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Abstract Drought is a major environmental stress factor
that aVects plant growth and development worldwide. Wild
emmer wheat (Triticum turgidum ssp. dicoccoides), the
ancestor of domesticated durum wheat (Triticum turgidum
ssp. durum), has great potential for improving the under-
standing of the wheat drought response. MicroRNAs
(miRNAs) are a recently discovered class of gene expres-
sion regulators that have also been linked to several plant
stress responses; however, this relationship is just begin-
ning to be understood. miRNA expression patterns of
drought-resistant wild emmer wheat in response to drought
stress were investigated using a plant miRNA microarray
platform. Expression was detected to be 205 miRNAs in
control and 438 miRNAs in drought-stressed leaf and root
tissues. Of these miRNAs, the following 13 were diVeren-
tially regulated in response to drought: miR1867, miR896,
miR398, miR528, miR474, miR1450, miR396, miR1881,
miR894, miR156, miR1432, miR166 and miR171. Regula-
tion of miRNAs upon 4 and 8 h drought stress applications
observed by qRT-PCR. Target transcripts of diVerentially
regulated miRNAs were computationally predicted.
In addition to miRNA microarray study, Wve new con-
served T. turgidum miRNAs were identiWed through a

homology-based approach, and their secondary structures
and putative targets were predicted. These Wndings both
computationally and experimentally highlight the presence
of miRNAs in T. dicoccoides and further extend the role of
miRNAs under shock drought stress conditions.

Keywords MicroRNA · Microarray · Gene expression 
regulators · Triticum

Abbreviations
miRNA MicroRNA
mRNA Messenger RNA
MFEI Minimum folding free energy index
EST Expressed seqeunce tag
ABA Abscisic acid
GRL Growth factor-like transcription factor
PDH Proline dehydrogenase

Introduction

MicroRNAs (miRNAs) are a highly conserved, newly iden-
tiWed class of small, single stranded noncoding RNAs that
range in length from 18 to 25 nucleotides. They regulate
gene expression from messenger RNA (mRNA) by one of
two mechanisms: post-transcriptional degradation or trans-
lational repression. In plants, most miRNAs have perfect or
near perfect complementarity to their mRNA targets, and
downregulate them by target cleavage (Carrington and
Ambros 2003; Bartel 2004). The discovery of large num-
bers of miRNAs in both plants and animals has led to wide
recognition of their important roles (Llave et al. 2002a;
Ambros 2004). In plants, miRNAs are involved in develop-
ment, signal transduction, protein degradation, response to
environmental stress and pathogen invasion, and regulate
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their own biogenesis (Dugas and Bartel 2004; Chen 2005;
Zhang et al. 2006a; Kantar et al. 2010; Unver et al. 2010).
Many processes, such as leaf development, auxin signaling,
phase transition, Xowering, and genome maintenance, are
regulated in similar ways by diVerent miRNAs (Aukerman
and Sakai 2003; Palatnik et al. 2003; Vaucheret et al. 2004;
Mallory et al. 2005). Computational and experimental
methods have been developed and used to identify large
numbers of new miRNAs (Unver et al. 2009; Unver and
Budak 2009; Kantar et al. 2010) but as yet their roles are
mostly unknown.

Recently, levels of a number of miRNAs have been
shown to be sensitive to abiotic or biotic stress (Sunkar and
Zhu 2004; Lu et al. 2005). The Wrst report clearly linking
miRNA levels with stress tolerance concerned miR398,
expression of which is transcriptionally down-regulated by
oxidative stresses. In Arabidopsis thaliana, miR398 was
found to target two closely related Cu/Zn superoxide dis-
mutase coding genes, cytosolic CSD1 and chloroplastic
CSD2, and a reduced level of miR398 led to improved tol-
erance of transgenic lines compared with the wild-type
plants under oxidative stress conditions (Sunkar et al.
2006). Previously, miR395 and miR399 had been found to
be induced by sulfate and inorganic phosphate starvation,
respectively (Jones-Rhoades and Bartel 2004; Fujii et al.
2005). By analyzing expression patterns of their known tar-
gets, 21 miRNAs belonging to 11 miRNA families in
Arabidopsis were predicted to be upregulated under UV-B
stress (Zhou et al. 2007), adding to the evidence that
miRNAs respond to diverse environmental stimuli.

miRNA expression proWling under drought stress condi-
tions has now been performed in rice, Populus trichocarpa
and Arabidopsis. In rice, miR169g was strongly upregu-
lated while miR393 was transiently induced by drought
(Zhao et al. 2007). In Populus, miR171l-n, miR1445,
miR1446a-e and miR1447 were found to be drought
responsive (Lu et al. 2008). In Arabidopsis, miR396,
miR168, miR167, miR165, miR319, miR159, miR394,
miR156, miR393, miR171, miR158, miR169 were shown
to be drought responsive (Liu et al. 2008). Drought stress
responsiveness has also been observed in a pool of Triticum
aestivum small noncoding RNAs (Yao et al. 2010) and
Hordeum vulgare (Kantar et al. 2010). While some of the
same miRNAs have been observed to respond to drought in
diVerent species, the details of their response often diVer;
for example, miR169 was upregulated in rice but downreg-
ulated in Arabidopsis. Therefore, further studies are
required to determine how closely miRNA expression pro-
Wles are conserved between species (Sunkar 2010).

Drought stress is a major abiotic stress factor. During
constant or sporadic periods of drought, crop yields are sig-
niWcantly reduced. Currently, the availability of water for
agriculture is becoming limited, so there is growing emphasis

on the need to identify novel drought-response mechanisms
for the genetic improvement of crop species (Barnabás
et al. 2008; Collins et al. 2008). From this point of view,
naturally occuring drought-resistant relatives of domesti-
cated crops are of great importance in understanding stress
adaptation and tolerance pathways. (Tanksley and
McCouch 1997). Wild emmer wheat (T. diccocoides), as
an ancestor of domesticated durum and bread wheats
(T. durum and T. aestivum) has considerable potential in
this sense.

Recently, several studies have identiWed miRNAs
expressed in T. aestivum by next generation sequencing of
small RNA libraries (Yao et al. 2007; Wei et al. 2009a; Xin
et al. 2010) while others have predicted miRNAs by
computational analysis of EST databases (Jin et al. 2008;
Dryanova et al. 2008). In total, members of 51 miRNA
families conserved with other plant species have been
found, along with 81 families that may be speciWc to wheat
(Xin et al. 2010). However, to date there are no experimen-
tally or computationally identiWed T. dicoccoides miRNAs.
Analysis of T. dicoccoides miRNAs will provide insight
into the conservation of miRNAs between diVerent wheat
species. In addition, identifying novel stress-regulated
miRNAs and determining their expression patterns can
improve our understanding of the role of miRNA regulation
in drought stress adaptation. Microarrays have proved a
valuable tool for genome-wide analysis of RNA expression
patterns (Schena et al. 1995). Recently, microarray analysis
has been applied to miRNA expression proWling (Thomson
et al. 2004) and by this approach it is possible to screen all
known plant miRNAs under diVerent environmental
stresses (Zhao et al. 2007). In this study, we analyzed the
eVects on miRNA levels of dehydration shock in leaf and
root tissues, with miRNA chips representing a total of 853
miRNAs from 21 plant species. Thirteen stress-inducible
miRNAs were detected, and their potential functions
analyzed.

Materials and methods

Plant materials, growth conditions and dehydration stress

Wild emmer wheat [T. turgidum ssp. dicoccoides (Korn.)
Thell.] drought-tolerant genotypes Tr39477 and Tr38828,
originating from southeastern Turkey where the climate is
characterized by long drought periods, were selected for the
miRNA microarray study. The genotypes used in this study
had previously been shown to have high tolerance of slow
drought stress (Ergen and Budak 2009). Seeds were surface
sterilized in 4% sodium hypochlorite and pre-germinated
in Petri dishes for 21 days at 4°C in the dark. Seedlings
of a similar developmental stage were transferred to
123



Planta (2011) 233:471–484 473
continuously aerated Hoagland’s solution renewed every
3 days and grown under controlled conditions (16 h photo-
period, temperature 24/22°C, relative humidity 60%, and
photon Xux density of 600–700 �mol m¡2 s¡1). At the age
of 3 weeks after transfer, plant seedlings had reached the
four leaf stage and were dehydration shocked for 4/8 h by
removing them from tanks and leaving on paper towels
under the same lighting conditions, while control plants
were kept in fresh hydroponic solution (Ergen et al. 2009).
Root and leaf tissue samples from both stress and control
plants were collected at the fourth and eighth hour of stress.
Leaf and root tissues from four plants under each treatment
were pooled, fast frozen in liquid nitrogen, and stored at
¡80°C.

RNA isolation

RNA isolation from frozen leaf tissues using Trizol
Reagent (Invitrogen, Carlsbad, CA, USA) was carried out
as outlined by Ergen et al. (2007) and Budak et al. (2006).
After quantiWcation, integrity of the isolated RNA was con-
Wrmed by separating the major rRNA bands on agarose
gels.

miRNA microarray chip content and hybridization 
of arrays

The miRNA chip included 853 miRNA probes correspond-
ing to miRNA transcripts listed in Sanger miRBase release
12.0 (http://www.mirbase.org/) with multiple control
probes. Of these miRNAs, 158 were from Arabidopsis tha-
liana, 24 from Brassica napus, 63 from soybean, 17 from
Medicago truncatula, 7 from Mexican cotton, 114 from
cottonwood, 23 from tomato, 79 from grape, 216 from rice,
39 from sorghum, 10 from sugarcane, 31 from wheat, 43
from maize, 34 from Loblolly pine, 187 from Physcomit-
rella patens, 60 from S. moellendorYi, and 1 each from
wild cabbage, Brassica rapa, Carica papaya, Levant cotton
and G. raimondii.

The miRNA microarray was synthesized in situ by LC
Sciences (Houston, TX, USA; http://www.lcsciences.com/
mirna.html) where chip hybridization was also performed.
Leaf and root samples of 4/8 h drought shocked and control
plants were collected, total RNAs of each sample were sep-
arately isolated (Cebeci and Budak 2009), and 5 �g of each
was used to probe the microarray.

miRNA microarray data analysis

An Axon Gene Pix 4000B Microarray Scanner was used
for data collection and ArrayProTM image analysis soft-
ware (Media Cybernetics, Silver Spring, MD, USA) was
used for data extraction and image processing. The signal

values were derived by background subtraction and nor-
malization performed with a LOWESS method to remove
system-related variations. A miRNA signal was accepted as
detectable if it met two conditions: signal intensity higher
than 3£ background standard deviation, and spot CV < 0.5
(CV = signal standard deviation/signal intensity). Signals
from four technical replicates each of RNA derived from
stressed and control plants were compared using paired,
two-tailed Student’s t test; only signals with P values <0.05
and >3-fold increased or decreased diVerential expression
were considered as signiWcant. The clustering analysis was
performed using Cluster 3.0 and heat map was visualized
using Heatmap builder and TreeView (Eisen et al. 1998).

QuantiWcation of micro-RNA using qRT-PCR

Stem–loop reverse transcription and RT-PCR of miRNAs
were performed as outlined by Varkonyi-Gasic et al.
(2007), using both the same RNA samples used for the
microarray, and independent isolates. A list of the primers
used is presented in Supplementary Table 1. miRNA quan-
tiWcation using DyNAmo SYBR Green mix (Finnzymes,
Espoo, Finland) was carried out as outlined by Unver et al.
(2010), along with no RNA and no RT primer controls for
each sample.

Computational prediction of miRNA targets

Sequences of diVerentially expressed miRNA probes from
the microarray study, and of newly identiWed T. turgidum
miRNAs (below) were used to interrogate sequences for
target sites on the psRNAtarget web server (http://bioinfo3.
noble.org/psRNATarget/). T. dicoccoides expressed sequence
tags (ESTs) were from Ergen and Budak (2009). T. durum
unique transcripts were downloaded from PlantGDB
(http://www.plantgdb.org/).

miRNA identiWcation by homology in T. turgidum

Homology-based computational identiWcation of T. turgi-
dum miRNAs was previously performed (Dryanova et al.
2008) using 769 known plant miRNA sequences deposited
in miRBase version 8.0, February 2006 (GriYths-Jones
et al. 2006, 2008). We performed a similar analysis using
miRBase version 14.0, September 2009, containing an
additional 457 entries. T. turgidum ESTs were compared
with previously known plant mature miRNA sequences
using the strategy developed by Zhang et al. (2008) focus-
ing on (1) sequence homology/conservation of ESTs of
T. turgidum with known miRNAs, (2) features of secondary
structure of pre-miRNAs. Mature miRNA sequences were
used as queries for BLASTn algorithm v2.2.21 (Zhang
et al. 2000) with an E-value cutoV of 1,000, window size of
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7 and other parameters automatically adjusted for short
input sequences, to search ESTs of T. turgidum recorded at
the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi). EST
sequences showing only 0–3 nucleotide mismatches com-
pared with the miRNA sequence queries were chosen man-
ually. For second Wltering, BLASTn results were subjected
to the Zuker folding algorithm using MFOLD 3.2 software
(Mathews et al. 1999; Zuker 2003) to predict secondary
structures of T. turgidum pre-miRNAs. EST sequences
classiWed as mature and pre-miRNAs met all the following
criteria: (1) mature miRNA length from 19 to 24 nucleo-
tides, (2) not more than 3 base mismatches between candi-
date mature miRNA and query miRNA, (3) minimum
folding free energy Ândex (MFEI) >0.67 as determined by
Zhang et al. (2006b), (4) no loops or large breaks in the
mature miRNA sequence, (5) mature miRNA sequence
located in the arms of stem–loop structure, (6) not more
than 6 nucleotide mismatches between the miRNA and its
opposite sequence in the RNA structure (miRNA*). To val-
idate secondary structures and other criteria of predicted
T. turgidum pre-miRNAs including free energy, size and
symmetry of internal loops within arms, and miRNA-like
helicity, we used RNAfold (http://rna.tbi.univie.ac.at/cgi-
bin/RNAfold.cgi).

Results

miRNAs identiWed in root and leaf tissues 
by miRNA microarray

A plant miRNA chip microarray was used to detect diVer-
entially regulated miRNAs at 4 and 8 h drought shock con-
ditions in leaf and root tissues of T. diccocoides.
Dehydration shock was selected as the stress condition
because, as reported by Ergen et al. (2009), for proWling the
majority of drought-responsive genes. The microarray was
probed with pooled RNA isolated from 4 T. diccocoides
seedlings under each condition. In addition to 56 hybridiza-
tion controls, for each miRNA probe, 8 technical replicas
were tested for the control condition and 4 replicas for each
stress condition.

A total of 205 miRNAs out of 853 were detected in
unstressed tissues. Of these, 46 were found to be leaf spe-
ciWc and 21 were found to be root speciWc, the remaining
138 miRNAs being detected in both leaf and root tissues
(Table 1).

In drought-stressed tissues, a total of 438 miRNAs out of
853 were detected. Of these, 78 were speciWc to 4-h
stressed leaves; 43 were speciWc to 8-h stressed leaves; and
20 were leaf speciWc and detected after both stress periods.
Among root-speciWc miRNAs, 48 were speciWc to 4-h
stressed roots, 7 were detected only after 8-h stress, and 15

were found to be present at both time points. Expression of
19 miRNAs was detected in both leaf and root tissues only
after 4 h, and 8 in both tissues only after 8 h of drought
stress. Finally, 143 miRNAs were expressed in both tissues
under all drought treatments, the majority (135) of which
had also been detected in unstressed tissues (Table 2).

Stress responsive miRNAs identiWed by miRNA 
microarray analysis

The microarray results showed that the expression of 5 of
the 205 miRNAs expressed in control tissues was not
detected during drought stress, whereas 236 out of 438
miRNAs expressed in stressed tissues were not detected in
control tissues. This indicates that drought stress causes an
overall increase in the number of miRNAs expressed.

DiVerential expression due to drought stress was ana-
lyzed for those 141 miRNAs that were detected both in
controls and in all drought stress conditions, and showed
>3-fold increased or decreased expression at a P value
<0.05; results are summarized in Table 3. In leaf tissue,
miR1867 and miR896 were found to be diVerentially regu-
lated under both drought conditions; miR1867 was upregu-
lated at both timepoints while miR896 expression was
downregulated after 4 h but upregulated after 8-h stress.
Also after 8-h stress, probes for 2 diVerent miR398 family
members were upregulated while miR528 was downregu-
lated.

In root tissue, miR474 was strongly induced under both
drought treatments, with miR398 also upregulated. After
4 h of drought, levels of miR396 transiently decreased
while miR1450 increased, but both had returned to control
levels by 8-h post-stress induction. Roots that had been
drought-stressed for 8 h showed the most changes in
miRNA levels: in addition to miR474 and miR398,
miR156, miR894, miR1432 and miR1881 were induced,
while miRNA166 and miRNA171 were downregulated.
The distribution of diVerentially expressed miRNAs by tis-
sue and drought condition is displayed by Venn diagram
(Fig. 1). In several cases multiple probes from the same
family were detected as diVerentially expressed (miR398,
miR474, miR156 and miR166). As miRNA family mem-
bers usually diVer from each other by only 2 or 3 bases, it is
diYcult to tell whether these multiple signals come from a
single T. dicoccoides miRNA or several closely related
ones. However, some indication is given by comparing
their expression levels and cluster analysis (Fig. 2). For
example, all three miR474 probes are upregulated to a
similar degree, suggesting that they are detecting the same
T. dicoccoides miR474, or several miR474s that are regu-
lated similarly. For miRNA156 and 166 family members,
although mean expression levels vary, they group together
in the cluster analysis again suggesting a single corresponding
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Table 1 Identity and tissue speciWcity of 205 probes for which complementary miRNAs were detected in RNA from control tissues

ath-miR156a mtr-miR395a osa-miR50-5p ptc-miR474b 
ath-miR156g mtr-miR395b osa-miR535 ptc-miR474c 
ath-miR156h mtr-miR395g ppt-miR1034 sbi-miR156e
ath-miR157a mtr-miR395h ppt-miR1066 sbi-miR164c 
ath-miR157d mtr-miR395p ppt-miR160b sbi-miR166a 
ath-miR159a mtr-miR399b ppt-miR160c sbi-miR171f 
ath-miR159b mtr-miR399d ppt-miR166j sly-miR319 
ath-miR159c osa-miR1318 ppt-miR166m sly-miR395a 
ath-miR160a osa-miR1427 ppt-miR167 sly-miR397 
ath-miR164a osa-miR1432 ppt-miR390c smo-miR1082a 
ath-miR164c osa-miR1436 ppt-miR395 smo-miR1082b 
ath-miR165a osa-miR156l ppt-miR477a-3p smo-miR1091 
ath-miR166a osa-miR159a ppt-miR536a smo-miR1105 
ath-miR167a osa-miR159c ppt-miR893 smo-miR156b 
ath-miR167c osa-miR159d ppt-miR894 smo-miR156c 
ath-miR167d osa-miR159e ppt-miR896 smo-miR156d 
ath-miR168a osa-miR159f pta-miR1310 smo-miR171b
ath-miR169a osa-miR160e pta-miR159a sof-miR159e 
ath-miR169b osa-miR164c pta-miR159b sof-miR168b 
ath-miR169d osa-miR164d pta-miR159c tae-miR1118 
ath-miR169h osa-miR164e pta-miR166c tae-miR1125 
ath-miR171a osa-miR166e pta-miR319 tae-miR1132 
ath-miR171b osa-miR166i ptc-miR1447 tae-miR1134 
ath-miR172e osa-miR166k ptc-miR1450 tae-miR399 
ath-miR319a osa-miR166m ptc-miR156k vvi-miR156e 
ath-miR319c osa-miR168a ptc-miR159d vvi-miR156h
ath-miR393a osa-miR168b ptc-miR159e vvi-miR159a 
ath-miR395a osa-miR169e ptc-miR159f vvi-miR166a 
ath-miR395b osa-miR169n ptc-miR160e vvi-miR166b 
ath-miR397a osa-miR171h ptc-miR160g vvi-miR166c 
ath-miR398a osa-miR1846a-3p ptc-miR160h vvi-miR166d 
ath-miR398b osa-miR1846a-5p ptc-miR164f vvi-miR167c 
ath-miR399b osa-miR1846d-3p ptc-miR166n vvi-miR169l 
ath-miR399d osa-miR1858a ptc-miR166p vvi-miR169m 
ath-miR404 osa-miR1861n ptc-miR167f vvi-miR169o 
ath-miR853 osa-miR1867 ptc-miR167h vvi-miR171a
ath-miR854a osa-miR1883a ptc-miR169o vvi-miR171g 
bna-miR156a osa-miR319a ptc-miR169q vvi-miR171h 
bna-miR167a osa-miR393b ptc-miR169s vvi-miR171i 
bna-miR169c osa-miR395a ptc-miR169t vvi-miR319b 
bna-miR171g osa-miR395b ptc-miR169v vvi-miR319e 
bna-miR393 osa-miR395c ptc-miR169x vvi-miR319g 
ghr-miR156c osa-miR395f ptc-miR171c vvi-miR396a 
gma-miR1532 osa-miR395o ptc-miR171e vvi-miR396b 
gma-miR156b osa-miR395t ptc-miR171k vvi-miR399i 
gma-miR159b osa-miR396d ptc-miR319e vvi-miR535a
gma-miR159c osa-miR397b ptc-miR319i zma-miR171b 
gma-miR167c osa-miR415 ptc-miR395a zma-miR171c 
gma-miR169c osa-miR444a.1 ptc-miR397b zma-miR171f 
gma-miR171a osa-miR444a.2 ptc-miR398b   
gma-miR319a osa-miR444b.1 ptc-miR399f   
gma-miR319c osa-miR528 ptc-miR474a   

Only in Leaf Found in both control tissues 

Only in Root miRXY Found in controls but not stressed  tissues 
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T. dicoccoides miRNA or miRNA family. However, the
diVerent miR398 probes do not consistently cluster
together, and show diVerent levels of induction from each
other (or no induction) depending on the drought condition.

Therefore, it is probable that T. dicoccoides contains 2 or
more miR398 family members that are induced under
drought conditions but to diVerent amounts depending on
the tissue and drought conditions.

Table 2 Microarray probes detecting complementary miRNAs in RNA from stressed tissues

ath-miR156a ath-miR778 gma-miR319a osa-miR1858a ppt-miR1029 ppt-miR902c-3p ptc-miR397b sof-miR159e 
ath-miR156g ath-miR779.1 gma-miR319c osa-miR1861g ppt-miR1030a ppt-miR902h-3p ptc-miR398b sof-miR168b 
ath-miR156h ath-miR779.2 gma-miR390b osa-miR1861n ppt-miR1030i ppt-miR903 ptc-miR399f sof-miR408e
ath-miR157a ath-miR780.1 gma-miR482 osa-miR1867 ppt-miR1031a ppt-miR904a ptc-miR399h tae-miR1118 
ath-miR157d ath-miR780.2 mtr-miR171 osa-miR1868 ppt-miR1032 pta-miR1309 ptc-miR399i tae-miR1124
ath-miR158a ath-miR781 mtr-miR395a osa-miR1870 ppt-miR1033a pta-miR1310 ptc-miR399j tae-miR1125 
ath-miR159a ath-miR782 mtr-miR395b osa-miR1875 ppt-miR1034 pta-miR1311 ptc-miR399l tae-miR1128
ath-miR159b ath-miR824 mtr-miR395g osa-miR1876 ppt-miR1035 pta-miR1312 ptc-miR472a tae-miR1129
ath-miR159c ath-miR826 mtr-miR395h osa-miR1877 ppt-miR1041 pta-miR1314 ptc-miR472b tae-miR1132 
ath-miR160a ath-miR827 mtr-miR395p osa-miR1879 ppt-miR1043-3p pta-miR1315 ptc-miR473a tae-miR1133
ath-miR161.1 ath-miR829.1 mtr-miR399b osa-miR1881 ppt-miR1047-3p pta-miR1316 ptc-miR473b tae-miR1134 
ath-miR163 ath-miR829.2 mtr-miR399d osa-miR1883a ppt-miR1050 pta-miR156a ptc-miR474a tae-miR399 

ath-miR164a ath-miR830 osa-miR1317 osa-miR319a ppt-miR1053-3p pta-miR156b ptc-miR474b vvi-miR156e 
ath-miR164c ath-miR832-5p osa-miR1318 osa-miR393b ppt-miR1054 pta-miR159a ptc-miR474c vvi-miR156h 
ath-miR165a ath-miR833-3p osa-miR1423 osa-miR395a ppt-miR1055 pta-miR159b ptc-miR475a vvi-miR159a 
ath-miR166a ath-miR839 osa-miR1423b osa-miR395b ppt-miR1056 pta-miR159c ptc-miR475d vvi-miR166a 
ath-miR167a ath-miR841 osa-miR1425 osa-miR395c ppt-miR1057 pta-miR166c ptc-miR478d vvi-miR166b 
ath-miR167c ath-miR843 osa-miR1427 osa-miR395f ppt-miR1058 pta-miR319 Ptc-miR482.1 vvi-miR166c 
ath-miR167d ath-miR846 osa-miR1431 osa-miR395o ppt-miR1066 pta-miR398 Ptc-miR482.2 vvi-miR166d 
ath-miR168a ath-miR847 osa-miR1432 osa-miR395t ppt-miR1068 pta-miR482a ptc-miR530b vvi-miR167c 
ath-miR169a ath-miR852 osa-miR1433 osa-miR395u ppt-miR1069-3p pta-miR482d sbi-miR156e vvi-miR169b
ath-miR169b ath-miR854a osa-miR1435 osa-miR395v ppt-miR1076-3p pta-miR946a* sbi-miR164c vvi-miR169i
ath-miR169d ath-miR855 osa-miR1436 osa-miR396d ppt-miR1077-5p pta-miR949 sbi-miR166a vvi-miR169l 
ath-miR169h ath-miR856 osa-miR1437 osa-miR397b ppt-miR1223a pta-miR952a sbi-miR171f vvi-miR169m 
ath-miR170 ath-miR858 osa-miR1439 osa-miR399h ppt-miR1223b ptc-miR1448 Sly-miR171d vvi-miR169o 

ath-miR171a ath-miR862-3p osa-miR1440 osa-miR399k ppt-miR1223d ptc-miR1450 Sly-miR1916 vvi-miR169r
ath-miR171b ath-miR863-3p osa-miR1441 osa-miR408 ppt-miR1223e ptc-miR156k Sly-miR1919a vvi-miR169t
ath-miR172e ath-miR864-5p osa-miR1442 osa-miR413 ppt-miR1223h ptc-miR159d sly-miR319 vvi-miR169v
ath-miR319a ath-miR865-3p osa-miR156l osa-miR415 ppt-miR1223j ptc-miR159e sly-miR395a vvi-miR169y
ath-miR319c bna-miR1140a osa-miR159a osa-miR438 ppt-miR160b ptc-miR159f sly-miR397 vvi-miR171a 
ath-miR390a bna-miR1140b osa-miR159c osa-miR444a.1 ppt-miR160c ptc-miR160e smo-miR1080 vvi-miR171b
ath-miR393a bna-miR156a osa-miR159d osa-miR444a.2 ppt-miR160d ptc-miR160g smo-miR1082a vvi-miR171f
ath-miR394a bna-miR161 osa-miR159e osa-miR444b.1 ppt-miR160h ptc-miR160h smo-miR1082b vvi-miR171g 
ath-miR395a bna-miR167a osa-miR159f osa-miR444b.2 ppt-miR166j ptc-miR164f smo-miR1083 vvi-miR171h 
ath-miR395b bna-miR169c osa-miR160e osa-miR444f ppt-miR166m ptc-miR166n smo-miR1084 vvi-miR171i 
ath-miR396a bna-miR169g osa-miR164c osa-miR528 ppt-miR167 ptc-miR166p smo-miR1086 vvi-miR172b
ath-miR396b bna-miR169m osa-miR164d osa-miR529a ppt-miR390c ptc-miR167f Smo-miR1088-5p vvi-miR319b 
ath-miR397a bna-miR171g osa-miR164e osa-miR530-3p ppt-miR395 ptc-miR167h smo-miR1091 vvi-miR319e 
ath-miR398a bna-miR393 osa-miR166e osa-miR530-5p ppt-miR408b ptc-miR169aa smo-miR1092 vvi-miR319g 
ath-miR398b bna-miR397a osa-miR166i osa-miR531 ppt-miR477a-3p ptc-miR169ab smo-miR1093 vvi-miR395n
ath-miR399a ghr-miR156c osa-miR166k osa-miR531b ppt-miR529a ptc-miR169o smo-miR1097 vvi-miR396a 
ath-miR399b gma-miR1516 osa-miR166m osa-miR535 ppt-miR529d ptc-miR169q smo-miR1098 vvi-miR396b 
ath-miR399d gma-miR1517 osa-miR168a osa-miR810a ppt-miR529e ptc-miR169s smo-miR1100 vvi-miR399g
ath-miR399e gma-miR1519 osa-miR168b osa-miR814a ppt-miR529g ptc-miR169t Smo-miR1101-3p vvi-miR399i 
ath-miR399f gma-miR1520a osa-miR169e osa-miR815a ppt-miR533a ptc-miR169u smo-miR1102 vvi-miR535a 
ath-miR400 gma-miR1522 osa-miR169n osa-miR820a ppt-miR533a* ptc-miR169v smo-miR1103-5p vvi-miR845c
ath-miR401 gma-miR1524 osa-miR171h osa-miR821a ppt-miR533b-5p ptc-miR169x smo-miR1105 zma-miR169d
ath-miR402 gma-miR1527 osa-miR1846a-3p osa-miR827 ppt-miR533e ptc-miR171c smo-miR1108 zma-miR169e
ath-miR404 gma-miR1532 osa-miR1846a-5p ppt-miR1023a-3p ppt-miR536f ptc-miR171e smo-miR1110 zma-miR171a
ath-miR413 gma-miR156b osa-miR1846c-3p ppt-miR1023a-5p ppt-miR893 ptc-miR171j smo-miR156b zma-miR171b
ath-miR447a gma-miR159b osa-miR1846d-3p ppt-miR1023c-3p ppt-miR894 ptc-miR171k smo-miR156c zma-miR171c 
ath-miR472 gma-miR159c osa-miR1847.1 ppt-miR1023c-5p ppt-miR896 ptc-miR319e smo-miR156d zma-miR171f 
ath-miR774 gma-miR167c osa-miR1847.2 ppt-miR1024a ppt-miR900-3p ptc-miR319i smo-miR171a zma-miR399b
ath-miR775 gma-miR169c osa-miR1848 ppt-miR1026a ppt-miR900-5p ptc-miR395a smo-miR171c
ath-miR776 gma-miR171a osa-miR1850 ppt-miR1028c-5p ppt-miR902a-3p ptc-miR396f smo-miR319

 4 hr stressed leaf   4 hr stress, both tissues bold & italic Found in all tissues and timepoints 

 8 hr stressed leaf   8 hr stress, both tissues Underline Only in stress samples, not in controls 

 4 hr stressed root   Leaf only, both timepoints 

 8 hr stressed root   Root only, both timepoints 
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miRNA quantiWcation

In order to conWrm the diVerential expression of these
miRNAs under drought stress (Table 3), we carried out
qRT-PCR for one member of each diVerentially regulated
miRNA family as described by Varkonyi-Gasic et al.
(2007). However, we were unable to consistently amplify
speciWc products from some miRNAs. As this PCR strategy
relies on precise base-pairing between the RT primer and
the 6 bases at the 3� end of the target miRNA sequence, it is
likely that the T. dicoccoides miRNAs detected by hybrid-
ization to the microarray have some diVerences in the last 6
bases from the probes to which they bound. These Wndings
were also observed by Unver et al. (2010). However, the
qRT-PCR data for miRNAs 474, 156 and 398 did show
reproducible correlation with the microarray data (Fig. 4).
In particular, miR156 was three- to fourfold upregulated in

8-h stressed roots compared to controls, while miR398 was
fourfold upregulated in 8-h stressed leaves, and Wvefold
upregulated in 4-h stressed roots, closely correlating with
the microarray data for ath-miR398b. However, we were
not able to detect the expected upregulation in 8-h stressed
roots. Similarly, miR474 was shown to be upregulated after
8-h but not 4-h stress in roots, and not by as large a factor as
expected. We believe this is due to the tendency of stem-
loop RT primers to produce nonspeciWc products at high
cycle numbers as reported by Varkonyi-Gasic et al. (2007),
meaning that the very low expression of some miRNAs in
control plants may be artiWcially inXated in this assay.

Prediction of targets of diVerentially expressed miRNAs

Several of the diVerentially expressed miRNAs have exper-
imentally conWrmed targets in model plant species

Table 3 miRNAs complementary to microarray probes showing altered expression in response to drought stress

Signal intensities are given as mean § SD of four replicates. P values between four control replicates and four stress replicates for each probe were
calculated using unpaired, 2-tailed student’s t test

Stress condition miRNA Homologous 
miRNA probe

Signal intensity Mean fold change 
from control 
to stress

P value

Control Stress

Leaf, 4-h drought miR1867 osa-miR1867 32.1 § 1.8 116.9 § 10.9 +3.89 0.0004

miR896 ppt-miR896 4,060 § 423 1,252 § 18.8 ¡3.25 0.0009

Leaf, 8-h drought miR398 pta-miR398 8.23 § 3.31 61.5 § 8.9 +8.19 0.0005

miR1867 osa-miR1867 30.4 § 8.8 151.6 § 39.6 +4.87 0.0071

miR528 osa-miR528 1,985 § 413 459.9 § 63.1 ¡4.26 0.0045

miR398b ath-miR398b 25.84 § 5.55 96.0 § 6.8 +3.98 <0.0001

miR896 ppt-miR896 1,552 § 154 5,290 § 161 +3.36 <0.0001

Root, 4-h drought miR474 ptc-miR474c 36.0 § 10.0 1,940 § 347 +54.93 0.0016

ptc-miR474a 50.1 § 15.8 2,164 § 287 +46.40 0.0007

ptc-miR474b 46.1 § 8.7 2,067 § 331 +44.62 0.0012

miR398b ath-miR398b 9.49 § 2.29 43.96 § 7.03 +5.11 0.0012

miR1450 ptc-miR1450 21,538 § 1,536 85,708 § 3,065 +3.99 <0.0001

miR396 osa-miR396d 2,379 § 462 790.6 § 69.9 ¡3.02 0.0056

Root, 8-h drought miR474 ptc-miR474b 380.4 § 70.0 9,568 § 387 +26.12 <0.0001

ptc-miR474c 361.2 § 58.7 9,375 § 587 +25.90 0.0001

ptc-miR474a 394.7 § 73.8 9,433 § 430 +25.02 <0.0001

miR1881 osa-miR1881 20.5 § 1.4 281.9 § 24.4 +13.87 0.0002

miR398b ath-miR398b 8.67 § 1.89 66.3 § 11.6 +7.70 0.0018

ath-miR398a 7.97 § 4.43 61.8 § 13.4 +7.64 0.0023

miR894 ppt-miR894 452.0 § 75.9 2,653 § 82.1 +6.17 <0.0001

miR398 pta-miR398 7.18 § 3.21 42.5 § 7.4 +5.13 0.0009

miR156 ptc-miR156k 291.8 § 60.2 1,255 § 73.2 +4.51 <0.0001

miR166a vvi-miR166a 118.8 § 31.3 32.8 § 10.3 ¡4.48 0.0083

miR166k osa-miR166k 343.5 § 88.2 104.1 § 18.5 ¡3.19 0.0105

miR1432 osa-miR1432 73.7 § 9.2 215.1 § 21.3 +3.17 0.0002

miR156 vvi-miR156e 76.6 § 15.7 232.9 § 31.4 +3.15 0.0006

miR166p ptc-miR166p 439.1 § 74.6 146.4 § 26.0 ¡3.10 0.0023

miR171h osa-miR171h 161.2 § 25.1 52.99 § 4.38 ¡2.91 0.0027
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(Table 4). However, as the majority have not, we computa-
tionally predicted targets for all the diVerentially expressed
miRNAs as outlined by Unver et al. (2009). EST resources
for T. dicoccoides are currently limited; we previously
sequenced 13,000 ESTs corresponding to 2,376 unique
sequences from drought-stressed T. dicoccoides and
T. durum. In this dataset, only one predicted target was
found for a diVerentially expressed miRNA; a putative
heat-shock protein containing thioredoxin and DnaJ

domains, which is a predicted target of miR396. Therefore,
the analysis was expanded to the set of 8,460 PlantGDB-
assembled unique transcripts from T. durum, and the
T. aestivum gene index (release 9.0) from bread wheat (Lee
et al. 2005); results are listed in Table 5. For miR156,
miR166, miR396 and miR398, targets were predicted in
Triticeae that matched those experimentally veriWed in
model species (Table 4). For all the diVerentially expressed
miRNAs except for miR896, there was either a experimen-
tally veriWed target in model plant species, and/or a pre-
dicted target from Triticum ESTs or gene sequences.

Computational identiWcation of T. turgidum miRNAs

Dryanova et al. (2008) previously searched for conserved
miRNAs and their targets by sequence homology with
Triticeae ESTs deposited in Genbank, including those
from T. turgidum ssp. durum and dicoccoides, predicting
11 members of 7 conserved miRNA families in these spe-
cies. We extended the analysis by including 457 new plant
miRNA sequences that have been reported since the origi-
nal study was carried out. A total of Wve new putative con-
served miRNAs have been identiWed from T. turgidum
ESTs on the basis of sequence similarity to known
miRNAs and RNA folding characteristics. Stem–loop
pre-miRNA structures for the putative miRNAs
are shown in Fig. 3; see Supplementary data for the

Fig. 1 Venn diagram indicating common and unique diVerentially
expressed miRNAs in two diVerent tissues under two diVerent drought
treatments

Fig. 2 Heat map of microarray 
data showing diVerentially 
expressed miRNAs by tissue and 
drought treatment, clustered 
according to expression pattern. 
a Clustering performed by the 
SOM (self-organizing map) 
method using Euclidean 
distance. Green indicates low 
signal intensity and red high 
signal intensity. b Complete 
hierarchical clustering carried 
out using Euclidean distance, 
color coding according to the 
scale given
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predicted pri-miRNA structures. These include miR397,
miR1127, miR818a, miR2275-5 and miR-2275-3, the
latter two deriving from diVerent arms of the same pri-
miRNA hairpin with slightly diVerent base-pairing. Exper-
imental conWrmation is required to determine which of
these is processed to mature miRNA in vivo, or whether
they both are. While the sequences used to predict these
T. turgidum miRNAs were present on our microarray, sev-
eral other miR397 family members were present and gave
positive signals, providing indirect conWrmation that this
miRNA is expressed in T. dicoccoides. Similarly, all seven
of the putative T. turgidum miRNA families previously
predicted by Dryanova et al. (2008) were detected by our
microarray. Potential targets for the new miRNAs within
Triticeae sequences were also predicted by the same pro-
cedure described above (Table 6), although these also
await experimental conWrmation.

Discussion

The current literature suggests that plant genes involved in
responses to stresses such as drought may be regulated at
the post-transcriptional level, and particularly in plants,
miRNAs have a major role in post-transcriptional regula-
tion. miRNAs are involved in the regulation of numerous
cellular events (reviewed by Jones-Rhoades et al. 2006).
More particularly, several elements related to miRNA
metabolism have been shown to be involved in abscisic
acid (ABA) signaling (Xiong et al. 2001; Nishimura et al.
2005) which is an important component of the plant
response to abiotic stress. Following these Wndings, micro-
array-based methods have been used to identify systemati-
cally drought-responsive miRNAs in Arabidopsis thaliana
(Liu et al. 2008), Oryza sativa (Zhao et al. 2007), and
Hordeum vulgare (Kantar et al. 2010).

Table 4 Target genes experimentally veriWed in other plant species for drought stress-induced miRNAs and their functions

No targets have currently been experimentally veriWed for miR528, miR894, miR896, miR1432, miR1450, miR1867 or miR1881

miRNA Experimentally veriWed target Reference Target function

miR398 Copper superoxide dismutases; 
cytochrome C oxidase subunit V

Sunkar et al. (2006), 
Jones-Rhoades 
and Bartel (2004)

Copper homeostasis, response to 
oxidative stress; enzyme 
involved in respiration

miR474 Kinesin, a pentatricopeptide repeat 
(PPR) family protein

Lu et al. (2005) Motor functions; organelle biogenesis

miR166 HD-ZipIII transcription factors Juarez et al. (2004) Regulation of axillary meristem 
initiation and leaf development

miR156 Squamosa-promoter binding protein 
(SBP)-like transcription factors

Wu and Poethig (2006) Development, especially Xowering time

miR171 GRAS domain or Scarecrow-like proteins, 
a family of transcription factors

Llave et al. (2002b) Radial patterning in roots, 
light signaling, gibberellin signaling

miR396 Growth regulating factor-like (GRL) 
transcription factors; ceramidase genes

Jones-Rhoades and Bartel
(2004), Liu and Yu (2009)

Development of leaves 
and cotydelons, lipid metabolism

Table 5 Functional annotations of predicted targets of diVerentially expressed miRNAs identiWed from Triticum EST databases

miRNA Source of predicted 
target EST

Target description Target function 
(predicted by sequence homology)

miR156 T. aestivum Squamosa binding protein-like Development, Xowering time

miR166 T. aestivum HD-ZipIII transcription factors Regulation of axillary meristem initiation 
and leaf development

miR396 T. dicoccoides Heat-shock protein containing 
thioredoxin and DnaJ domains

Response to abiotic stress

miR396 T. aestivum GRF-1 homologue Development of leaves and cotyledons

miR398 T. durum, T. aestivum Cu–Zn superoxide dismutases Copper homeostasis, response to oxidative stress

miR528 T. aestivum Similar to plantacyanin Guidance of pollen tubes into the style, reproduction

miR894 T. aestivum Similar to protein phosphatase PP2A-4 Signaling pathways

miR1432 T. aestivum Phenylalanine tRNA synthetase-like Protein synthesis

miR1450 T. durum, T. aestivum Mn superoxide dismutases Response to oxidative stress

miR1867 T. durum, T. aestivum Putative protein, DUF1242 superfamily Unknown
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Fig. 3 Pre-miRNA stem–loop 
structures for computationally 
predicted miRNAs from the 
Triticum turgidum EST database 
at NCBI. Secondary structures 
were predicted using MFOLD 
3.2 and conWrmed using RNA-
fold. Predicted mature miRNA 
sequences are shown in green

Fig. 4 AmpliWcation curves and bar graph of miRNAs in control and
stress samples. LC leaf control, LS leaf stress, RC root control, RS root
stress. a miRNA474 expression upregulated in 8 h stress treatments
relative to 4 h stress and controls. b miRNA156 expression upregu-
lated in 8 h stress treatment in root. c miRNA398 expression upregu-

lated in 8 h stressed leaf and 4 h stressed root relative to corresponding
control tissues. d Bar graph showing relative expression levels of the
three miRNAs as a fold increase above arbitrary baseline. Error bars
are the standard deviation of two separate PCRs each performed in
triplicate
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In this study, we carried out the Wrst systematic identiW-
cation of miRNAs in T. dicoccoides, the wild progenitor of
durum and bread wheats, under normal growth and dehy-
dration shock conditions. Based on previous studies in wild
emmer wheat, dehydration shock produces detectable
changes in the expression proWle of a higher proportion of
drought-responsive genes than less acute drought
treatments (Ergen and Budak 2009; Ergen et al. 2009).
However, there are likely to be other genes involved in
long-term drought acclimation that would be detected using
a soil-drying type experiment, which would be a valuable
complement to this study.

Over half of the probes (443 out of 853) on the micro-
array hybridized to miRNAs present in T. dicoccoides, as
expected from the high conservation of miRNAs between
plant species. Furthermore, more than twice as many
miRNAs were detected in plants undergoing drought stress
than in controls (438 compared to 205). This suggests that
miRNAs are generally upregulated and have an important
role in abiotic stress responses. By acting at the post-
transcriptional level, they enable the plant rapidly to shut
down nonessential gene expression without waiting for new
proteins to be produced.

Using a cross-species miRNA microarray enabled us to
identify miRNAs expressed in a species for which there is
very little genome or EST sequence available. The disad-
vantage of this approach is that the small RNA binding to
each probe may diVer by one or more nucleotides from the
miRNA it was designed against; so only the family, not the
exact sequence of the putative miRNA can be deduced.
Although as Thomson et al. (2004) noted, miRNAs that
hybridize to more than one probe may also well hybridize
to multiple target sequences in vivo. Additionally, there are
likely to be some false positives; for example, probes for
miR158 and miR163, which are believed to be speciWc to
A. thaliana and its close relatives, gave a positive signal,
although only under one of the stress conditions and not in
control plants (Table 2). However, we veriWed the data for
several miRNAs using qRT-PCR analysis (Fig. 4); more-

over, a high proportion of the miRNA probes that gave pos-
itive signals here (90.2% of those in control tissues, and
62.6% of those in stressed plants) belong to families that
are expressed in T. aestivum (Yao et al. 2007; Wei et al.
2009a; Xin et al. 2010) and therefore are likely to be pres-
ent in T. dicoccoides as well. The plants used in these stud-
ies had not been subjected to water stress, which may
explain why a higher proportion of the miRNA probes that
hybridized RNA from drought-stressed tissues have not
previously been identiWed in wheat. These newly detected
drought-speciWc miRNAs are potentially particularly inter-
esting, but require experimental veriWcation by an indepen-
dent technique. To reduce the risk of selecting false
positives, we only examined drought-sensitive miRNAs
that were detected in both stressed and control plants, but
showed diVerential expression.

The majority (8 out of 13) of these drought-respon-
sive miRNAs were upregulated (Fig. 2). These included
miR1867, miR474, miR398, miR1450, miR1881, miR894,
miR156, and miR1432. As miRNAs are negative regulators
of their target mRNAs, we would expect miRNAs that shut
down processes involved in normal metabolism and growth
to be upregulated during drought stress, in order to con-
serve water and protect the cell. One example would be
miR156, which downregulates transcription factors
involved in development and Xowering. Xin et al. (2010)
found similarly that T.aestivum miR156 is upregulated in
response to heat stress. In contrast, we can predict that
miRNAs that are downregulated during drought stress have
targets that have positive roles in stress responses. From
this perspective it is interesting to note that miR396, which
has been shown to target growth factor-like (GRL) tran-
scription factors, was downregulated in drought-stressed
roots, suggesting that its target would be upregulated.
Although GRLs do not have a known function in roots or in
stress responses, we identiWed as a putative alternative tar-
get a T. dicoccoides EST that encodes a heat-shock protein
predicted to help protect other proteins from degradation
during stress conditions. This EST has been shown to be

Table 6 Computationally predicted miRNAs from T. turgidum ESTs, and predicted targets

�G, folding free energy of predicted pre-miRNA stem-loop structures

New miRNA miRNA sequence Homologous 
miRNA

�G
(kcal mol¡1)

Description of predicted targets 
in Triticeae

miR397 CCAUUGAGUGCAGCGCCGAAUG bdi-miR397 ¡57.80 Similar to ribonucleoprotein 1

miR818a AAACGUCUUAUAUUAUGGGACGG osa-miR818a ¡30.70 Enzymes involved in carbohydrate 
metabolism (galactokinase, 
malic enzyme, pyruvate dehydrogenase)

miR1127 AACUACUCCCUCCGUCCCAUA bdi-miR1127 ¡57.60 Cinnamyl-alcohol dehydrogenase-like protein

miR2275 5� AGUAUUGGAGGAAAGCAAACU zma-miR2275 5� ¡31.40 Unknown

miR2275 3� CUUGUUUUUCUCCAAUAUCUCA zma-miR2275 3� ¡34.70 Receptor-like kinase RLK14, 
RPM1-interacting protein 4
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upregulated during drought stress (Ergen and Budak 2009),
correlating with the downregulation of miR396, although as
diVerent drought stresses were applied in the two studies
further experiments are required to verify this reciprocal
relationship. In any case, this Wnding highlights the possi-
bility that the same miRNA may be re-used to downregu-
late diVerent targets in diVerent tissues and environmental
conditions. We would therefore predict that miR166 and
miR171, which like miR396 target transcription factor fam-
ilies involved in development but were downregulated
upon drought stress, may have additional targets that are
yet to be identiWed.

Similarly, the conWrmed targets of miR474, which was
the most strongly upregulated miRNA, do not have an
obvious role in abiotic stress. However, Wei et al. (2009b)
recently reported that this miRNA is also upregulated in
drought-stressed maize seedlings, and proposed that it
could target proline dehydrogenase (PDH), an essential
enzyme in proline catabolism. As proline is a key osmopro-
tectant, shutting down PDH expression to allow proline
accumulation would be highly favorable in drought condi-
tions. In the same study, miR528 was found to be downreg-
ulated, as was also demonstrated here.

Known targets of miR398, which was found to be upreg-
ulated in both tissues, are involved in respiration and oxida-
tive stress. Under drought conditions it is plausible to
expect reduction in respiration, but as oxidative stress is
one component of drought stress, this result is surprising.
Similarly, miR1450 was predicted to target Mn superoxide
dismutases, but was upregulated on drought stress. Previ-
ously, miR398 has not been shown to be drought-respon-
sive, but was downregulated in response to ABA, oxidative
stress and salt stress (Sunkar et al. 2006; Liu et al. 2008; Jia
et al. 2009). The opposite result shown here may be due to
the precise nature of the stress treatment, and suggests that
oxidative stress is not the determining factor in miR398
expression under these conditions.

From the microarray data, it was also notable that while
both control and stressed leaves contained a larger variety
of miRNAs than control roots (184 leaf:159 root in con-
trols; 311 leaf:240 root in stressed tissue), the majority of
the drought stress-regulated miRNAs were speciWc to root
tissue. This is understandable as the root tissue would be
the Wrst to be aVected by drought conditions. It would be
interesting in further studies to Wnd out whether a larger
number of miRNAs are up- or downregulated in leaves
after prolonged drought.

We have shown that miR1867, miR896, and miR528 are
responsive to drought speciWcally in T. dicoccoides leaves
while miR156, miR166, miR171, miR396, miR474,
miR894, miR1432, miR1450, and miR1881 are drought
responsive in root tissue. Yao et al. (2007) previously
found miR156 and miR171 to be more highly expressed in

wheat roots than leaves, highlighting the fact that even
miRNAs that are ubiquitously expressed may be diVeren-
tially regulated in diVerent tissues.

Of these only miR156, miR171 and miR396 have previ-
ously been reported to be drought induced. These three
were all found to be upregulated on mannitol treatment of
Arabidopsis thaliana plants along with miR167 and
miR168 (Liu et al. 2008) which were not induced in our
study. Furthermore, while miR156 was upregulated in both
cases, miR171 and miR396 were upregulated in A. thaliana
but downregulated in our study. Xin et al. (2010) recently
reported that miR166 is upregulated on heat stress in
T. aestivum Chinese spring, but not in a heat resistant geno-
type. Our data suggest that it can be downregulated during
water stress in drought-tolerant T. dicoccoides; while the
two stresses are not the same, both results imply that limit-
ing the expression of miR166 may be a characteristic of
wheat lines that tolerate abiotic stress. In the same study
miR156 was also upregulated under stress, but the other
seven heat-responsive miRNAs do not overlap with the
dehydration-responsive miRNAs described here. These dis-
crepancies could be explained by the diVerent type of stress
applied (osmotic pressure or heat vs. dehydration), or to
diVerences in miRNA regulation between species.

A further eight miRNA families are reported to respond
to drought in various plant species (reviewed by Covarrubias
and Reyes 2010). The miR169 family also shows diVerent
responses to drought depending on the species: in Oryza
sativa miR169g was shown to be induced in whole plants,
shoots and roots in response to PEG (Zhao et al. 2007),
while miRNA169a/c were found to be drought downregu-
lated in Arabidopsis thaliana (Li et al. 2008).

In a previous report, seven miRNAs, miR156, miR159,
miR160, miR164, miR169, miR172, miR395 and miR444
were computationally identiWed in T. turgidum ESTs
(Dryanova et al. 2008). We added Wve more computation-
ally identiWed miRNAs to this pool using the updated miR-
Base, namely miR397, miR1127, miR818, miR2275-5 and
miR2275-3. In the microarray study, probes based on Wve
diVerent miR397 family members gave positive signals
under one or more of the conditions, conWrming the expres-
sion of this family in T. dicoccoides. We were also able to
predict putative targets among Triticum genes for all of
these miRNAs except miR2275-5, with functions such as
metabolism and disease resistance. Of these miR397 has
been shown to downregulate copper-containing plantocya-
nin and laccase proteins in Arabidopsis (Abdel-Ghany and
Pilon 2008); our prediction of its action on a protein related
to ribonucleoprotein 1 suggests, subject to experimental
conWrmation, a possible second role for this miRNA family
in nucleic acid regulation.

In conclusion, T. dicoccoides miRNAs responsive to
initial and ongoing drought stress were identiWed and
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quantiWed with the miRNA microarray. Furthermore, addi-
tional T. turgidum miRNAs were predicted computation-
ally. A large number of miRNAs were induced or
upregulated on drought treatment, showing that miRNAs
have an important role in abiotic stress responses. To our
knowledge this is the Wrst systematic identiWcation of
drought-responsive miRNAs in a wheat species. As the
T. dicoccoides lines used here are known to be drought resis-
tant, this study will be a valuable comparison for future stud-
ies on domesticated wheats, to identify diVerences in miRNA
expression that correlate with drought tolerance. Also, those
miRNAs that were downregulated indicate targets that are
likely to have positive eVects on the drought response.

References

Abdel-Ghany SE, Pilon M (2008) MicroRNA-mediated systemic
down-regulation of copper protein expression in response to low
copper availability in Arabidopsis. J Biol Chem 283:15932–
15945

Ambros V (2004) The functions of animal microRNAs. Nature
431:350–355

Aukerman MJ, Sakai H (2003) Regulation of Xowering time and Xoral
organ identity by a microRNA and its APETALA2-like target
genes. Plant Cell 15:2730–2741

Barnabás B, Jäger K, Fehér A (2008) The eVect of drought and heat
stress on reproductive processes in cereals. Plant Cell Environ
31:11–38

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116:281–297

Budak H, Kasap Z, Shearman RC, Dweikat I, Sezerman U, Mahmood A
(2006) Molecular characterization of cDNA encoding resistance
gene-like sequences in Buchloe dactyloides. Mol Biotech 34:293–
301

Carrington JC, Ambros V (2003) Role of microRNAs in plant and
animal development. Science 301:336–338

Cebeci O, Budak H (2009) Global expression patterns of three Festuca
species exposed to diVerent doses of glyphosate using the aVyme-
trix genechip wheat genome array. Comp Funct Genomics
2009:505701

Chen X (2005) MicroRNA biogenesis and function in plants. FEBS
Lett 579:5923–5931

Collins NC, Tardieu F, Tuberosa R (2008) Quantitative trait loci and
crop performance under abiotic stress: where do we stand? Plant
Physiol 147:469–486

Covarrubias AA, Reyes JL (2010) Post-transcriptional gene regulation
of salinity and drought responses by plant microRNAs. Plant Cell
Environ 33:481–489

Dryanova A, Zekharov A, Gulick PJ (2008) Data mining for miRNAs
and their targets in the Triticeae. Genome 51:433–443

Dugas DV, Bartel B (2004) MicroRNA regulation of gene expression
in plants. Curr Opin Plant Biol 7:512–520

Eisen MB, Spellman PT, Brown PO, Botstein D (1998) Cluster analy-
sis and display of genome-wide expression patterns. Proc Natl
Acad Sci USA 95:14863–14868

Ergen NZ, Budak H (2009) Sequencing over 13,000 expressed
sequence tags from six subtractive cDNA libraries of wild and
modern wheats following slow drought stress. Plant Cell Environ
32:220–236

Ergen NZ, Dinler G, Shearman RC, Budak H (2007) IdentiWying, clon-
ing and structural analysis of diVerentially expressed genes upon

Puccinia infection of Festuca rubra var rubra. Gene 393:145–
152

Ergen NZ, Thimmapuram J, Bohnert HJ, Budak H (2009) Transcrip-
tome pathways unique to dehydration tolerant relatives of modern
wheat. Funct Integr Genomics 9:377–396

Fujii H, Chiou TJ, Lin SI, Aung K, Zhu JK (2005) A miRNA involved
in phosphate-starvation response in Arabidopsis. Curr Biol
15:2038–2043

GriYths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ
(2006) miRBase: microRNA sequences, targets and gene nomen-
clature. Nucleic Acids Res 34:D140–D144

GriYths-Jones S, Saini HK, van Dongen S, Enright AJ (2008) miRBase:
tools for microRNA genomics. Nucleic Acids Res 36:D140–D144

Jia X, Wang WX, Ren L, Chen QJ, Mendu V, Willcut B, Dinkins R,
Tang X, Tang G (2009) DiVerential and dynamic regulation of
miR398 in response to ABA and salt stress in Populus tremula
and Arabidopsis thaliana. Plant Mol Biol 71:51–59

Jin W, Li N, Zhang B, Wu F, Li W, Guo A, Deng Z (2008) IdentiWca-
tion and veriWcation of microRNA in wheat (Triticum aestivum).
J Plant Res 121:351–355

Jones-Rhoades MW, Bartel DP (2004) Computational identiWcation of
plant microRNAs and their targets, including a stress-induced
miRNA. Mol Cell 14:787–799

Jones-Rhoades MW, Bartel DP, Bartel B (2006) MicroRNAs and their
regulatory roles in plants. Annu Rev Plant Biol 57:19–53

Juarez MT, Kui JS, Thomas J, Heller BA, Timmermans MCP (2004)
Micro-RNA mediated repression of rolled leaf1 speciWes maize
leaf polarity. Nature 428:84–88

Kantar M, Unver T, Budak H (2010) Regulation of barley miRNA
upon dehydration stress correlated with target gene expression.
Funct Integr Genomics. doi:10.1007/s10142-010-0181-4

Lee Y, Tsai J, Sunkara S, Karamycheva S, Pertea G, Sultana R,
Antonescu V, Chan A, Cheung F, Quackenbush J (2005) The
TIGR gene Ândices: clustering and assembling EST and known
genes and integration with eukaryotic genomes. Nucleic Acids
Res 33:D71–D74

Li WX, Oono Y, Zhu J, He XJ, Wu JM, Iida K, Lu XY, Cui X, Jin H,
Zhu JK (2008) The Arabidopsis NFYA5 transcription factor is
regulated transcriptionally and posttranscriptionally to promote
drought resistance. Plant Cell 20:2238–2251

Liu D, Yu D (2009) MicroRNA (miR396) negatively regulates the
expression of ceramidase genes in Arabidopsis. Prog Nat Sci
19:781–785

Liu HH, Tian X, Li YJ, Wu CA, Zheng CC (2008) Microarray-based
analysis of stress-regulated microRNAs in Arabidopsis thaliana.
RNA 14:836–843

Llave C, Kasschau KD, Rector MA, Carrington JC (2002a)
Endogenous and silencing-associated small RNAs in plants. Plant
Cell 14:1605–1619

Llave C, Xie Z, Kasschau KD, Carrington JC (2002b) Cleavage of
Scarecrow-like mRNA targets directed by a class of Arabidopsis
miRNA. Science 297:2053–2056

Lu S, SunYH Shi R, Clark C, Li L, Chiang VL (2005) Novel and
mechanical stress-responsive microRNAs in Populus trichocarpa
that are absent from Arabidopsis. Plant Cell 17:2186–2203

Lu S, Sun YH, Chiang VL (2008) Stress-responsive microRNAs in
Populus. Plant J 55:131–151

Mallory AC, Bartel DP, Bartel B (2005) MicroRNA-directed regula-
tion of Arabidopsis auxin response factor 17 is essential for prop-
er development and modulates expression of early auxin response
genes. Plant Cell 17:1360–1375

Mathews DH, Sabina J, Zuker M, Turner DH (1999) Expanded
sequence dependence of thermodynamic parameters improves
prediction of RNA secondary structure. J Mol Biol 288:911–940

Nishimura N, Kitahata N, Seki M, Narusaka Y, Narusaka M, Kuromori T,
Asami T, Shinozaki K, Hirayama T (2005) Analysis of ABA
123

http://dx.doi.org/10.1007/s10142-010-0181-4


484 Planta (2011) 233:471–484
Hypersensitive Germination2 revealed the pivotal functions of
PARN in stress response in Arabidopsis. Plant J 44:972–984

Palatnik JF, Allen E, Wu X, Schommer C, Schwab R, Carrington JC,
Weigel D (2003) Control of leaf morphogenesis by microRNAs.
Nature 425:257–263

Schena M, Shalon D, Davis RW, Brown PO (1995) Quantitative mon-
itoring of gene expression patterns with a complementary DNA
microarray. Science 270:467–470

Sunkar R (2010) MicroRNAs with macro-eVects on plant stress respons-
es. Semin Cell Dev Biol. doi:10.1016/j.semcdb.2010.04.001

Sunkar R, Zhu JK (2004) Novel and stress-regulated microRNAs and
other small RNAs from Arabidopsis. Plant Cell 16:2001–2019

Sunkar R, Kapoor A, Zhu JK (2006) Posttranscriptional induction of
two Cu/Zn superoxide dismutase genes in Arabidopsis is medi-
ated by downregulation of miRNA398 and important for oxida-
tive stress tolerance. Plant Cell 18:2051–2065

Tanksley SD, McCouch SR (1997) Seed banks and molecular maps:
unlocking genetic potential from the wild. Science 277:1063–1066

Thomson JM, Parker J, Perou CM, Hammond SM (2004) A custom
microarray platform for analysis of microRNA gene expression.
Nat Methods 1:47–53

Unver T, Budak H (2009) Conserved microRNAs and their targets in
model grass species Bracyhpodium distachyon. Planta 230:659–
669

Unver T, Namuth-Covert DM, Budak H (2009) Review of current
methodological approaches for characterizing microRNAs in
plants. Int J Plant Genomics. doi:10.1155/2009/262463

Unver T, Bakar M, Shearman RC, Budak H (2010) Genome-wide pro-
Wling and analysis of Festuca arundinacea miRNAs and tran-
scriptomes in response to foliar glyphosate application. Mol
Genet Genomics 283:397–413

Varkonyi-Gasic E, Wu R, Wood M, Walton EF, Hellens RP (2007)
Protocol: a highly sensitive RT-PCR method for detection and
quantiWcation of microRNAs. Plant Methods 3:12. doi:10.1186/
1746-4811-3-12

Vaucheret H, Vazquez F, Crété P, Bartel DP (2004) The action of
ARGONAUTE1 in the miRNA pathway and its regulation by the
miRNA pathway are crucial for plant development. Genes Dev
18:1187–1197

Wei B, Cai T, Zhang R, Li A, Huo N, Li S, Gu YQ, Vogel J, Jia J, Qi Y,
Mao L (2009a) Novel microRNAs uncovered by deep sequencing

of small RNA transcriptomes in bread wheat (Triticum aestivum
L.) and Brachypodium distachyon (L.) Beauv. Funct Integr
Genomics 9:499–511

Wei L, Zhang D, Xiang F, Zhang Z (2009b) DiVerentially expressed
miRNAs potentially involved in the regulation of defense mecha-
nism to drought stress in maize seedlings. Int J Plant Sci 170:979–
989

Wu G, Poethig RS (2006) Temporal regulation of shoot development
in Arabidopsis thaliana by miR156 and its target SPL3. Develop-
ment 133:3539–3547

Xin M, Wang Y, Yao Y, Xie C, Peng H, Ni Z, Sun Q (2010) Diverse
set of microRNAs are responsive to powdery mildew infection
and heat stress in wheat (Triticum aestivum L.). BMC Plant Biol
10:123

Xiong L, Gong Z, Rock CD, Subramanian S, Guo Y, Xu W, Galbraith D,
Zhu JK (2001) Modulation of abscisic acid signal transduction
and biosynthesis by an Sm-like protein in Arabidopsis. Dev Cell
1:771–781

Yao Y, Guo G, Ni Z, Sunkar R, Du J, Zhu JK, Sun Q (2007) Cloning
and characterization of microRNAs from wheat (Triticum aes-
tivum L.). Genome Biol 8:R96

Yao Y, Ni Z, Peng H, Sun F, Xin M, Sunkar R, Zhu JK, Sun Q (2010)
Non-coding small RNAs responsive to abiotic stress in wheat
(Triticum aestivum L.). Funct Integr Genomics 10:187–190

Zhang Z, Schwartz S, Wagner L, Miller W (2000) A greedy algorithm
for aligning DNA sequences. J Comput Biol 7:203–214

Zhang BH, Pan XP, Cobb GP, Anderson TA (2006a) Plant microRNA:
a small regulatory molecule with a big impact. Dev Biol 289:3–16

Zhang BH, Pan XP, Cobb GP, Anderson TA (2006b) Evidence that
miRNAs are diVerent from other RNAs. Cell Mol Life Sci
63:246–254

Zhang BH, Pan XP, Stellwag EJ (2008) IdentiWcation of soybean
microRNAs and their targets. Planta 229:161–182

Zhao B, Liang R, Ge L, Li W, Xiao H, Lin H, Ruan K, Jin Y (2007)
IdentiWcation of drought-induced microRNAs in rice. Biochem
Bioph Res Commun 354:585–590

Zhou X, Wang G, Zhang W (2007) UV-B responsive microRNA genes
in Arabidopsis thaliana. Mol Syst Biol 3:103. doi:10.1038/
msb4100143

Zuker M (2003) Mfold web server for nucleic acid folding and hybrid-
ization prediction. Nucleic Acids Res 31:3406–3415
123

http://dx.doi.org/10.1016/j.semcdb.2010.04.001
http://dx.doi.org/10.1155/2009/262463
http://dx.doi.org/10.1186/1746-4811-3-12
http://dx.doi.org/10.1186/1746-4811-3-12
http://dx.doi.org/10.1038/msb4100143
http://dx.doi.org/10.1038/msb4100143

	miRNA expression patterns of Triticum dicoccoides in response to shock drought stress
	Abstract
	Introduction
	Materials and methods
	Plant materials, growth conditions and dehydration stress
	RNA isolation
	miRNA microarray chip content and hybridization of arrays
	miRNA microarray data analysis
	Quantification of micro-RNA using qRT-PCR
	Computational prediction of miRNA targets
	miRNA identification by homology in T. turgidum

	Results
	miRNAs identified in root and leaf tissues by miRNA microarray
	Stress responsive miRNAs identified by miRNA microarray analysis
	miRNA quantification
	Prediction of targets of differentially expressed miRNAs
	Computational identification of T. turgidum miRNAs

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


