regulated miRNAs from the

array data. U6 was used as a

loading control. MiR168 was

slightly, and miR395, miR398,

miR399 and miR408 were

significantly, up-regulated upon

ABA or NaCl stress. In contrast,

the expression of miR169 was

slightly down-regulated by both

types of stress

Table 1 ABA and salt stress

regulated miRNAs in poplar

plantlets

This table is generated from the

quantitative data of Fig. 1. It

lists 15 NaCl and ABA

regulated miRNAs in poplar

plants. Bolded miRNAs were

validated by Northern blot

analysis in this study

Category ABA treatment NaCl stress

Up regulated ath-miR164a, athmiR165a, ath-miR164a, athmiR165a,

athmiR166a, ath-miR167a, athmiR166a, ath-miR167a,

ptcmiR167h, athmiR168a, athmiR168a, athmiR319a,

athmiR319a, athmiR390a, athmiR390a, mtrmiR395a,

mtrmiR395a, osamiR398b, osamiR398b, ptcmiR399l,

ptcmiR399l, osamiR408, osamiR408, ptcmiR472a,

ptcmiR472a, ptcmiR472b ptcmiR472b

Down regulated athmiR169a ptcmiR167h, athmiR169a
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Long-term ABA and salt stress revealed a dynamic

regulation of miR398 and its target gene CSD1 in

poplar plantlets

As shown in Fig. 1, miR398 was significantly up-regulated

by short-term (i.e., 3–4 h) ABA and salt treatments in pop-

lars. Previous study has reported that the expression of

miR398 decreased upon a long-term (i.e., 8–12 h) oxidative

stress in Arabidopsis (Sunkar et al. 2006), suggesting that

different types of abiotic stress differentially regulate miR398

level. To examine how miR398 is responsive to ABA and salt

stress over a long time period, poplar plantlets were stressed

by immersing the root system inside a liquid medium con-

taining 100 lM ABA or 300 mM NaCl for over 72 h, while

the plantlets grown in the normal medium served as a control.

The leaves from the treated plants were sampled at different

time points (0, 3 or 4, 48, and 72 h) and total RNA was

extracted and analyzed for the expression of miR398. Fig-

ure 2a showed that the expression of miR398 was markedly

induced fivefold at 4 h of ABA treatment as measured by

Northern blot. Intriguingly, this induction of miR398 dra-

matically decreased after 48 h, and increased again at 72 h

stress. Similar results were observed in salt stressed plants

(Fig. 2c). These data indicated that the expression of miR398

was dynamically regulated at different stress stages and this

regulation was built up gradually during a continuous stress

exercise, suggesting that an adaptive process to abnormal

conditions happened within the stressed plants.

To investigate the role of the dynamic change of

miR398 level over a longer-term stress, the expression of

miR398 target gene CSD1 was examined using quantita-

tive reverse transcription PCR (qRT-PCR). As shown in

Fig. 2b, the expression of CSD1 mRNA was significantly

reduced at 4 h, increased at 48 h, and followed by a

reduction at 72 h of ABA treatment, demonstrating a

reverse correlation with the expression of miR398. Simi-

larly, the CSD1 level also had a consistent but reverse

change during salt stress (Fig. 2d) as compared to the

expression of miR398 (Fig. 2c). Taken together, these

results demonstrated that the regulation of miR398 by

long-term ABA or salt stress was a dynamic process that

was reflected by dynamic changes in the expression of both

the miRNA and the miRNA target gene.

While the regulation of the miR398 expression was

dynamic over a long-term ABA and salt stress, we next

sought to understand whether other miRNAs also showed a

similar dynamic regulation. MiR395 was chosen to address

this question because it was also induced by short-term

Fig. 2 MiR398 and its target gene were dynamically regulated in

poplar plantlets by either ABA treatment or salt stress. Poplar

plantlets were subjected to either long-term ABA treatment (100 lM)

or salt stress (300 mM NaCl). The leaves from stressed plantlets were

sampled for analysis at different time points (0, 3/4, 48, and 72 h). a
Effect of ABA treatment on the expression of miR398 analyzed by

Northern blot. U6 served as an RNA loading control. MiRNA levels

were obtained by normalizing to U6 and then to that of wild type

plants. The normalized miRNA levels in leaves without treatment

were set arbitrarily to 1. b Effect of ABA treatment on the expression

of miR398 target gene CSD1 evaluated by qRT-PCR. The CSD1

mRNA level was normalized to the internal control Actin. The

presented data are the average of two independent experiments ±SD.

c and d Effect of salt stress on the expression of miR398 (by Northern

blot) and its target gene CSD1 (by qRT-PCR)
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stress as revealed by miRNA array and Northern blot

validation (Fig. 1). Rather different from the response of

miR398, the expression level of miR395 showed a con-

tinuous induction over 72 h ABA or salt stress (Fig. 3a, c).

Correlated with the induction of miR395, the expression of

ATP sulfurylase1 (APS1), one of the miR395 targets, was

steadily repressed (Fig. 3b, d). Therefore, no dynamic

regulation of miR395 and its target was observed during

the stress treatment, suggesting the regulation of different

miRNAs was controlled by different molecular mechanism

even under the same stress environment.

MiR398 and its target genes were differentially

regulated by ABA and salt stress in poplars and

Arabidopsis

To determine whether the dynamic regulation of miR398

and its target gene in poplars is conserved in other plant

species, we conducted similar experiments in Arabidopsis.

As shown in Fig. 4a, the expression of miR398 did show a

dynamic regulation under ABA treatment in Arabidopsis.

However, this dynamic regulation was in the opposite

direction when compared to the miR398 response in pop-

lars. In Arabidopsis, the expression of miR398 was initially

inhibited almost fivefold. About 24 h later, miR398 level

was gradually increased, and then further elevated after

48 h of ABA treatment. Due to the death of Arabidopsis

plants after 72 h of treatment with ABA, a long time

examination of miR398 expression was not available. Ne-

verthless the data clearly showed that miR398 was sub-

jected to a deviate dynamic regulation under ABA

treatment. Similarly, examination of the miR398 targets,

CSD1 and CSD2, confirmed the reverse correlation with

miR398 in expression (Fig. 4b). In conclusion, the dynamic

regulation of miRNA and the target gene was also present in

Arabidopsis, but the regulation of the same miRNA and the

target gene in Arabidopsis was clearly different from that in

poplars in terms of the expression levels (induction or

suppression) and the trend of the expression.

In contrast, miR398 and its target CSDs exhibited a

completely different response to salt stress in Arabidopsis.

As shown in Fig. 4c, the expression of miR398 was stea-

dily down-regulated over 48 h salt stress. Consistently,

CSD1 and CSD2 were steadily enhanced at mRNA level

by salt stress (Fig. 4d), exhibiting a reverse correlation

with the expression of miR398. Interestingly, previous

study showed that oxidative stress also repressed the

miR398 level and increased the expression of CSD1 and

CSD2 in Arabidopsis (Sunkar et al. 2006). These results

demonstrated that the expression of miR398 was similarly

regulated by salt stress and oxidative stress in Arabidopsis.

However, miR398 and its target genes lost dynamic regu-

lation under salt stress in Arabidopsis.

Discussion

Responses of miR398 to abiotic stress are considerably

plastic and multitudinous in plants

Plants are extremely sensitive and also adapt very differ-

ently to various abiotic stresses. Increasing evidence points

Fig. 3 MiR395 was up-

regulated by both ABA and salt

stress in poplar plantlets. Total

RNA was extracted from

stressed poplar plantlets and

analyzed for the expression of

miR395 and its target gene

APS1. a and b Effect of ABA

treatment on the expression of

miR395 (by Northern blot) and

APS1 (by qRT-PCR). c and d
Effect of salt stress on the

expression of miR395 (by

Northern blot) and APS1 (by

qRT-PCR)
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to an important role of miRNAs in stress tolerance. In

Arabidopsis, the expression of miR398 is highly regulated

under different abiotic stress conditions. For example,

miR398 level decreased during high Cu2?, high Fe3?,

methyl viologen, high-intensity light, ozone fumigation,

salt stress and P. syringae infection, and increased during

low Cu2? and high sucrose levels (Dugas and Bartel 2008;

Jagadeeswaran et al. 2009; Sunkar et al. 2006). In poplars,

however, miR398 level was first increased (4 h), then

declined (48 h) and then accumulated again with longer

stress (72 h; Fig. 2). Such a dynamic regulation was also

observed for other miRNAs in poplar plantlets that were

under cold treatment. For example, ptc-miR474c was up-

regulated under 4–12 h cold stress, but down-regulated to

non-treatment level under 16-20 h cold stress, and up-

regulated again after 24 h cold treatment (Lu et al. 2008).

Therefore, the functions of miR398 under different abiotic

stresses may be variable in different plant species and the

response of miR398 is rather plastic and multitudinous.

In addition to miR398, we also examined the regulation

of other miRNAs and their target for comparison purposes.

Several studies have reported that miRNAs regulate the

expression of stress responsive protein-coding genes at

post-transcriptional level, showing a reverse correlation

between the miRNA and the target expression. For exam-

ple, miR395 targets three ATP sulphurylases (APS1, APS3,

and APS4) and a low-affinity sulphate transporter

(SULTR2;1), and APS1 has shown to be induced by sulfate

deprivation (Chiou et al. 2006; Fujii et al. 2005; Jones-

Rhoades and Bartel 2004). Such an induction was consid-

ered important for sulfate homeostasis in plants. On the

other hand, Dalmay’s group recently showed that the

mRNA level of another miR395 target, SULTR2;1,

strongly increases while miR395 was induced in roots,

suggesting that the expression regulation of miR395 and its

targets is more complicated than previously thought

(Kawashima et al. 2009). Our results showed that the

expression of miR395 was in a reverse correlation with its

specific target APS1 over 72 h ABA or salt stress (Fig. 1).

This suggests that ABA and salt stresses also affect sulfate

homeostasis by likely sharing a common signaling pathway

via miR395. It is still not known yet whether other mem-

bers of miR395 targets in poplars are also under a tight

control by miR395 at the post-transcriptional level or are

subjected to complex regulations such as transcriptional

regulation in addition to the post-transcriptional regulation

by miR395.

In addition, miR408 level was induced by short-term

tension and compression stresses in xylem tissue in poplars

(Lu et al. 2005). A similar induction by ABA and salt

stress was observed in our study. Furthermore, miR168, a

miRNA playing a role in the auto-regulatory loop of plant

Argonaute 1 (AGO1) in Arabidopsis, was also slightly up-

regulated by ABA and salt stress, suggesting a regulatory

role of miR168 in abiotic stress. This observation is sup-

ported by recent studies in Arabidopsis and poplars (Liu

et al. 2008). Thus, the highly conserved responses of a few

miRNA species (e.g., miR168, miR395, miR399, miR398,

Fig. 4 Regulation of miR398

and its target genes by ABA and

salt stress in Arabidopsis. Two

week old Arabidopsis seedlings

(Col-0) were treated with ABA

or salt and total RNA was

extracted from stressed leaves at

different time points (0, 3/4, 24,

and 48 h). a Effect of ABA

treatment on the expression of

miR398 analyzed by Northern

blot. b Effect of ABA treatment

on the expression of miR398

target genes, CSD1 and CSD2,

measured by qRT-PCR. c and d
Effect of salt stress on the

expression of miR398 (by

Northern blot) and CSD1/2 (by

qRT-PCR)
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and miR408) to various stresses including nutrient, abiotic,

mechanical, and physiological stresses suggest a common

pathway for plant sensing and responding to various

environmental changes. The underlying mechanisms

remain to be investigated in further detail.

Different plant species have rather distinct expression

responses of miR398 under different types of abiotic

stresses

In this study, we found that miR398 had a different

response to ABA and salt stress in poplars and Arabidopsis.

First, in poplars, the expression of miR398 was dynami-

cally regulated by salt stress instead of steadily suppressed

as in Arabidopsis. Second, although ABA treatment caused

the dynamic regulation of miR398 in both poplars and

Arabidopsis, the regulation trend of miR398 was com-

pletely opposite. The results indicated that different plant

species are very different in the response of miRNAs under

different types of abiotic stresses. Poplar plants represent a

perennial woody plant species and have a high level of

stress resistance over the long life cycle, which may be

partially reflected by the dynamic change of miR398 and

the target gene CSD1 in metabolism. In contrast, Arabid-

opsis represents annual herbaceous plants with a short life

cycle and may have lost the dynamic regulation of miR398

under salt stress during the evolution.

Why are the expressions of miR398 and its target so

different between poplar and Arabidopsis? In addition to

the major physical and structural differences between

woody and herbaceous plants, which may make the dif-

ference in stress responses, there are other possibilities for

such differences. For example, in the case of ABA treat-

ment, the rate of ABA sensing, uptaking and regulating

could be different between the two species. Other expla-

nation for differential regulation of stress-responsive

miRNAs in Arabidopsis and poplar can simply be that

these plants undergo different levels of cellular stress when

they receive the same stress treatment. The dynamic reg-

ulation of miR398 and its target may reflect an auto-reg-

ulation between miR398 and the target gene through a co-

ordination between transcriptional and post-transcriptional

regulations, which may exist in the perennial woody plants

but not in the annual herbaceous plants. Nevertheless, the

current study should be extended to more plant species to

reach a more conclusive argument regarding the regulation

of miR398 and its target gene in plants.

In summary, we have dissected in more detail the reg-

ulation of miR398 and miR395 and their corresponding

target genes in plants. The result demonstrated that a

dynamic regulation of miR398 and its target genes CSDs

may be a general phenomenon in response to abiotic

stresses in plant species. This argument was supported by a

recent study that demonstrated a dynamic regulation of a

number of miRNAs under water submergence stress in

maize (Zhang et al. 2008). Furthermore, miR398 and the

target genes have distinct responses to different types of

abiotic stresses in different plant species. These suggest

that a fine-tuning role of miR398 in the plant abiotic

stresses exists in different ecotypes of plants but exerts

with distinct regulatory machineries for plants to adapt to a

changing environment.
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