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Plants respond and adapt to drought, cold and high-

salinity stresses in order to survive. In this study, we applied

Arabidopsis Affymetrix tiling arrays to study the whole

genome transcriptome under drought, cold, high-salinity and

ABA treatment conditions. The bioinformatic analysis using

the tiling array data showed that 7,719 non-AGI transcrip-

tional units (TUs) exist in the unannotated ‘‘intergenic’’

regions of Arabidopsis genome. These include 1,275 and 181

TUs that are induced and downregulated, respectively, by the

stress or ABA treatments. Most of the non-AGI TUs are

hypothetical non-protein-coding RNAs. About 80% of the

non-AGI TUs belong to pairs of the fully overlapping sense-

antisense transcripts (fSATs). Significant linear correlation

between the expression ratios (treated/untreated) of the sense

TUs and the ratios of the antisense TUs was observed in the

SATs of AGI code/non-AGI TU. We studied the biogenesis

mechanisms of the stress- or ABA-inducible antisense RNAs

and found that the expression of sense TUs is necessary for

the stress- or ABA-inducible expression of the antisense TUs

in the fSATs (AGI code/non-AGI TU).

Keywords: Abiotic stress — Antisense RNA — Arabidopsis

— Non-protein-coding RNA — Tiling array.

Abbreviations: ARTADE, Arabidopsis tiling array-

based detection of exons; fSAT, fully-overlapping sense-

antisense transcript; HLE, Hodges-Lehmann estimator;

PASR, promoter-associated short RNA; pSAT, partially-

overlapping sense-antisense transcript; RD, responsive

to dehydration; SAT, sense-antisense transcript; TAIR,

the Arabidopsis information resource; TASR, termini-

associated short RNA; TU, transcriptional unit.

Arabidopsis tiling microarray design and expression

profiling data under drought-, cold-, high-salinity-stress or

ABA treatments are available in GEO (http://www.ncbi.

nlm.nih.gov/geo/info/linking.html) under the accession

number GSE9646. The tiling array data can also be

viewed along with additional information including small

RNAs at http://omicspace.riken.jp/gps/group/psca1. The

cDNA sequences of the non-protein-coding RNAs on the

antisense strand have been submitted to DDBJ database

with the accession numbers AB428729, AB428730 and

AB428731. The supplementary data are available in the

online version of this article and are available online at

http://pfgweb.gsc.riken.jp/supplements/matsui001/.

Introduction

Plant growth is greatly affected by environmental

abiotic stresses, such as drought, cold and high salinity.

Plants must adapt to these stresses in order to survive.

These stresses induce various biochemical and physiological

responses in plants. Several hundred genes have been

identified as the genes that respond to these stresses at the

transcriptional level (Kreps et al. 2002, Seki et al. 2002b,

Xiong et al. 2002, Zhu 2002, Shinozaki et al. 2003, Lee et al.

2005). It is important to analyze the functions of stress-

inducible genes not only for understanding the molecular
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mechanisms of stress tolerance and responses of higher

plants but also for improving the stress tolerance of crops

by gene manipulation. Stress-inducible genes have been

used to improve the stress tolerance of transgenic plants

(Thomashow 1999, Hasegawa et al. 2000, Zhang 2003,

Umezawa et al. 2006).

Drought stress triggers the production of the phyto-

hormone ABA, which causes stomatal closure and induces

the expression of drought stress-related genes (Finkelstein

et al. 2002, Nambara and Marion-Poll 2005). Many

drought-inducible genes are induced by exogenous ABA

treatment (Seki et al. 2002a). Molecular analyses have

demonstrated the existence of both ABA-dependent and

ABA-independent regulatory systems in the transcriptional

regulatory networks under drought stress (Yamaguchi-

Shinozaki and Shinozaki 2005, 2006).

Several studies have revealed that small RNAs and

antisense RNAs have functions in the responses to the

abiotic stresses and ABA. Several small RNAs are regulated

by the abiotic stresses (Sunkar and Zhu 2004, Borsani et al.

2005). Borsani et al. (2005) reported that the overlapping

gene pair of �1-pyrroline-5-carboxylate dehydrogenase

(P5CDH) (sense), a stress-related gene, and SRO5 (anti-

sense), a gene of unknown function, generates two types of

siRNAs, 24-nt siRNA and 21-nt siRNAs. When the SRO5

expression is induced by salt treatment, a 24-nt siRNA is

formed by the natural antisense transcript (nat)-siRNA

biogenesis pathway. Initial cleavage of the P5CDH

transcript guided by the 24-nt siRNA establishes a phase

for the subsequent generation of 21-nt siRNAs and

further cleavage of P5CDH transcript, resulting in the

tolerance to high-salinity stress due to higher proline

accumulation.

Several genes involved in RNA processing (Lu and

Fedoroff 2000, Hugouvieux et al. 2001, Xiong et al. 2001,

Papp et al. 2004, Nishimura et al. 2005) and chromatin

regulation (Sridha and Wu 2006) have been identified as

components of the drought and salt stress signal transduc-

tion. The mutants of several components functioning in

RNA processing, such as abh1 (Hugouvieux et al. 2001),

ahg2 (Nishimura et al. 2005), cbp20 (Papp et al. 2004), hyl1

(Lu and Fedoroff 2000), and sad1 (Xiong et al. 2001),

exhibit ABA hypersensitivity. ABH1, AHG2, CBP20,

HYL1 and SAD1 encode mRNA cap-binding protein,

poly(A)-specific ribonuclease, mRNA cap-binding pro-

tein, nuclear-localized double-stranded RNA-binding pro-

tein, and Sm-like snRNP protein, respectively. These results

suggest a functional link between mRNA processing and

modulation of early ABA signal transduction and the

existence of the novel functional non-coding RNAs

involved in the ABA signal transduction.

Recently, tiling array technology has become a useful

tool for the analysis of whole-genome transcriptome,

such as (i) mapping of transcripts (Yamada et al. 2003,

Stolc et al. 2005, Li et al. 2006, Hanada et al. 2007),

(ii) identification of alternative splice sites (Clark et al.

2002), (iii) identification of binding sites for the proteins

(Katou et al. 2003, Thibaud-Nissen et al. 2006, Turck et al.

2007), (iv) comparative genomic hybridization (Bignell et al.

2004, Ishkanian et al. 2004), (v) mapping of DNA

methylation sites (Martienssen et al. 2005, Zhang et al.

2006, Zilberman et al. 2007) and (vi) mapping of histone

modification sites (Zhang et al. 2007, Li et al. 2008). Using

tiling array technology, many novel transcripts including

putative non-protein-coding RNAs have been identified in

plants (Zhang et al. 2006). However, few reports on the

stress-responsive non-coding RNAs except for the small

RNAs have been published in plants.

Here, we describe the Arabidopsis whole-genome

expression profiling studies using the tiling array in

responses to drought, cold, high-salinity stress and ABA.

In this study, to enable a global description of the

Arabidopsis transcriptome, we used the term transcriptional

unit (TU) to describe a segment of the genome from which

transcripts are generated, in addition to annotated Arabi-

dopsis Genome Initiative (AGI) code genes whose informa-

tion is available from the Arabidopsis Information Resource

(TAIR) (http://www.arabidopsis.org/). Note that most of

the AGI code genes are thought to be protein-coding ones.

A TU is defined by the identification of a cluster of

transcripts containing a common core of genetic informa-

tion (in some cases, protein-coding region) and a non-AGI

TU is defined as the TU identified in unannotated

intergenic regions by the bioinformatic analysis.

We identified many stress-responsive genes and TUs in

both annotated AGI code regions and non-annotated ones

and found significant linear correlation between the

expression ratio (treated/untreated) of sense TUs and the

ratio of antisense TUs in most of the sense-antisense

transcripts (SATs). So far, the biogenesis mechanisms of the

stress- or ABA-inducible antisense RNAs in the SATs have

not been well understood. We studied the biogenesis mech-

anisms of the stress- or ABA-inducible antisense RNAs and

found that the expression of sense TUs is necessary for the

stress- or ABA-inducible expression of the antisense TUs in

the fSATs (AGI code/non-AGI TU).

Results

Drought, cold, high-salinity stress and ABA-responsive AGI

code genes

Using the Arabidopsis whole-genome tiling array, we

identified a total of 16,876, 17,920, 17,458, 17,388 and 18,126

AGI code genes as the expressed genes under the drought-,

cold-, high-salinity-, ABA-treatment and no treatment

(Table 1 and Supplementary Table S2-1). In this analysis,
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we used TAIR6 gene model (ftp://ftp.arabidopsis.org/home/

tair/Genes/TAIR6_genome_release) as of May 9, 2006.

Among them, 2,421, 996, 2,903 and 3,623 AGI code

genes have been identified as ones upregulated by the

treatments of drought-, cold-, high-salinity-stress or ABA,

respectively (Supplementary Fig. S1; Table 1; Supplemen-

tary Tables S2-2). These genes included many reported

drought-, cold-, high-salinity-stress- or ABA-upregulated

genes, such as RD29A/COR78/LTI78 [At5g52310,

Yamaguchi-Shinozaki and Shinozaki 1994, responsive to

dehydration (RD) 29A/cold-regulated (COR) 78/low-

temperature-induced (LTI) 78], RD29B (At5g52300,

Yamaguchi-Shinozaki and Shinozaki 1994), RD20

(At2g33380, Takahashi et al. 2000), DREB1A/CBF3

(At4g25480, Liu et al., 1998, dehydration-responsive element

(DRE)-binding protein 1A/C-repeat (CRT)-binding factor

3, DREB2A (At5g05410, Liu et al. 1998, Sakuma et al.

2006, DRE-binding protein 2A) and AtMYC2 (At1g32640,

Abe et al. 2003) (Supplementary Tables S1, S2-2), which

indicates that our tiling array analysis functions properly to

find drought-, cold-, high-salinity- stress- or ABA-upregu-

lated genes.

The stress- or ABA-inducible gene products can be

classified into two groups, functional proteins and regula-

tory proteins, as shown in the previous reports (Fowler and

Thomashow 2002, Kreps et al. 2002, Seki et al. 2002a,

2002b, Lee et al. 2005, Oono et al. 2006). The functional

proteins function in stress tolerance. They contain late

embryogenesis-abundant (LEA) proteins, osmoprotectant

biosynthesis-related proteins, ABA metabolism-related pro-

teins, transporters and detoxification enzymes (Supplemen-

tary Table S2-2). The regulatory proteins function in

further regulation of signal transduction and gene expres-

sion that probably function in the stress responses. They

contain various transcription factors, protein kinases,

protein phosphatases, enzymes involved in phospholipid

metabolism, and other signaling molecules (Supplementary

Table S2-2).

We also identified 2,097, 402, 2,063 and 2,729 AGI code

genes as genes downregulated by the treatments of drought,

cold, high-salinity or ABA, respectively (Supplementary

Fig. S1; Table 1; Supplementary Table S2-3). They contain

many photosynthesis-related genes. These results are con-

sistent with the previous results (Seki et al. 2002a, 2002b).

Venn diagram analysis indicates the existence of

greater crosstalk between drought and high-salinity stress

signaling processes than those between cold and high-

salinity stress signaling processes, and greater crosstalk

between ABA, drought and high-salinity stress signaling

processes than those between ABA- and cold-stress

signaling processes (Supplementary Fig. S1). These

results are also consistent with our previous studies

(Seki et al. 2002a, 2002b, Yamaguchi-Shinozaki and

Shinozaki 2005).

Table 1 Number of AGI code genes upregulated, downregulated and expressed under drought, cold, high-salinity stress,

ABA treatment and no treatment

Treatment No. of

up-regulated

AGI code genesa

No. of

down-regulated

AGI code genesb

No. of

expressed

AGI code genesc

Drought 2 h 1,188 217 16,744

10 h 2,059 2,075 15,815

Cold 2 h 427 14 17,270

10 h 740 396 16,349

High-salinity 2 h 1,471 495 16,697

10 h 2,693 2,038 15,920

ABA 2h 1,678 1,581 16,241

10 h 3,179 2,220 16,181

Untreatment 18,126

Total d 5,303 3,974 20,264

a We regarded the following AGI code genes as drought, cold, high-salinity and ABA upregulated ones: (i) Genes identified by
Mann-Whitney U-test (FDR a¼ 0.01). (ii) Expression ratios (treated/untreated)41.8. (iii) Genes identified as the expressed genes under
each stress or ABA treatment (P-initial510�8).
b We regarded the following genes as drought, cold, high-salinity, and ABA downregulated AGI code genes: (i) Genes identified by
Mann-Whitney U-test (FDR a¼ 0.01). (ii) Expression ratios (treated/untreated)55/9. (iii) Genes identified as the expressed genes under
untreatment (P-initial510�8).
c The genes were identified under each treatment by ARTADE-based method (P-initial510�8).
d These represent the total number of non-redundant AGI code genes identified as the upregulated, downregulated and expressed ones.
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Drought, cold, high-salinity stress and ABA-responsive

non-AGI TUs

We identified 7,719 independent groups of non-AGI

TUs (Table 2 and Supplementary Tables S3-1, S3-2) in the

unannotated ‘‘intergenic’’ regions of Arabidopsis genome

using the Arabidopsis Tiling Array-based Detection of

Exons (ARTADE)-based method (Toyoda and Shinozaki

2005). A homology search using the BLASTX program

against the registered protein sequence data sets in National

Institutes of Health (NIH) nr database showed that about

94% (7,328/7,719) of the non-AGI TUs do not have

sequence similarity with the protein sequence data sets

(Supplementary Tables S3-1, S4), suggesting that these non-

AGI TUs might function as the non-protein-coding RNAs.

About 14% (1,079/7,719) of the non-AGI TUs overlaps

with the Arabidopsis community full-length cDNAs includ-

ing RIKEN Arabidopsis full-length (RAFL) cDNAs (Seki

et al. 2002c). Note that 60 non-AGI TUs were identified by

previous tiling array studies (Stolc et al. 2005, Zhang et al.

2006) and 4,153 of non-AGI TUs were hit with the

‘‘significant’’ and ‘‘reliable’’ signatures obtained by mas-

sively parallel signature sequencing (MPSS) of Arabidopsis

transcripts (Meyers et al. 2004, Supplementary Tables S3-2,

S4). These results also support that the non-AGI TUs

are really expressed in some conditions in Arabidopsis.

About 6% (446) of non-AGI TUs identified in this study

were registered as novel AGI gene models in the recently

released TAIR 8 (ftp://ftp.arabidopsis.org/home/tair/

Genes/TAIR8_genome_release) as of April 28, 2008.

Interestingly, about 84% (6,504/7,719) of the non-AGI

TUs are novel transcripts without full-length cDNA

support and AGI code gene in TAIR 8 gene model

(Supplementary Tables S3-2, S4), indicating that the tiling

array analysis is a powerful method to identify the novel

genes and TUs.

Among the 7,719 non-AGI TUs, 1,275 and 181 non-

AGI TUs were identified as ones upregulated and down-

regulated, respectively, by the drought, cold, high-salinity

stress or ABA (Table 2 and Supplementary Table S3-2).

BLASTX search showed that among them, 1,179 upregu-

lated non-AGI TUs and 115 downregulated non-AGI TUs

might function as the non-protein-coding RNAs. We

confirmed the expression of the several stress- or ABA-

inducible non-AGI TUs by Northern and real-time

RT-PCR analyses (data not shown). The length of

the 7,719 non-AGI TUs was from 50- to 12,800-nt and

Table 2 Number of non-AGI TUs upregulated, downregulated and expressed under drought, cold, high-salinity stress and

ABA treatments and under no treatment

Treatment No. of

upregulated

Non-AGI TUsa

No. of

downregulated

Non-AGI TUsb

No. of

Non-AGI TUsc

Drought 2 h 115 7 2,727

10 h 497 78 3,050

Cold 2 h 10 0 2,688

10 h 44 9 2,203

High-salinity 2 h 290 24 3,150

10 h 596 85 2,985

ABA 2h 398 47 3,415

10 h 577 99 3,087

Untreatment 4,047

Total d 1,275 181 7,719

a We regarded the following TUs as drought, cold, high-salinity and ABA upregulated non-AGI TUs: (i) TUs identified in non-AGI code
regions as the expressed TUs under the drought, cold, high-salinity and ABA treatments by ARTADE-based method (P-initial510�8).
(ii) TUs identified as drought, cold, high-salinity and ABA upregulated by Mann-Whitney U-test (FDR a¼ 0.01). (iii) Expression ratios
(treated/untreated)41.8.
b We regarded the following TUs as drought, cold, high-salinity and ABA downregulated non-AGI TUs: (i) TUs identified in non-AGI
code regions as expressed TUs under no treatment by ARTADE-based method (P-initial510�8). (ii) TUs identified as drought, cold, high-
salinity and ABA downregulated by Mann-Whitney U-test (FDR a¼ 0.01). (iii) Expression ratios (treated/untreated)55/9.
c The non-AGI TUs were identified in non-AGI code regions under each condition by ARTADE-based method (P-initial510�8). The
non-AGI TUs were clustered into 7,719 independent groups (Supplementary Tables S3-1, S3-2). Note that among the same groups, the
length of the non-AGI TUs identified by each treatment was different.
d These represent the total number of non-redundant TUs identified as upregulated, downregulated and expressed. When the TUs
overlapped each other by more than one base, they were classified into the same group.
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the average length was about 500 nt (Supplementary Fig. S2).

The median of the signal intensity [the values of Hodges-

Lehmann estimator (HLE), see Supplementary methods]

for the non-AGI TUs and the AGI code genes was 683

and 1,338, respectively. The expression level of the non-

AGI TUs was generally lower than that of the AGI code

genes in the conditions studied (Supplementary Fig. S4).

We identified many non-AGI TUs on the 50-upstream

and 30-downstream of the AGI code genes (Supplementary

Fig. S7). Most of them are mapped within 100-base

upstream or within 300-base downstream of the AGI code

genes (Supplementary Fig. S5). Interestingly, 27 promoter-

associated short RNA (PASR)-like TUs (Kapranov et al.

2007) and 27 termini-associated short RNA (TASR)-like

TUs (Kapranov et al. 2007), that are supported by the full-

length cDNAs, have been identified in the tiling array

analysis (Supplementary Fig. S7 and Supplementary

Tables S6-3, S6-4). Eight PASR-like TUs and ten TASR-

like TUs that are supported by the full-length cDNAs show

the ABA- or stress-responsive gene expression. The full-

length-cDNA-unsupported 295 PASR-like TUs and 189

TASR-like TUs have been identified (Supplementary

Fig. S7 and Supplementary Tables S6-5, S6-6).

The tiling array expression data indicated that the 50-

and 30-end regions are short in TAIR 6 gene model as of

May 9, 2006 for the 67 and 34 AGI code genes, respectively,

(Supplementary Fig. S7 and Supplementary Tables S6-1,

S6-2). They are supported by the full-length cDNAs and the

gene models are corrected in several cases for the TAIR 8

version. Some of the non-AGI TUs mapped within 0.5-kb

distance from the nearby AGI code genes showed

significant correlative expression with its neighboring

genes (Supplementary Fig. S6). These results showed that

the tiling array analysis is useful for improvement of the

genome annotation. Similar application to the improvement

of the gene models has been reported in previous tiling array

studies (Yamada et al. 2003, Li et al. 2006).

Identification of sense-antisense transcripts

We identified 7,805 SATs with overlapping sequences

greater than 20-nt (Table 3 and Supplementary Tables S3-1,

S3-2, S5-1, S5-2). Such large-scale antisense transcripts have

been found in previous tiling array analysis (Yamada et al.

2003, Stolc et al. 2005).

The SATs were classified into three groups, that is,

pairs of AGI code genes and AGI code genes (AGI code/

AGI code), pairs of AGI code genes and non-AGI TUs

(AGI code/non-AGI TU) and pairs of non-AGI TUs and

non-AGI TUs (non-AGI TU/non-AGI TU). Most of the

SATs were pairs of AGI code/non-AGI TU in all

conditions (Table 3).

The SATs were also classified into two groups based on

the overlapping lengths and its coverage: the fully over-

lapping SATs (fSATs) in which the sequence of one TU

covers more than 80% of the other TU sequence on the

antisense strand and the partially overlapping SATs

(pSATs) in which the overlapping length is greater than

20 nt and the coverage of one TU is less than 80% of the

other TU (Fig. 1). About 90% (6,040/6,858) of SATs (AGI/

non-AGI) was fSATs, supporting that most of the non-AGI

TUs in the SATs (AGI/non-AGI) do not encode proteins

(Table 3). On the other hand, about 90% (765/832) of SATs

Table 3 Classification of the SATs into the pairs of AGI code/AGI code, AGI code/non-AGI TU and non-AGI

TU/non-AGI TUa

Treatment No. of

SATsb (AGI/AGI)

No. of

SATsb (AGI/Non-AGI)

No. of

SATsb (Non-AGI/Non-AGI)

Drought 2 h 689 (53) 2,448 (2,118) 20 (14)

10 h 665 (51) 2,798 (2,405) 18 (10)

Cold 2 h 724 (55) 2,368 (2,045) 20 (11)

10 h 657 (52) 1,842 (1,599) 15 (9)

High-salinity 2 h 696 (53) 2,861 (2,500) 16 (9)

10 h 657 (49) 2,709 (2,343) 36 (20)

ABA 2h 676 (53) 3,195 (2,791) 24 (14)

10 h 682 (54) 2,804 (2,433) 25 (20)

Untreatment 757 (58) 3,620 (2,987) 38 (19)

Total c 832 (67) 6,858 (6,040) 115 (67)

a For identification of the SATs, the sequences of AGI code genes and non-AGI TUs identified as the expressed ones were used
(ARTADE program: P-initial510�8).
b These represent the numbers of the SATs in each category. Numbers in parentheses represent the numbers of the fSATs in each category.
c These represent the total number of non-redundant SATs. Numbers in parentheses represent the total numbers of non-redundant fSATs.
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(AGI/AGI) was pSATs. Among the pSATs (AGI/AGI), a

previously reported salt-stress-tolerance-related nat-siRNA-

generating SAT pair of P5CDH gene (At5g62530), and a

salt-inducible SRO5 gene (At5g62520) (Borsani et al. 2005)

was included (Supplementary S5-2). Only less than 10% of

the SATs (AGI/AGI) was fSATs. Perhaps this is because

pair of protein-coding genes constituting fSATs (AGI/AGI)

would constrain each other’s possible codons, preventing

frequent evolution of such pair of the protein-coding genes.

The 7,719 non-AGI TUs were also classified into the

following three groups based on the SATs: (i) the non-AGI

TU of the fSATs, (ii) the non-AGI TU of the pSATs and

(iii) the non-AGI TU in the intergenic regions (Supplemen-

tary Tables S3-2, S4). About 73% (5,651/7,719) and

8% (595/7,719) of the non-AGI TUs belong to ones of

the fSATs and pSATs, respectively (Supplementary Tables

S3-2, S4). The ratios (no. of the non-AGI TUs with the

mapped cDNAs/total no. of the non-AGI TUs) in the non-

AGI TUs in the intergenic regions, the non-AGI TUs of the

pSATs and the non-AGI TUs of the fSATs were about 27%

(397/1,473), 16% (95/595) and 10% (587/5,651), respec-

tively (Supplementary Table S4).

Significant linear correlation of the expression ratio (treated/

untreated) in the SATs

A significant linear correlation between the expression

ratios (treated/untreated) of the sense transcripts and the

ratios of the antisense transcripts under drought, cold, high-

salinity stress, and ABA treatments was observed in the

SATs of AGI/non-AGI (r¼ 0.66, P50.01) and non-AGI/

non-AGI (r¼ 0.68, P50.01). However, the significant linear

correlation was rarely observed in the SATs of AGI/

AGI (r¼ 0.07, P50.01) (Fig. 2 and Supplementary Fig. S3).

Fig. 3A shows an fSAT of the drought-inducible gene,

RD29A and the novel drought-inducible antisense TUs.

Although the AGI code is not annotated and the cDNAs

have not been isolated on the antisense strand, tiling array

analysis indicated that novel drought-inducible TUs exist

on the antisense strand in this region. The presence of novel

drought-inducible TUs on the antisense strand was con-

firmed by real-time RT-PCR and Northern analyses using

strand-specific RNA probes (Figs. 3B, 3C). The tiling array

expression data showed that the expression level of the

antisense TUs is about one tenth that of the sense TU

(Supplementary Tables S2-1, S3-1). In the Northern

analysis against the antisense TUs, bands of short size

were detected (Fig. 3B). The cDNAs for the antisense

TUs were isolated (Fig. 3D, see supplementary data).

SATs (AGI/AGI) SATs (AGI/non-AGI TU) SATs (non-AGI TU/non-AGI TU)

0.01 r=0.071 0.01 0.01r=0.658 r=0.684

Expression ratios of AGI code genes
(treatment/untreatment)

Expression ratios of AGI code genes
(treatment/untreatment)

Expression ratios of non-AGI TUs
(treatment/untreatment)
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Fig. 2 The correlation of expression ratio (treated/untreated) between sense and antisense TUs of the SATs under drought, cold, high-
salinity stress and ABA treatments. The log values for the expression ratios (stress and ABA treated/untreated) of sense and antisense TUs of
the SATs were plotted. The left, middle and right panels represent the expression ratio in the SATs of AGI code/AGI code, AGI code/non-
AGI TUs and non-AGI TUs/non-AGI TUs, respectively. In the left and middle panels, the X and Y axes represent the expression ratio of the
AGI code genes (sense TUs) and the expression ratio of the TUs on the antisense strand, respectively. In the right panel, the X and Y axes
represent the expression ratio of the non-AGI TUs (sense TUs) and the expression ratio of the TUs on the antisense strand, respectively.
In each panel, the correlation coefficients are indicated.

Type 1: Fully-overlapping sense-antisense transcripts (fSATs)

Type 2: Partially-overlapping sense-antisense transcripts (pSATs)

5′

3′

5′

3′

3′

5′

3′

5′

Fig. 1 Classification of SATs. We mapped the sequence data of
both AGI code genes and non-AGI TUs identified as ‘‘expressed
ones’’ by ARTADE-based method to Arabidopsis genome sequence
(TAIR 6) for identification of the SATs. The SATs were classified into
2 types. Type 1: The fully overlapping SATs (fSATs) in which the
sequence of one TU covers more than 80% of the other TU
sequence mapped on the antisense strand. Type 2: The partially
overlapping SATs (pSATs) in which the overlapping length is longer
than 20 nt and the sequence of one TU covers less than 80% of the
other TU sequence mapped on the antisense strand.
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We isolated the following two types of cDNAs named

Antisense TU1 and 2. Antisense TU1 is a 1.9-kb cDNA for

the transcript without poly (A). The sequence is comple-

mentary to the genomic sequence, that is, they contain both

the exon and the intron sequences. Antisense TU2 is a

1.6-kb cDNA for the poly (A) tail-containing transcript.

The antisense sequence corresponding to the intron

sequence in the sense strand was not contained in the

antisense TU2 cDNA. The exon–intron junctions are con-

served between the RD29A sense cDNA and the antisense

TU2 cDNA, and only the RD29A sense cDNA conforms

to the consensus sequence (GU . . .AG dinucleotides) for

fSATs in RD29A locus
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Fig. 3 Detection of the stress- or ABA-inducible sense and antisense TUs in the stress-inducible gene loci, RD29A and CYP707A1, by
Northern and real-time RT-PCR analyses. The sense and antisense TUs in RD29A and CYP707A1 loci were detected. The expression
profiles using tiling array in RD29A locus for untreated and 2-h drought-treated conditions (A) and CYP707A1 for untreated and 10-h ABA-
treated conditions (E). The blue horizontal bars indicate gene model of RD29A and CYP707A1 genes in the TAIR 6. The upward red or
green bars indicate the signal intensity of probes on the ‘‘þ’’ (Watson) strand. The downward red or green bars indicate the signal intensity
of probes on the ‘‘–’’ (Crick) strand. When the signal intensity of the probes is higher than 400 and lower than 400, the intensity of the
probes is shown in red and green, respectively. The Northern analysis for sense TU (mRNA) or antisense TU of RD29A locus without
treatment, 2- and 10-h drought treated (B) and CYP707A1 locus without treatment and 10-h ABA treated (F). For Northern blots, 10 mg of
total RNA was loaded onto each lane and hybridized with the strand-specific RNA probes. The exposure time for the antisense TUs was
three times longer than that for the sense TUs. The semi-quantitative real-time RT-PCR results for the sense and antisense TUs in RD29A
locus under untreated and 2-h drought-treated conditions (C) and CYP707A1 locus under untreated and 10-h ABA-treated conditions (G).
The bar graphs show the results of densitometry of gene expression relative to ACT2 and the error bars show the standard deviation of three
experiments. Structural organization of the genome (upper) and the cDNAs from the antisense RNAs in the RD29A (D) and CYP707A1 (H)
gene regions. White boxes in the lower diagram represent the elements cloned from the antisense TUs.
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splicing, suggesting the possibility that the antisense TU2

was derived from the RD29A sense mRNA. Sequence

analysis of the four RACE PCR products showed that the

number of the added (A) for the poly(A) tail-containing

antisense TU was 5, 24, 25 and 51 nt and the poly(A) signal

AAUAAA do not occur within 50 nt from the 30-end.

Fig. 3E shows a fSAT of an ABA-inducible gene,

CYP707A1 (At4g19230) encoding ABA 80-hydroxylase

(Kushiro et al. 2004, Saito et al. 2004) and the novel

ABA-inducible antisense TUs. Although AGI code is not

annotated and the cDNAs have not been isolated on the

antisense strand, our tiling array analysis indicated that

novel ABA-inducible TUs exist on the antisense strand in

this region. The presence of novel ABA-inducible antisense

TU was confirmed by real-time RT-PCR and Northern

analyses using strand-specific RNA probes (Figs. 3F, 3G).

The 0.8-kb cDNA for the transcript with the poly (A) was

isolated (Fig. 3H). The exon–intron junction sequences were

conserved between the CYP707A1 sense cDNA and the

antisense TU cDNA, and only the CYP707A1 sense cDNA

conforms to the consensus sequence (GU . . .AG dinucleo-

tides) for splicing, suggesting the possibility that the

antisense TU was derived from the CYP707A1 sense

mRNA.

We also identified ABA-inducible expression from

both sense and antisense strands in the regions of several

ABA- and drought-inducible genes, AtMYC2, DREB2A

and RD29B by Northern analyses using the strand-specific

RNA probes (Fig. 4). In the Northern analysis of the

antisense TUs of the AtMYC2 and RD20, hybridization

smears were observed. Similar phenomena have been

observed in analyses of the SATs that are produced from

the same locus on mouse chromosomes (Kiyosawa et al.

2005). The constitutively expressed antisense TUs were

detected at the opposite strand of the constitutively

expressed genes, GAE4 (At2g45310, UDP-D-glucuronate

4-epimerase 4) and an unknown protein-coding gene

(At3g01345) (Fig. 4).

Biogenesis of the ABA- or stress-inducible antisense RNAs

In real-time RT-PCR analyses using 50-end region of

the CYP707A1 gene (Fig. 5A), ABA-inducible expression

was observed on both sense and antisense strands of all lines

(Fig. 5B). In the line 3 (cyp707a1-3) where T-DNA inserted

on the 30-UTR, ABA-inducible TU accumulated on the

antisense strand (Fig. 5B), showing that this ABA-inducible

antisense TU is not produced by its upstream promoter.
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Fig. 4 Northern analysis of the sense and antisense transcripts in several ABA- and drought-inducible gene loci, and non-inducible gene
loci. For Northern blots, 10 mg of total RNA from the wild-type plants under untreated and 10-h ABA-treated conditions was loaded into
each lane and hybridized with the strand-specific RNA probes for the ABA- and drought-inducible genes, AtMYC2, RD20, DREB2A and
RD29B, and the non-ABA-inducible genes, GAE4 and an unknown protein-coding gene (At3g01345). The exposure time for the antisense
transcripts was 5–10 times longer than that for the sense transcripts.
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An ABA-responsive cis-acting element (ABRE,

PyACGTGGC) (Yamaguchi-Shinozaki and Shinozaki

2005) was not observed in the 1.5-kb promoter regions of

the antisense CYP707A1 TU. When the ABA-inducible

sense TU accumulates, ABA-inducible antisense TU also

accumulates (Fig. 5B). On the other hand, when ABA-

inducible sense TU does not accumulate, ABA-inducible

antisense TU also does not accumulate. The sequence of the

CYP707A1 antisense TU is complementary to that of the

CYP707A1 sense TU (Fig. 3H). These results indicate that

expression of the sense TU is necessary for the expression of

the ABA-inducible antisense TU in the CYP707A1 locus.

Next, we studied the possibility that this ABA-

inducible antisense TU is produced by RDR enzymes (Xie

et al. 2004). Arabidopsis genome has six RDR genes.

Therefore, we examined expression of the ABA-inducible

antisense TU in mutants of six RDR genes. Real-time

RT-PCR analyses showed that there are few differences of

antisense TU expression between rdr mutants and wild type

(Fig. 6). However, these results might not exclude that the

ABA-inducible antisense TUs are produced by RDR

enzymes, because six RDR enzymes might function redun-

dantly each other for the biogenesis of the antisense RNAs

and the sequence of the CYP707A1 antisense TU is

complementary to that of the CYP707A1 sense TU

(Fig. 3H).

Discussion

In this tiling array analysis, we identified a large

number of drought, cold, high-salinity stress and ABA-

responsive genes and TUs except for the poly(A)– RNAs,

small RNAs and small ORFs. The data presented here

display the comprehensive landscapes of the transcriptome

under drought, cold, high-salinity stress and ABA treat-

ments in a model plant, Arabidopsis, and should be useful
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Fig. 5 Expression profile of an ABA-upregulated CYP707A1 gene
and novel ABA-inducible TUs mapped on the antisense strand. (A)
Genomic structure of an ABA-upregulated CYP707A1 gene. The
black boxes correspond to exons. The positions of start and stop
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for our understanding of the molecular mechanisms in the

plant stress responses.

Generally, antisense RNAs were believed to control the

expression of the sense transcripts negatively in plants

(Borsani et al. 2005, Katiyar-Agarwal et al. 2006). We

found a large number of non-protein coding transcripts

belong to the transcripts of the SATs and the significant

linear correlation between the expression ratios (treated/

untreated) of the sense transcripts and the ratios of the

antisense transcripts, indicating that many non-protein-

coding antisense transcripts do not control the accumula-

tion of the sense transcripts negatively. The information

obtained in this study suggests the novel roles of the

antisense RNAs in plants.

Many novel stress- or ABA-inducible non-protein-coding

RNAs were identified

In this study, 1,275 stress- or ABA-inducible non-AGI

TUs have been identified. BLASTX search indicated that

most of them do not encode proteins and might function as

non-protein-coding RNA molecules involved in the stress or

ABA responses. Although the function of the mRNA-like

non-protein-coding RNAs, such as human HOTAIR (Rinn

et al. 2007) and Arabidopsis INDUCED BY PHOSPHATE

STARVATION 1 (IPS1) (Franco-Zorrilla et al. 2007) have

been revealed, the function of the stress- and hormone-

responsive mRNA-like non-protein-coding RNAs is still

poorly understood.

We also identified many novel TUs in the 50- and

30-UTR regions (Supplementary Fig. S7). Some of them

show the ABA- or stress-responsive gene expression.

Kapranov et al. (2007) reported the PASRs and the

TASRs around 50 and 30 termini, respectively, in human.

Although the functions of the PASRs and TASRs are

largely unknown, the presence of the transcriptionally

active regions in the UTR regions might be conserved

between the plants and animals. Common sequence

characteristics of the PASRs and TASRs seem to be

missing. Martianov et al. (2007) demonstrated that a non-

protein-coding transcript upstream of the human dihydro-

folate reductase (DHFR) gene has a critical function in

transcriptional repression of the DHFR gene. Some novel

PASR-like TUs in the 5’-UTR regions might act as negative

regulators of the downstream main TUs.

Most of non-protein-coding transcripts belong to pairs of

the SATs

We also identified 7,805 SATs in this tiling array

analysis. Recently, large-scale antisense activities were

found in previous tiling array analysis (Yamada et al.

2003, Stolc et al. 2005) and large-scale cDNA analyses (Seki

et al. 2002c, 2004, Jen et al. 2005, Wang et al. 2005) in

Arabidopsis. Similar widespread existence of antisense

transcripts was also reported in several model organisms

including yeast (David et al. 2006), rice (Osato et al. 2003),

human (Lehner et al. 2002, Yelin et al. 2003, Chen et al.

2005), mouse (Kiyosawa et al. 2003, Katayama et al. 2005)

and fly (Sun et al. 2006). The percentage of TUs involved

in an overlap, ranges from 5% to 30% (Lapidot and

Pilpel 2006).

About 90% (6,973/7,805) of the SATs contained non-

AGI TUs as at least one transcript (Table 3). Previous

large-scale cDNA analyses also revealed that more than half

of the SATs contained non-annotated genes as one

transcript (Seki et al. 2004, Wang et al. 2005). Most of the

non-AGI TUs do not seem to encode proteins. These results

suggest that many non-protein-coding RNAs exist in the

non-AGI regions and might function in the regulation of

the other TU’s expression.

Expression ratios (treated/untreated) of the antisense TUs

have significant linear correlation with the ratios of the sense

TUs in most of the fSATs

Significant linear correlation between the expression

ratios (stress or ABA treated/untreated) of the sense TUs

and the ratios of the antisense TUs was observed in the

SATs of AGI/non-AGI and non-AGI/non-AGI. About

90% of the SATs (AGI/non-AGI) was fSATs. The highest

correlation of the expression ratio (stress or ABA treated/

untreated) was observed in the fSATs (AGI/non-AGI).

Most of the previous studies revealed that the expression of

the sense and antisense transcripts is inversely regulated

(Borsani et al. 2005, Katiyar-Agarwal et al. 2006). Previous

studies using the Affymetrix mouse genome array found

that the antisense transcriptomes are tissue specific (Werner

et al. 2007). Similarly, Arabidopsis tiling array studies also

indicated that the expression of the antisense RNAs was

tissue specific for many genes (Yamada et al. 2003).

However, the detailed list of the antisense RNAs is not

available and detailed expression data of the sense and

antisense transcripts in various plant tissues is not well

understood.

Recently, Perocchi et al. (2007) pointed out the

antisense artifacts in the microarray analysis. However,

such antisense artifacts are not likely to occur in our tiling

array experiments for the following reasons: (i) Our

protocol for probe synthesis and hybridization in the

array analysis is different from that of Perocchi et al.

(2007). Perocchi et al. (2007) used the random primer for

the first-strand cDNA synthesis and hybridized the first-

strand cDNAs end-labeled using terminal transferase to the

arrays directly. On the other hand, we used the oligo(dT)

primer for the first-strand cDNA synthesis and hybridized

the biotin-labeled cRNAs generated after the synthesis

of the first-strand and second-strand cDNAs, in vitro

transcription (IVT) amplification, and biotin labeling,
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to the arrays. (ii) We also confirmed the expression of

several antisense transcripts by Northern analysis using the

strand-specific RNA probes (Figs. 3, 4). Previous human

tiling array studies by the Affymetrix groups using a direct

RNA end-labeling method also showed similar amounts of

antisense transcription (Kampa et al. 2004), suggesting that

large-scale stress- or ABA-inducible antisense transcripts

are really generated in Arabidopsis.

We also studied the possibility of a data analysis

artifact. For the fSATs, significant linear correlation

between the expression (HLE values) of the expressed

AGI code genes and the values of the antisense TUs

identified by ARTADE was observed (Supplementary

Fig. S8A). Positive correlation between the expression

values of the expressed AGI code genes in the fSATs and

the values of its corresponding antisense genomic sequences

was also observed (Supplementary Fig. S8B), showing that

the observed positive correlation is independent of the bias

of the TUs identified by the ARTADE program. A positive

correlation between the values of the 50-half of the expressed

AGI code genes in the fSATs and the values of the 50-half

of its corresponding genomic sequences on the antisense

strand, was also observed (Supplementary Fig. S8C).

However, the significant linear correlation was not observed

between the values of the promoter regions of all AGI code

genes and the values of its corresponding genomic seq-

uences on the antisense strand (Supplementary Fig. S8D).

These results show that the observed significant linear

correlation is not due to the probe sequences used by chance

and that significant linear correlation between the expres-

sion of the expressed AGI code genes and the expression of

the antisense TUs really exists. The expression ratio (HLE

values of the sense TUs/HLE values of the antisense TUs) is

variable between the genes (Supplementary Fig. S8A),

showing that the highly expressed antisense TUs do not

always exist on the opposite strand of the highly expressed

sense TUs. A similar tendency was also obtained by the

Northern analyses (Figs. 3, 4).

Expression of sense transcripts is necessary for the stress- or

ABA-inducible expression of antisense transcripts in the

fSAT (CYP707A1/non-AGI TU)

We suggest the following three models for biogenesis of

the stress- or ABA-inducible antisense RNAs: (i) Antisense

RNAs are produced by the promoters upstream of the

transcriptional start site of antisense TUs. (ii) Antisense

RNAs are produced by RNA-dependent RNA polymerases

(RDRs). (iii) Antisense RNAs are produced by some

enzymes using the sense DNA as a template after

transcription of the sense RNAs.

Nat-siRNA biogenesis pathways reported by Borsani

et al. (2005) fit the first model. So far, three reports on

the nat-siRNA pathways have been published in plants

(Borsani et al. 2005, Katiyar-Agarwal et al. 2006, Zubko

and Meyer 2007). In these reports, expression profiles of the

sense transcripts are different from the expression profiles

of the antisense transcripts and the sense and antisense

transcripts are partially overlapped. On the other hand, the

sense and antisense transcripts that we found in this study

are fully overlapped and the expression of both sense and

antisense transcripts are stress or ABA inducible (Figs. 2, 3;

Table 3; Supplementary Fig. S3).

Real-time RT-PCR analyses for CYP707A1 locus

indicated that ABA-inducible antisense RNA is not

generated from its upstream promoter in the fSAT

(CYP707A1/non-AGI TU). Although ABA- or abiotic-

stress-responses-related cis-acting elements, such as ABRE

and dehydration-responsive element (DRE, Yamaguchi-

Shinozaki and Shinozaki 2005), were observed in the 1.5-kb

promoter regions of many ABA- or stress-inducible AGI

code genes (sense transcripts) [P-value for ABRE

(ABREATCONSENSUS in the PLACE database,

(C/T)ACGTGGC) and DRE (DRECRTCOREAT in the

PLACE database, (A/G)CCGAC): 4.6 6� 10–53 and

2.46� 10–9, respectively, see Supplementary methods)],

such cis-elements were not observed in the 1.5-kb promoter

regions of many ABA- or stress-inducible antisense non-

AGI TUs (P-value for ABREATCONSENSUS and

DRECRTCOREAT: 4.00� 10–3 and 4.72� 10–3, respec-

tively) for the fSATs (AGI/non-AGI). These results indicate

that the ABA- or stress-inducible antisense RNAs are not

generally generated from its upstream promoters in the

fSATs (AGI/non-AGI).

We isolated the cDNAs for the stress- and ABA-

inducible antisense RNAs. The cDNAs for RNAs with and

without poly (A) have been isolated for the stress- and

ABA-inducible antisense RNAs in the RD29A gene regions.

Previously reported cis-acting elements, such as DRE and

ABRE, do not exist in the 1.5-kb promoter regions

upstream of the antisense TUs, suggesting that the stress-

and ABA-inducible RD29A antisense RNAs are not

produced by its upstream promoters. We assume that two

mechanisms for the biogenesis of the antisense RNAs exist.

One mechanism is antisense transcripts are generated by

RDR enzymes from RNA templates, and the other one is

antisense transcripts are generated from a DNA template.

Because the exon–intron junctions are conserved between

the poly(A) tail-containing antisense transcript and the

sense transcript, the poly(A) tail-containing antisense

transcript might be produced by RDR enzymes. The

CYP707A1 antisense RNAs might also be generated by

RDR enzymes, because its exon-junctions are also con-

served. The number of the added (A) for the poly(A)-

containing antisense RNAs was shorter than that of the

mRNAs translated into the proteins. In yeast, the cyto-

plasmic poly(A) polymerase which adenylates aberrant
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rRNAs, snoRNAs and other nuclear unstable transcripts,

function in the nuclear quality control pathway and lead to

rapid 30 to 50 degradation (Read et al. 2002, Saitoh et al.

2002, Wyers et al. 2005). The poly(A)-containing antisense

RNAs might be degraded by the nuclear quality control

pathway. For the antisense RNAs without poly(A), they

might be produced by some enzymes using the sense DNA

as a template after transcription of the sense RNAs.

Several studies revealed that small RNAs such as

siRNAs are generated from the overlapping regions of the

SATs (Borsani et al. 2005, Katiyar-Agarwal et al. 2006,

Zubko and Meyer 2007) and involved in the degradation of

the mRNA on one strand. However, we could not detect the

ABA- or stress-regulated siRNAs by Northern analyses in

the overlapping regions for the fSATs of the RD29A and

CYP707A1 loci. Mapping of the Arabidopsis small RNAs

collected previously also indicated that density of the small

RNA loci per 1-kb genomic sequence was similar between

the fSATs (AGI/non-AGI) and all expressed AGI code

genes (Supplementary Table S7). These results suggest that

the small RNA-mediated silencing is not involved in the

antisense regulation for the fSATs.

Possible functions of the stress- or hormone-responsive

antisense RNAs

Recent studies have shown that antisense RNAs

participate in a broad range of types of regulation, such

as gene silencing, RNA stability, alternative splicing, RNA

editing, RNA masking and methylation (Hastings et al.

1997, Prescott and Proudfoot 2002, Tufarelli et al. 2003,

Nishimura et al. 2004, Borsani et al. 2005, Enerly et al.

2005, Jen et al. 2005, Katiyar-Agarwal et al. 2006, Zubko

and Meyer 2007, Matsui et al. 2008). The antisense RNAs

might be degraded by the nuclear quality control pathway.

Although there are extensive studies in various organisms

for the functions of the antisense RNAs, understanding of

the functions and regulation of the stress- and hormone-

responsive antisense RNAs is at an early stage.

There are several lines of evidence for the clustering of

co-expressed genes, such as chromatin-mediated transcrip-

tional co-regulation (Boutanaev et al. 2002), operons and

duplicate genes (Lercher et al. 2003) and bi-directional

promoters (Trinklein et al. 2004). By providing genome-

wide co-regulation of the sense and antisense transcripts

under the stress and hormone treatment conditions, this

study also expands our understanding of the coordinated

gene regulation in higher eukaryotes. It might be expected

that there is a balance between the expression of the sense

genes and the expression of antisense ones under various

conditions, which would be modulated by antisense

regulation to adapt to different environmental stress

conditions and to developmental stages.

Materials and Methods

Plant materials, stress treatments and RNA isolation

Plants (Arabidopsis thaliana ecotype Columbia) were grown
essentially as described previously (Oono et al. 2003). Dehydration,
cold, high-salinity and ABA treatments were carried out essentially
as reported previously (Seki et al. 2002a, 2002b, Oono et al. 2006).
Total RNA was prepared using ISOGEN (Nippon Gene)
according to the instructions. Detailed descriptions are included
in the supplementary data.

Probe synthesis for whole genome tiling array analysis and
microarray hybridization

Eight to fifteen mg of total RNA per sample was used for
synthesis of double-stranded cDNA by the GeneChip One-Cycle
cDNA Synthesis Kit (Affymetrix) using an oligo(dT) primer
containing the T7 RNA polymerase promoter. Biotin-labeled
cRNA was generated from the cDNA by in vitro transcription
using the GeneChIP IVT Labeling Kit (Affymetrix), fragmented,
and about 10mg of cRNA was hybridized with the GeneChip
Arabidopsis tiling array set (1.0F Array and 1.0R Array,
Affymetrix, see Supplementary data online) using the
Hybridization Control Kit (Affymetrix). Microarray hybridiza-
tion, staining and washing were performed according to the
Eukaryotic Sample Protocol (Affymetrix). Scanning was per-
formed at 0.7mm resolution using a GeneChip Scanner 3000 7G
(Affymetrix). Three independent biological replicates were per-
formed for each strand array.

Computational analyses of RNA expression

Detailed descriptions are included in the supplementary data.

Detection of transcriptional activity in AGI code genes and non-AGI
TUs

We used ‘‘the ARTADE-based method (P-initial value510–8)
(Toyoda and Shinozaki 2005)’’ to detect the expressed genes and
non-AGI TUs from the expression data. Detailed descriptions are
included in the supplementary data.

Identification of the non-protein-coding RNAs

Homology search of the non-AGI TUs against the registered
protein sequence data sets (NIH nr database) was done using the
BLASTX program. When the score of homology search is higher
than e–20 and less than e–20, we regarded the TUs as the hypo-
thetical non-protein-coding RNAs and as hypothetical proteins,
respectively.

Identification of the stress-responsive AGI code genes and novel TUs

We used the intensity values (PM-MM) of all probes (2.9
million PM and 2.9 million MM probes) for this analysis and
identified the stress- or ABA-responsive genes and TUs by Mann-
Whitney U-test (FDR a¼ 0.01) (Mann and Whitney 1947, Storey
and Tibshirani 2003). The genes or TUs were further selected using
the following criteria: (1) The expression ratios (treated/untreated)
are greater than 1.8-fold and less than 5/9 for the stress- or ABA-
inducible genes and for the stress- or ABA-downregulated genes,
respectively. (2) The genes or TUs are identified as the expressed
ones under the drought, cold, high-salinity and ABA treatments
by ARTADE-based method (P-initial 510–8) for the stress- or
ABA-inducible genes. The genes or TUs are identified as the
expressed ones without treatment by ARTADE-based method
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(P-initial 510–8) for the stress- or ABA-downregulated genes.
Detailed descriptions are included in the supplementary data.

Identification of the sense-antisense transcripts

We used the sequence data of both AGI code genes and non-
AGI TUs identified as ‘‘expressed genes and TUs’’ by ‘‘the
ARTADE-based method’’ for the identification of the SATs.

Mapping of cDNAs and small RNAs to genomic sequence

Detailed descriptions are included in the supplementary data.

Real-time RT-PCR analysis and Northern analysis

Detailed descriptions are included in the supplementary data.

Cloning of the antisense transcripts of the RD29A and CYP707A1
genes

Detailed descriptions are included in the supplementary data.

Detection and evaluation of cis-elements

Detailed descriptions are included in the supplementary data.

Supplementary data

Supplementary data mentioned in the article is

available at Plant and Cell Physiology online and our web

site (http://pfgweb.gsc.riken.jp/supplements/matsui001/).

Funding

Grant-in-Aid for Scientific Research on Priority Areas

‘‘Systems Genomics’’ from Ministry of Education, Culture,

Sports, Science, and Technology (17017041 to M.S.);

President Discretionary Fund from RIKEN (to M.S.);

Grant for Genome Research from RIKEN (to K.S.).

Acknowledgments

We thank James C. Carrington for the seeds of rdr1-1, rdr2-1
and rdr6-15, the Arabidopsis Biological Resource Center for the
seeds of rdr3 (SALK_071908), cyp707a1-1 (SALK_069127) and
cyp707a1-3 (SALK_002069), the Arabidopsis Knockout Facility of
the University of Wisconsin Biotech Center for cyp707a1-2
(WiscDsLox393), Bernd Weisshaar (MPI for Plant Breeding
Research) for the seeds of rdr4 (GABI_652F02) and rdr5
(GABI_790F11) generated in the context of the GABI-Kat
program, Taishi Umezawa for the RD29A-specific fragment,
Mitsutaka Araki and Sachiko Oyama for DNA sequencing, and
Yukio Kurihara for critically reading this manuscript.

References

Abe, H., Urao, T., Ito, T., Seki, M., Shinozaki, K. and Yamaguchi-
Shinozaki, K. (2003) Arabidopsis AtMYC2 (bHLH) and AtMYB2
(MYB) function as transcriptional activators in abscisic acid signaling.
Plant Cell 15: 63–78.

Bignell, G.R., Huang, J., Greshock, J., Watt, S., Butler, A., et al. (2004)
High-resolution analysis of DNA copy number using oligonucleotide
microarrays. Genome Res. 14: 287–295.

Borsani, O., Zhu, J., Verslues, P.E., Sunkar, R. and Zhu, J.K. (2005)
Endogenous siRNAs derived from a pair of natural cis-antisense
transcripts regulate salt tolerance in Arabidopsis. Cell 123: 1279–1291.

Boutanaev, A.M., Kalmykova, V.I., Shevelyov, Y.Y. and Nurminsky, D.I.
(2002) Large clusters of co-expressed genes in the Drosophila genome.
Nature 420: 666–669.

Chen, J., Sun, M., Hurst, L.D., Carmichael, G.G. and Rowley, J.D. (2005)
Genome-wide analysis of coordinate expression and evolution of human
cis-encoded sense-antisense transcripts. Trend Genet. 21: 326–329.

Clark, T.A., Sugnet, C.W. and Ares, M. Jr. (2002) Genomewide analysis of
mRNA processing in yeast using splicing-specific microarrays. Science
296: 907–910.

David, L., Huber, W., Granovskaia, M., Toedling, J., Palm, C.J.,
Bofkin, L., Jones, T., Davis, R.W. and Steinmetz, L.M. (2006) A high-
resolution map of transcription in the yeast genome. Proc. Natl. Acad.

Sci. USA 103: 5320–5325.
Enerly, E., Sheng, Z. and Li, K.B. (2005) Natural antisense as potential

regulator of alternative initiation, splicing and termination. In Silico

Biology 5: 0033.
Finkelstein, R.R., Gampala, S.S. and Rock, C.D. (2002) Abscisic acid

signaling in seeds and seedlings. Plant Cell 14(suppl.): S15–S45.
Fowler, S. and Thomashow, M.F. (2002) Arabidopsis transcriptome

profiling indicates that multiple regulatory pathways are activated
during cold acclimation in addition to the CBF cold response pathway.
Plant Cell 14: 1675–1690.

Franco-Zorrilla, J.M., Valli, A., Todesco, M., Mateos, I., Puga, M.I.,
Rubio-Somoza, I., Leyva, A., Weigel, D., Garcı́a, J.A. and Paz-Ares, J.
(2007) Target mimicry provides a new mechanism for regulation of
microRNA activity. Nat. Genet. 39: 1033–1037.

Hanada, K., Zhang, X., Borevitz, J.O., Li, W.H. and Shiu, S.H. (2007) A
large number of novel coding small open reading frames in the intergenic
regions of the Arabidopsis thaliana genome are transcribed and/or under
purifying selection. Genome Res. 17: 632–640.

Hasegawa, P.M., Bressan, R.A., Zhu, J.K. and Bohnert, H.J. (2000) Plant
cellular and molecular responses to high salinity. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 51: 463–499.

Hastings, M.L., Milcarek, C., Martincic, K., Peterson, M.L. and
Monroe, S.H. (1997) Expression of the thyroid hormone receptor gene,
erbAa, in B lymphocytes: alternative mRNA processing is independent of
differentiation but correlates with antisense RNA levels. Nucleic Acids
Res. 25: 4296–4300.

Hugouvieux, V., Kwak, J.M. and Schroeder, J.I. (2001) An mRNA cap
binding protein, ABH1, modulates early abscisic acid signal transduction
in Arabidopsis. Cell 106: 477–487.

Ishkanian, A.S., Malloff, C.A., Watson, S.K., DeLeeuw, R.J., Chi, B., et al.
(2004) A tiling resolution DNA microarray with complete coverage of the
human genome. Nat. Genet. 36: 299–303.

Jen, C.H., Michalopoulos, I., Westhead, D.R. and Meyer, P. (2005) Natural
antisense transcripts with coding capacity in Arabidopsis may have a
regulatory role that is not linked to double-stranded RNA degradation.
Genome Biol. 6: R51.

Kampa, D., Cheng, J., Kapranov, P., Yamanaka, M., Brubaker, S., et al.
(2004) Novel RNAs identified from an in-depth analysis of the
transcriptome of human chromosomes 21 and 22. Genome Res. 14:
331–342.

Kapranov, P., Cheng, J., Dike, S., Nix, D.A., Duttagupta, R., et al. (2007)
RNA maps reveal new RNA classes and a possible function for pervasive
transcription. Science 316: 1484–1488.

Katayama, S., Tomaru, Y., Kasukawa, T., Waki, K., Nakanishi, M., et al.
(2005) Antisense transcription in the mammalian transcriptome. Science
309: 1564–1566.

Katiyar-Agarwal, S., Morgan, R., Dahlbeck, D., Borsani, O., Villegas, A.J.,
Zhu, J.K., Staskawicz, B.J. and Jin, H. (2006) A pathogen-inducible
endogenous siRNA in plant immunity. Proc. Natl Acad. Sci. USA 103:
18002–18007.

Katou, Y., Kanoh, Y., Bando, M., Noguchi, H., Tanaka, H., Ashikari, T.,
Sugimoto, K. and Shirahige, K. (2003) S-phase checkpoint proteins Tof1

Arabidopsis tiling array analysis under stress 1147

http://pfgweb.gsc.riken.jp/supplements/matsui001/


and Mrc1 form a stable replication-pausing complex. Nature 424:
1078–1083.

Kiyosawa, H., Mise, N., Iwase, S., Hayashizaki, Y. and Abe, K. (2005)
Disclosing hidden transcripts: mouse natural sense-antisense transcripts
tend to be poly(A) negative and nuclear localized. Genome Res. 15:
463–474.

Kiyosawa, H., Yamanaka, I., Osato, N., Kondo, S., RIKEN GER Group
and GSL Members, and Hayashizaki, Y. (2003) Antisense-transcripts
with FANTOM2 clone set and their implications for gene regulation.
Genome Res. 13: 1324–1334.

Kreps, J.A., Wu, Y., Chang, H.S., Zhu, T., Wang, X. and Harper, J.F.
(2002) Transcriptome changes for Arabidopsis in response to salt,
osmotic, and cold stress. Plant Physiol. 130: 2129–2141.

Kushiro, T., Okamoto, M., Nakabayashi, K., Yamagishi, K., Kitamura, S.,
Asami, T., Hirai, N., Koshiba, T., Kamiya, Y. and Nambara, E. (2004)
The Arabidopsis cytochrome P450 CYP707A encodes ABA 8’-hydro-
xylases: key enzymes in ABA catabolism. EMBO J. 23: 1647–1656.

Lapidot, M. and Pilpel, Y. (2006) Genome-wide natural antisense
transcription: coupling its regulation to its different regulatory mecha-
nisms. EMBO Rep. 7: 1216–1222.

Lee, B.H., Henderson, D.A. and Zhu, J.K. (2005) The Arabidopsis cold-
responsive transcriptome and its regulation by ICE1. Plant Cell 17:
3155–3175.

Lehner, B., Williams, G., Campbell, R.D. and Sanderson, C.M. (2002)
Antisense transcripts in the human genome. Trends Genet. 18: 63–65.

Lercher, M.J., Blumenthal, T. and Hurst, L.D. (2003) Coexpression of
neighboring genes in Caenorhabditis elegans is mostly due to operons
and duplicate genes. Genome Res. 13: 238–243.

Li, L., Wang, X.F., Stolc, V., Li, X.Y., Zhang, D.F., Su, N.,
Tongprasit, W., Li, S.G., Cheng, Z.K., Wang, J. and Deng, X.W.
(2006) Genome-wide transcription analyses in rice using tiling micro-
arrays. Nat. Genet. 38: 124–129.

Li, X., Wang, X., He, K., Ma, Y., Su, N., et al. (2008) High-resolution
mapping of epigenetic modifications of the rice genome uncovers
interplay between DNA methylation, histone methylation and gene
expression. Plant Cell 20: 259–276.

Liu, Q., Kasuga, M., Sakuma, Y., Abe, H., Miura, S., Yamaguchi-
Shinozaki, K. and Shinozaki, K. (1998) The transcription factors,
DREB1 and DREB2, with an EREBP/AP2 DNA binding domain
separate two cellular signal transduction pathways in drought- and low-
temperature-responsive gene expression, respectively, in Arabidopsis.
Plant Cell 10: 1391–1406.

Lu, C. and Fedoroff, N. (2000) A mutation in the Arabidopsis HYL1 gene
encoding a dsRNA-binding protein affects responses to abscisic acid,
auxin, and cytokinin. Plant Cell 12: 2351–2366.

Mann, H.B. and Whitney, D.R. (1947) On a test of whether one of two
random variables is stochastically larger than the other. Annals of

Mathematical Statistics 18: 50–60.
Martianov, I., Ramadass, A., Barros, A.S., Chow, N. and Akoulitchev, A.

(2007) Repression of the human dihydrofolate reductase gene by a non-
coding interfering transcript. Nature 445: 666–670.

Martienssen, R.A., Doerge, R.W. and Colot, V. (2005) Epigenomic
mapping in Arabidopsis using tiling microarrays. Chromosome Res. 13:
299–308.

Matsui, K., Nishizawa, M., Ozaki, T., Kimura, T., Hashimoto, I.,
Yamada, M., Kaibori, M., Kamiyama, Y., Ito, S. and Okumura, T.
(2008) Natural antisense transcript stabilizes inducible nitric oxide
synthase messenger RNA in rat hepatocytes. Hepatology 47: 686–697.

Meyers, B.C., Tej, S.S., Vu, T.H., Haudenschild, C.D., Agrawal, V.,
Edberg, S.B., Ghazal, H. and Decola, S. (2004) The use of MPSS for
whole- genome transcriptional analysis in Arabidopsis. Genome Res. 14:
1641–1653.

Nambara, E. and Marion-Poll, A. (2005) Abscisic acid biosynthesis and
catabolism. Annu. Rev. Plant Biol. 56: 165–185.

Nishimura, N., Kitahata, N., Seki, M., Narusaka, Y., Narusaka, M.,
Kuromori, T., Asami, T., Shinozaki, K. and Hirayama, T. (2005) Analysis
of ABA Hypersensitive Germination2 revealed the pivotal functions of
PARN in stress response in Arabidopsis. Plant J. 44: 972–984.

Nishimura, Y., Kikis, E.A., Zimmer, S.L., Komine, Y. and Stern, D.B.
(2004) Antisense transcript and RNA processing alterations suppress

instability of polyadenylated mRNA in Chlamydomonas chloroplasts.
Plant Cell 16: 2849–2869.

Okamoto, M., Kuwahara, A., Seo, M., Kushiro, T., Asami, T., Hirai, N.,
Kamiya, Y., Koshiba, T. and Nambara, E. (2006) CYP707A1 and
CYP707A2, which encode abscisic acid 8’-hydroxylases, are indispen-
sable for proper control of seed dormancy and germination in
Arabidopsis. Plant Physiol. 141: 97–107.

Oono, Y., Seki, M., Nanjo, T., Narusaka, M., Fujita, M., et al. (2003)
Monitoring expression profiles of Arabidopsis gene expression during
rehydration process after dehydration using ca 7000 full-length cDNA
microarray. Plant J. 34: 868–887.

Oono, Y., Seki, M., Satou, M., Iida, K., Akiyama, K., Sakurai, T.,
Fujita, M., Yamaguchi-Shinozaki, K. and Shinozaki, K. (2006)
Monitoring expression profiles of Arabidopsis genes during cold
acclimation and deacclimation using DNA microarrays. Funct. Integr.
Genomics 6: 212–234.

Osato, N., Yamada, H., Satoh, K., Ooka, H., Yamamoto, M., et al. (2003)
Antisense transcripts with rice full-length cDNAs. Genome Biol. 5: R5.

Papp, I., Mur, L.A., Dalmadi, A., Dulai, S. and Koncz, C. (2004) A
mutation in the Cap Binding Protein 20 gene confers drought tolerance to
Arabidopsis. Plant Mol. Biol. 55: 679–686.

Perocchi, F., Xu, Z., Clauder-Munster, S. and Steinmetz, L.M. (2007)
Antisense artifacts in transcriptome microarray experiments are resolved
by actinomycin D. Nucleic Acids Res. 35: e128.

Prescott, E.M. and Proudfoot, N.J. (2002) Transcriptional collision between
convergent genes in budding yeast. Proc. Natl Acad. Sci. USA 99:
8796–8801.

Read, R.L., Martinho, R.G., Wang, S.W., Carr, A.M. and Norbury, C.J.
(2002) Cytoplasmic poly (A) polymerases mediate cellular responses to S
phase arrest. Proc. Natl Acad. Sci. USA 99: 12079–12084.

Rinn, J.L., Kertesz, M., Wang, J.K., Squazzo, S.L., Xu, X.,
Brugmann, S.A., Goodnough, L.H., Helms, J.A., Farnham, P.J.,
Segal, E. and Chang, H.Y. (2007) Functional demarcation of active
and silent chromatin domains in human Hox loci by noncoding RNAs.
Cell 129: 1311–1323.

Saito, S., Hirai, N., Matsumoto, C., Ohigashi, H., Ohta, D., Sakata, K. and
Mizutani, M. (2004) Arabidopsis CYP707As encode (þ)-abscisic acid 8’-
hydroxylase, a key enzyme in the oxidative catabolism of abscisic acid.
Plant Physiol. 134: 1439–1449.

Saitoh, S., Chabes, A., McDonald, W.H., Thelander, L., Yates III, J.R. and
Russell, P. (2002) Cid13 is a cytoplasmic poly (A) polymerase that
regulates ribonucleotide reductase mRNA. Cell 109: 563–573.

Sakuma, Y., Maruyama, K., Osakabe, Y., Feng, Q., Seki, M., Shinozaki, K.
and Yamaguchi-Shinozaki, K. (2006) Functional analysis of an Arab-

idopsis transcription factor, DREB2A, involved in drought-responsive
gene expression. Plant Cell 18: 1292–1309.

Seki, M., Ishida, J., Narusaka, M., Fujita, M., Nanjo, T., et al. (2002a)
Monitoring the expression pattern of around 7,000 Arabidopsis genes
under ABA treatments using a full-length cDNA microarray. Funct.

Integr. Genomics 2: 282–291.
Seki, M., Narusaka, M., Ishida, J., Nanjo, T., Fujita, M., et al. (2002b)

Monitoring the expression profiles of 7000 Arabidopsis genes under
drought, cold, and high-salinity stresses using a full-length cDNA
microarray. Plant J. 31: 279–292.

Seki, M., Narusaka, M., Kamiya, A., Ishida, J., Satou, M., et al. (2002c)
Functional annotation of a full-length Arabidopsis cDNA collection.
Science 296: 141–145.

Seki, M., Satou, M., Sakurai, T., Akiyama, K., Iida, K., et al. (2004) Full-
length cDNAs for the discovery and annotation of genes in A. thaliana.
Edited by Leister, D. pp. 3–22. Haworth’s Food Products Press,
Binghamton, New York.

Shinozaki, K., Yamaguchi-Shinozaki, K. and Seki, M. (2003) Regulatory
network of gene expression in the drought and cold stress responses.
Curr. Opin. Plant Biol. 6: 410–417.

Sridha, S. and Wu, K. (2006) Identification of AtHD2C as a novel regulator
of abscisic responses in Arabidopsis. Plant J. 46: 124–133.

Stolc, V., Samanta, M.P., Tongprasit, W., Sethi, H., Liang, S., et al. (2005)
Identification of transcribed sequences in Arabidopsis thaliana by using
high-resolution genome tiling arrays. Proc. Natl. Acad. Sci. USA 102:
4453–4458.

1148 Arabidopsis tiling array analysis under stress



Storey, J.D. and Tibshirani, R. (2003) Statistical significance for genome-

wide studies. Proc. Natl Acad. Sci. USA 100: 9440–9445.
Sun, M., Hurst, L.D., Carmichael, G.G. and Chen, J. (2006) Evidence for

variation in abundance of antisense transcripts between multicellular

animals but no relationship between antisense transcription and

organismic complexity. Genome Res. 16: 922–933.
Sunkar, R. and Zhu, J.K. (2004) Novel and stress-regulated microRNAs

and other small RNAs from Arabidopsis. Plant Cell 16: 2001–2019.
Takahashi, S., Katagiri, T., Yamaguchi-Shinozaki, K. and Shinozaki, K.

(2000) An Arabidopsis gene encoding a Ca2þ-binding protein is induced

by abscisic acid during dehydration. Plant Cell Physiol. 41: 898–903.
Thibaud-Nissen, F., Wu, H., Richmond, T., Redman, J.C., Johnson, C.,

Green, R., Arias, J. and Town, C.D. (2006) Development of Arabidopsis

whole-genome microarrays and their application to the discovery of

binding sites for the TGA2 transcription factor in salicylic acid-treated

plants. Plant J. 47: 152–162.
Thomashow, M.F. (1999) Plant cold acclimation: freezing tolerance genes

and regulatory mechanisms. Annu. Rev. Plant Physiol. Plant Mol. Biol.

50: 571–599.
Toyoda, T. and Shinozaki, K. (2005) Tiling-array-driven elucidation of

transcriptional structures based on maximum likelihood and Markov

models. Plant J. 43: 611–621.
Trinklein, N.D., Aldred, S.F., Hartman, S.J., Schroeder, D.I., Otiller, R.P.

and Myers, R.M. (2004) An abundance of bidirectional promoters in the

human genome. Genome Res. 14: 62–66.
Tufarelli, C., Stanley, J.A., Garrick, D., Sharpel, J.A., Ayyub, H.,

Wood, W.G. and Higgs, D.R. (2003) Transcription of antisense RNA

leading to gene silencing and methylation as a novel cause of human

genetic disease. Nat. Genet. 34: 157–165.
Turck, F., Roudier, F., Farrona, S., Martin-Magniette, M.L.,

Guillaume, E., Buisine, N., Gagnot, S., Martienssen, R.A.,

Coupland, G. and Colot, V. (2007) Arabidopsis TFL2/LHP1 specifically

associates with genes marked by trimethylation of histone H3 lysine 27.

PLoS Genet. 3: 855–866.
Umezawa, T., Fujita, M., Fujita, Y., Yamaguchi-Shinozaki, K. and

Shinozaki, K. (2006) Engineering drought tolerance in plants: discovering

and tailoring genes to unlock the future. Curr. Opin. Biotechnol. 17:

113–122.

Wang, X.J., Gaasterland, T. and Chua, N.H. (2005) Genome-wide

prediction and identification of cis-natural antisense transcripts in

Arabidopsis thaliana. Genome Biol. 6: R30.

Werner, A., Schmutzler, G., Carlile, M., Miles, C.G. and Peters, H. (2007)

Expression profiling of antisense transcripts on DNA arrays. Physiol.

Genomics 28: 294–300.

Wyers, F., Rougemaille, M., Badis, G., Rousselle, J.C., Dufour, M.E., et al.
(2005) Cryptic pol II transcripts are degraded by a nuclear quality control
pathway involving a new poly(A) polymerase. Cell 121: 725–737.

Xie, Z., Johansen, L.K., Gustafson, A.M., Kasschau, K.D., Lellis, A.D.,
Zilberman, D., Jacobsen, S.E. and Carrington, J.C. (2004) Genetic
and functional diversification of small RNA pathways in plants. PLoS
Biol. 2: E104.

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

Xiong, L., Schumaker, K.S. and Zhu, J.K. (2002) Cell signaling during cold,
drought, and salt stress. Plant Cell 14: S165–183.

Yamada, K., Lim, J., Dale, J.M., Chen, H., Shinn, P., et al. (2003)
Empirical analysis of transcriptional activity in the Arabidopsis genome.
Science 302: 842–846.

Yamaguchi-Shinozaki, K. and Shinozaki, K. (1994) A novel cis-acting
element in an Arabidopsis gene is involved in responsiveness to drought,
low-temperature, or high-salt stress. Plant Cell 6: 251–264.

Yamaguchi-Shinozaki, K. and Shinozaki, K. (2005) Organization of cis-
acting regulatory elements in osmotic- and cold-stress-responsive
promoters. Trends Plant Sci. 10: 88–94.

Yamaguchi-Shinozaki, K. and Shinozaki, K. (2006) Transcriptional
regulatory networks in cellular responses and tolerance to dehydration
and cold stresses. Annu. Rev. Plant Biol. 57: 781–803.

Yelin, R., Dahary, D., Sorek, R., Levanon, E.Y., Goldstein, O., et al. (2003)
Widespread occurrence of antisense transcription in the human genome.
Nat. Biotechnol. 21: 379–386.

Zhang, J.Z. (2003) Overexpression analysis of plant transcription factors.
Curr. Opin. Plant Biol. 6: 430–440.

Zhang, X., Clarenz, O., Cokus, S., Bernatavichute, Y.V., Pellegrini, M.,
Goodrich, J. and Jacobsen, S.E. (2007) Whole-genome analysis of histone
H3 lysine 27 trimethylation in Arabidopsis. PLoS Biol. 5: 1026–1035.

Zhang, X., Yazaki, J., Sundaresan, A., Cokus, S., Chan, S.W.L., et al.
(2006) Genome-wide high-resolution mapping and functional analysis of
DNA methylation in Arabidopsis. Cell 126: 1189–1201.

Zhu, J.K. (2002) Salt and drought stress signal transduction in plants. Annu.
Rev. Plant Biol. 53: 247–273.

Zilberman, D., Gehring, M., Tran, R.K., Ballinger, T. and Henikoff, S.
(2007) Genome-wide analysis of Arabidopsis thaliana DNA methylation
uncovers an interdependence between methylation and transcription.
Nat. Genet. 39: 61–69.

Zubko, E. and Meyer, P. (2007) A natural antisense transcript of the
Petunia hybrida Sho gene suggests a role for an antisense mechanism in
cytokinin regulation. Plant J. 52: 1131–1139.

(Received June 24, 2008; Accepted July 8, 2008)

Arabidopsis tiling array analysis under stress 1149


