
framework (27), Sarcosuchus and its closest 
relatives are understood as basal neosuchians, 
allied with but outside Crocodylia and the ladi-
ation that gave rise to all living crocodylians. 
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ARRI, a Transcription Factor for 
Genes Immediately Responsive 

to Cytokinins 
Hiroe sakai,'* Takashi Honma,'? Takashi ~oyama,' 

Shusei Sate: Tomohiko Kato,' Satoshi Tabata.' Atsuhiro Okal$ 

Cytokinins are a class of phytohormones involved in various physiological 
events of plants. The Arabidopsis sensor histidine kinase CREl was recently 
reported to be a cytokinin receptor. We used a steroid-inducible system to show 
that the transcription factor-type response regulator ARRl directs transcrip- 
tional activation of the ARR6 gene, which responds to cytokinins without de 
novo protein synthesis. This fact, together with characteristics of ARR7-over- 
expressing plants and arr7 mutant plants, indicates that the phosphorelay to 
ARR1, probably from CRE1, constitutes an intracellular signal transduction 
occurring immediately after cytokinin perception. 

Cytokinins induce a variety of physiological 
events, including cell division, chloroplast de- 
velopment, and shoot formation (1, 2). These 
cytokinin responses in Arabidopsis are at least 
partly triggered through the recognition of cyto- 
kinins by the sensor protein CRE1, which is a 
member of the protein histidine kinase family 
(3, 4). In bacteria, histidine kinases participate 
in His-Asp phosphorelays, which respond to 
environmental stimuli, usually in association 
with cytoplasmic response regulators, the ma- 
jority of which are transcription factors (5). If 
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the His-Asp phosphorelay is also the case in 
plants, an intracellular signal transduction path- 
way starting from the CREl sensor may involve 
response regulators. The Arabidopsis genome 
codes for 22 response regulators (ARRs), 12 of 
which contain a Myb-like DNA binding domain 
called ARRM (type B) (6-9). The remainder 
(type A) possess no apparent functional unit 
other than a signal receiver domain containing 
two aspartate and one lysine residues (DDK) at 
invariant positions, and their genes are transcrip- 
tionally induced by c y t o h  without de novo 
protein synthesis (7, 9, 10). The type B mem-
bers. ARRl and ARR2. bind DNA in a se- 
queice-specific manner A d  work as transcrip 
tional activators (11, 12). 

We analyzed the morphological characteris- 
tics of transgenic plants carrying 35S::ARRl and 
35S::ARRlhDDK genes (13),in which the full- 
length ARRl and its truncated version missing 
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Fig. 1. Phenotypes of 
transgenic plants. (A and 
E) Wild-type plants grown 
without and with 1 pM 
BA, respectively. (B and F) 
35S::ARRl plants grown 
without and with 1 pM 
BA, respectively. (C) An 
enlargement of (F). (C and 
D) 35S::ARRlADDK plants 
without BA. (H and I) 
35S::ARRlADDK::CR plants 
without and with 0.1 pM 
DEX, respectively. Arrow- 
heads indicate cotyledons. 
Scale ban, 1 mm. 

the NH,-terminal signal receiver domain, re- 
spectively, were directed by the cauliflower mo- 
saic virus 35s promoter. On the one hand, trans- 
genic 35S::ARRI plants showed no phenotypic 
change under normal growth conditions, except 
for hypertrophic cotyledons, longer cotyledon- 
ary petioles, and shorter roots than wild-type 
plants (Fig. 1, A and B, and Fig. 2A). On the 
other hand, 35S::ARRlADDK plants did show a 
phenotypic change under normal growth condi- 
tions, forming ectopic shoots on the adaxial 
surface of their cotyledons (Fig. ID). In lines 
expressing the transgene at relatively high lev- 
els, plant growth was occasionally inhibited, 
with concomitant disordered cell proliferation 
around the shoot apex (Fig. 1C). Because the 
transactivating function of ARRl was masked 
by its signal receiver domain in transient expres- 
sion experiments (12), the phenotypes generated 
by 35S::ARRlADDK likely resulted from the 
constitutive transactivating function of 
ARRlADDK, independent of a signal from an 
upstream component. To test whether the cyto- 
kinin signal regulates ARRl through its signal 
receiver domain, we treated 35S::ARRI plants 
with exogenous 6-benzylaminopurine (BA) at 
various concentrations and compared their mor- 
phologies with those of nontreated 35s:: 
ARRIADDK plants. Transgenic 35S::ARRI 
plants grown in the presence of 1 pM BA 
showed growth inhibition concomitant with dis- 
ordered cell proliferation around the shoot apex 
(Fig. 1, F and G). This phenotype was similar to 
a severe phenotype seen in nontreated 35s:: 
ARRIADDK plants (Fig. 1C). Other kinds of 
cytokiiins (kinetin, trans-zeatin, and isopente- 
nyladenine) had similar effects on 35S::ARRI 
plants, whereas a different phytohormone, auxin 
(3-indoleacetic acid), did not (14). These results 
suggest that the signal receiver domain of ARRl 
suppresses the function of ARRl in the absence 
of cytokinins and that a cytokinin signal releases 
the suppression. Treatment of wild-type plants 
with BA caused growth inhibition but not the 
disordered cell proliferation that was observed 
in 35S::ARRI plants. (Fig. 1E). This difference 

might imply that ectopic overexpression of 
ARRl disturbs homeostasis in cytokinin 
responses. 

Another finding from morphological analy- 
ses is that plants overexpressing ARRl appear to 
be more sensitive to cytokinins than are wild- 
type plants (Fig. 1, E and F). To investigate the 
relationship between sensitivity to cytokinins 
and level of ARRl expression, we examined 
wild-type, 35S::ARRI, and arrl-1 mutant plants 
by two different procedures: root-elongation and 
callus-formation assays. The arrl-1 mutant ob- 
tained by screening transferred DNA (T-DNA)- 
tagged lines (15) contains a T-DNA insertion 
within the first intron of the ARRl gene and 
produces no mature ARRl mRNA (see below). 
Apparent phenotypic alterations were not de- 
tected in awl-1 plants, except for longer roots 
than in wild-type plants under normal growth 
conditions (Fig. 2A). In the root-elongation as- 
say, we grew seedlings on agar media contain- 
ing various concentrations of BA. In the absence 
of BA, 35S::ARRI and arrl-1 plants had shorter 
and longer roots than did wild-type plants, re- 
spectively. BA inhibited root growth in all the 
plants at concentrations of 10 nM and higher 
(Fig. 2). However, roots of 35S::ARRI and 
awl-I plants were more and less sensitive, re- 
spectively, to BA than were those of wild-type 
plants (see IC,,, the concentration of BA needed 
to cause 50% inhibition of root growth, shown 
in Fig. 2B). In the callus-formation assay, we 
tested the response (green callus formation) of 
tissue-cultured explants to varying concentra- 
tions of the cytokinin kinetin and to the auxin 
2,4-dichlorophenoxyacetic acid (2,4-D), using 
the procedure described by Kubo and Kakimoto 
(16). Like wild-type explants, 35S::ARRI and 
awl-1 explants responded to increasing levels 
of kinetin with rapid proliferation and greening, 
and in the case of 35S::ARRI explants, occa- 
sionally with shoot formation (Fig. 3). However, 
the sensitivity of 35S::ARRI and awl-1 ex- 
plants to kinetin was higher and lower, respec- 
tively, than that of wild-type explants. These 
results show that the level of ARRl expression 
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Fig. 2. Root growth of wild-type (circles), 
35S::ARR7 (triangles), and an7-7 (squares) 
plants in the presence of exogenous cytokinin. 
Seeds were germinated and grown on vertical 
agar medium containing various concentration 
of BA. (A) The primary root length of 8-day-old 
seedlings was measured, and the average and 
standard deviations from at least 15 individuals 
for each condition were calculated and plotted 
against the BA concentration. (B) Root growth 
is expressed relative to the mean root length of 
respective plants grown without BA. Dashed 
lines indicate the BA concentrations causing 
,P 

correlates with sensitivity to cytokinin, which 
supports the view that ARRl is involved in the 
cytokinin signal transduction pathway. 

To gain insight into how ARRl contributes 
to cytokinin signal transduction at the molecu- 
lar level. we examined transcriution levels of a 
cytokinin-responsive marker gene in 
35S::ARRI and arrl-1 plants, with or without 
BA treatment, by Northern blot analysis (1 7). 
The marker gene we chose was ARR6 (It?), a 
type A response regulator gene, because its 
expression is rapidly induced by cytokinins 
without de novo protein synthesis (7, 10). As in 
wild-type plants, ARR6 responded rapidly to 
BA in both 35S::ARRI and arrl-1 plants, even 
in the presence of cycloheximide (CHX), a 
protein synthesis inhibitor (Fig. 4A). However, 
the transcription levels induced by the BA treat- 
ment of 35S::ARRI and arrl-1 plants were 
higher and lower, respectively, than in wild- 
type plants. This induction pattern, together 
with the appearance of an ARRl recognition 
sequence (5' -AGATT-3') (12) three times in 
the 200-base pair region upstream from the 
ARR6 translation start site, suggests that the 
transactivation of ARR6 is targeted by ARRl. 
Consistent with this, 35S::ARRlADDK plants 
showing severe phenotypes expressed ARR6 at 
much higher levels than did wild-type plants 
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*lb* aE8:ARRi i B --- e l m . *  Fig. 4. Northern blot analysis 
- - + + - - + + - - + +  CM - - + + for ARR6 transcription. (A) 

Fig. 3. Callus growth of 35S::ARR7, wild-type, and 
an7-7 explants exposed to different cytokinin 
and auxin concentrations. Hypocotyl segments 
were excised and cultured on MS media contain- 
ing different levels of kinetin and 2,4-D. After 21 
days in culture, the induced calli were arranged 
and photographed. (A) 35S::ARRl explants, (B) 
wild-type explants, and (C) an7-7 explants. 

under normal growth conditions (14). Direct 
transactivation of ARR6 bv ARRl was shown 
with transgenic plants carrying a chimeric 
35S::ARRlADDK::GR gene, whose translation 
product was expected to become activated by 
glucocorticoid without de novo protein synthe- 
sis (19). Such steroid-inducible systems using 
the hormone-binding domain of the glucocorti- 
coid receptor (GR) have been used as powerfbl 
tools to identify direct target genes for various 
transcription factors (20-22). Transgenic 
35S::ARRlADDK::GR plants were indistin- 
guishable from wild-type plants under normal 
growth conditions (Fig. IH), but the addition of 
a synthetic glucocorticoid, dexarnethasone 
(DEX), caused graduated morphological 
changes, which were dependent on the DEX 
concentration. A plant treated with 0.1 pM 
DEX showed growth inhibition concomitant 

- + - + Wild-Woe. ~SS::ARR?. and 

below the UBQS signals indicate the level of ARR6 
mRNA that was quantified by measuring the radioactivity of the signal band with a Fujix BAlOO 
Bio-Image analyzer, divided by the radioactivity of the UBQS signal band with the same RNA 
sample for normalization and presented as the relative value to  that for wild-type plants (A) or 
35S::ARRlADDK::GR plants (B) without chemical treatment 

tively, versus wild-type plants, lead us to con- 13. The chimeric genes 35S::ARRl and 35S::ARRlADDK 

elude that ARR~ directlj, activates  AM^ tran- were described previously (12). For the chimeric 
35S::ARRlADDK::GR gene, 35S::ARRlADDK was ligated scription in response to cytokinins. inframe to a cassette directing the hormone-binding 

In Arabidopsis, cytokinin receptors, ethylene domain of the rat GR (191. Arabido~sis thaliana IColum- - - -  - . -  
receptors, and, possibly, osmosensors are histi- 
dine kinases (3,4,23-25). However, their cog- 
nate response regulators, working as transcrip- 

bia ecotype) plants were transfoked by the bacuum 
infiltration method (26). More than 10 independent 
lines were obtained for each construct, and their T3 
plants were used in experiments. All these plants were 

tion factors, have never been identified. Here we confirmed to transcribe the respective transgene by 
Northern blot analysis. present evidence that ARR1 mediates a cytoki- 

14. H. Sakai, T. Honma. T. Aoyama, A. Oka, unpublished 
nin signal, probably through its NH,-terminal results. 
signal- receiver domain. -and t&>activates 15. We obtained the T-DNA insertion mutant arrl-1 

Ak6, which is immediately responsive to cy- (Columbia ecotype) using the screening system de- 
veloped at the Kazusa DNA Research Institute. The 

tokinins. A paralogous response regulator, ~r inc i~ les of the screenine method were as described 

ARR2, shows almost identical characteristics to 
ARRl (12), suggesting a functional overlap. 
Residual cytokinin responses observed with the 
arrl-1 mutant mav have been vrovided bv 
ARR2. In addition to ARR6, other b e  A men;- 
ber genes, including ARR4, ARR5, ARR7, ARR8, 
and ARR9, were also activated by DEX at var- 
ious levels in 35S::ARRIADDK::GR plants 
(14), suggesting that all the immediate cytoki- 
nin-responsive genes belonging to this group are 
directly activated by ARRI. Also, other cytoki- 
nin-responsive genes whose promoter regions 
contain the ARRl recognition sequences are 
possibly transactivated by ARR1. A screening 
for ARRl target genes using transgenic 
35S::ARRlhDDK::GR plants will shed light on 
the whole view of the early cytokinin signal 
transduction pathway. We conclude that ARRl 
is a principal transcription factor-type response 
regulator that is involved in an early step of 

h k c ' c - 3 ' ,  5'-CTGCAATCCCTTCCTGTATATC-3', 
and 5'-CAGCAGCAACAAACTGCTCATC-3' corre- 
sponded to the ARRl gene; and the primers 5'- 
AACAAAATGCCGATACT~CATTCCC-3' and 5'-TTC- 
CCTTAATTCTCCGCTCATGATC-3' corresponded to 
the T-DNA left and right borders, respectively, of the 
pGTAC-LUS vector. Six pairs of primers, each con- 
sisting of an ARR1-specific primer and a T-DNA- 
specific primer, were used for polymerase chain re- 
actions. The position of the T-DNA insert was deter- 
mined by sequencing the junction between the T- 
DNA and the genome. 
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