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Abstract The type-A ARRs of cytokinin two-com-

ponent signaling system act as negative regulators for

cytokinin signaling except for ARR4, but the molecular

mechanism by which the A-type ARRs regulate cyto-

kinin signaling remain elusive. To get insights into the

molecular function of A-type ARR in cytokinin re-

sponse, we sought to find the components that function

downstream of A-type ARR protein by investigating

the effects of ARR7 overexpression on cytokinin-reg-

ulated gene expression with the Affymetrix full gen-

ome array. To examine early cytokinin response, plants

were treated with cytokinin for 30 min or 2 h, followed

by GeneChip analysis. The hierarchical clustering

analysis of our GeneChip data showed that ARR7

overexpression had distinctively repressive impacts on

various groups of the cytokinin-regulated genes. In

particular, the induction of all A-type ARRs except for

ARR22, and AHK(ARABIDOPSIS HISTIDINE KI-

NASE)1 and AHK4 was suppressed by ARR7. Cyto-

kinin-induced expression of most of 12 expansin genes

were repressed by ARR7, indicating potential

involvement of ARR7 in cell expansion and plant

development. Up-regulation of five cytokinin oxidase

genes by cytokinins was negatively affected by ARR7.

Our GeneChip analysis suggest that ARR7 mainly acts

as a transcriptional repressor for a variety of early

cytokinin-regulated genes encoding transcription fac-

tors, signal transmitters, plant development, and cel-

lular metabolism, which may be responsible for

reduced sensitivity of Arabidopsis transgenic plants

overexpressing ARR7 to exogenous cytokinins.
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Introduction

Cytokinins are plant hormones that regulate many

different developmental and physiological processes

such as cell division, cell proliferation, root and leaf

differentiation, chloroplast biogenesis, and the inhibi-

tion of leaf senescence (Davies 2004). Changes in

endogenous cytokinin levels have been associated with

pleiotrophic developmental alteration related to the

physiological effects induced by cytokinin treatment,

demonstrating its critical role in plant growth and

development (Ferreira and Kieber 2005). Recent

molecular and genetic studies with Arabidopsis have

revealed that cytokinin signaling involves His-Asp

multi-step phosphorelays comprised of sensor histidine

kinases, histidine phosphotransfer proteins, and re-

sponse regulators similar to bacterial and yeast two-

component signal transduction pathways (Hutchison

and Kieber 2002). A hybrid-type histidine kinase,

CYTOKININ INDEPENDENT 1 (CKI1), was first

isolated in an activation-tagging screen for hypocotyls
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that produce callus in the absence of exogenous cyto-

kinin in Arabidopsis (Kakimoto 1996). CKI1 was

shown to be essential for megagametogenesis (Pischke

et al. 2002). Since CKI1 did not require cytokinins for

its activity, it is generally thought not to be a cytokinin

receptor. CRE1 (CYTOKININ RESPONSE 1)/WOL1

(WOODEN LEG 1)/AHK4 was later identified from

the mutants that exhibited reduced response to cyt-

okinins, and suggested to be a receptor for cytokinins

using heterologous yeast and E. coli systems (Inoue

et al. 2001; Suzuki et al. 2001; Ueguchi et al. 2001a, b).

AHK4 was further demonstrated to be a cytokinin

receptor that directly binds a variety of natural and

synthetic cytokinins in vitro with high specificity

(Yamada et al. 2001). AHK3 was capable of respond-

ing to exogenous cytokinins in a reporter gene assay

with an E. coli phosphorelay system (Suzuki et al.

2001; Ueguchi et al. 2001a, b; Yamada et al. 2001),

suggesting that AHK3 is also likely a cytokinin

receptor. Overexpression of AHK2 in Arabidopsis

protoplasts enhanced the cytokinin-induced expression

from the ARR6 promoter (Hwang and Sheen 2001).

However, there is no evidence showing direct binding

of cytokinin to AHK2 or AHK3. Analysis of the ahk2,

ahk3, and ahk4 single, double, and triple mutants

indicates that these three AHK genes possess distinct

yet overlapping functions in the regulation of shoot

and root growth in Arabidopsis (Higuchi et al. 2004;

Nishimura et al. 2004). In addition, AHK1 was shown

to function as an osmosensor in a cytokinin-indepen-

dent manner (Urao et al. 1999). AHK5 (CKI2) was

isolated in the same screen of CKI1 (Kakimoto 1996),

but the potential role of AHK5 in cytokinin signaling

has not been reported yet.

The Arabidopsis genome contains six genes (AHP)

encoding His-containing phosphotransfer proteins that

mediate the transfer of the phosphoryl group from the

histidine protein kinase to the response regulator

(Hwang et al. 2002). Some AHPs act as signaling

shuttles between the cytoplasm and the nucleus

(Hwang and Sheen 2001). Analysis of the Arabidopsis

genome sequence has revealed 32 genes encoding 23

putative response regulators and 9 pseudo response

regulators (Hwang et al. 2002). The typical response

regulators can be classified into either type A or B

(Hwang et al. 2002; Lohrmann and Harter 2002). The

type-B ARRs are transcription factors that localize to

the nucleus and most of them are not inducible by

cytokinins. The type-B ARRs have receiver domain

and a large C-terminal region containing a myb-like

DNA-binding domain and a glutamine-rich domain.

The middle segments of ARR1 and ARR2 were shown

to be capable of binding DNA in a sequence-specific

fashion in vitro and their C-terminal halves were

shown to function as transactivation domains in plant

cells (Sakai et al. 2000). Transcriptional activation of

the ARR6 gene was directed by ARR1 in a steroid-

inducible system and reciprocal phenotypes for ARR1-

overexpressing Arabidopsis and T-DNA insertional

knock-out arr1 mutants were observed in response to

exogenous cytokinins (Sakai et al. 2001). On the basis

of these results, it was proposed that the phosphorelay

to ARR1 constitutes an intracellular signal transduc-

tion occurring immediately after cytokinin perception.

ARR2 was found to function in mediating ethylene

signal transduction downstream of ETR1 (Hass et al.

2004). Arabidopsis plants that overexpress other

B-type ARRs lacking the receiver domains exhibited

diverse forms of abnormal development (Imamura

et al. 2003; Tajima et al. 2004), indicating a role of

B-type ARRs in plant growth and development.

The type-A ARRs are composed of receiver domain

and a divergent C-terminal extension. The mRNAs of

A-type ARRs are rapidly but transiently accumulating

after cytokinin treatment. Overexpression of various

A-type ARRs in Arabidopsis protoplasts repressed the

ability of cytokinins to induce the ARR6 promoter,

indicating the function of A-type ARRs as transcrip-

tional repressors (Hwang and Sheen 2001). Overex-

pression of ARR8 or ARR15 in Arabidopsis plants

resulted in reduced sensitivity to cytokinins (Kiba et al.

2003). By contrast, overexpression of ARR4 gave rise

to increased sensitivity to exogenous cytokinins

(Osakabe et al. 2002). ARR4 were shown to interact

with phytochrome B, modulating red light signaling by

stabilizing the active Pfr form of phytochrome B, sug-

gesting a crosstalk between cytokinin response and

light signaling (Sweere et al. 2001). Direct regulation

of the A-type ARR genes by WUSCHEL has been

shown to mediate a link between the CLV/WUS net-

work and cytokinin control (Leibfried et al. 2005).

Finally, analysis of multiple insertional mutants of

A-type ARRs including arr3,4,5,6,8,9 hextuple mutants

suggests that the A-type ARRs are partially redundant

negative regulators with some functional specificity in

cytokinin signaling (To et al. 2004).

To better understand the role of the A-type ARRs

in cytokinin signaling, we tried to find the components

that function downstream of A-type ARR protein. To

this end, we overexpresssed ARR7, an A-type ARR, in

Arabidopsis and sought to identify genes regulated by

ARR7 in response to cytokinin using the Affymetrix

ATH1 full genome array. We analyzed genome-wide

expression profiling of cytokinin response at the early

stage and assessed the effect of ARR7 overexpression

on cytokinin-regulated gene expression. Our results
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suggest that ARR7 plays a role as a negative regulator

for a variety of early cytokinin-regulated genes and

mainly acts as a transcriptional repressor for cytokinin-

responsive genes encoding transcription factors, signal

transmitters, plant development, and cellular metabo-

lism, which may be responsible for reduced sensitivity

to exogenous cytokinins.

Materials and methods

Plasmid construction and Arabidopsis

transformation

ARR7 DNA fragment of coding region was inserted

into pBI121 (Clontech) after removing the GUS,

yielding a p35S:ARR7 construct expressing sense ARR7

RNA under the control of the CaMV 35S promoter.

p35S:ARR7 was then introduced into Arabidopsis tha-

liana (Columbia-0 ecotype) by Agrobacterium-medi-

ated transformation (Clough and Bent 1998). T3

homozygous transformants were made and amplified.

The construct was verified by DNA sequencing prior to

plant transformation.

Hormone treatment

Arabidopsis thaliana was grown on germination agar

plates containing 0.5· Murashige Skoog (MS) media

with vitamins, 1.5% sucrose, 2.5 mM Mes, pH 5.7, and

0.8% agar at 23�C at 16-h photoperiod and treated

essentially as described (Kim et al. 2002). For the

treatment with cytokinin benzyladenine (BA), seed-

lings were grown on sterile filter papers on MS agar

plates. Seedlings grown on sterile filter papers were

then transferred into the new empty plates, and im-

mersed in MS medium containing 5 lM of BA.

Phenotypic analyses

Seedlings germinated on the same day were transferred

to MS agar plates to grow at 23�C under a given con-

dition at 16-h photoperiod. To assess dark-induced leaf

senescence, fully expanded fourth leaves were de-

tached from 3-week-old plants, floated on the water in

the petri dish (60 · 15 mm), wrapped with three layers

of aluminum foils, and incubated in the dark at 23�C.

Chlorophyll content was then measured spectropho-

tometrically after incubating the leaf samples overnight

in 95% EtOH at 65�C (Vernon 1960). The callus-for-

mation assay was done essentially as described (Kubo

and Kakimoto 2000). Hypocotyl segments were excised

from 10-day-old seedlings grown under dim light, and

cultured for 4 weeks in MS agar plates containing

specified concentrations of kinetin and 2,4-D. For

measurements of root length, seedlings were grown on

vertically oriented germination agar plates for 5–

10 days, photographed with a digital camera (Nikon,

Japan), and analyzed with the image analysis software

(NIH image, Bethesda, MD) (Park et al. 2002). To test

hormone sensitivity of seedlings, seedlings were grown

for 5 days on MS agar plate, and then transferred to

MS agar plates containing given concentrations of BA,

2,4-D or ABA. After marking the terminal end of

primary roots, the plates were grown for additional

3 days, photographed with the digital camera, and then

analyzed with the image analysis software.

RNA isolation and RNA-gel blot analysis

Following treatment, Arabidopsis plants were imme-

diately frozen in liquid nitrogen, and stored at –80�C.

Total RNA was isolated from frozen Arabidopsis

plants using TRI Reagent� (Molecular Research

Center, Inc.). Total RNA was separated on 1.2%

agarose gel, transferred to nylon membrane, and

hybridized with 32 P-labeled DNA probes at 68�C for

3 h using 10 ml of QuickHyb solution (Stratagene),

and washed. The blot was then exposed to X-ray film.

GeneChip analysis

For GeneChip analysis, wild-type (Col-0) and

35S:ARR7 seedlings were grown for 7 days in MS

plates, treated with 5 lM BA or mock-treated for

30 min or 2 h, and total RNA was isolated with an

RNeasy plant mini kit (Qiagen). Five micrograms of

RNA were used to make biotin-labeled cRNA prod-

ucts. Probe synthesis from total RNA samples, hybrid-

ization, detection, and scanning were performed

according to standard protocols from Affymetrix, Inc.

(Santa Clara, CA). Briefly, cDNA was synthesized

using the One-Cycle cDNA Synthesis Kit (Affymetrix,

Santa Clara, CA). Single stranded cDNA was synthe-

sized using Superscript II reverse transcriptase and

T7-oligo(dT) primers at 42�C for 1 h. Double stranded

cDNA was obtained by using DNA ligase, DNA poly-

merase I and RNase H at 16�C for 2 h, followed by T4

DNA polymerase at 16�C for 5 min. After clean up with

a Sample Cleanup Module (Affymetrix, Santa Clara,

CA), ds-cDNA was used for in vitro transcription

(IVT). cDNA was transcribed using the GeneChip IVT

Labeling Kit (Affymetrixn, Santa Clara, CA), in the

presence of biotin-labeled CTP and UTP. After clean
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up with a Sample Cleanup Module (Affymetrix, Santa

Clara, CA), the biotin-labeled IVT-RNA was frag-

mented. Fragmented cRNA was hybridized at 45�C

for 16 h to the Affymetrix Arabidopsis genome ATH1

array according to the manufacturer’s instructions.

After hybridization, the arrays were washed in a

GeneChip Fluidics Station 450. The arrays were stained

with a streptavidin–phycoerythrin complex and the

intensities were determined with a GeneChip scanner

controlled by GCOS Affymetrix software.

Data analysis

Expression profiles were analyzed using GeneChip

Operating Software (Affymetrix, CA) and other pro-

grams. GeneChip Operating Software (Affymetrix,

CA) was used to determine the absolute analysis

metrics (Detection, Detection P value) using the

scanned probe array data and compared the different

treatment group signals to generate the change, change

P value, and signal log ratio (fold change). For nor-

malization, data from each expression array were

scaled, so that the overall fluorescence intensity across

each chip was equivalent (average target intensity set

at 500). The probe set would be regarded as present if

the P value was less than 0.04 and if the P value was

larger than 0.06, the probe set would be regarded as

absent. Detection threshold was set as the ‘‘present’’

call output from GeneChip Operating Software (Af-

fymetrix, CA) (P < 0.05). Two sets of algorithms were

used to generate change significance and change

quantity metrics for every probe set using GeneChip

Operating Software (Affymetrix, CA). The change

algorithm generated a Change P value and an associ-

ated fold-change value. The second algorithm gave a

quantitative estimate of the change in gene expression

in the form of Signal Log Ratio. The level of gene

expression can be regarded as being increased if its

Change P value was less than 0.0025 and the gene

expression would be considered to be decreased if its

Change P value was greater than 0.9975. For a given

gene transcript in any chip-to-chip comparison, Gene-

Chip Operating Software generates a ‘‘change call’’

parameter (‘‘Increase’’ or ‘‘Decrease‘’) based on a

consideration of signal specificity as well as intensity.

The ‘‘change call’’ is based on an evaluation of the

intensities of the signals generated from each gene

transcript on one chip relative to the corresponding

signal intensities on the other chip. Instances where the

signal on the higher intensity chip is falsely elevated

are called ‘‘Increased in a comparison between two

chips derived from the same target preparation.’’.

‘‘Decrease’’ calls represent instances where the signal

on the lower intensity array has been falsely elevated.

Consequently, we define all ‘‘Increase’’ or ‘‘Decrease’’

calls in a comparison between arrays derived from the

same target preparation as false positive. Gene func-

tion analysis was performed by using the gene ontology

mining tool of NetAffxTM (http://www.affymetrix.com/

analysis/index.affx), which is based on the Gene

Ontology database (http://www.geneontology.org).

Specification of the many gene annotations was also

supplemented by further online database searches such

as http://www.arabidopsis.org/tools/bulk/go/index.js.

Microarray data were deposited into ArrayExpress

with an accession number E-ATMX-3 at http://

www.ebi.ac.uk/at-miamexpres. Pearson coefficients

(R2) for duplicates of wild-type plants mock-treated for

30 min, wild-type plants mock-treated for 120 min,

wild-type plants treated with BA for 30 min, wild-type

plants treated with BA for 120 min, 35S:ARR7 plants

mock-treated for 30 min, 35S:ARR7 plants mock-

treated for 120 min, 35S:ARR7 plants treated with BA

for 30 min, and 35S:ARR7 plants treated with BA for

120 min are 0.902, 0.912, 0.918, 0.895, 0.917, 0.922,

0.910, and 0.906.

Results

Overexpression of ARR7 in Arabidopsis results in

reduced sensitivity to cytokinins

We generated transgenic Arabidopsis constitutively

overexpressing the ARR7 RNA driven by CaMV 35S

promoter (35S:ARR7) (Fig. 1a) and selected four lines,

numbers 4-11, 23-1, 25-10, and 28-4, based on the

highest ARR7 RNA levels for phenotypic and molec-

ular analysis. 35S:ARR7 plants (numbers 4-11, 23-1,

and 28-4 lines) exhibited faster rate of bolting than

wild-type plants (Fig. 1b), but without affecting rosette

leaf numbers (data not shown), indicating that ARR7

overexpression enhances leaf initiation rate to some

extent, but not the flowering-time. Other than that,

35S:ARR7 plants looked apparently similar to wild-

type plants (data not shown). We analyzed cytokinin-

related phenotypes including root elongation, callus

formation, and dark-induced leaf senescence. The

seedling root lengths were similar in 35S:ARR7

and wild type in the absence of cytokinin BA

(Fig. 2a). However, with increasing concentrations of

BA at 1–100 lM, 35S:ARR7 had longer roots than

did wild-type plants, indicating a reduced cytokinin

response (Fig. 2a). Root growth response of 35S:ARR7

to varying concentrations of other plant hormones,

auxin 2,4-dichlorophenoxyacetic acid (2,4-D) or ABA,
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was similar to wild type, showing that resistance of root

growth inhibition in 35S:ARR7 is cytokinin-dependent

(Fig. 2b, c). We assayed callus formation by examining

the response of tissue-cultured hypocotyl explants to

various concentrations of the cytokinin kinetin and the

auxin 2,4-D. The 35S:ARR7 explants was less sensitive

to kinetin and 2,4-D than wild-type explants (Fig. 3a).

The same pattern was noted in other transgenic line

(number 23-1) (data not shown). Since cytokinins

are known to delay leaf senescence (Davies 2004), we

assayed leaf senescence by measuring chlorophyll

content with various concentrations of BA. Leaf

senescence accelerated by dark incubation was delayed

by increasing BA concentrations, and this delay was

significantly inhibited in 35S:ARR7 with increasing

BA concentrations compared to wild type (Fig. 3b).
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These data show that high level of ARR7 expression

reduces sensitivity to exogenous cytokinins. Antisense

expression of ARR7 RNA under CaMV 35S promoter

did produce neither any morphological nor cytokinin-

related phenotype (data not shown), due to redun-

dancy of the A-type ARR family members (To et al.

2004).

Experimental design for GeneChip analysis and

identification of early cytokinin-regulated genes

To understand the molecular function of ARR7 in

cytokinin signaling in terms of molecular phenotype,

we performed genome-wide expression profiling of the

effects of ARR7 overexpression on the cytokinin-reg-

ulated gene expression using the Affymetrix ATH1

Arabidopsis full genome array that represents

approximately 24,000 genes. While constitutive gene

expression in transgenic plants might induce pleio-

trophic effects, this approach still can provide

some valuable information on the molecular action

mechanism of the gene product of interest as an

alternative approach when a loss-of-function mutation

of a single gene did not produce any noticeable phe-

notype. We selected 30-min and 2-h time points for

cytokinin treatment to investigate early cytokinin-

response, as early transcriptional cascades impact on

later developmental and physiological changes. To

identify cytokinin-responsive genes, we used young

Arabidopsis seedlings highly responsive to plant hor-

mones because of active meristimatic tissues. We

incubated 7-day-old light-grown 35S:ARR7 and wild-

type Arabidopsis seedlings with cytokinin BA, isolated

total RNA, and verified the validity of cytokinin-

regulated gene expression by RNA-gel blot analysis

using ARR5 DNA probe (data not shown). We dupli-

cated this biological experiment for GeneChip analysis

and focused on the genes exhibiting >2-fold differences

in average between cytokinin- and mock-treated plants

and reproducibly up- or down-regulated in both

experiments (Tables 1, 2, 3, 4). We only included the

genes expressing the transcripts showing present calls

(P) after the cytokinin treatment in the case of up-

regulated genes and the transcripts showing P before

the cytokinin treatment in the case of down-regulated

genes. We then compared these cytokinin-regulated

genes with the corresponding genes in 35S:ARR7

plants. Most of A-type ARR genes previously known as

representative cytokinin-reponsive genes (D’Agostino

et al. 2000) and AHK1 (Rashotte et al. 2003) were

found as cytokinin-inducible genes in both 30-min and

2-h time points, validating our experimental system.

Moreover, while ARR7 highly responded to cytokinin

BA in wild-type plants, transgenic plants overexpress-

ing ARR7 showed almost no change in the ARR7

transcript level with 1.07- and 1.00-fold in response to

BA in both experiments due to very high ARR7

expression in the transgenic plants (Tables 1, 2), again

confirming the accuracy of the GeneChip analysis.

We found that 213 genes were up-regulated by the

treatment of cytokinin and 44 genes appeared to be up-

regulated in both 30-min and 2-h treatments. Seventy-

one genes were down-regulated by the treatment

of cytokinin and seven genes appeared to be down-

regulated in both 30-min and 2-h treatments.

To get insights into the function of these cytokinin-

regulated genes, we categorized these genes into 11

functional groups using gene ontology (GO) annota-

tion at http://www.arabidopsis.org/tools/bulk/go/in-

dex.jsp, with some manual modifications. We

distributed the genes regulated by cytokinin in these

biological process categories (Fig. 4). In the case of

cytokinin-up-regulated genes at 30-min treatment, the
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Table 1 Genes up-regulated 30 min after treatment with cytokinin BA

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

Biotic and abiotic
stimulus

At1g53540 260978_at 17.6 kDa heat shock protein 2.30 ~4.00a, b 3.15 0.87 �0.47c 0.67
At2g35980 263948_at Yellow-leaf-specific gene 9

(YLS9)
4.00 2.46 3.23 4.00 2.14 3.07

At2g38750 266418_at Annexin 4 (ANN4) 2.64 2.00 2.32 1.87 2.00 1.93
At2g38760 266419_at Annexin 3 (ANN3) 3.48 2.46 2.97 3.03 2.46 2.75
At4g11190 254907_at Disease resistance-responsive

protein
2.30 2.64 2.47 2.14 2.30 2.22

At4g11210 254909_at Disease resistance-responsive
protein

2.64 1.62 2.13 2.83 2.00 2.41

Development At1g31320 257467_at LOB domain protein 4 (LBD4) 1.74 2.14 1.94 1.41 1.87 1.64
At2g17850 264846_at Senescence-associated protein ~2.83 1.52 2.17 �1.52 1.23 1.37
At5g56320 247991_at Expansin (EXPA14)d ~6.06 3.25 4.66 ~2.30 2.30 2.30
At1g16530 262704_at LOB domain protein 3

(LBD3)
3.73 5.66 4.69 ~13.93 ~2.14 8.04

At5g01840 251062_at Ovate protein 1.52 ~2.83 2.17 1.74 ~4.59 3.17

Energy At1g03850 265067_at Glutaredoxin 5.28 2.14 3.71 2.46 2.00 2.23
At3g59480 251491_at pfkB-type carbohydrate

kinase
2.30 2.46 2.38 2.14 2.00 2.07

At4g15680 245392_at Glutaredoxin ~5.28 1.87 3.57 �3.25 2.64 2.94

Hormone response At2g20100 265577_at Ethylene-responsive protein 0.93 ~3.48 2.21 ~1.00 1.07 1.04
At5g03310 250940_at Auxin-responsive protein 2.30 ~2.30 2.30 ~12.13 ~2.14 7.13

Metabolism At1g12740 255934_at Cytochrome P450 (CYP87A2) 3.25 4.00 3.62 2.00 3.03 2.52
At1g64590 261956_at Short-chain dehydrogenase/

reductase
3.48 2.64 3.06 3.03 2.83 2.93

At1g67110 264470_at Cytochrome P450
(CYP735A2)

8.00 6.96 7.48 4.92 ~6.50 5.71

At2g19500 265945_at Cytokinin oxidase 2 2.46 ~2.14 2.30 ~1.41 �1.23 1.32
At3g57010 251668_at Strictosidine synthase 2.64 2.64 2.64 2.83 2.14 2.49
At4g03610 255385_at Phosphonate metabolism

protein
4.59 4.92 4.76 4.00 3.25 3.62

At4g10500 254975_at 2OG-Fe(II) oxygenase 3.73 1.52 2.62 2.14 1.15 1.65
At4g29740 253696_at Cytokinin oxidase 4 5.28 4.00 4.64 5.66 2.83 4.24
At4g39770 252858_at Trehalose-6-phosphate

phosphatase
1.74 2.46 2.10 1.41 1.15 1.28

At5g06300 250723_at Lysine decarboxylase 2.14 1.87 2.00 1.62 2.14 1.88
At1g75450 261109_at Cytokinin oxidase 6 2.00 2.64 2.32 2.83 2.00 2.41
At2g19060 267439_at GDSL-motif lipase/hydrolase ~5.28 ~5.66 5.47 ~14.93 ~4.59 9.76
At2g25160 264404_at Cytochrome P450 (CYP82F1) ~4.92 6.96 5.94 5.66 6.96 6.31
At5g56970 247956_at Cytokinin oxidase 3 2.14 ~3.03 2.59 ~2.00 ~3.25 2.62
At5g67520 247005_at Adenylylsulfate kinase 1.62 ~2.64 2.13 2.14 ~3.48 2.81

Protein metabolism At5g36180 257500_s_at Serine carboxypeptidase S10 2.00 2.00 2.00 1.74 1.52 1.63

Signal transduction At1g10470 263236_at ARR4 3.48 3.48 3.48 3.03 2.64 2.84
At1g11340 262480_at S-locus lectin protein kinase 2.00 2.00 2.00 0.81 0.47 0.64
At1g19050 259466_at ARR7 6.96 6.06 6.51 1.07 1.00 1.04
At1g63580 257485_at Protein kinase 1.23 ~2.83 2.03 1.41 �1.23 1.32
At1g73800 260046_at Calmodulin-binding protein 3.73 0.81 2.27 1.23 0.81 1.02
At1g74890 262212_at ARR15 ~13.93 ~13.93 13.93 1.32 2.00 1.66
At2g23050 257353_at Phototropic-responsive

protein
~1.87 ~3.73 2.80 ~2.30 ~1.52 1.91

At2g40670 266078_at ARR16 3.25 4.29 3.77 3.03 2.30 2.66
At3g48100 252374_at ARR5 8.00 10.56 9.28 7.46 8.57 8.02
At3g57040 251665_at ARR9 1.87 2.30 2.08 1.52 1.52 1.52
At5g62920 247406_at ARR6 7.46 7.46 7.46 4.59 7.46 6.03
At1g59940 262915_at ARR3 ~3.25 2.30 2.77 ~4.92 2.14 3.53
At2g17820 264790_at Arabidopsis histidine kinase 1

(AHK1)
2.64 2.46 2.55 1.87 3.25 2.56

At2g41310 266372_at ARR8 3.03 3.03 3.03 2.64 4.29 3.46
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genes that are categorized into metabolism, signal

transduction, and transcription factors constitute al-

most 50% among total cytokinin-up-regulated genes

(Fig. 4a). After 2-h treatment with cytokinin, the

number of the genes in these categories is slightly re-

duced to 44% of total cytokinin-up-regulated genes,

whereas the number of genes that belong to tran-

scription factors and signal transduction categories

Table 1 continued

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

Transcription
factor

At1g10480 263208_at Zinc finger protein (ZFP5) 3.73 2.64 3.19 2.46 3.48 2.97
At1g13300 259365_at myb family transcription factor 4.29 2.14 3.22 2.64 2.46 2.55
At1g67030 255858_at Zinc finger protein (ZFP6) 1.87 2.14 2.00 1.62 2.00 1.81
At1g68360 260484_at Zinc finger protein 2.14 3.48 2.81 2.14 1.74 1.94
At2g22770 266456_at Basic helix-loop-helix (bHLH)

protein
2.46 2.46 2.46 2.14 2.30 2.22

At2g46310 266606_at AP2-containing transcription
factor

2.00 2.30 2.15 1.07 1.32 1.20

At2g46400 263783_at WRKY46 3.48 1.15 2.32 0.93 0.87 0.90
At3g56400 251705_at WRKY70 4.59 0.93 2.76 1.23 1.00 1.12
At4g25410 254064_at Basix helix-loop-helix (bHLH)

protein
~4.59 ~9.85 7.22 ~4.92 ~6.50 5.71

At4g26150 254016_at Zinc finger (GATA type) protein 1.32 4.00 2.66 1.41 1.32 1.37
At4g39070 252924_at Zinc finger (B-box type) protein 2.30 2.83 2.56 1.87 2.00 1.93
At5g50915 248460_at Basic helix-loop-helix (bHLH)

protein
3.03 1.41 2.22 1.52 1.32 1.42

At3g09600 258724_at myb transcription factor (LCL5) ~2.46 ~1.62 2.04 �5.28 �16.00 10.64
At5g10970 250396_at Zinc finger (C2H2 type) protein 1.23 ~3.48 2.36 �0.76 ~4.00 2.38

Transferase At1g17190 262516_at Glutathione S-transferase 3.03 2.00 2.52 2.46 2.30 2.38
At2g29490 266290_at Glutathione S-transferase 19 2.30 1.87 2.08 2.00 1.52 1.76
At5g05860 250753_at UDP-glucosyl transferase 2.30 2.14 2.22 1.62 2.14 1.88
At5g47950 248723_at Transferase 2.30 2.46 2.38 2.00 2.14 2.07
At5g47980 248725_at Transferase 11.31 4.92 8.12 6.50 7.46 6.98
At1g13420 259388_at Sulfotransferase ~8.57 ~8.00 8.29 ~8.00 ~10.56 9.28
At2g25150 264403_at Transferase 2.46 2.46 2.46 2.14 ~3.73 2.94
At3g45070 252605_s_at Sulfotransferase 2.83 2.30 2.56 2.46 3.25 2.86
At3g50300 252202_at Transferase 3.48 3.48 3.48 1.74 ~21.11 11.43

Transporter At1g77380 246389_at Amino acid permease (AAP3) 2.30 1.74 2.02 1.62 1.87 1.75
At3g45700 252536_at Oligopeptide transporter 3.73 4.00 3.87 2.83 3.48 3.16
At3g45710 252537_at Oligopeptide transporter 2.83 1.23 2.03 2.14 1.52 1.83
At4g19680 254534_at Iron-responsive transporter

(IRT2)
~2.83 2.30 2.56 ~2.14 ~2.00 2.07

At4g21120 254453_at Amino acid permease (CAT1) 2.64 1.74 2.19 1.87 1.52 1.69
At1g11670 262813_at MATE efflux protein 2.83 3.03 2.93 2.46 4.00 3.23
At3g15990 258287_at Sulfate transporter 2.64 2.46 2.55 2.83 2.64 2.73
At4g15230 245540_at ABC transporter 2.64 2.30 2.47 3.73 3.48 3.61

Unknown At1g13740 256069_at Expressed protein 2.46 1.87 2.16 1.74 1.62 1.68
At1g19960 261221_at Expressed protein 3.48 0.76 2.12 1.23 0.81 1.02
At2g20080 257393_at Expressed protein ~3.03 ~3.73 3.38 ~2.14 ~4.00 3.07
At2g25240 263614_at Serine protease inhibitor ~1.74 ~2.46 2.10 1.00 0.62 0.81
At4g03600 255401_at Expressed protein ~2.46 ~4.00 3.23 ~2.83 �1.87 2.35
At5g15190 250158_at Expressed protein 3.03 1.87 2.45 1.87 1.52 1.69
At2g39705 267591_at Expressed protein 2.14 2.14 2.14 1.62 2.83 2.23
At3g05770 258739_s_at Expressed protein ~78.79 ~51.98 65.39 ~55.72 ~119.4 87.57
At4g20000 254524_at VQ motif-containing protein 1.74 2.30 2.02 2.46 1.62 2.04
At4g35720 253155_at Expressed protein ~1.23 ~3.03 2.13 ~3.48 �1.87 2.67

a Number means fold of induction
b ~ indicates absent call of the untreated sample
c � indicates absent calls of both treated and untreated samples
d Nomenclature of the expansin genes is based on the recent proposal made by Kende et al. (2004)
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Table 2 Genes up-regulated 2 h after treatment with cytokinin BA

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

Biotic and abiotic
stimulus

At1g14550 261475_at Anionic peroxidase 1.32 ~3.48 2.40 2.00 0.93 1.47
At1g58170 246395_at Disease resistance-responsive

protein
2.64 3.03 2.84 2.14 3.25 2.70

At2g29500 266294_at 17.6 kDa heat shock protein 2.30 2.00 2.15 1.07 3.03 2.05
At2g35980 263948_at Yellow-leaf-specific gene 9 6.50 4.00 5.25 5.66 4.29 4.97
At2g39220 267012_at Patatin protein 2.00 2.14 2.07 1.52 1.74 1.63
At2g43200 266439_s_at Dehydration-responsive protein 1.74 2.64 2.19 1.07 1.52 1.29
At3g56080 251713_at Dehydration-responsive protein 2.30 ~4.29 3.29 �1.32 ~3.48 2.40
At4g33730 253353_at Pathogenesis-related protein 2.00 ~2.83 2.41 2.83 1.41 2.12
At5g10230 250474_at Annexin 7 (ANN7) ~2.14 ~5.28 3.71 �0.87 ~4.59 2.73
At2g20520 263376_at Fasciclin-like arabinogalactan ~3.25 ~3.03 3.14 ~8.57 ~6.96 7.77
At2g38750 266418_at Annexin 4 (ANN4) 6.50 5.28 5.89 6.06 6.06 6.06
At2g38760 266419_at Annexin 3 (ANN3) 5.28 4.29 4.78 6.96 6.96 6.96
At4g11190 254907_at Disease resistance-responsive

protein
9.85 19.70 14.77 9.85 25.99 17.92

At4g11210 254909_at Disease resistance-responsive
protein

8.00 8.00 8.00 8.00 ~16.00 12.00

Development At1g16530 262704_at LOB domain protein 3 (LBD3) ~4.92 ~5.66 5.29 ~3.25 ~3.48 3.37
At1g26770 261266_at Expansin (EXPA10) 2.30 1.74 2.02 1.23 1.32 1.28
At1g31320 257467_at LOB domain protein 4 (LBD4) 2.64 3.25 2.94 2.30 1.87 2.08
At1g69530 256299_at Expansin (EXPA1) 2.46 2.00 2.23 1.15 1.32 1.23
At2g03090 266770_at Expansin (EXPA15) 3.25 3.48 3.37 1.41 1.23 1.32
At2g39700 267590_at Expansin (EXPA4) 2.00 2.00 2.00 1.15 1.15 1.15
At4g28250 253815_at Expansin (EXPB3) 1.87 2.30 2.08 1.23 1.07 1.15

Energy At1g03020 263168_at Glutaredoxin ~1.87 ~2.64 2.25 �0.20 �1.07 0.64
At1g14185 262655_s_at GMC oxidoreductase 1.74 ~2.46 2.10 1.00 1.41 1.21
At2g30540 267497_at Glutaredoxin 2.64 2.00 2.32 1.52 1.00 1.26
At3g62930 251195_at Glutaredoxin 2.46 1.62 2.04 1.52 1.87 1.69
At4g15680 245392_at Glutaredoxin 3.48 2.14 2.81 1.41 1.41 1.41
AtCg00070 245050_at PSII K protein 4.59 0.57 2.58 0.66 1.15 0.90
AtCg00080 245023_at PSII I protein 3.48 0.76 2.12 0.81 1.32 1.07

Hormone response At1g04250 263664_at IAA17 2.30 2.64 2.47 2.46 1.87 2.16
At3g02885 258618_at Gibberellin-regulated protein 5 3.03 3.48 3.26 1.87 2.00 1.93
At4g17280 245412_at Auxin-responsive protein 1.52 2.64 2.08 1.74 1.32 1.53

Metabolism At1g18140 256128_at Laccase 2.14 2.83 2.49 1.62 1.41 1.52
At1g18870 261428_at Isochorismate synthase 2.64 2.46 2.55 1.32 2.64 1.98
At1g56430 259632_at Nicotianamine synthase 1.87 2.14 2.00 1.00 0.87 0.94
At1g64390 259736_at Endo-1,4-beta-glucanase 2.00 2.64 2.32 1.32 1.15 1.23
At1g67110 264470_at Cytochrome P450 (CYP735A2) 4.29 9.19 6.74 4.29 3.48 3.88
At1g75450 261109_at Cytokinin oxidase 6 2.30 3.25 2.77 2.30 2.14 2.22
At1g78580 263136_at Trehalose-6-phosphate synthase 1.52 3.03 2.27 1.15 1.07 1.11
At1g79890 260159_at Helicase-related ~4.92 ~2.00 3.46 0.76 �5.66 3.21
At2g25160 264404_at Cytochrome P450 (CYP82F1) ~42.22 ~16.00 29.11 ~18.38 ~16.00 17.19
At2g32990 267595_at Glycosyl hydrolase family 9 1.87 2.30 2.08 ~1.32 1.41 1.37
At3g13790 256787_at Beta-fructofuranosidase 1 2.30 2.00 2.15 2.14 2.00 2.07
At3g27400 257735_at Pectate lyase 2.46 1.62 2.04 1.15 1.23 1.19
At3g29250 257774_at Short-chain dehydrogenase/

reductase
6.06 6.06 6.06 4.92 4.92 4.92

At3g44550 252639_at Acyl CoA reductase 2.64 2.14 2.39 2.14 1.74 1.94
At3g57010 251668_at Strictosidine synthase 6.06 7.46 6.76 5.66 6.50 6.08
At4g02850 255450_at PhzC/PhzF protein 2.83 3.48 3.16 2.00 2.00 2.00
At4g03610 255385_at Phosphonate metabolism

protein
2.30 5.28 3.79 ~3.25 3.03 3.14

At4g10500 254975_at 2OG-Fe(II) oxygenase 2.00 2.00 2.00 1.52 1.32 1.42
At4g21760 254371_at Glycosyl hydrolase 1 2.83 ~1.52 2.17 �0.87 �1.62 1.25
At4g24780 254119_at Pectate lyase 1.87 2.14 2.00 1.15 1.23 1.19
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Table 2 continued

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

At4g39770 252858_at Trehalose-6-phosphate phosphatase 2.64 2.46 2.55 2.14 1.52 1.83
At5g08600 250528_at U3 ribonucleoprotein (Utp) 1.52 3.48 2.50 0.93 ~1.32 1.13
At5g22410 249934_at Peroxidase (ATP14a) 3.25 2.00 2.62 2.14 1.52 1.83
At5g23190 249881_at Cytochrome P450 (CYP86B1) 1.62 2.46 2.04 2.64 1.41 2.03
At5g24140 249773_at Squalene monooxygenase 2 (SQP2) 2.00 ~3.03 2.52 2.46 2.46 2.46
At5g40390 249411_at Raffinose synthase 2.00 2.64 2.32 1.87 1.74 1.80
At5g42590 249203_at Cytochrome P450 (CYP71A16) 6.96 9.19 8.08 6.50 8.57 7.54
At5g42600 249205_at Pentacyclic triterpene synthase 1.87 5.28 3.57 2.46 2.64 2.55
At5g55050 248118_at GDSL-motif lipase 2.30 1.74 2.02 2.00 2.00 2.00
At5g59480 247706_at Haloacid dehalogenase-like hydrolase 3.03 2.30 2.66 2.14 1.74 1.94
At5g62420 247483_at Aldo/keto reductase ~9.85 ~16.00 12.92 ~5.28 ~5.66 5.47
At1g12740 255934_at Cytochrome P450 protein (CYP87A2) 3.25 3.25 3.25 4.00 2.64 3.32
At1g14220 262658_at Ribonuclease T2 protein 2.46 3.03 2.75 2.83 2.83 2.83
At1g64590 261956_at Short-chain dehydrogenase/reductase 2.46 3.48 2.97 2.46 4.29 3.37
At1g66800 256368_at Cinnamyl-alcohol dehydrogenase 5.28 4.59 4.94 ~5.28 8.00 6.64
At3g14550 258121_s_at Geranylgeranyl pyrophosphate

synthase
2.30 ~1.87 2.08 ~1.87 ~3.48 2.67

At4g29690 253684_at Type I phosphodiesterase 2.46 2.64 2.55 2.30 3.25 2.77
At4g29740 253696_at Cytokinin oxidase 4 4.29 7.46 5.88 6.50 7.46 6.98
At4g37410 253073_at Cytochrome P450 (CYP81F4) 2.00 2.14 2.07 2.00 2.64 2.32
At5g04120 245689_at Phosphoglycerate/

bisphosphoglycerate mutase
~12.13 ~16.00 14.06 ~6.50 ~51.98 29.24

At5g36140 249686_at Cytochrome P450-related
(CYP716A2)

~4.29 ~1.87 3.08 ~1.62 ~6.96 4.29

At5g42580 249202_at Cytochrome P450 (CYP705A12) ~4.92 3.25 4.09 3.03 ~5.66 4.34
At5g47990 248727_at Cytochrome P450 (CYP705A5) 8.00 4.92 6.46 7.46 9.19 8.33
At5g48000 248728_at Cytochrome P450 (CYP708A2) 6.06 3.48 4.77 6.06 5.28 5.67
At5g48010 248729_at Pentacyclic triterpene synthase 8.00 6.06 7.03 10.56 9.85 10.20

Protein
metabolism

At2g35770 265846_at Serine carboxypeptidase S10 ~1.87 ~4.29 3.08 ~1.87 ~1.41 1.64
At5g12110 250304_at Elongation factor (eEF1Balpha1) 2.30 1.87 2.08 0.93 1.87 1.40
At5g18820 249977_at Embryo defective 3007 (EMB3007) ~3.73 ~1.87 2.80 1.07 �1.07 1.07
At5g36180 257500_s_at Serine carboxypeptidase S10 5.28 5.66 5.47 4.00 ~4.59 4.30
At2g01880 263594_at Purple acid phosphatase (PAP7) 4.92 3.03 3.98 4.00 4.29 4.14

Signal
transduction

At1g10470 263236_at ARR4 3.03 3.25 3.14 2.30 3.25 2.77
At1g19050 259466_at ARR7 5.28 6.96 6.12 1.00 1.07 1.04
At1g59940 262915_at ARR3 ~4.29 ~9.85 7.07 ~5.28 ~4.29 4.78
At1g74890 262212_at ARR15 ~6.96 ~9.85 8.41 ~1.32 ~1.52 1.42
At2g01830 263599_at Histidine kinase (AHK4) (WOL1/

CRE1)
2.00 2.83 2.41 1.87 2.14 2.00

At2g17820 264790_at Histidine kinase 1 (AHK1) 2.46 2.83 2.65 1.52 1.32 1.42
At2g28250 265545_at Protein kinase 1.87 2.30 2.08 1.32 ~1.87 1.59
At2g40670 266078_at ARR16 6.96 4.29 5.63 2.00 2.64 2.32
At2g41310 266372_at ARR8 2.46 3.48 2.97 1.87 2.46 2.16
At3g48100 252374_at ARR5 5.66 6.96 6.31 4.59 6.96 5.78
At3g57040 251665_at ARR9 1.87 2.14 2.00 1.74 1.74 1.74
At4g22730 254332_at LRR transmembrane protein kinase 2.00 2.00 2.00 0.87 1.00 0.94
At5g60890 247600_at Altered tryptophan regulation (ATR1) 2.30 2.64 2.47 1.74 3.03 2.39
At5g62920 247406_at ARR6 4.00 5.66 4.83 2.83 5.28 4.05

Transcription
factor

At1g09540 264556_at myb transcription factor (MYB61) ~1.32 ~3.48 2.40 ~1.74 0.81 1.28
At2g46310 266606_at AP2 containing transcription factor 2.30 2.64 2.47 1.32 1.15 1.23
At2g47260 260528_at WRKY transcription factor 2.14 2.14 2.14 1.41 1.07 1.24
At4g23750 254235_at ERF/AP2 transcription factor 2.46 2.83 2.65 1.00 1.23 1.12
At4g25480 254066_at CBF3 (DREB1A) 3.25 ~1.52 2.38 1.07 �1.87 1.47
At5g60250 247615_at Zinc finger (C3HC4-type RING

finger)
1.87 2.14 2.00 0.71 0.93 0.82

At2g21650 263549_at myb transcription factor ~2.46 2.64 2.55 �2.30 ~2.83 2.56
At2g22770 266456_at Basic helix-loop-helix (bHLH)

protein
2.14 2.30 2.22 2.83 3.25 3.04
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Table 2 continued

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

Transferase At1g17190 262516_at Glutathione S-transferase 8.00 6.50 7.25 6.06 8.00 7.03
At1g21100 261449_at O-Methyltransferase 2.46 2.14 2.30 2.30 2.14 2.22
At1g78990 257428_at Transferase ~2.83 2.46 2.65 �1.07 �0.44 0.75
At2g29490 266290_at Glutathione S-transferase 19 2.14 1.87 2.00 2.00 1.62 1.81
At2g40230 263382_at Transferase 2.30 2.46 2.38 1.74 2.30 2.02
At3g44990 252607_at Xyloglucan:xyloglucosyl transferase 2.46 2.30 2.38 2.00 2.00 2.00
At4g22570 254328_at Adenine phosphoribosyltransferase 2.14 2.46 2.30 1.74 1.74 1.74
At5g05860 250753_at UDP-glucosyl transferase 2.64 3.03 2.84 1.74 1.62 1.68
At5g37950 249596_s_at UDP-glucoronosyl/UDP-glucosyl

transferase
1.87 3.48 2.67 1.41 1.07 1.24

At5g38020 249567_at SAM:carboxyl methyltransferase 3.48 4.00 3.74 2.83 3.25 3.04
At5g47950 248723_at Transferase 4.29 3.73 4.01 3.73 4.00 3.87
At5g48070 248732_at Xyloglucan:xyloglucosyl transferase 2.00 2.14 2.07 1.52 1.15 1.33
At1g13420 259388_at Sulfotransferase ~22.63 ~24.25 23.44 ~68.59 ~207.94 138.27
At1g76790 259878_at O-Methyltransferase family 2 2.30 2.46 2.38 2.46 4.00 3.23
At2g22930 266828_at Glycosyltransferase ~4.29 2.14 3.22 3.73 ~4.59 4.16
At3g09270 259040_at Glutathione S-transferase 2.64 1.87 2.25 2.83 2.30 2.56
At3g45070 252605_s_at Sulfotransferase 9.85 8.00 8.92 10.56 7.46 9.01
At3g46700 252488_at UDP-glucosyl transferase 2.14 1.87 2.00 2.46 2.83 2.65
At3g50300 252202_at Transferase 3.48 2.64 3.06 ~3.73 ~3.48 3.61
At4g12440 254816_at Adenine phosphoribosyltransferase ~3.25 ~1.87 2.56 �5.28 �2.00 3.64
At4g35150 253177_s_at O-Methyltransferase 2 2.46 1.87 2.16 2.30 2.30 2.30
At5g04370 245713_at SAM:carboxyl methyltransferase 2.30 2.14 2.22 1.87 �3.03 2.45
At5g47980 248725_at Transferase 48.50 25.99 37.25 ~29.86 ~59.71 44.79

Transporter At1g11670 262813_at MATE efflux family protein 2.14 2.64 2.39 2.14 2.30 2.22
At1g72140 259846_at Oligopeptide transporter 2.14 4.00 3.07 2.46 2.83 2.65
At1g78120 260053_at Tetratricopeptide repeat protein 1.87 3.48 2.67 1.74 ~1.74 1.74
At2g47800 266464_at Glutathione-conjugate transporter

(MRP4)
2.14 2.14 2.14 1.62 1.52 1.57

At3g15990 258287_at Sulfate transporter 2.30 2.46 2.38 2.14 1.41 1.78
At3g45680 252594_at Oligopeptide transporter 3.03 4.00 3.52 2.46 ~2.83 2.65
At3g45710 252537_at Oligopeptide transporter 4.59 4.59 4.59 3.73 ~3.25 3.49
At3g53510 251944_at ABC transporter ~1.87 ~3.03 2.45 ~2.46 0.87 1.67
At3g53940 251915_at Mitochondrial substrate carrier 1.41 2.83 2.12 1.15 1.00 1.07
At4g19680 254534_at Iron-responsive transporter (IRT2) ~3.48 ~2.46 2.97 2.83 ~2.14 2.49
At4g22200 254305_at Potassium channel protein 2 1.41 ~3.03 2.22 1.23 1.41 1.32
At5g38030 249545_at MATE efflux family protein 2.14 2.00 2.07 1.62 2.30 1.96
At3g45700 252536_at Oligopeptide transporter 8.00 8.57 8.29 9.85 7.46 8.66
At4g15230 245540_at ABC transporter 3.48 4.59 4.04 4.59 4.59 4.59
At4g19030 254606_at Major intrinsic family protein (MIP) 4.00 5.28 4.64 4.59 5.28 4.94

Unknown At1g28100 259586_at Expressed protein 2.14 2.30 2.22 1.62 2.14 1.88
At1g47400 261684_at Expressed protein 2.46 2.00 2.23 1.52 1.74 1.63
At1g50350 262462_at Hypothetical protein 2.00 ~4.92 3.46 �0.41 0.81 0.61
At1g55240 259653_at Expressed protein 2.30 2.30 2.30 1.62 2.64 2.13
At2g06090 265517_at Self-incompatibility protein-related ~8.57 ~3.48 6.03 �1.23 �4.29 2.76
At2g16760 265355_at Expressed protein ~1.62 2.64 2.13 1.52 1.15 1.33
At2g26790 266853_at Pentatricopeptide repeat protein ~1.62 ~2.83 2.23 2.14 �0.25 1.20
At2g27375 265639_at Hypothetical protein ~2.00 ~4.92 3.46 �0.66 �4.59 2.63
At2g31980 265672_at Cysteine proteinase inhibitor 2.14 2.00 2.07 1.32 1.32 1.32
At2g43390 260535_at Expressed protein ~2.00 ~4.92 3.46 ~3.25 2.00 2.62
At2g46040 266603_at ARID/BRIGHT-containing protein ~4.29 ~1.32 2.80 ~0.87 �1.52 1.19
At3g01730 259195_at Expressed protein 1.87 ~2.64 2.25 2.00 ~1.23 1.62
At3g12860 257694_at Nucleolar protein Nop56 1.52 ~2.64 2.08 1.07 1.32 1.20
At3g15950 257798_at DNA topoisomerase-related 2.14 2.14 2.14 1.87 1.74 1.80
At3g46880 252501_at Expressed protein 2.64 2.46 2.55 1.41 ~1.23 1.32
At3g50640 252172_at Expressed protein 2.64 3.25 2.94 2.00 2.14 2.07
At3g56270 251734_at Expressed protein ~3.25 ~0.93 2.09 �0.87 �0.47 0.67
At4g01140 255608_at Expressed protein 2.14 ~3.48 2.81 ~1.87 1.87 1.87
At4g13990 245619_at Exostosin 2.64 1.52 2.08 1.15 ~2.00 1.57
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dramatically decreases from 31 to 12% during this

period (Fig. 4b). By contrast, the number of the genes

encoding metabolic enzymes and the genes with un-

known function increase from 18 to 29%, and from 11

to 18%, respectively. The other classes of genes re-

mained relatively unchanged. This analysis indicates

that at early stage of cytokinin response, genes

encoding transcriptional regulators and signaling pro-

teins constitute a relatively large portion among

immediate early cytokinin-responsive genes and might

trigger a second wave of gene expression changes that

modulate physiological and developmental processes.

After longer treatment for 2 h with cytokinin, many of

these immediate early cytokinin-responsive genes are

replaced by the genes encoding enzymes that function

in specific metabolic processes. In the case of down-

regulated genes with cytokinin, relatively small number

of genes was modulated compared to up-regulated

genes, with 21 genes and 57 genes at 30-min and 2-h

treatments, respectively.

Analysis of co-regulated genes

To understand the time-dependent gene expression

pattern corresponding to the early cytokinin response,

we performed a hierarchical clustering of the 1,816

genes that showed >1.5-fold differences after either

30-min or 120-min treatment with cytokinin (Fig. 5a).

The cluster analysis revealed various distinct groups

of cytokinin-mediated gene expression pattern. We

have identified a group of genes continually up-reg-

ulated, a group of genes down-regulated at 30 min

and then up-regulated after 2-h treatment, a group of

genes up-regulated at 30 min and then decreased or

down-regulated below the normal levels after 2 h, and

a group of genes continually down-regulated. Number

of genes in 35S:ARR7 exhibiting >1.5-fold differences

after either 30-min or 120-min treatment with cyto-

kinin was estimated 1,300 genes (data not shown),

which are significantly less than the 1,816 genes that

were induced over 1.5-fold in response to cytokinin in

wild type, indicative of general repression of the

cytokinin-regulated genes by overexpression of

ARR7. To understand the effect of ARR7 overex-

pression on the early cytokinin response, we also

performed the hierarchical clustering of the 832 genes

or 1,274 genes that exhibited > 1.5-fold change in

response to 30-min or 2-h treatments of cytokinin in

wild type, respectively, and the corresponding genes

in 35S:ARR7. The cluster analysis revealed that there

are four distinct groups of expression pattern for up-

or down-regulated genes affected by ARR7 overex-

pression (Fig. 5b, c). For cytokinin-up-regulated

genes, there are a group of the genes not influenced, a

group of the genes suppressed, a group of the genes

suppressed below the normal levels, and a group of

the genes further up-regulated by ARR7 overexpres-

sion. The group constituting the biggest portion or the

smallest portion among the cytokinin-up-regulated

genes is the group of the genes that are suppressed or

up-regulated above the normal levels, respectively, as

expected. Similarly, for cytokinin-down-regulated

genes, there are a group of the genes not influenced, a

group of the genes suppressed to near normal levels, a

group of the genes rather up-regulated above the

normal levels, and a group of the genes further down-

regulated by ARR7 overexpression. The group con-

stituting the biggest portion or the smallest portion

among the cytokinin-down-regulated genes is also the

group of the genes that are suppressed to near normal

levels or further down-regulated, respectively, which

is similar to the up-regulated genes.

Table 2 continued

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

At4g13740 254731_at Expressed protein ~1.87 3.73 2.80 0.93 �0.44 0.68
At4g18630 254632_at Expressed protein 1.62 3.73 2.68 1.62 1.41 1.52
At5g02780 250983_at In2-1 protein 2.00 2.14 2.07 1.32 1.15 1.23
At5g14690 250145_at Putative protein 1.87 2.14 2.00 1.41 2.00 1.71
At5g19260 249920_at Expressed protein 2.00 2.00 2.00 1.52 0.87 1.19
At5g19800 245967_at Hydroxyproline-rich glycoprotein 1.41 ~3.03 2.22 1.41 1.07 1.24
At5g24990 246979_s_at Expressed protein ~1.62 ~3.73 2.68 �1.52 �1.62 1.57
At5g26220 246884_at ChaC-like family protein 2.83 2.30 2.56 ~2.14 0.81 1.48
At5g26260 246825_at Meprin and TRAF-containing protein 3.73 3.48 3.61 3.03 3.03 3.03
At1g14960 262838_at Major latex protein-related 7.46 6.50 6.98 6.96 7.46 7.21
At3g59340 251466_at Expressed protein ~4.29 ~3.25 3.77 ~3.25 ~4.59 3.92
At4g20000 254524_at VQ motif-containing protein ~2.30 ~2.30 2.30 ~2.46 ~3.03 2.75

Refer to Table 1 for the legend
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In order to understand the significance of the effect

of ARR7 overexpression on cytokinin-regulated genes,

we analyzed expression profiling of individual genes

that might play roles in important biological processes.

For this purpose, our analysis is focused on transcrip-

tion factors, proteins involved in signal transduction,

plant development, and hormonal response, metabolic

enzymes, and environmental stimuli-regulated proteins.

Early cytokinin-regulated genes involved in

transcriptional regulation

Transcription factors are the important regulators of all

biological processes, and thus first to be analyzed.

Cytokinin induces diverse classes of transcription factors

during early cytokinin response (Tables 1, 2). Cytokinin

treatment for 30 min induces six zinc finger proteins with

various types including GATA type, B-box type and

C2H2 type, three basic helix-loop-helix proteins, two

myb transcription factors, two WRKY transcription

factors, and one AP2-containing transcription factor.

The transcription factor genes that are induced at 2 h

include one zinc finger protein with C3HC4-type RING

finger, one basic helix-loop-helix proteins, two myb

transcription factors, one WRKY transcription factor,

and two AP2-containing transcription factors. The effect

of ARR7 overexpression on these transcription factor

genes is repressive in some cases [AP2 (At1g09540),

WRKY (At2g47260), ERF/AP2 (At4g23750), and

C3HC4-type RING finger (At5g60250)] and is not sig-

nificant in other cases. Cytokinin down-regulates three

transcription factor genes including AP2/EREBP-like

transcription factor and myb transcription factor in

30 min, and ten transcription factors genes including a

AP2-containing protein RAP2.6, a basic leucine zipper

transcription factor, myb transcription factors, basic he-

lix-loop-helix protein, and no apical meristem protein

(NAM) in 2 h. In contrast to the up-regulated genes, the

number of the transcription factor genes down-regulated

increases after longer treatment of cytokinin.

Early cytokinin-regulated genes involved in signal

transduction

As cytokinins utilize two-component signaling system,

our analysis of the genes involved in signaling

Table 3 Genes down-regulated 30 min after treatment with cytokinin BA

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

Biotic and abiotic
stimulus

At2g26010 249052_at Plant defensin protein (PDF1.2b) ~0.15 0.31 0.23 2.64 1.15 1.89

Development At2g30130 267276_at LOB domain protein 12 (LBD12) ~0.33 ~0.35 0.34 0.66 ~0.35 0.51
At4g01630 255591_at Expansin (EXPA17) ~0.38 ~0.54 0.46 0.50 ~0.29 0.39

Energy AtCg00680 244972_at PSII 47 KDa protein 0.16 0.71 0.44 ~0.05 0.87 0.46

Hormone response At4g31320 253515_at Small auxin up RNA (SAUR_C) 0.47 0.50 0.48 0.66 0.54 0.60
At5g50760 248528_at Auxin-responsive protein 0.54 0.44 0.49 0.54 0.50 0.52

Metabolism At1g30080 260024_at Glycosyl hydrolase family 17 protein ~0.41 0.44 0.42 0.47 ~0.66 0.56
At1g05650 263229_s_at Pectinase 0.38 0.41 0.39 0.62 0.31 0.46
At1g77330 246390_at ACC oxidase 0.57 0.41 0.49 0.54 0.57 0.56
At1g78090 260059_at Trehalose-6-phosphate phosphatase ~0.29 ~0.62 0.45 ~0.47 ~0.47 0.47
At2g36690 265208_at 2OG-Fe(II) oxygenase 0.54 0.41 0.47 0.47 0.76 0.61

Signal transduction At3g13760 256774_at DC1 domain-containing protein ~0.33 ~0.57 0.45 0.50 ~0.54 0.52
At5g40590 249364_at DC1 domain-containing protein 0.47 0.44 0.45 0.41 0.81 0.61
At1g61840 264282_at DC1 domain-containing protein ~0.44 ~0.23 0.33 0.50 ~0.12 0.31
At5g10720 246016_at AHK5 (CKI2) 0.47 ~0.44 0.45 ~0.44 ~0.12 0.28

Transcription
factor

At2g35270 266546_at DNA-binding protein 0.35 0.38 0.37 0.44 0.41 0.42
At5g13910 250231_at AP2/EREBP-like transcription

factor
0.33 0.57 0.45 0.44 0.66 0.55

At3g48920 252340_at myb transcription factor (MYB45) ~0.31 0.41 0.36 ~0.27 0.44 0.35

Transferase At2g29740 266670_at UDP-glucosyl transferase 0.41 0.54 0.47 0.71 0.71 0.71

Unknown At1g15640 257480_at Hypothetical protein ~0.47 ~0.19 0.33 ~0.41 ~0.66 0.53
At1g31060 265159_at Expressed protein 0.41 0.50 0.45 0.62 ~0.50 0.56
At3g22540 256926_at Expressed protein 0.35 ~0.41 0.38 0.57 0.81 0.69

Refer to Table 1 for the legend
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Table 4 Genes down-regulated 2 h after treatment with cytokinin BA

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

Biotic and abiotic
stimulus

At1g54890 256349_at Late embryogenesis abundant protein 0.41 0.54 0.47 0.57 0.71 0.64
At1g64160 262325_at Disease resistance-responsive protein 0.41 0.20 0.30 0.71 0.41 0.56
At5g45080 248979_at Disease resistance protein 0.50 0.44 0.47 0.66 0.66 0.66
At5g60520 247634_at Late embryogenesis abundant protein 0.20 0.35 0.28 0.25 0.27 0.26
AtCg00680 244972_at PSII 47 KDa protein 0.35 0.54 0.44 0.57 1.52 1.05

Hormone
response

At4g31320 253515_at Small auxin up RNA (SAUR_C) 0.47 0.35 0.41 0.71 0.50 0.60
At5g50760 248528_at Auxin-responsive protein 0.44 0.35 0.39 0.54 0.62 0.58

Metabolism At1g77330 246390_at ACC oxidase 0.50 0.44 0.47 0.57 0.54 0.56
At2g45220 245148_at Pectinesterase 0.29 0.57 0.43 0.33 0.66 0.49
At3g26610 257613_at Pectinase ~0.20 ~0.23 0.22 0.44 ~0.47 0.45
At3g29410 256736_at Terpene synthase 0.35 0.44 0.39 0.54 0.54 0.54
At4g08770 255110_at Peroxidase 0.19 0.29 0.24 0.33 0.41 0.37
At4g08780 255111_at Peroxidase ~0.44 ~0.47 0.45 0.47 0.71 0.59
At5g19890 246149_at Peroxidase 0.27 0.13 0.20 0.27 0.33 0.30
At2g48080 265766_at 2OG-Fe(II) oxygenase 0.31 0.47 0.39 ~0.31 0.23 0.27
At3g01190 259276_at Peroxidase 27 (PER27) 0.33 0.38 0.35 0.38 0.33 0.35
At5g11920 250302_at Glycosyl hydrolase 32 0.33 0.62 0.47 0.38 0.25 0.31

Protein metabolism At1g11080 260475_at Serine carboxypeptidase S10 0.62 0.38 0.50 0.87 0.66 0.77
At3g23800 257197_at Selenium-binding protein 0.38 0.44 0.41 0.62 0.57 0.59
At4g23700 254215_at Cation/hydrogen exchanger (CHX17) 0.38 0.38 0.38 0.57 0.50 0.54

Signal transduction At3g13760 256774_at DC1 domain-containing protein 0.44 0.44 0.44 0.57 0.44 0.50
At5g43520 249097_at DC1 domain-containing protein 0.41 0.41 0.41 0.66 0.57 0.62
At5g54040 248183_at DC1 domain-containing protein 0.33 0.54 0.43 0.50 0.38 0.44
At1g29020 262743_at Calcium-binding EF hand protein 0.16 0.41 0.29 0.27 0.20 0.24

Transcription
factor

At1g43160 264415_at AP2-containing protein RAP2.6 ~0.22 0.54 0.38 0.57 0.81 0.69
At1g68880 260030_at bZIP transcription factor 0.50 0.50 0.50 0.62 0.50 0.56
At2g40970 267077_at myb transcription factor 0.47 0.44 0.45 0.62 0.71 0.66
At2g43140 257373_at Basic helix-loop-helix protein 0.41 0.44 0.42 0.54 0.54 0.54
At3g04420 258571_at No apical meristem protein (NAM) ~0.18 ~0.12 0.15 0.81 0.66 0.74
At5g15830 246522_at bZIP DNA-binding protein-like

protein
0.50 0.50 0.50 0.62 0.57 0.59

At2g28160 266162_at Basic helix-loop-helix protein 0.29 0.50 0.39 0.38 0.25 0.31
At2g35270 266546_at DNA-binding protein 0.50 0.47 0.48 0.54 0.41 0.47
At3g25790 257645_at myb transcription factor 0.25 0.54 0.39 0.29 0.33 0.31
At3g48920 252340_at myb transcription factor (MYB45) ~0.50 ~0.50 0.50 ~0.35 0.54 0.44

Transferase At1g07260 256053_at UDP-glucosyl transferase 0.44 0.54 0.49 0.57 0.76 0.67
At1g13430 266584_s_at Sulfotransferase 0.33 0.29 0.31 0.38 0.35 0.37
At1g49860 259813_at Glutathione S-transferase 0.33 0.66 0.49 0.50 0.71 0.60
At4g08300 255127_at Nodulin MtN21 protein 0.33 0.57 0.45 0.76 0.76 0.76
At5g61160 247573_at Transferase 0.29 0.66 0.47 0.66 0.81 0.74

Transporter At1g12110 264348_at Nitrate/chlorate transporter
(NRT1.1)

0.44 0.50 0.47 0.50 0.50 0.50

At1g78000 262133_at Sulfate transporter (Sultr1;2) 0.41 0.57 0.49 0.50 0.50 0.50
At3g23550 258100_at MATE efflux protein 0.50 0.50 0.50 0.66 0.66 0.66
At5g47450 248790_at Major intrinsic family protein

(TIP2;3)
0.15 0.44 0.29 0.33 0.27 0.30

At3g24290 257162_s_at Ammonium transporter 1(AMT1.3) 0.44 0.54 0.49 0.50 0.38 0.44

Unknown At1g35140 245757_at Phosphate-responsive protein 0.44 0.54 0.49 0.62 0.93 0.77
At2g28780 266222_at Expressed protein 0.35 0.50 0.43 0.76 0.66 0.71
At2g41230 266364_at Expressed protein 0.41 0.57 0.49 0.76 1.41 1.09
At3g02240 259120_at Expressed protein 0.50 0.44 0.47 0.62 0.57 0.59
At4g08950 255064_at Phosphate-responsive protein 0.35 0.62 0.48 0.62 1.00 0.81
At4g39675 252882_at Expressed protein 0.14 0.44 0.29 0.44 0.62 0.53
At5g22555 249893_at Expressed protein 0.29 0.29 0.29 0.50 0.41 0.45
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transduction is mostly focused on the family members

of AHKs, AHPs, and ARRs comprising of Arabidopsis

cytokinin two-component systems. Cytokinin induces

all A-type ARR genes, ARR3, ARR4, ARR5, ARR6,

ARR7, ARR8, ARR15, ARR16, and ARR17, in both 30-

min and 2-h treatments except for ARR22 (Tables 1, 2,

Supplementary Table 1, and Supplementary Fig. 1).

AHK1, which was shown to function as an osmosensor

in a cytokinin-independent manner in yeast (Urao et al.

1999), is induced by cytokinin, and AHK4, encoding a

cytokinin receptor that directly binds natural and syn-

thetic cytokinins in vitro with high specificity, can also

be induced by cytokinin in both 30-min and 2-h treat-

ments. None of B-type ARRs is induced by cytokinin

under our assay conditions. However, AHP1 is signifi-

cantly induced over 1.6-fold and AHP3 is slightly in-

duced by 2-h treatment (Supplementary Table 1). The

rest of AHPs are not induced during the early cytokinin

response. A calmodulin-binding protein and a few

kinases are up-regulated by cytokinin. Cytokinin dis-

tinctively down-regulates several DC1 domain-con-

taining proteins, which may have function in protein

binding or zinc ion binding, in both 30-min and 2-h

treatments. AHK5 (CKI2), whose function has not

been identified yet in cytokinin response, is also down-

regulated in 30-min treatment. All of the A-type re-

sponse regulators induced by cytokinin are suppressed

by ARR7 overexpression to a varying degree (Tables 1,

2, Supplementary Table 1, and Supplementary Fig. 1).

Cytokinin-induced expression of ARR5 and ARR16 are

strongly repressed by ARR7 overexpression among

A-type ARRs. The effect of ARR7 overexpression on

ARR15 is unique in that while cytokinin-induced

expression of ARR15 is suppressed by ARR7 overex-

pression, the basal level of ARR15 before the cytokinin

treatment is significantly enhanced by ARR7. While up-

regulated expression of AHK1 and AHK2 by cytokinin

is significantly suppressed by ARR7 overexpression,

that of AHP1 and AHP3 is not affected by ARR7

overexpression.

Early cytokinin-regulated genes involved in plant

development

Cytokinins are plant hormones regulating a variety of

developmental processes including cell division and

proliferation (Davies 2004). We, therefore, try to

identify cytokinin-regulated genes that play roles in

plant development. Cytokinin up-regulates various

expansin (EXP) genes, one a-expansin gene, EXPA14,

in 30-min treatment and four a-expansin genes,

EXPA1, EXPA4, EXPA10, and EXPA15 and one b-

expansin gene, EXPB3, in 2-h treatment (Tables 1, 2,

and Supplementary Fig. 2). Although the biological

roles of expansins are diverse, expansins mainly act to

loosen cell walls during cell enlargement, fruit ripen-

ing, root hair development, and abscission. Expansins

are cell wall proteins that induce pH-dependent wall

extension and stress relaxation and associated with

action of various plant hormones including cytokinins

(Cosgrove et al. 2002; Davies 2004). We thus analyzed

the expression profile of all the expansin superfamily

genes and found that 12 expansin genes including ten

EXPAs, one EXPB, and one EXPANSIN-LIKE A

(EXLA) are significantly up-regulated by cytokinin

treatment (Supplementary Table 2). In contrast, only

one expansin gene (EXPA17) is down-regulated by

cytokinin. Cytokinin up-regulates two LATERAL

ORGAN BOUNDARIES (LOB) DOMAIN (LBD)

genes, LBD3 and LBD4, and down-regulate LBD12

(Tables 1, 2, 3, and Supplementary Fig. 3). Forty-three

LBD genes have been identified in Arabidopsis (Shuai

et al. 2002; Iwakawa et al. 2002). LBD is expressed in

a band of cells at the adaxial base of all lateral organs

formed from the shoot apical meristem and at the base

of lateral roots, indicative of a role in lateral organ

development (Shuai et al. 2002). Cytokinin-induced

expression of these LBD and most of EXP genes is

repressed by ARR7 overexpression (Supplementary

Figs. 2, 3, and Supplementary Table 2).

Table 4 Genes down-regulated 2 h after treatment with cytokinin BA

Category At no. Probe set Description Col-0 35S:ARR7

Exp1 Exp2 Average Exp1 Exp2 Average

At5g38540 249516_s_at Jacalin lectin protein 0.54 0.41 0.47 0.57 0.66 0.62
At5g38940 249477_s_at Germin-like protein ~0.15 0.27 0.21 0.20 0.47 0.33
At5g43180 249136_at Expressed protein 0.35 0.44 0.39 0.66 0.47 0.56
At5g52790 248324_at CBS domain-containing protein 0.44 0.38 0.41 0.87 0.76 0.81
At1g11540 261846_at Expressed protein 0.41 0.57 0.49 0.47 0.50 0.48
At3g23190 257924_at Lesion inducing protein 0.47 0.47 0.47 0.50 0.33 0.41

Refer to Table 1 for the legend
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Early cytokinin-regulated genes involved in other

hormone response

Since plant hormones regulate many processes in

similar ways and recent studies have revealed crosstalk

among different hormone signaling pathways (Achard

et al. 2003; Fu and Harberd 2003; Gazzarrini and

McCourt 2003; Nemhauser et al. 2004; Greenboim-

Wainberg et al. 2005), we sought to identify genes in-

volved in other plant hormone response. However,

cytokinin induces relatively a small number of other

hormone responsive genes during early cytokinin

response than expected. These genes include auxin and

ethylene responsive genes in 30 min, and auxin

responsive gene, IAA17, and gibberellin-regulated

protein 5 gene in 2 h (Tables 1, 2). Cytokinin down-

regulates two auxin responsive genes, small auxin up

RNA (SAUR) gene, and auxin responsive gene in

both 30 min and 2 h. Cytokinin also distinctively

down-regulates ACC oxidase that are not found in the

up-regulated genes (Tables 3, 4).

Early cytokinin-regulated genes involved

in cytokinin metabolism and other cellular

metabolism

Cytokinin degradation is important in homeostatic

regulation of accumulation and distribution of cytoki-

nin metabolites in plant tissues (Davies 2004). Cyto-

kinin oxidase (CKX) catalyzes the reaction that cleaves

the N6-side chains from a subset of cytokinins such as

trans-zeatin and iP. Thus CKX irreversibly inactivates

cytokinins and could regulate cytokinin effects. CKX

proteins and corresponding genes were first isolated

from maize (Houba-Hérin et al. 1999; Morris et al.

1999). On the basis of amino acid sequence homology

to maize CKXs, seven CKX genes were predicted from

Arabidopsis genome, and among them, CKX2, CKX3,

and CKX4 were shown to contain oxidase activity

in vitro (Bilyeu et al. 2001). Cytokinins themselves

enhance degradation of cytokinins in tobacco cell

suspension cultures (Terrine and Laloue 1980) and

induce CKX activity in callus tissues of Phaseolis vul-

garis (Chatfield and Armstrong 1986). Cytokinins

induce CKX gene expression in maize and its expres-

sion is localized to the vasculature (Brugière et al.

2003). Our GeneChip data also revealed that in Ara-

bidopsis, cytokinin BA induces the expression of

CKX2, CKX3, CKX4, and CKX6 at 30-min treatment,

and CKX4 and CKX6 at 2-h treatment (Tables 1, 2,

and Supplementary Fig. 4). Thus CKX2 and CKX3

respond immediately to cytokinin and then decrease,

but CKX4 and CKX6 expression persist longer. These

results indicate that treatment of cytokinin induces

degradation of cytokinin, in part, by induction of CKX

gene expression, and thereby reduces cytokinin

effects by preventing persisted cytokinin action.

This feedback response would explain desensitized

transcriptional response after prolonged cytokinin

treatment (Rashotte et al. 2003). Expression of CKXs

up-regulated by cytokinin is significantly suppressed by

ARR7 overexpression (Supplementary Fig. 4).

We also found various enzymes up-regulated by

cytokinin including oxygenase, dehydrogenase, decar-

boxylase, reductase, cytohrome P450 (P450) genes, and

a large number of transferases. Cytokinin distinctively

down-regulates four peroxidases. Although the effect

of ARR7 overexpression on the genes encoding meta-

bolic enzymes is quite variable, three among four

cytokinin-induced genes encoding glutaredoxins, which

are members of the thioredoxin super family and cat-

alyze the reduction of disulfides or glutathione (GSH)

mixed disulfides (Lemaire 2004), are significantly sup-

pressed by ARR7 overexpression (Supplementary

Fig. 5).

Early cytokinin-regulated genes known to respond

to environmental stimuli

Cytokinin induces 14 genes responding to biotic and

abiotic stimuli such as heat shock protein (17.5 kDa),

dehydration-responsive proteins, annexins (annexin 3,

Transcription factor

Transferase

Transporter

Unknown

16.3 %

10.5 %

9.3 %

11.6 %

Biotic and abiotic stimuli

Development

Metabolism

Protein metabolism

Signal transduction

Energy
Hormone responsive

7 %
5.8 %

3.5%
2.3 %

17.4 %

1.2 %

15.1 %

8.2 %
4.1 %

4.1 %
1.8 %

26.3 %

2.9 %7.6 %4.7 %

13.5 %

8.8 %

18.1 %

A BFig. 4 Distribution of genes
in various biological process
categories. a Genes induced
by cytokinin BA treatment
for 30 min. b Genes induced
by cytokinin BA treatment
for 2 h
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annexin 4, and annexin 7), and disease resistance-

responsive proteins (Table 1, 2). Cytokinin dramati-

cally induces the expression of two disease-resistance

responsive proteins (At4g11190 and At4g11210) up to

14-fold. Cytokinin also down-regulates two different

disease-resistance responsive proteins, two embryo-

genesis abundant proteins, and one plant defensin

protein (PDF1.2b). The effect of ARR7 overexpression

on environmental stress-inducible genes in response to

cytokinin treatment is not significant.

RNA-gel blot analysis of representative

cytokinin-induced genes

To further verify GeneChip data, we have carried out

RNA-gel blot analysis using a select set of cytokinin-

inducible genes as DNA probes including A-type ARR

genes. We incubated wild-type plants and four differ-

ent lines of 35S:ARR7 plants with or without BA for

120 min, and extracted total RNA followed by RNA-

gel blot analysis with ARR4, ARR5, ARR6, ARR16,

AP2,EXP15, P450, NAD synthase, and AHK1 probes

(Fig. 6). In the absence of cytokinin BA, 35S:ARR7

plants exhibit relatively reduced levels of these genes

compared to wild-type plants. In the case of ARR16,

the 4–11 line of 35S:ARR7 expressing the highest level

of ARR7 shows reduced level of this mRNA, but the

other three lines exhibit somewhat similar level of

ARR16 compared to wild-type plants. The rest of genes

examined express reduced transcript levels in all four

lines of 35:ARR7 compared to wild type. In the pres-

ence of cytokinin, while expression of all the genes

examined is increased in both the wild-type and

35:ARR7 plants, cytokinin induction of these genes is

significantly suppressed in 35S:ARR7. The lines 38-1

and 55-6 of 35S:ARR7 expressing relatively lower level

of ARR7 among four lines exhibit a similar level of

ARR16 or EXP15, respectively, which indicate differ-

ential sensitivity of these genes to cytokinin compared

to other cytokinin-inducible genes.

Discussion

The core components of cytokinin signaling pathway

are comprised of sensor histidine kinases that perceive

cytokinin molecules, histidine phosphotransfer pro-

teins that transfer the signal from sensor kinase to re-

sponse regulator, and response regulators mediating

the response. The typical response regulators are

classified into either type A or B (Hwang et al. 2002;

Lohrmann and Harter 2002). The type-B ARRs are the

transcription factors containing receiver domain and a

large C-terminal region containing a myb-like DNA-

binding domain and a glutamine-rich domain. In con-

trast, the type-A ARRs are composed of receiver

domain and a divergent C-terminal extension without

output domain. Various biochemical and genetic

studies suggested that many A-type ARRs,

ARR3,4,5,6,8,9 are redundant negative regulators with

some functional specificity in cytokinin signaling.

Fig. 5 Expression profiles of genes differentially expressed
during cytokinin treatment in wild-type and 35S:ARR7 plants
in Affymetrix GeneChip of Arabidopsis. a Clustering analysis of
genes expressed by BA treatment at 30 min and 2 h from wild-
type (Col-0) plants. b Clustering analysis of genes expressed by
BA treatment at 30 min from wild-type and 35S:ARR7 plants. c
Clustering analysis of genes expressed by BA at 2 h from wild-
type and 35S:ARR7 plants
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However, the molecular mechanisms by which the

A-type ARRs regulate cytokinin signaling are un-

known. To get insights into the molecular function of

the A-type ARRs in cytokinin signaling, we set out the

experiments to find the components that function

downstream of A-type ARR protein. For this purpose,

we overexpressed ARR7, another A-type ARR, in

Arabidopsis and sought to identify the genes regulated

by ARR7 in response to cytokinin using the Affymetrix

ATH1 full genome array. Our GeneChip data in gen-

eral suggest that ARR7 mainly acts as a transcriptional

repressor for cytokinin-responsive genes encoding

transcription factors, signal transmitters, plant devel-

opment, and cellular metabolism to modulate later

physiological and developmental processes. This

molecular phenotype correlates with reduced sensitiv-

ity of Arabidopsis overexpressing ARR7 to exogenous

cytokinin in various aspects of cytokinin-related phe-

notypes. In addition, the hierarchical clustering analy-

sis showed that ARR7 overexpression had distinctive

impacts on various groups of the cytokinin-regulated

genes, which may have an advantage in coordinately

modulating various biological processes.

Ectopic expression of other cytokinin-inducible

A-type ARR genes in Arabidopsis has been reported

earlier (Osakabe et al. 2002; Kiba et al. 2003). Over-

expression of ARR15 resulted in reduced sensitivity to

exogenous cytokinins in root elongation and in green

callus formation (Kiba et al. 2003). Overexpression of

ARR4 in cultured stems of the transgenic plants pro-

moted shoot formation in the presence of cytokinins,

whereas overexpression of ARR8 repressed shoot for-

mation and greening of calli (Osakabe et al. 2002). The

expression level of cytokinin-inducible genes, CYCD3

and CAB, increased in the ARR4 overexpressor but

decreased in the ARR8 overexpressor. These results

suggested that ARR4 might play a role as a positive

regulator, whereas ARR8 might play a role as a nega-

tive regulator in cytokinin signal transduction. Our

results showed that ectopic expression of ARR7 re-

sulted in reduced sensitivity to cytokinins not only in

root elongation and callus formation, but also in dark-

induced leaf senescence. These results indicate that

ARR7 might be involved in cytokinin-mediated delay

in leaf senescence as a negative regulator. Recently,

AHK3 has been shown to be involved in cytokinin

mediated control of leaf longevity through phosphor-

ylation of ARR2 (Kim et al. 2006). It will be interest-

ing to test whether ARR7 might negatively regulate

the function of ARR2 in controlling leaf longevity.

Several transgenic lines overexpressing ARR7 bolted

earlier than wild-type plants. This phenotype is similar

to that of ARR4 overexpressor, while ARR8 overex-

pressor did not show any change in bolting time com-

pared to control plants. These results indicate that

although ARR7 might mainly play a role as a negative

regulator for cytokinin signal transduction, it might

also have a role as a positive regulator for a subset of

cytokinin signaling. Interestingly, for a small number of

cytokinin-up or down-regulated genes, ARR7 overex-

pression resulted in further enhancement, although the

increase was small. It is not known how cytokinin-

mediated gene expression can be further activated by

an ARR negative regulator. One possibility is that

repression of repressors for cytokinin-regulated genes

could result in enhanced expression of target genes.

Alternatively, ARR7 may function as a transcriptional

activator for some cytokinin-regulated genes. It re-

mains to be determined whether this could contribute

to potential positive role of ARR7.

The present data describe a comprehensive analysis

of early cytokinin-regulated genes and the effect of

ARR7 overexpression on these early genes in Arabid-

opsis at a genome-wide level. Earlier studies on the

Arabidopsis cytokinin-regulated gene expression using

microarray include comparative analysis of gene

- BA  + BA   (120 min)

1   2  3  4   5   6   7   8   9   10

ARR4

ARR16

ARR5

AP2

ARR6

EXP15

P450

NAD Synthase

Actin7
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0

Col-
0

ARR7 (
4-

11
)

ARR7
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3-
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5-
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Fig. 6 RNA-gel blot analysis of the representative genes up-
regulated by cytokinins selected from GeneChip data. Seven-
day-old light-grown seedlings of wild type and 35S:ARR7 were
either mock-treated (lanes 1–5) or treated with 5 lM BA (lanes
6–10) for 120 min, total RNA was isolated, and followed by
RNA-gel blot analysis with given DNA probes
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expression profiles between ARR4 overexpressor and

the wild-type control using the 7,000 cDNAs (Osakabe

et al. 2002), cytokinin-responsive gene expression

using 8,300-element Affymetrix GeneChip (Rashotte

et al. 2003), cytokinin-regulated gene expression of

ARR22 overexpressor (Kiba et al. 2004), combinatorial

microarray analysis of ARR21 and ARR22 (Kiba et al.

2005), identification and analysis of immediate-early

and delayed cytokinin response genes and the cytoki-

nin-deficient CKX1 overexpressor (Brenner et al.

2005). Our results on cytokinin-regulated gene

expression are essentially similar to the reports from

Kiba et al. (2004) and Brenner et al. (2005), particu-

larly, in cytokinin-responsive gene expression of two-

component signaling system. However, there are some

significant differences in other cytokinin-regulated

gene expression, mainly because of different growth

days and treatment systems. Moreover, none of reports

has been published on genome-wide expression pro-

filing of the authentic A-type ARR overexpression.

Our data showed that cytokinin induces diverse

classes of transcription factors including zinc finger

proteins, basic helix-loop-helix proteins, myb tran-

scription factors, WRKY transcription factors, and

AP2-containing transcription factor during early cyto-

kinin response. While the number of cytokinin-induced

genes was significantly increased from 86 to 171 by 2-h

cytokinin treatment compared to 30-min treatment, the

number of transcription factor genes was rather de-

creased from 14 to 8. Expression of only one gene

encoding AP2-containing transcription factor persists

in 2-h treatment, indicating that most of transcription

factor genes induced at very early time such as 30 min

might function transiently and be responsible for sec-

ond level of cytokinin-induced gene expression. These

results also indicate that the transcription factors that

are induced at early time in response to cytokinin but

not related to canonical two-component signaling sys-

tem might have important roles in cytokinin response.

Very recently, it was reported that AP2 transcription

factors that are up-regulated by cytokinin mediate

cytokinin response largely in conjunction with a two-

component system and partly independently of the

two-component system (Rashotte et al. 2006).

The present results show that while cytokinin rap-

idly and coordinately up-regulates most of A-type

ARR genes, they also up-regulate gene expression of a

cytokinin receptor and histidine-transfer proteins, fur-

ther solidifying cytokinin response. All A-type ARRs

except for ARR22, but none of B-type ARRs, were

induced by cytokinin, and the induction of A-type

ARRs was suppressed by ARR7. ARR22 has previously

been shown not to be inducible by cytokinins (Kiba

et al. 2004). AHK1 and AHK4 were up-regulated by

cytokinin with being suppressed by ARR7. Up-regu-

lation of AHP1 and AHP3 in response to cytokinin is

not affected by ARR7 overexpression. Expression of

B-type response regulator genes is not affected by

cytokinin or ARR7. Rashotte et al. (2003) had re-

ported that up-regulation of AHK4 and three AHPs on

the chip are not affected by cytokinin, whereas Kiba

et al. (2004) had shown that AHK1 is significantly and

AHP1 is slightly up-regulated by cytokinin. Our results

are similar to that of Kiba et al. (2004) except for the

up-regulation of AHP4. Generally, number of up-reg-

ulated genes in response to cytokinin reported in

Rashotte et al. (2003) is significantly limited compared

to that of the present results and that of Kiba et al.

(2004), because of smaller number of elements on the

chip used. Our results suggest that ARR7 might regu-

late cytokinin-mediated two-component signaling via

negative regulation of A-type ARR genes and, in part,

of a few AHK genes and that there is cross regulation

among A-type ARRs reminiscent of that of Aux/IAA

members acting as negative regulators for AUXIN

RESPONSE FACTOR (ARF)s in auxin response

(Reed 2001; Park et al. 2002).

Earlier studies showed that one expansin gene was

found up-regulated by cytokinin (Rashotte et al. 2003;

Kiba et al. 2005; Brenner et al. 2005). Our results

showed that 12 expansin genes were up-regulated by

cytokinin, suggesting a significant role of expansin

genes in cytokinin response. Although this significant

difference in terms of number of up-regulated expansin

genes is not known, it may reflect different cytokinin

treatment system and Arabidopsis plants used in our

GeneChip experiment. Expansins have been implicated

in the action of various plant hormones including auxin,

cytokinin, gibberellins, and ethylene (Davies 2004). For

example, in cytokinin-starved soybean cell suspension

cultures, the transcript level of a b-expansin gene has

been shown to dramatically increase by the addition of

cytokinin (Downes and Crowell 1998). As cytokinins

promote cell enlargement and cell division, these ex-

pansin genes might play a role in cell wall loosening and

cell enlargement during cytokinin action. Kiba et al.

(2005) had reported that cytokinin up-regulates LBD3.

Brenner et al. (2005) had reported up-regulation of

three LBD genes, LBD13, LBD40, and LBD41 by

cytokinin. We also found that cytokinin up-regulates

LBD3 and LBD4, and down-regulate LBD12. Previous

studies have shown that ASSYMETRIC LEAVES2

(AS2), an Arabidopsis LBD gene, regulates formation

of a symmetric lamina, establishment of venation

and repression of meristem-related KNOX homeo-

box genes in leaves and functions in adaxial–abaxial
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patterning (Semiarti et al. 2001; Iwakawa et al. 2002;

Lin et al. 2003). In maize, RAMOSA2 was found to

encode a LBD protein that determines the fate of stem

cells in branch meristems (Bortiri et al. 2006). In rice,

ADVENTITIOUS ROOTLESS1 (ARL1), a LBD

gene, was required for adventitious root formation (Liu

et al. 2005). Another rice LBD gene, CROWN

ROOTLESS1 (CRL1), which is essential for crown

root formation, was shown to be a target of an AUXIN

RESPONSE FACTOR (ARF) in auxin response (I-

nukai et al. 2005). Indeed, Affymetrix GeneChip anal-

ysis has previously shown that auxin induces expression

of LBD16, LBD17, LBD18, and LBD29, and auxin-

induced expression of LBD17, LBD18, and LBD29 is

blocked in arf7 mutant backgrounds (Okushima et al.

2005), suggesting that ARFs regulate the expression of

some LBD genes in response to auxin. Thus LBD genes

seem to be involved in both cytokinin and auxin action

for plant development including lateral organ devel-

opment, and the LBD genes appear to be differentially

modulated by at least these two hormones. Cytokinin-

induced expression of the LBD and most of EXP genes

was found repressed by ARR7, indicating that ARR7

might have a role in cell expansion and plant develop-

ment.

Cytokinin induces a few other hormone responsive

genes including auxin and ethylene responsive genes,

IAA17, and gibberellin-regulated protein 5 gene and

down-regulates two auxin responsive genes, and SAUR

gene. Similarly, Rashotte et al. (2003) had reported

that several auxin-regulated genes, such as IAA3,

IAA17, and SAUR AC-1, were found elevated by

cytokinin treatment and Brenner et al. (2005) had

shown that IAA3 was up-regulated by cytokinin. Aux/

IAA proteins have been demonstrated genetically and

molecularly to play important roles in auxin response

by acting as negative regulators of ARFs that regulate

auxin-responsive genes (Parry and Estelle 2006).

Cytokinin also distinctively down-regulates ACC oxi-

dase that catalyzes the conversion of ACC into ethyl-

ene, and thus regulation of ACC oxidase gene

expression could modulate ethylene level. Modulation

of expression of genes involved in different hormone

action or hormone biosynthetic pathway in response to

cytokinin may provide a cross-talk point between

cytokinin and other hormones such as auxin, gibber-

ellins, and ethylene.

Five cytokinin oxidase genes were up-regulated by

cytokinin, and this up-regulation was significantly

suppressed by ARR7 overexpression, indicating that

ARR7 might be involved in homeostatic regulation of

cytokinin metabolism and response. Rashotte et al.

(2003) and Brenner et al. (2005) found one cytokinin

oxidase to be up-regulated by cytokinin. Overexpres-

sion of CKX1 in Arabidopsis caused dampened cyto-

kinin response for the immediate-early genes (Brenner

et al. 2005). A number of genes encoding various en-

zymes including oxygenase, dehydrogenase, decarbox-

ylase, reductase, and a large number of transferases

were up-regulated by cytokinin, suggesting that cyt-

okinins will regulate various metabolic pathways. Al-

though the effect of ARR7 overexpression on the genes

encoding metabolic enzymes was variable, three genes

among four cytokinin-induced genes encoding glut-

aredoxins that might play a role in response to oxida-

tive stress by deglutathionylation of cysteine residues

of the target proteins for reactivation were significantly

suppressed by ARR7 overexpression, indicative of po-

tential role of ARR7 in oxidative stress response.

Among 30 GRX genes known in Arabidopsis, the four

cytokinin-up-regulated GRXs belong to a new type

specific to higher plants, the CC type that includes

CCLC, CCLS, CCMC, or CCLG active sites. Although

the biochemical activity and function of this type GRX

remain to be determined, ROXY1, a CC-type member,

has recently been reported to be required for normal

petal development in Arabidopsis (Xing et al. 2005).

Cytokinin induces 14 genes responding to biotic and

abiotic stimuli such as heat shock protein (17.5 kDa),

dehydration-responsive proteins, annexins, and disease

resistance-responsive proteins. Interestingly, CBF3

(DREB1A) encoding a critical transcription factor for

cold acclimation (Shinozaki et al. 2003) is induced over

twofold in 2-h cytokinin treatment. Overexpression of

CBF3 in transgenic Arabidopsis driven by constitutive

35S promoter or by stress-inducible RD29A promoter

had been shown to confer drought, salt and freezing

tolerance (Kasuga et al. 1999; Gilmour et al. 2000).

Annexins comprise a multi-gene family of Ca2+-

dependent membrane binding proteins in most plant

species (White et al. 2002). T-DNA insertional Ara-

bidopsis mutants of annexin 1 and annexin 4 displayed

hypersensitivity to osmotic stress and ABA during

germination and early seedling growth, suggesting that

annexin 1 and annexin 4 play important roles in os-

motic stress and ABA signaling (Lee et al. 2004). In A.

thaliana, there are eight different annexins, ranging

from 29 to 83% in deduced amino acid sequence

identity (Cantero et al. 2006). It was found that the

expression of most of the Arabidopsis annexin genes is

differentially regulated by exposure to salt, drought,

and high- and low-temperature conditions, indicating a

potential role for members of this gene family in stress

response (Cantero et al. 2006). The effect of ARR7

overexpression on environmental stress-inducible genes

in response to cytokinin treatment was not notable.
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Thus cytokinins may have a role in stress response in a

pathway that may not involve A-type ARR.

In summary, we have identified early cytokinin-

regulated genes and the genes affected by ARR7

overexpression using genome-wide expression profil-

ing. Although overexpression of ARR7 could cause

pleiotropic effects in transgenic plants, focusing on

cytokinin-regulated genes affected by ARR7 provided

information on the genes that might be modulated

downstream of A-type ARR protein and give insight

into the molecular function of ARR7 in cytokinin

signaling. Various proteins induced at early time in

response to cytokinin but not related to canonical two-

component signaling system might have some roles in

cytokinin response. These proteins include various

transcription factors, plant development genes such as

expansins and LBD, and metabolic enzymes including

cytokinin oxidase. Further investigation on these genes

modulated by ARR7 is necessary to unravel the issue

on the potential role and molecular mechanisms of

non-canonical two-component system proteins in

cytokinin response.
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(2005) Immediate-early and delayed cytokinin response
genes of Arabidopsis thaliana identified by genome-wide
expression profiling reveal novel cytokinin-sensitive pro-
cesses and suggest cytokinin action through transcriptional
cascades. Plant J 44:314–333

Brugière N, Jiao S, Hantke S, Zinselmeier C, Roessler JA, Niu
X, Jones RJ, Habben J (2003) Cytokinin oxidase gene
expression in maize is localized to the vasculature, and is
induced by cytokinins, abscisic acid, and abiotic stress. Plant
Physiol 132:1228–1240

Cantero A, Barthakur S, Bushart TJ, Chou S, Morgan RO,
Fernandez MP, Clark GB, Roux SJ (2006) Expression
profiling of the Arabidopsis annexin gene family during
germination, de-etiolation and abiotic stress. Plant Physiol
Biochem 44:13–24

Chatfield JM, Armstrong DJ (1986) Regulation of cytokinin
oxidase activity in callus tissues of Phaseolus vulgaris L. cv
Great Northern. Plant Physiol 80:493–499

Clough SJ, Bent AJ (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis
thaliana. Plant J 16:735–743

Cosgrove DJ, Li LC, Cho HT, Hoffmann-Benning S, Moore RC,
Blecker D (2002) The growing world of expansins. Plant
Cell Physiol 43:1436–1444

D’Agostino IB, Seruère J, Kieber JJ (2000) Characterization of
the response of the Arabidopsis response regulator gene
family to cytokinin. Plant Physiol 124:1706–1717

Davies PJ (ed) (2004) Plant hormones biosynthesis, signal
transduction, action. Kluwer Academic Publishers, The
Netherlands

Downes BP, Crowell DN (1998) Cytokinin regulates the
expression of a soybean b-expansin gene by a post-
transcriptional mechanism. Plant Mol Biol 37:437–444

Ferreira FJ, Kieber JJ (2005) Cytokinin signaling. Curr Opin
Plant Biol 8:518–525

Fu X, Harberd NP (2003) Auxin promotes Arabidopsis root growth
by modulating gibberellin response. Nature 421:740–743

Gazzarrini S, McCourt P (2003) Cross-talk in plant hormone
signalling: what Arabidopsis mutants are telling us. Ann Bot
(Lond) 91:605–612

Gilmour SJ, Sebolt AM, Salazar MP, Everard JD, Thomashow
MF (2000) Overexpression of the Arabidopsis CBF3 tran-
scriptional activator mimics multiple biochemical changes
associated with cold acclimation. Plant Physiol 124:1854–
1865

Greenboim-Wainberg Y, Maymon I, Borochov R, Alvarez J,
Plszewski N, Ori N, Eshed Y, Weiss D (2005) Cross talk
between gibberellin and cytokinin: the Arabidopsis GA
response inhibitor SPINDLY plays a positive role in
cytokinin signaling. Plant Cell 17:92–102

Hass C, Lohrmann J, Albrecht V, Sweere U, Hummel F, Yoo
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