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Abstract: The phytohormone abscisic acid (ABA) enables plants to adapt to adverse environmental
conditions through the modulation of metabolic pathways and of growth and developmental pro-
grams. We used comparative microarray analysis to identify genes exhibiting ABA-dependent ex-
pression and other hormone-dependent expression among them in Oryza sativa shoot and root. We
identified 854 genes as significantly up- or down-regulated in root or shoot under ABA treatment
condition. Most of these genes had similar expression profiles in root and shoot under ABA treatment
condition, whereas 86 genes displayed opposite expression responses in root and shoot. To examine
the crosstalk between ABA and other hormones, we compared the expression profiles of the ABA-
dependently regulated genes under several different hormone treatment conditions. Interestingly,
around half of the ABA-dependently expressed genes were also regulated by jasmonic acid based on
microarray data analysis. We searched the promoter regions of these genes for cis-elements that could
be responsible for their responsiveness to both hormones, and found that ABRE and MYC2 elements,
among others, were common to the promoters of genes that were regulated by both ABA and JA.
These results show that ABA and JA might have common gene expression regulation system and

might explain why the JA could function for both abiotic and biotic stress tolerance.
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1. INTRODUCTION

When plants encounter stress conditions, the stress phy-
tohormone ABA is biosynthesized or converted into an ac-
tive form from a glucose-conjugated inactive form. As a re-
sult, functional ABA contents increase [1], and ABA modu-
lates metabolism, growth and development to enable plants
to adapt to adverse environments. ABA has strong effects on
gene expression, such that around 10% of protein-encoding
genes are transcriptionally regulated by ABA [2]. This tran-
scriptional regulation has been well studied in Arabidopsis
thaliana and rice, and the signaling components for ABA
have been identified from receptors to transcription factors
[3-5]. Typically, PYL/RCARs, ABA receptors sense ABA
and bind to subclass A PP2Cs resulting in the
activation of SnRK2s, which were suppressed by the subclass
A PP2Cs. Activated SnRK2s are able to phosphorylate ABF
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transcription factors, which in turn promote the expression of
ABA-dependent genes [2, 6-8].

To date, studies of ABA signaling pathways have fo-
cused on above-ground organs because important agricul-
tural traits such as plant height, tiller number, grain number
and weight are determined in those organs. However, re-
cently it has been reported by several research groups that
the root plays pivotal roles in plant growth, biomass increase
and abiotic stress tolerance, among other characteristics [9-
11]. In spite of the importance of the root system in plant
growth and abiotic stress tolerance, little is known about any
potential differences between the ABA responses of root and
shoot.

Recently, cross-talks among several phytohormones have
been discovered to lead to a network of complicated interac-
tions during development and abiotic and biotic stress signal-
ing. JA plays roles in biotic stress tolerance, especially
against herbivory [12], and recently JA was also found to
have functions related to abiotic stress tolerance and stomatal
closing [13]. JA signaling from sensing to transcriptional
regulation has been characterized in Arabidopsis. The JA
receptor is COI1, which has an F-box domain and interacts
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with JAZ proteins, which repress MYC2 transcription fac-
tors. The COI1-JAZ interaction causes the JAZ proteins to
be ubiquitinated and subsequently degraded through the 50S
proteasome complex pathway. As a result, MYC2 proteins
are de-repressed and promote the expression of downstream
JA-responsive genes [14].

In this study, we identified ABA-responsive genes in rice
root and shoot through microarray analysis and characterized
their expression patterns. We compared their gene expres-
sion profiles in response to other hormone treatments to
identify possible hormone crosstalk mechanisms. Many
genes were found to be commonly induced by JA and ABA.
These results provide valuable insight into crosstalk between
JA and ABA signaling in terms of gene expression regula-
tion.

2. MATERIALS AND METHODS
2.1. Plant Growth and ABA Treatment

Rice (Oryza sativa L. cv. Dongjin) was germinated and
grown on 1/2 Murashige and Skoog (MS) medium (Duchefa,
Netherland) containing 0.4 g /L MES (Duchefa, Netherland)
and 0.4% Phytagel (Sigma, USA) at pH 5.8. The plants were
grown for 7 d at 28°C under 16-h liquid in a growth cham-
ber. For hormone treatments, plants were transferred and
adapted to 1/2 MS medium for 2 days and JA and ABA were
added into medium to final concentration of 50 puM. Root
and leaf tissues were harvested 6 h after hormone treatment,
frozen in liquid nitrogen and kept at -80°C. light/8-h dark
conditions.

2.2. RNA Isolation and cDNA Synthesis

Total RNA was extracted using the RNeasy” Plant Mini
Kit (QIAGEN, Germany), according to the manufacturer’s
instructions. RNA quality and concentration were deter-
mined using a NanoDrop™ 1000 Spectrophotometer
(Thermo Scientific, USA). cDNAs were prepared using the
RNA to cDNA EcoDryTM Premix (Double Primed; Clontech,
USA), according to the manufacturer’s instructions [15].

2.3. Microarray Analysis

Expression profiling was conducted with the Oryza sati-
va 135k v1.0 microarray (Green Gene Bio, Inc., Korea) de-
signed from 31,439 genes deposited in the IRGSP RAP2
database (http://rapdb.lab.nig.ac.jp). The microarray was
scanned with a GenePix 4000B (Axon Instruments, Inc.,
USA) preset with 5-pm resolution for the Cy3 signal. Signals
were digitized and analyzed by Nimblescan (Nimblegen,
USA). The data were normalized and processed with cubic
spline normalization using quantiles to adjust signal varia-
tions between chips [16]. Probe-level summarization by Ro-
bust Multi-Chip Analysis (RMA) using a median polish al-
gorithm implemented in NimbleScan was used to produce
call files.

For the identification of differentially expressed genes at
the transcriptional level, statistical analysis was performed
using Student’s #-test. The TIGR Multi-Experiment Viewer
(MeV, http://www.tm4.org/mev.html) was used to generate
heat maps of expression patterns and hierarchical clustering.
For analysis of the expression of ABA-responsive genes in
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response to other hormone treatments, publicly available
microarray data for other several hormones were used (the
RXP 1000 data set; NCBI GEO accession number
GSE39429; stored at RiceXPro, http://ricexpro.dna.affrc.

20.jp/).
2.4. Real-Time Quantitative RT-PCR Analysis

Real-time quantitative RT-PCR (qRT-PCR) was per-
formed using LightCycler® 480 SYBR Green I Master
(Roche, Swiss) and the MyiQ (Bio-Rad, US). Primers used
for real-time qRT-PCR experiments were designed with the
NCBI primer BLAST program and are listed in (Supplemen-
tary Table 1). Ubi5 (LOC_0Os01g22490) was used as an in-
ternal control for normalization, LEA3 (LOC_0Os05g46480)
and TLP (LOC_0Os03g46070) were used as ABA- and JA-
marker genes, respectively [17]. The qRT-PCR experiments
were performed using three biological replicates. The ex-
pression ratio was calculated using the AAct method.

2.5. Cis-element Analysis

For cis-element analysis, three genes that were com-
monly induced by ABA and JA were selected by microarray
and qRT-PCR analysis. Ubi5, LEA3, and TLP were also se-
lected for comparison, as ABA and JA marker genes. For the
analysis, the 1-kb upstream sequence was obtained for each
of the eight rice genes from RAP-DB (http://rapdb.dna.affrc.
go.kr/; IRGSP-1.0_1kb-upstream 2013-04-24.fasta) [18, 19].
The cis-elements of those putative promoter regions were
analyzed using Signal Scan searches at PLACE, a database
of motifs found in plant cis-acting regulatory DNA elements
(http://www.dna.affrc.go.jp/PLACE/).

2.6. Gene Ontology Analysis

To get the putative information for molecular and func-
tional role of ABA and JA responsive genes, Gene Ontology
analysis was done for all 145 genes. Out of total 145 genes,
GO terms for 122 genes were available and retrieved from
RGAP database [20, 21]. These terms were sorted on the
basis of number of genes categorized under each function.
Categories comprising of more than 10 genes were assem-
bled and arranged in graph representation (Supplementary
Fig. 1). Entire gene list with GO term description has been
compiled in (Supplementary Table 1).

2.7. Analysis of Functionally Characterized ABA and JA
Responsive Genes from OGRO Database

To further study the role of ABA and JA responsive
genes in plant system, previous reported mutant analysis data
assembled in public domain of OGRO database
(http://qtaro.abr.affrc.go.jp/ogro/table) was analyzed and 11
genes were retrieved, that were studied using several mutants
plants under various abiotic stresses. Summary of the 11
genes are listed in (Table 1).

3. RESULTS

3.1. ABA Dependently Regulated Genes in Both Root and
Shoot of Rice

To identify ABA-dependently regulated genes in rice
root and shoot, we carried out microarray analysis using total
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Table 1. Functionally characterized genes retrieved from OGRO database.
S.No | ogro_id Gene Gene_symbol Locus_id Objective
Lo ACC oxidases Osacos | OsosgaIsn00 | o of gl g
2 1735 HEAT STRESIS);?OS?;IC\IIATED 32-KD HSA32 050620682900 Long-term acquired thermotolerance
3 1491 - Oshox22 0s04g0541700 Drought and salinity tolerance.
4 1438 tandem zinc finger 1 OsTZF1 0s05g0195200 Drought and salinity tolerance.
5 1051 Late embryogenesis abundant3-1 OsLEA3-1 0s05g0542500 Drought tolerance.
6 509 - bel 0s03g0760200 Herbicide resistance.
7 438 drought sensitive mutant2 dsm2 0s03g0125100 Drought and oxidative stress tolerance.
8 1379 Similar to RCD One 1c OsSROlc 0s03g0230300 Stomatal control. Oxidative stress resistance.
9 1931 stress largely induced 1 OsSLI1 0s02g0649300 Abiotic stress response
10 190 Salicylic acid glucosyltransferasel OsSGT1 0s09g0518200 Probenazole dependent blast resistance.
11 1424 heat shock transcription factor7 OsHsfA7 0s01g0571300 Drought and salinity tolerance.

RNA isolated from root and shoot of 10-d-old seedlings
treated with or without ABA. A total of 31,588 genes
showed detectable signals in at least one microarray experi-
ment. Among them, the expression of 854 genes was signifi-
cantly changed (with at least two-fold change and p value
<0.05) in ABA-treated shoot or root compared with the un-
treated control (Fig. 1a, Supplementary Table 2).

Heat map analysis showed that the expression profiles of
the 854 genes in root and shoot treated with ABA were quite
similar (Fig. 1a). Specifically, 586 genes among 854 were
up-regulated and 182 genes were down-regulated in both
tissues, whereas the expression of 86 genes was changed in
opposite directions in root and shoot (Fig. 1b, Supplemen-
tary Table 2).

3.2. Validation of ABA-responsive Genes Both In Root
and Shoot

To validate the gene expression patterns derived from
microarray analysis of ABA-treated root and shoot, we car-
ried out qRT-PCR analysis of ten genes commonly ex-
pressed in root or shoot. The results showed that eight of
these genes were clearly induced by ABA treatment both in
root and shoot (Fig. 2). All of these genes were induced by
ABA in both tissues, although some genes showed differen-
tial expression between shoot and root [22-24]. Protease in-
hibitor and caleosin-related protein were expressed predomi-
nantly in shoot, whereas protein disulfide isomerase and
phosphatase 2C were much highly expressed in root (Fig. 2).

3.3. Responsiveness of ABA-dependently
Genes to Other Hormones

Regulated

To study the potential cross-talk between ABA and other
phytohormones, we selected the 145 genes of which expres-
sion was changed significantly more than two folds in the
same direction in both root and shoot under ABA treatment
[25, 26]. We analyzed the expression profiles of these genes

in publicly available rice microarray data for treatment with
Gibberellic Acid (GA), Indole Acetic Acid (IAA), brassi-
nolide (BL), transzeatin (tZ), or JA. Very few genes were co-
regulated under GA or BL and ABA treatment and IAA and
tZ treatment co-regulated the expressions of several genes
with ABA treatment. For JA and ABA treatments, the most
genes were co-regulated in either root or shoot compared to
other hormones (Fig. 3, Supplementary Table 3). These re-
sults suggest that JA and ABA might together modulate the
expression of several genes and have a common gene ex-
pression system [27-33].

3.4. Validation of Genes Responsive to Both JA and ABA

The above transcriptome analysis revealed that compared
to other hormones, JA regulated the most genes commonly
with ABA. Those genes could be classified based on tissue
specific gene expression pattern. The expressions of forty
five genes were up-regulated by ABA and JA in both root
and shoot. Although most of the genes were expressed at
much higher levels in response to ABA treatment than to JA
treatment, Os08g02030 and Os01g06740 were induced more
highly in JA than ABA (Fig. 4). For further verification of
ABA and JA responsive genes, Gene ontology analysis was
done for total 145 genes, and 122 genes were found to be
listed with putative functional characteristics. Under GO
terms, large number of genes were listed under metabolic
process (60 genes) followed by cellular process (38 genes),
stress responses (37 genes) and several other biological
processes (34) [34]. Detail list of GO terms along with their
described functions are listed in (Supplementary Table 4).
Categories comprising of more than 10 genes, were assem-
bled and arranged in graphical representation (Supplemen-
tary Fig. 1). Previously reported studies regarding ABA and
JA responsive genes was retrieved from OGRO database
(that comprises of total of 1950 genes). Out of 145 genes, 11
genes have been studied under several abiotic stress condi-
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tion such as drought and salinity suggesting that the remain-
ing genes might as well play a vital role under adverse stress
conditions (Table 1).
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Fig. (1). Expression profiles of genes regulated by ABA in rice root
and shoot. a) Heat map of expression profiles for genes with ex-
pression significantly changed by ABA treatment in root or shoot.
b) Venn diagram of ABA-dependently regulated genes in rice root
(red circle) and shoot (blue circle). Red numbers mean genes up-
regulated by ABA. Green numbers mean genes down-regulated by
ABA [35].
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3.5. Cis-element Analysis

To learn more about the potential mechanism of gene
expression regulation by JA and ABA, we searched for
shared cis-regulatory elements [36]. We compared the pre-
dicted cis-elements of three genes which were regulated by
both JA and ABA (LOC 0s01g50400, LOC Os01g45110,
LOC Os 04g43200) and two genes which are ABA-
inducible marker gene LEA3 (0s05g46480) JA-inducible
marker genes 7LP (LOC_0s03g46070) and a constitutively
expressed control gene, Ubi5.

According to PLACE database analysis, there were 196
cis-elements present at least once in those promoters [37].
Among them, we selected the cis-elements which were not
present in Ubi5 promoter but present in other promoters and
then analyzed the common cis-regulatory elements. Four cis-
regulatory elements (ABRE; ACGTG, PRECONSCRHSP70
A; SCGAYNRNNNNNNNNNNNNNNNHD, ASFIMOTIF
CAMV; TGACG, MYCATERDI1; CATGTG and MY-
CATRD22; CACATG) were common to the promoter re-
gions of all five selected genes except for Ubi5 (Table 2).

4. DISCUSSION

The root senses the water status in the soil, and ABA is
biosynthesized in the root phloem under abiotic stress condi-
tions. The resulting ABA is transported into the shoot and
other tissues, where ABA signaling induces downstream
responses to adapt to the adverse conditions [1]. Thus, the
root plays pivotal roles in sensing environmental stresses
from the soil and ABA signal transduction; in fact, the root
could be considered a sensing and regulatory organ for other
organs [38, 39]. This would suggest that root and shoot could
have fairly different gene expression profiles under stress
conditions or ABA treatment. However, our microarray
analysis showed that the ABA-responsive gene expression
patterns in the two tissues are similar and very few genes
were differentially expressed in root and shoot under ABA
treatment conditions. Intriguingly, among the 86 genes that
showed opposite expression responses in root and shoot un-
der ABA treatment, there were five cyclin related F-box pro-
teins. The F-box proteins function to modulate protein deg-
radation through Skplp-cullin-F-box complex. 687 F-box
proteins were annotated in rice genome and COI1, JA recep-
tor and Arabidopsis F-box protein, is studied well in Jas-
monic Acid (JA)-regulated defense responses. COIl is pre-
dicted to target repressors of JA signaling to the proteasome
for degradation [40, 41].

Previously, antagonistic regulation between ABA and JA
has been studied based on differential responses to abiotic
and biotic stresses because JA is biotic-stress related and
ABA is abiotic-stress related. However, ABA and JA also
have common physiological functions in growth inhibition,
stomatal closing and tolerance to some stresses [42, 43]. We
found that, compared to the other hormones, JA produced to
the most similar gene expression patterns to those induced
by ABA. This suggests that JA and ABA might share some
common gene expression modules or signaling components
and points to the importance of studying crosstalk between
JA and ABA.
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Fig. (2). Validation of ABA regulation of genes expressed in root and shoot using qRT-PCR. The AACT method was used to determine the
relative fold change. All data were normalized to the expression level of Ubi5. Error bars represent standard error of three replicates.
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Fig. (3). Expression profiles of ABA-regulated genes upon treatment
with other hormones. a) Heat map analysis of expression profiles
under several hormone treatment conditions for the genes that were
significantly regulated by ABA in both root and shoot. The genes for
which the p value was below 0.05 and expression was changed two-
fold both in root and shoot were selected for comparison. b) Venn
diagram of ABA- and JA-regulated genes in rice root and shoot.

Among several signaling components, wound and JA
induced Arabidopsis AtMPK1/AtMPK2, is also activated by
ABA. JA- activated MAPKs can regulate several transcrip-
tion factors and modulate the JA dependent gene expression
such as atVSP1 and AtLOX2 [44, 45]. Thus JA/ABA dual
activated MAPK might can regulate gene expression which
can be regulated commonly in JA and ABA. In terms of
transcriptional regulator, the AtMYC2 transcription factor is
a candidate for regulating shared JA- and ABA-responsive
gene expression in Arabidopsis. AtMY C2, which is a typical
JA-responsive gene expression regulator, has been reported
to be induced by ABA and can bind MYC2 cis-elements of
the abiotic stress-responsive marker gene RD22. In this study
we found out two different MY C-binding cis-elements in the
promoter regions of the dually regulated genes. Thus At-
MY C2 would be one of the responsible transcription factors
for ABA/JA dual responsive gene expression [44, 46].

ABRE cis-elements were abundant in the promoter re-
gions of the analyzed dual-regulated genes, as well as in
them of the ABA-responsive marker genes. Intriguingly, the
JA-responsive marker gene 7LP also had ABRE cis-
elements. It is possible the common expression of ABA- and
JA-responsive genes might be caused by ABRE cis-elements
placed in the context of JA-responsive promoters.

JA can regulate physiological responses in biotic stress
tolerance as well as in abiotic stress tolerance. Gene Ontol-
ogy analysis showed that ABA and JA common responsive
genes are not only categorized under stress response but also
assembled under several cellular and metabolic procedures.
Few ABA and JA responsive genes obtained from mutant
analysis database provided major information for their spe-
cific role under abiotic stress conditions. However, it is not
yet clear how JA and ABA under abiotic stress signaling,
converge and diverge and what the crosstalk points are. This
study provides several candidate genes for further study of
the crosstalk between JA and ABA signaling in rice.
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Table2. Cis elements in the promoters of genes induced by both ABA and JA.

Cis-element Sequence Cis-element Name Ubi5 LEA3 0s01g50400 0s04g43200 Os01g45110 TLP
ACGTG ABRELATERDI1 0 7 2 5 1 3
TGACG ASFIMOTIFCAMV 0 2 1 1 4 3
CATGTG MYCATERDI 0 2 1 1 2 1
CACATG MYCATRD22 0 2 1 1 2 1

SCGAYNR HD PRECONSCRHSP70A 0 3 4 2 1 2

NNNNNNNNN
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CONCLUSION

Hormones regulate several different aspects of plant de-
velopment and stress tolerance. JA was known that one of
the hormones to regulate biotic stress tolerance of plants.
However, recently it was known that it also plays important
roles in abiotic stress tolerance of plants. JA might have
some cross-talk mechanisms with stress phytohormone
ABA. Intriguingly the transcriptome analysis of ABA and
JA treatment showed that many genes are commonly regu-
lated by JA and ABA. These results were confirmed by g-
RT-PCR. We clearly showed that JA and ABA have the
mechanisms of common gene expression regulation. And we
analyzed the promoter of commonly expressed genes. ABRE
and MYC related cis-element are the commonly present in
those promoter. Thus we suggest that MY C and bZIPs might
be related for co-regulation of JA and ABA. These results
might provide substantial contributions toward understand-
ing the crosstalk between ABA and JA signal transduction
pathway in rice.

LIST OF ABBREVIATIONS

ABA = Abscisic Acid

COI1 = Coronatine-insensitive Protein 1

JA = Jasmonic Acid

JAZ = Jasmonate ZIM-domain

PP2C = Protein Phosphatase 2C

PYL/RCAR = Pyrabactin Resistance 1-like/Regulatory
Components of ABA Receptor

SnRK?2 = SNF1-Related Protein Kinase 2
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