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hormones exert pleiotropic effects on plant growth and development throughout the life cycle. many of these effects
are mediated at molecular level via altering gene expression. in this study, we investigated the exogenous effect of plant
hormones, including auxin, cytokinin, abscisic acid, ethylene, salicylic acid and jasmonic acid, on the transcription of rice
genes at whole genome level using microarray. our analysis identified a total of 4,171 genes involved in several biological
processes, whose expression was altered significantly in the presence of different hormones. Further, 28% of these genes
exhibited overlapping transcriptional responses in the presence of any two hormones, indicating crosstalk among plant
hormones. in addition, we identified genes showing only a particular hormone-specific response, which can be used as
hormone-specific markers. the results of this study will facilitate further studies in hormone biology in rice.

Introduction
Hormones govern almost every aspect of plant life cycle from germination to seed development. Several molecular genetics studies
have demonstrated the crucial role of various hormones in plant
growth and development processes. The analyses of mutants with
altered hormone biosynthesis and signaling have revealed the role
of auxin, brassinosteroid, cytokinin and gibberellin in cell expansion along the longitudinal axes and ethylene along the transverse axes. Abscisic acid acts antagonistically on plant growth
and is majorly involved in abiotic stress responses. Jasmonic acid
and salicylic acid are involved in plant defense responses against
pathogens.
Our knowledge about the molecular mechanisms underlying
hormone perception and signal transduction has increased greatly
during the past decade.1 Several novel components involved in
the hormone signal transduction pathways have been identified.
The transcriptional responses of plant hormones have been analyzed at individual gene, gene family and whole genome levels
in many plant species.2-11 Based on gene expression and genetic
studies in loss-of-function mutants, several genes involved in
common signaling pathways of two or more hormones have also
been identified and extensive crosstalk and signal integration
has been uncovered.12-15 Various genetic analyses suggested that
hormones work via distinct pathways to elicit their responses.12
However, it has also been proposed that plant hormones regulate
similar biological processes via different signaling pathways.6,16
Most of our knowledge in hormone biology is based on
the work done in Arabidopsis. Only a few studies have been

performed to show the effect of different hormones at whole
genome level in crop plant rice.8,17-19 Further, the comparison of
transcriptional responses of different plant hormones is also not
available in rice. In this study, we performed microarray analysis in rice to study the effect of different hormones, including
auxin, cytokinin, abscisic acid, ethylene, salicylic acid and jasmonic acid, on gene expression at whole genome level. We further
examined the overlap in the transcriptional responses to different
hormones and identified several hormone-specific marker genes.
Results and Discussion
Plant hormones modulate global gene expression. Plant hormones control various cellular processes by regulating the expression of several genes. To reveal the transcriptional responses of
different hormones in rice, microarray analysis was performed
using total RNA isolated from seedlings treated exogenously
with various plant hormones involved in development and stress
responses as per interest of our laboratory, including auxin (IAA),
cytokinin (BAP), abscisic acid (ABA), ethylene derivative (ACC),
salicylic acid (SA) and jasmonic acid (JA), using Affymetrix rice
whole genome arrays. The microarray data are available at Gene
Expression Omnibus database at NCBI under the series accession
number GSE37557. The microarray data analysis identified a
total of 4171 genes differentially expressed significantly (≥ 2-fold
with at least 0.01 P-value) under at least one hormone condition
tested. The list of all these genes with fold-change and P-value
under different hormone conditions is given in Supplementary
Table S1. Among these, 428, 279, 3635, 183, 798 and 615 genes
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were differentially expressed on IAA, BAP, ABA, ACC, SA and
JA application, respectively (Fig. 1A). The results indicate that
ABA altered the expression of largest number of genes, while
ACC least number of genes under our experimental conditions.
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Figure 1. Differential expression of rice genes in the presence of different
plant hormones. (A) number of genes significantly (at least 2-fold with
P-value ≤ 0.01) up- and downregulated in the presence of different plant
hormones is shown. (B) the representative significantly enriched gene
ontology (Go) categories in the genes showing differential expression
are given. only the data of significantly enriched (P-value < 0.001) Go
categories are shown. iAA, auxin; BAP, cytokinin; ABA, abscisic acid; ACC,
ethylene derivative; SA, salicylic acid; JA, jasmonic acid.

In each case, the number of upregulated genes was higher than
the number of downregulated genes.
To gain insights into the putative functions of hormoneresponsive genes, their annotation was explored from the Rice
Genome Annotation Project database (http://rice.plantbiology.
msu.edu/). Several genes well-known to be induced by different
hormones were represented in our list of hormone-responsive
genes. For example, Aux/IAA and GH3 gene family members,
type-A response regulators and several stress-responsive genes
were included in the IAA-, BAP- and ABA-induced gene lists,
respectively. These results confirmed the reliability of our microarray experiments. The analysis revealed that genes involved in
various cellular processes and pathways were regulated by different plant hormones. Several genes encoding for transcription
factors belonging to different families were also represented in
the hormone-responsive genes, indicating the regulatory role
of plant hormones in transcription. Further, we analyzed various gene ontology (GO) categories enriched in the hormoneresponsive genes (Fig. 1B). Some GO categories were enriched
in all/most of the hormone-responsive genes and others were
enriched under two or more hormone conditions. For example,
the molecular function category, oxidoreductase activity, was
highly enriched in all the hormone-responsive genes. Likewise,
genes involved in metabolic processes and localized in nucleus
were also enriched in most of the hormone-responsive gene lists.
The genes related to stress response were found to be enriched
on ABA, IAA and SA application as expected. Overall, these
results suggest that different hormones largely regulate similar
cellular processes in rice. Similar results have been obtained
based on microarray analysis in Arabidopsis.6,16
Overlapping transcriptional responses of hormones. Many
studies have revealed crosstalk among different plant hormones,
which suggest that they might regulate the expression of similar set of genes. Therefore, to analyze the overlapping transcriptional responses of different hormones, we identified the
genes responsive to one or more hormones. The largest fraction
(72%) of genes showed response to specific hormone (Fig. 2A).
A smaller fraction (28%) of genes was responsive to two or more
hormones. Only four genes showed response to all the hormones tested in the study. These results indicate that plant hormone may work independently or coordinately to regulate plant
growth and development. Further, we analyzed the overlap of
genes regulated by any two hormones (Fig. 2B). As indicated by
above analysis, a smaller fraction of genes showed overlapping
transcriptional response of any two hormones. We observed
that a larger fraction of the genes regulated by any two hormones exhibit similar (upregulated or downregulated in both)
response as compared with the opposite (upregulated in one and
downregulated in the other) response (Fig. 2C, Table S2). Most
significantly, 60% (256) of the auxin-responsive genes showed
response to stress hormone ABA and a significant fraction with
SA (38%) and JA (29%) as well. Further, among the genes commonly regulated by IAA and SA, and IAA and ABA, 91% and
81% genes, respectively, exhibited similar responses. Although
auxin has been implicated mainly in plant growth and developmental processes, some recent evidences suggest its crucial role
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in stress responses as well.20-23 In our previous studies,
we also found several auxin-responsive genes regulated
by abiotic and biotic stresses.8,24 These results suggest
that auxin might be acting coordinately with other hormones to regulate stress responses. We observed a significant overlap between the transcriptional responses
of BAP and ABA, ABA and SA, ABA and JA, and JA
and SA also. More than 65% of the gene commonly
regulated by SA/JA with other hormones (except for
BAP) showed similar response. However, the larger
fraction (58%) of genes regulated by IAA and ACC
showed opposite response as compared with the fraction of genes (42%) which exhibited similar response.
Likewise, 64% of the genes regulated by both BAP and
SA showed opposite regulation as compared with 36%
genes showing similar regulation. These results indicate both similar and antagonistic effects of different
hormones.
Many evidences are available to show the crosstalk
among different hormones and have been reviewed
comprehensively.12-15,25,26 The interactions between
auxin and cytokinin,27 auxin and ABA,28,29 auxin and
SA,23 auxin and JA,21 ethylene and ABA,30 ethylene and
cytokinin,31 and JA and SA,32 are well investigated and
have been proposed to work coordinately or antagonistically to regulate different plant responses. However,
the exact molecular mechanisms underlying the similar and antagonistic responses of different hormones
remain to be understood. The overlapping transcriptional responses of different hormones revealed in this
study also suggest a comprehensive crosstalk among
them building a complex network to mutually regulate
signaling pathways. However, based on microarray data
analysis in Arabidopsis, it has also been suggested that
different plant hormones regulate similar biological
processes through largely non-overlapping transcriptional responses.6,16 Overall, the crosstalk among different plant hormones appears to be too complex than
anticipated and further investigations are required.
Identification of hormone-specific marker genes.
Figure 2. overlapping transcriptional responses of different plant hormones. (A)
As mentioned earlier, a larger fraction of genes exhibDistribution of 4171 genes affected by one or more (up to six) hormones is shown.
ited response to specific hormone condition only. Our
(B) the number of rice genes commonly regulated by any two hormones is indicated. (C) the percentages of rice genes regulated by any two hormones showing
further analysis identified sets of hormone-specific
similar regulation (up- or downregulated by both hormones) and opposite regulagenes (Fig. 3A). The analysis revealed 72% of the
tion (upregulated by one hormone and downregulated by other hormones) are inABA-responsive genes showed the specific response to
dicated on the upper (above the blank cells) and lower (below the blank cells) side
ABA only. However, for other hormones, only 13–24%
of the table, respectively. hormone abbreviations are same as given in Figure 1.
genes exhibited specific response. The heatmaps showing hierarchical clustering of expression profiles of all
the hormone-specific genes have been shown in Figure 3B. The genes and orthologs of hormone-specific markers genes identified
hormone-specific expression of representative genes has been in Arabidopsis,16 such as IAA-induced Aux/IAA, GH3 and SAUR
depicted graphically in Figure 3C. The validation of expression genes (for example, Os05g42150, Os01g18360 and Os09g37430),
profiles of 10 selected hormone-specific genes was done by real- BAP-induced response regulator (Os04g44280), ABA-induced
time PCR analysis. The comparative analysis showed a very good carotenoid dioxygenase (Os07g05940) and many stress-responagreement of the expression patterns revealed by microarray and sive genes and ACC-induced ethylene receptor (Os04g08740). In
real-time PCR analyses (Fig. S1). Many of these hormone-spe- addition, several hormone-specific genes have no predicted funccific marker genes include well-characterized hormone-responsive tion and have not been associated with a hormone pathway as
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Figure 3. rice genes specifically regulated by single hormone. (A) number of genes significantly up- and downregulated only in the presence of specific plant hormone is shown. (B) heatmap showing the expression profiles of genes specifically regulated by single hormone. the color scale at the
bottom represents average log signal intensity values. (C) Expression patterns of representative hormone-specific marker genes. hormone abbreviations are same as given in Figure 1.
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Materials and Methods
Plant material and hormone treatments. Rice (Oryza sativa
subspecies indica variety IR64) seeds were treated and grown as
described previously.2 Different hormone treatments were given to
the 7-d-old light-grown rice seedlings as described.8,10 The seedlings were transferred to the beakers containing 50 μM solution
of indole-3-acetic acid (auxin) and benzyl aminopurine (cytokinin) and 100 μM solution of abscisic acid, 1-aminocyclopropane1-carboxylic acid (ethylene derivative), salicylic acid and jasmonic
acid for hormone treatments. The seedlings were kept in respective
solutions for 3 h, at 28 ± 1°C before harvesting. The seedlings kept
in water for 3 h, at 28 ± 1°C served as control. At least three independent biological replicates of each tissue sample were harvested.
Microarray hybridization and data analysis. Total RNA was
isolated using TRI reagent followed by various quality controls.33
Microarray hybridizations were performed using Affymetrix
GeneChip Rice Genome Arrays following the manufacturer’s
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other than reported in this study cannot be ruled out, because
the changes in gene expression might be highly specific to the
developmental stage, tissue-type and/or cell-type being analyzed.
These genes specifically regulated by only one hormone application can be used as hormone-specific marker genes in hormone
related studies in rice.
In conclusion, we have identified genes responsive to several
plant hormones in rice followed by their overlapping transcriptional responses and hormone-specific marker genes. The analysis and results presented in the study will provide a resource to
facilitate further studies in the area of hormone biology, particularly in rice. The integration of these data with further experiments will help understanding the effect of different hormones
on plant growth and development.
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