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ABSTRACT. Response regulators are part of a two-component 
regulatory system. The type-A Arabidopsis response regulators act 
as negative regulators. To understand the function of type-A response 
regulators in the model monocot plant, rice (Japonica cultivar-group: 
Zhonghua11), we overexpressed two type-A OsRR genes, OsRR3 
and OsRR5 (pACT1:OsRR3 and pACT1:OsRR5). We hoped to gain 
insight into their molecular function in cytokinin-signaling pathways. 
Both OsRR3 and OsRR5 overexpressors had longer roots and more 
lateral roots compared with Zhonghua11, when treated with exogenous 
cytokinin. Using callus formation and chlorophyll content assays, we 
found that Zhonghua11 was more sensitive to cytokinin compared with 
other cultivars of rice, expressing high transcript levels of OsRR3 and 
OsRR5. The expression of most type-A OsRR genes was repressed by 
OsRR3 and OsRR5 overexpression. However, semi-quantitative RT-
PCR showed that three type-A OsRR genes showed increased expression. 
Our results suggest that both OsRR3 and OsRR5 mainly act as negative 
regulators of cytokinin signaling, as indicated by the reduced sensitivity 
of OsRR3 and OsRR5 overexpressors to exogenous cytokinins.
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INTRODUCTION

Cytokinins are plant hormones that regulate various growth and physiological 
processes, such as cell division, apical dominance, cell proliferation, chloroplast biogen-
esis, vascular differentiation, root and leaf differentiation, photomorphogenic develop-
ment, and inhibition of leaf senescence (Mok and Mok, 2001). Genetic and molecular 
research in plants has suggested the involvement of a two-component signaling system in 
cytokinin signal perception and transduction, which are used by prokaryotic and eukary-
otic organisms (Stock et al., 2000). The simple two-component system involves a His 
kinase (HK) sensor that perceives the signal and a response regulator (RR) that mediates 
the output of the pathway. The HK sensor autophosphorylates a His residue in response 
to an output signal, and the phosphate group is transferred to a conserved Asp residue in 
the receiver domain of the response regulator. The downstream signaling of the pathway 
is then modulated by the phosphorylated response regulator. The cytokinin multistep 
two-component signaling system comprises sensor histidine kinase proteins, histidine 
phosphotransfer proteins (HPt), and response regulator proteins. In this pathway, signals 
are transferred from a His in the receptor kinase to an Asp in the response regulator via 
His-Asp-His-Asp phosphotransfer reactions between alternating His and Asp residues 
(Kakimoto, 2003; Muller and Sheen, 2007).

In Arabidopsis thaliana, cytokinin independent 1 (CKI1) was first isolated in an 
activation-tagging screen for hypocotyls that produce calli in the absence of exogenous 
cytokinin. As CKI1 did not require cytokinin for its activity, it was not thought to be a cy-
tokinin receptor (Kakimoto, 1996). The cytokinin receptors cytokinin response 1 (CRE1), 
wooden leg 1 (WOL), Arabidopsis histidine kinase 4 (AHK4), and its homologs AHK2 
and AHK3 are similar to bacterial His sensor hybrid kinases, which include a ligand-
binding site, a His kinase domain, and a receiver domain, and were suggested to be recep-
tors for cytokinins by yeast and Escherichia coli systems (Inoue et al., 2001; Suzuki et 
al., 2001; Ueguchi et al., 2001a,b). Loss-of-function mutations of the cytokinin receptor 
CRE1 exhibited reduced cytokinin sensitivity, and overexpression of AHK2 in Arabidop-
sis protoplasts enhanced the cytokinin-induced expression from the ARR6 promoter (In-
oue et al., 2001; Hwang and Sheen, 2001). Analysis of ahk2, ahk3, and ahk4 with double 
mutants showed reduced response to cytokinin, and triple mutants where all three cytoki-
nin receptors were disrupted indicated that they possess distinct overlapping functions in 
shoot, root, and seed growth (Higuchi et al., 2004; Nishimura et al., 2004). All plant HKs 
contain a C-terminal receiver domain and a conserved transmitter domain, which includes 
characteristic sequence motifs and a conserved His residue (West and Stock, 2001). In a 
recent study, three Arabidopsis HK genes, three maize HK genes, and five rice HK genes 
have been identified (Inoue et al., 2001; Yonekura-Sakakibara et al., 2004). In response 
to cytokinin binding, HKs autophosphorylate on a conserved His residue and then trans-
fer the phosphate group to response regulators via an intermediate set of histidine phos-
photransfer proteins (Suzuki et al., 1998; Hutchison et al., 2006). The majority of HPs act 
as redundant, positive regulators of cytokinin signaling and affect many aspects of plant 
development (Hutchison et al., 2006). In addition, physiological and biochemical analy-
ses have shown that most AHPt proteins are capable of interacting with the hybrid kinase 
and response regulator (Urao et al., 1998).
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The typical response regulators in Arabidopsis are classified into type-A and type-
B (Hwang et al., 2002). The type-A response regulators are relatively small, containing 
a receiver domain along with short N- and C-terminal extensions (Imamura et al., 1998; 
Brandstatter and Kieber, 1998). The type-B response regulators have a receiver domain, 
an extensive C-terminal extension involved in transcription regulation (Sakai et al., 1998; 
Lohrmann et al., 1999), and a type-B signature GARP motif of about 60 amino acids 
that is related to the Myb repeat of transcription factors (Sakai et al., 2000). Expression 
is rapidly induced in response to exogenous cytokinin in the type-A ARR genes. In con-
trast, the steady-state levels of type-B ARR transcripts are not affected by cytokinin or 
other plant hormones (Brandstatter and Kieber, 1998; Taniguchi et al., 1998; Lohrmann 
and Harter, 2002). Overexpression of various type-A ARRs in Arabidopsis protoplasts 
repressed the ability of cytokinin to induce the ARR6 promoter, indicating that type-A 
ARRs are transcriptional repressors (Hwang and Sheen, 2001). Overexpression of ARR8 
repressed shoot regeneration and greening of calli, and overexpression of ARR15 resulted 
in reduced sensitivity to cytokinin (Osakabe et al., 2002; Kiba et al., 2003). Overexpres-
sion of ARR7 showed that it is a negative regulator of early cytokinin-regulated genes and 
mainly acts as a transcriptional repressor (Lee et al., 2007). In rice, type-A genes have 
been isolated and characterized (Sakakibara et al., 1998). Overexpression of OsRR6 dis-
played altered morphologies and changes in cytokinin metabolism (Hirose et al., 2008). 

The response regulators involved in cytokinin signaling have been reported in the 
Gramineae, but knowledge of type-A response regulators in rice is very limited compared 
with Arabidopsis. To better understand the role of type-A OsRRs in cytokinin signaling, we 
overexpressed OsRR3 and OsRR5, two type-A OsRRs, in rice and investigated which genes 
are regulated by OsRR3 and OsRR5 in response to cytokinin. 

MATERIAL AND METHODS

Plasmid construction and rice transformation

Total RNA was extracted from the Japonica cultivar-group: Zhonghua11 (ZH11) using 
the RNAiso reagent (TaKaRa Biotechnology, Japan). After RNase-free DNase (TaKaRa Bio-
technology) treatment, purified RNA was reverse transcribed using the Access RT-PCR (re-
verse transcription-polymerase chain reaction) system (Promega, USA) to obtain first-strand 
cDNA. The OsRR3 and OsRR5 sequences were amplified from cDNA with the following 
primers: 5-GCTCTAGATGTCGACGAAGACAGTGCC-3 and 5-AACTGCAGCAAAGT 
CATTTCATGATGACGC-3 for OsRR3, and 5-GCTCTAGATCTGATGGCCACCTGC-3 and 
5-GCTCTAGATCACCGGAGGACGCGGC-3 for OsRR5. The PCR products were subcloned 
into the pMD18-T vector (TaKaRa Biotechnology). The fragments with the coding regions of 
OsRR3 and OsRR5 were inserted into the pXQACT vector, after removing the GUS gene, 
under the control of the pACT1 promoter. The resulting pACT1:OsRR3 and pACT1:OsRR5 
constructs were introduced into ZH11 by Agrobacterium-mediated transformation. Rice plants 
were cultivated in the experimental field at Anhui Agricultural University in the natural grow-
ing season. For the analysis of cytokinin-responsive genes in rice, we screened T1-generation 
transgenic rice using the selective marker NPTII, which has resistance to G418. The haploid 
T2-generation transgenic rice plants were then selected by DNA hybridization to eliminate 
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polyploidy transgenic rice (data not shown). Finally, progeny from identified T3 homozygous 
transformants for OsRR3 and OsRR5 overexpression was produced and used in subsequent 
experiments. ZH11 was used as the wild-type line for all experiments.

Seedling hormone response assays

Rice seeds were sterilized with 0.1% HgCl2 for 1 h and washed with distilled water before 
soaking overnight in distilled water. The seeds were transferred to a nylon net floating on sterilized 
water. For hormone sensitivity assay, seeds were grown on plates at 23°C in a culture room with a 
16-h photoperiod for 6 days, then transferred to plates containing either different concentrations of 2,4-
D (2,4-dichlorophenoxy acetic acid), 6-BA (6-benzyladenine acid), and abscisic acid (ABA) in 0.1% 
DMSO (dimethylsulfoxide), respectively, or an equal volume of DMSO as a control for another 10 days.

Hormone treatment

Rice seeds were grown on germination agar plates containing N6 media with vita-
mins, 3% sucrose, 0.03% casein enzymatic hydrolysate, 0.3% agar, pH 5.9, at 28°C in a cul-
ture room with constant light. To test the hormone response of rice calli, seeds were grown on 
N6 media for 7 days and then transferred to sterilized N6 media agar plates containing differ-
ent concentrations of 2,4-D and 6-BA for callus induction. After 3 weeks under constant light, 
rice calli were photographed with a digital camera.

Chlorophyll content assays

Seeds were grown on plates at 23°C with a 16-h photoperiod for 30 days. For chloro-
phyll assays, seedlings were transferred to new plates supplemented with different concentra-
tions of 6-BA and incubated in the dark at 23°C for either 2 or 4 days. To assess dark-induced leaf 
senescence, full leaves were detached from the plants and the chlorophylls were extracted with 
methanol. Chlorophyll content was then measured spectrophotometrically (Porra et al., 1989).

Semiquantitative RT-PCR analysis

Seeds were germinated on plates at 37°C for 2 days and then transferred to new plants 
in a nutrient solution at 28°C in a culture room under a 16-h light and a 8-h dark photoperiod 
for an additional 15 days. For cytokinin assays, the seedlings were transferred to a nutrient solu-
tion supplemented with 1 μM 6-BA in 0.1% DMSO or an equal volume of DMSO as a control 
for 2 h and then harvested. Total RNAs were extracted from roots and leaves of seedlings with 
the RNAiso reagent (TaKaRa Biotechnology) according to manufacturer instructions. cDNAs 
were generated from the RNA with the Access RT-PCR system (Promega, USA). To examine 
the expression patterns of OsRR genes, sets of specific primers for the corresponding genes 
were designed. The rice actin1 gene was used as an internal control to normalize for variance 
in the quality of RNA and the amount of input cDNA. Reactions were performed using Taq 
polymerase (TaKaRa Biotechnology) on a thermal cycler (Tpersonal 48; Biometra, Germany). 
A 3-μL aliquot of the reaction mix was separated on 1% (w/v) agarose gels and stained with 
ethidium bromide. Two independent experiments were performed with consistent results.
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RESULTS

Validation of T3 transgenic rice plants

Transgenic plants overexpressing the OsRR3 and OsRR5 genes were generated, and the 
expression of the OsRR3 and OsRR5 genes was examined to determine the levels of OsRR3 and 
OsRR5 in the transgenic plants. RT-PCR analysis showed that plants harboring pACT1:OsRR3 
and pACT1:OsRR5 had significantly increased levels of OsRR3 and OsRR5 transcripts. All T3 
transgenic rice plants exhibited higher expression of OsRR3 or OsRR5 compared with ZH11 
(Figure 1). Transgenic lines 3-04-1, 3-08-1, and 5-03-1, 5-05-1, and 5-06-1 were used in all 
subsequent experiments based on their high OsRR3 or OsRR5 expression levels.

Figure 1. Semi-quantitative RT-PCR identification of transgenic rice. Total RNAs were prepared from leaves of 
transgenic plants and ZH11 (labeled CK). OsAct1 was amplified as a control. A. PCR identification of OsRR3 
overexpression in transgenic rice. B. PCR identification of OsRR5 overexpression in transgenic rice.

Rice seedlings overexpressing OsRR3 and OsRR5 are less sensitive to cytokinin inhibition 
of root elongation and lateral root formation

The two transgenic rice lines constitutively overexpressing OsRR3 and OsRR5 
(pACT1:OsRR3 and pACT1:OsRR5) looked similar to cultivated species ZH11, in terms of 
leaf initiation, formation of leaves, roots, flowers, and seeds. To assess the roles of the two 
type-A OsRRs in the cytokinin response pathway, we examined root elongation and lateral root 
formation in response to exogenous hormone addition. We compared root elongation of ZH11 
with pACT1:OsRR3 and pACT1:OsRR5 seedlings across a range of hormone concentrations 
between 0 and 10 μM (Figure 2). In the absence of exogenous hormone, the roots of ZH11, 
pACT1:OsRR3, and pACT1:OsRR5 were the same. The roots of all three kinds of rice were not 
affected until the hormone concentration reached 10 nM (Figure 2). With further increase in BA 
concentration, primary root elongation decreased sharply, with a half-maximal inhibition at 0.3 
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μM (Figure 2A). At higher concentrations (>5 μM), primary root elongations of the three kinds 
of rice were similar (Figure 2). At concentrations of BA of 0.01-5 μM, pACT1:OsRR3 and 
pACT1:OsRR5 plants had longer roots compared to ZH11. This showed that pACT1:OsRR3 
and pACT1:OsRR5 were less sensitive to cytokinin compared to ZH11 (Figure 2A). However, 
the root growth responses of pACT1:OsRR3 and pACT1:OsRR5 to varying concentrations of 
other plant hormones (2,4-D or ABA) were similar to that of ZH11, indicating that resistance 
to root elongation inhibition in both pACT1:OsRR3 and pACT1:OsRR5 are cytokinin depen-
dent (Figure 2B and C). Formation of lateral roots is inhibited by cytokinin in plants (Werner 
et al., 2003). In the lateral root formation assay, we measured the number of lateral roots on 
ZH11, pACT1:OsRR3, and pACT1:OsRR5 with a range of BA concentrations between 0 and 
10 μM. Lateral root formation decreased sharply between 0.01 and 1 μM in ZH11 compared 
with pACT1:OsRR3 and pACT1:OsRR5 (Figure 2D). Overall, the results were similar to those 
observed in the root elongation assay. These results showed that high levels of both OsRR3 and 
OsRR5 expression reduce sensitivity to exogenous application of cytokinin.

Figure 2. Analysis of root elongation and lateral root formation during overexpression of OsRR3 and OsRR5 in 
transgenic rice and ZH11 (CK) in the presence of exogenous hormones. A., B., C. Seeds were grown on plates 
supplemented with the specified concentrations of BA, 2,4-D, ABA, or DMSO control, under a 16-h photoperiod 
at 23°C. Error bars represent SE (N = 30). D. Seeds were grown on plates supplemented with the specified 
concentrations of BA control under a 16-h photoperiod at 23°C. The total number of lateral roots was determined 
at 15 days. Error bars represent SE (N = 30). E. Phenotypes of roots for 16-day-old seedlings of (from left to right) 
ZH11, pACT1:OsRR3, and pACT1:OsRR5 treated with 0.5 μM BA under a 16-h photoperiod.
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Callus formation of pACT1:OsRR3 and pACT1:OsRR5 is less sensitive to 
cytokinin

Cytokinin promotes cell division and initiates shoots in concert with auxin in cultured 
plant tissues (Miller et al., 1955). To investigate the cytokinin responses of OsRR3 and OsRR5 
transgenic plants, we examined callus formation in ZH11, pACT1:OsRR3, and pACT1:OsRR5 
in response to various concentration of the cytokinin 6-BA and the auxin 2,4-D. ZH11 explants 
formed green shoots at high cytokinin:auxin ratios. At low cytokinin:auxin ratios, calli were 
observed. With increasing cytokinin:auxin ratios, larger calli were formed and green shoots 
were longer (Figure 3A). Both pACT1:OsRR3 and pACT1:OsRR5 formed smaller calli and 
shorter shoots with concentrations of hormones that were able to induce ZH11 calli (Figure 
3B and C). The decrease in sensitivity to hormones of pACT1:OsRR3 and pACT1:OsRR5 in 
callus and shoot formation showed that both OsRR3 and OsRR5 act as negative regulators of 
the cytokinin-signaling system.

Figure 3. Callus formation of ZH11, pACT1:OsRR3, and pACT1:OsRR5. Rice seeds were grown on N6 media 
containing specified concentrations of 2,4-D and 6-BA. After 4 weeks in culture, the induced calli were arranged 
and photographed. A. ZH11. B. pACT1:OsRR3. C. pACT1:OsRR5.
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Reduced chlorophyll content in pACT1:OsRR3 and pACT1:OsRR5

Cytokinins take part in most aspects of plant growth and development, including leaf 
senescence. Cytokinins are known to delay leaf senescence (Gan and Amansino, 1995). For 
this reason, we measured chlorophyll content with various concentrations of BA to test the 
effects of exogenous cytokinin on the senescence process. Without dark-induced treatment, 
the chloroplast levels of ZH11, pACT1:OsRR3 and pACT1:OsRR5 were similar. After 2 days 
of dark-induced senescence, the leaf chloroplast levels of pACT1:OsRR3 and pACT1:OsRR5 
plants were more reduced compared with ZH11 at the same concentrations of BA. A similar 
tendency was found after an additional 2 days of dark-induced senescence (Figure 4). Leaf 
senescence induced by the dark was delayed by increasing BA concentration, but the chloro-
phyll content was more reduced in pACT1:OsRR3 and pACT1:OsRR5 with increasing BA 
concentrations compared with ZH11. These data also confirm that overexpression of OsRR3 
and OsRR5 reduces sensitivity to exogenous cytokinins.

Figure 4. pACT1:OsRR3 and pACT1:OsRR5 show accelerated leaf senescence. Full leaves of 30-day-old ZH11 
(CK), pACT1:OsRR3 and pACT1:OsRR5 plants were cultured in 0.1% DMSO containing given concentrations of 
BA for either 2 or 4 days in the dark. Chlorophyll content was determined spectrophotometrically as described in 
the Methods. Results are pooled from four independent experiments (N = 15). 

Expression of OsRR genes during cytokinin treatment

The expression of the OsRR genes was examined by RT-PCR. The expression of most 
type-A and type-B OsRR genes was detected in leaves and roots at different levels, except for 
OsRR11, which was expressed only in roots. However, three type-A OsRR genes: OsRR8, 
OsRR12, and OsRR 13, and one type-B OsRR gene, OsRR19, were not detected in leaves and 
roots. The expression of type-B OsRR genes was higher in both leaves and roots compared with 
type-A OsRR genes (Figure 5A and C). The expressions of most type-A ARR genes increased 
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rapidly in response to exogenous cytokinin (D’Agostino et al., 2000), and thus, we analyzed 
the expression of OsRR genes after cytokinin treatment for 2 h. The results showed different 
OsRR expression patterns in ZH11, pACT1:OsRR3, and pACT1:OsRR5. However, the results 
for pACT1:OsRR3 and pACT1:OsRR5 were similar (Figure 5B and D). After exogenous cy-
tokinin 6-BA treatment, the expressions of most type-A OsRR genes increased in ZH11, but 
type-B OsRR genes were not affected. In contrast, the expression of most type-A OsRR genes 
decreased or did not increase in the two transgenic plants, with the exception of the OsRR2, 
OsRR4, and OsRR6; the transcripts of these three type-A OsRR genes accumulated. Similar to 
ZH11, type-B OsRR genes were not affected. The results suggest that OsRR3 and OsRR5 are 
primary cytokinin response genes, functioning as negative regulators of cytokinin signaling.

Figure 5. Expression pattern of OsRR genes. RNAs were isolated from roots and leaves from ZH11, pACT1:OsRR3, 
and pACT1:OsRR5 growing in nutrient medium or with 1 μM 6-BA. OsACT1 was used as a template control. A. 
Expression of OsRR genes without hormone. Lane 1 = Leaf of ZH11; lane 2 = leaf of pACT1:OsRR3; lane 3 = 
root of ZH11; lane 4 = root of pACT1:OsRR3. B. Expression of OsRR genes treated with 1 μM 6-BA for 2 h. 
Lane 1 = Leaf of ZH11; lane 2 = leaf of pACT1:OsRR3; lane 3 = root of ZH11; lane 4 = root of pACT1:OsRR3. 
C. Expression of OsRR genes without hormone. Lane 1 = Leaf of ZH11; lane 2 = leaf of pACT1:OsRR5; lane 3 
= root of ZH11; lane 4 = root of pACT1:OsRR5. D. Expression of OsRR genes treated with 1 μM 6-BA for 2 h. 
Lane 1 = Leaf of ZH11; lane 2 = leaf of pACT1:OsRR5; lane 3 = root of ZH11; lane 4 = root of pACT1:OsRR5.

DISCUSSION

The components of the cytokinin-signaling system comprise histidine kinases, histi-
dine phosphotransferase proteins, and response regulators. Various genetic, molecular biologi-
cal, and biochemical studies have suggested that type-A Arabidopsis response regulators are 
negative regulators in cytokinin signaling; however, studies of cytokinin signaling in rice are 
limited. To gain new insights into the function of type-A OsRRs in cytokinin signaling, OsRR3 
and OsRR5, two type-A OsRRs, were overexpressed in rice under the control of the rice actin1 
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(pACT1) promoter. This promoter produces much higher levels of constitutive expression in 
rice compared with the cauliflower mosaic virus 35S promoter (Sentoku et al., 2000).

There are many reports of the expression of cytokinin-inducible type-A ARR genes in 
Arabidopsis. Overexpression of ARR4 in cultured stems of transgenic plants promoted shoot 
formation in the presence of cytokinin, and overexpression of ARR8 repressed shoot formation 
and greening of calli (Osakabe et al., 2002). Root elongation was enhanced by ARR15 overex-
pression (Kiba et al., 2003). Overexpression ARR7 led to reduced sensitivity to cytokinin (Lee et 
al., 2007). Our results showed that overexpression of OsRR3 and OsRR5 causes reduced sensi-
tivity to cytokinin in terms of root elongation, lateral root formation, callus formation, and dark-
induced leaf senescence. OsRRs are cytokinin response genes, but the two overexpressing plants 
were not affected by 2,4-D and ABA in the root elongation assays. In addition, overexpression 
of OsRR6 alters rice morphology (abnormal flowers and sterility) and cytokinin metabolism (Hi-
rose et al., 2007). Overexpression of ARR4 and ARR8 alters cytokinin responses differentially, 
in terms of flowering time and longer stems, compared with control plant (Osakabe et al., 2002). 
However, in our experiments, transgenic rice showed normal growth compared with ZH11, and 
showed no changes in morphogenesis, such as formation of leaves, roots, stem, flowers, flower-
ing time, and callus formation of adult plants. We hypothesize that type-A RRs may not exhibit 
the same cytokinin-signaling regulation in all conditions, and may use different pathways to af-
fect upstream and downstream development in the cytokinin-signaling system.

In our experiments, both pACT1:OsRR3 and pACT1:OsRR5 showed similar results 
in different experiments. According to protein sequence analysis, we found that the OsRR3 
and OsRR5 proteins have high homology, with highly conserved Lys and Asp residues (D-D-
K) in the receiver domain. By phylogenetic analysis, we know that OsRR3 and OsRR5 have 
a highly homologous phylogenetic relationship (Jain et al., 2006). Thus, we hypothesize that 
OsRR3 and OsRR5 have similar functions in the cytokinin-signaling system.

The mRNA of most type-A ARRs, ZmRRs, and OsRRs rapidly accumulate after cytokinin 
treatment (Sakakibara et al., 1998; Asakura et al., 2003; Giulini et al., 2004; Hirose et al., 2007). In 
our study, the expression of OsRR genes in the two overexpressing plants was the same as in the 
wild-type ZH11 in the absence of cytokinin. More than six RR genes are induced by cytokinin, 
yet only three of the induced genes are validated by the results of Hirose et al. (2008). This result 
may be due to different environmental factors and different tissues used for the expression of these 
genes in this study. We found that OsRRs expressions are different in leaves and roots, and that the 
expression of the same OsRR gene in leaf and root is different, indicating that cytokinin signaling 
in rice may have overlapping functions. After cytokinin treatment, the expression of three of the 
16 type-A OsRR genes was increased, and that of nine type-A OsRR genes was reduced, while 
the remaining 3 type-A genes were not detected. Overexpression of OsRR3 and OsRR5 caused 
transcription repression but also activated type-A OsRRs, such as OsRR2, OsRR4, and OsRR6. 
One possible explanation is that overexpression of OsRR3 and OsRR5 mainly participates in the 
repression of the transcription of other type-A OsRRs, providing a negative feedback mechanism. 
Most of the OsRR genes were expressed at different levels in leaves and roots without exogenous 
cytokinin treatment. The transcript levels of type-B OsRRs are relatively high compared with 
type-A OsRR genes, and the expression of OsRR11 was not found in leaves. OsRR8, OsRR12 
and OsRR13 transcripts were not found in either leaves or roots. In contrast, OsRR8, OsRR12, 
and OsRR13 were expressed in flowers and panicles (Ito and Kurata, 2006). These results sug-
gest that OsRR genes exhibit organ-specific expression and differential expression patterns. The 
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type-B RRs are the transcription factors that respond to cytokinins (Sakai et al., 2000). We found 
that the expression levels of type-B OsRRs did not change in response to exogenous cytokinin 
treatment; thus, we think that type-A OsRRs may represent the primary cytokinin response genes. 
The data presented here indicate that the cytokinin-signaling system in rice is a complex-signaling 
pathway that involves a degree of cross-talk.
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