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Little is known concerning the mechanisms by which auxin and
cytokinin exert their effects on proliferation and differentiation.
Cyclin-dependent kinases (CDKs) are major regulators of the eu-
karyotic cell cycle, thus they are assumed to control cell differen-
tiation as well as proliferation in response to phytohormone
signals. Here, we overexpressed rice R2 cDNA, which encodes a
CDK-activating kinase, in tobacco leaf explants by using the
glucocorticoid-mediated transcriptional induction system. Tran-
sient expression of R2 during the first 7 days of culture triggered
callus formation in the absence of cytokinin. This phenotype was
enhanced by higher expression of R2 or coexpression of cyclin H,
and suppressed by treatment with roscovitine, a CDK inhibitor. R2
expression at a later stage did not prevent cells from differentia-
tion into roots, suggesting a restricted period for sensing
CDK activities that control differentiation fate of cells during
organogenesis.

Organogenesis occurs in various plant tissue cultures in
response to exogenously added phytohormones, mainly

auxin and cytokinin (1). High auxin�cytokinin ratios in the
medium usually induce root formation whereas low auxin�
cytokinin ratios promote shoot formation. On the other hand,
media containing intermediate auxin�cytokinin ratios promote
disorganized cellular proliferation and callus formation. Previ-
ous studies have shown that induction of shoots or roots from
explants could be divided into three stages (2–4). In the first
stage, the cells acquire competence for subsequent cell prolif-
eration and differentiation; during the second stage, the devel-
opmental fate of competent cells is determined; and the third
stage is devoted for differentiation and development of deter-
mined organs. However, the molecular mechanism(s) that gov-
ern the developmental fate of cells during organogenesis, re-
mains poorly understood.

For the continuous operation of meristematic organization
during plant development, cell division activity must be tightly
controlled by machinery that regulates the cell cycle. The major
regulators of eukaryotic cell cycle are cyclin-dependent kinases
(CDKs) and their regulatory partner cyclins. We previously
showed that reduced activity of CDK in planta resulted in
differentiation of root initial cells before cessation of cell division
(5). This finding suggested that the indeterminate state of initial
cells is controlled independent of cell division, and the level of
CDK activity might define the differentiation state of cells to
coordinate cell division and differentiation in the meristem.

Activity of CDKs is also regulated by phosphorylation. CDK-
activating kinase (CAK) phosphorylates CDKs at a conserved
threonine residue on the T-loop region and activates their
enzyme activities. In vertebrate and fission yeast, catalytic
subunit of CAK is a member of the CDK family, termed
CDK7�p40MO15 (6–8), which is activated by making a complex
with cyclin H (9–11) and the stabilizing factor MAT1 (12–14).
Rice R2 is closely related to CDK7 (15). Previously, we showed
that R2 has CDK kinase activity (16), and rice cyclin H, termed
Os;CycH;1, specifically interacts with R2 and activate its kinase

activity. This finding suggested that R2 is a functional homo-
logue of vertebrate-type CAKs (17).

Here, to investigate how cell fate is determined during in vitro
organogenesis in terms of CDK activity, we overexpressed R2
cDNA in tobacco leaf explants by using the glucocorticoid-
inducible system. We found that up-regulation of CDK activities
converted root organogenesis on an auxin-rich medium into
disorganized cellular proliferation. Our data indicate that the
level of CDK activity at the early phase of organogenesis controls
the differentiation fate of leaf cells. We propose that CDK
activity is the major determinant of cell differentiation to
accomplish proper development of organs.

Abbreviations: CDK, cyclin-dependent serine�threonine protein kinase; CAK, CDK-
activating kinase; DEX, dexamethasone; NAA, naphthaleneacetic acid.
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Fig. 1. Expression analysis of R2 protein in transgenic tobacco plants. (A) Ten
micrograms of proteins extracted from transgenic seedlings treated with (�)
or without (�) 1 �M DEX for 24 h were immunoblotted with anti-R2 antibody.
Vector control line (Vec) and R2 transgenic lines R1-1 (lane 1), R2-2 (lane 2),
R6-5 (lane 3), R9-3 (lane 4), R13-2 (lane 5), R16-2 (lane 6), and R19-1 (lane 7) are
shown. (B) Transgenic seedlings of the vector control line (Vec) and the
transgenic line R1-1 were treated with the indicated concentrations of DEX for
24 h, and 10 �g of protein extracts was immunoblotted with anti-R2 antibody.
(C) Leaf sections of the transgenic line R1-1 were cultured on media containing
2.0 �g�ml NAA with (�) or without (�) 1 �M DEX for indicated days, and 30
�g of protein extracts was immunoblotted with anti-R2 antibody. Asterisks
indicate endogenous tobacco proteins showing nonspecific cross-reaction
with the R2 antibody.

www.pnas.org�cgi�doi�10.1073�pnas.1332637100 PNAS � June 24, 2003 � vol. 100 � no. 13 � 8019–8023

PL
A

N
T

BI
O

LO
G

Y



Materials and Methods
Plant Transformation. The coding region of R2 cDNA (16) was
cloned into XhoI–SpeI sites of pTA7001 vector (18) in sense
orientation and introduced into tobacco (Nicotiana tabacum cv
Petite Havana SR1) via Agrobacterium-mediated transforma-
tion. Transgenic seedlings were selected on Murashige and
Skoog (MS) plates (19) containing 40 �g�ml hygromycin. Assays
were performed on homozygous T2 progeny. The ORF of
Os;cycH;1 was cloned into XbaI–SacI sites of 5� GAL4 vector,
which contains five repeated GAL4 DNA-binding sequence of
23 bp (gifted from Peter Doerner, University of Edinburgh,
Edinburgh). The resultant plasmid was digested with SpeI and
SacI, and the 5� Gal-Os;cycH;1 fragment was subcloned into
XbaI–SacI sites of pSPTV20 vector (20). This plasmid was
introduced into the R2 transgenic line R1-1, and transgenic
seedlings carrying both R2 and Os;cycH;1 cDNAs were selected
on MS plates containing 40 �g�ml hygromycin and 50 �g�ml
kanamycin. Plants were grown at 27°C under normal greenhouse
conditions.

Leaf Section Assay. Tobacco mature leaves were sterilized in 1%
(vol�vol) sodium hypochlorite solution for 10 min. After washing
with sterilized water, leaves 5–7 mm square were cultured on
Linsmaier–Skoog (LS) medium (21) containing various concen-
trations of naphthaleneacetic acid (NAA), kinetin, dexametha-
sone (DEX) (Sigma), or 100 �M roscovitine (Calbiochem) at
25°C under 16 h dark and 8 h light (�3,000 lux) conditions. Leaf
discs (6 mm in diameter) were cut out by using cork bowler, and
their weight was measured after a 4-week culture. Cytokinin
contents of leaf sections were measured as described by
Miyazawa et al. (22).

Expression Analysis. Immunoblotting was conducted with anti-R2
antibody as described (16). Total RNA (1 �g) was used as

template for RT-PCR with specific primers for R2, 5�-
GGAATTCAGCTTCCAAGGCCACCACCT-3� and 5�-
GGAATTCTTACTCTGTGTACCAAATTCTG-3�, and for
Os;cycH;1, 5�-GAAAATCATGTTTCTGCTGAG-3� and 5�-
TCCTTCGATAGATCGATACGG-3�, respectively. The condi-
tions for direct amplification with Ready-To-Go RT-PCR Beads
(Amersham Pharmacia) were 1 cycle at 42°C for 15 min and at
95°C for 5 min; 25 cycle at 95°C for 1 min, at 55°C for 1 min, and
at 72°C for 45 s. As a control, specific primers for 18S rRNA
(Quantum RNA Plants 18S, Ambion, Austin, TX) were used.
CDK2 kinase activities of the immunoprecipitates with anti-R2
antibody were assayed as described by Yamaguchi et al. (16).
Protein extracts (50 �g) from rice suspension cells were incu-
bated with p13Suc1-agarose (Calbiochem) in 200 �l of extraction
buffer (16) for 2 h at 4°C. The proteins bound to p13Suc1-agarose
were assayed for histone H1-kinase activity as described by De
Azevedo et al. (23).

Results and Discussion
Overexpression of R2 in Tobacco Leaf Explants Caused Callus Forma-
tion in the Absence of Cytokinin. We generated transgenic tobacco
plants that overexpressed sense mRNA of R2 by using the
glucocorticoid-mediated transcriptional induction system (18).
In this system, a glucocorticoid derivative, DEX, activates a
transcription factor called GVG (18), which in turn induces R2
expression. Out of seven independent transgenic lines in which
R2 expression was examined, six lines showed an increase of the
R2 protein level after treatment with 1 �M DEX for 24 h (Fig.
1A). Because line R1-1 showed a higher expression, which was
absolutely dependent on DEX treatment, homozygous T2 prog-
eny of this line was mainly used for further analysis. Note that
leaf sections of the other R2-expressing lines produced almost
the same results as described below.

To examine the effect of exogenously added hormones on in

Fig. 2. Callus induction on R2-expressing leaf explants in the absence of cytokinin. (A) Leaf sections of the vector control line (Vec) and the transgenic line R1-1
were cultured for 4 weeks on media containing 1 �M DEX and indicated concentrations of NAA and�or kinetin. (Bar, 1 cm.) (B) Leaf sections of the transgenic
line R1-1 were cultured for 4 weeks on media containing the indicated concentrations of NAA and DEX. (Bar, 1 cm.)
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vitro organogenesis, we cultured leaf sections of the transgenic
plants on media containing 1 �M DEX and auxin (naphthal-
eneacetic acid, NAA) and�or cytokinin (kinetin). Control leaf
sections carrying the empty vector produced roots or shoots in
the presence of 0.2 �g�ml NAA or 2.0 �g�ml kinetin, respec-
tively, whereas in the presence of 2.0 �g�ml NAA and 0.2 �g�ml
kinetin, calli were formed (Fig. 2A). On R1-1 leaf sections,
production of roots was markedly inhibited in media containing
0.2 �g�ml NAA, whereas shoot and callus formation was not as
severely retarded as in vector control sections. Surprisingly, R1-1
explants produced calli in the presence of a higher concentration
(2.0 �g�ml) of NAA (Fig. 2 A). These calli could be maintained
for extended periods of subcultures in the same condition (data
not shown). The cytokinin-independent induction of calli was
not caused by an inherently higher cytokinin level in R2-
expressing explants, as there was no difference in the content of
isoprenoid-type cytokinins between samples cultured with and
without DEX (data not shown). In contrast, vector control
sections cultured in the presence of 2.0 �g�ml NAA produced
fewer slowly growing roots (Fig. 2 A).

We also cultured leaf explants in the presence of different
concentrations of DEX (Fig. 2B). On a medium containing 0.2
�g�ml NAA, the R1-1 sections produced roots in the absence of
DEX, whereas root formation was inhibited in the presence of
high concentrations of DEX. In contrast, the growth of calli on
media containing 2.0 �g�ml NAA was enhanced by increasing
the concentration of DEX. The R2 protein level depended on
DEX concentration (Fig. 1B), suggesting that ectopic R2 ex-
pression caused callus formation in auxin-rich media.

Coexpression of R2 and Os;cycH;1 Enhanced the Growth of Calli. We
then expressed the cDNA of rice cyclin H (Os;cycH;1), which
activates R2 by direct interaction (17). To obtain transgenic
plants expressing both R2 and Os;cycH;1 in a DEX-dependent
manner, we inserted the Os;cycH;1 cDNA under the GAL4
binding sequence, and introduced it into the transgenic line R1-1
in which GVG transcription factor could induce the expression
of Os;cycH;1 as well as R2. The results of RT-PCR showed that
both R2 and Os;cycH;1 mRNA accumulated in four independent
lines by treatment with 1 �M DEX for 24 h (Fig. 3A). Leaf discs
(6 mm in diameter) of transgenic plants were cultured on media
containing 2.0 �g�ml NAA with or without 1 �M DEX, and
their weight was measured after 4 weeks. As shown in Fig. 3B,
coexpression of R2 and Os;cycH;1 enhanced the growth of calli
compared with the solely R2-expressing line R1-1. This finding
suggests that the kinase activity of R2, which was elevated by
Os;cycH;1 expression, was responsible for callus induction in
auxin-rich media.

Up-Regulation of CDK Activities at the Early Phase of Culture Was
Necessary and Sufficient for Callus Induction. To examine R2 ex-
pression in leaf cells, we performed immunoblot analysis of the
R1-1 leaf sections. As shown in Fig. 1C, R2 protein was
detectable after 12 h of DEX treatment, remained at a constant
level until 48 h, and then gradually disappeared, whereas it was
never detected in leaf sections cultured without DEX. Consid-
ering that callus became visible after �10 days of DEX treat-
ment, the transient expression of R2 at the early phase of culture
might induce callus detectable in the later stage. To examine
whether transient expression of R2 is sufficient for callus for-
mation, we took advantage of the glucocorticoid-inducible sys-
tem. When leaf sections cultured on a DEX-containing medium
for 7 days were transferred to a DEX-free medium, calli were
produced as in the case of continuous DEX treatment (Fig. 4A).
This finding clearly shows that R2 expression during the first 7
days at the longest was necessary and sufficient for callus
induction. Similar results were obtained by cytokinin application
instead of R2 expression. Namely, the first 5 days culture with 0.2

�g�ml kinetin was sufficient for calli formation from leaf
explants (see Fig. 6, which is published as supporting information
on the PNAS web site, www.pnas.org).

The above results showed that R2 expression or cytokinin
application during the early stage of culture converted root
organogenesis on an auxin-rich medium into disorganized cel-
lular proliferation, suggesting that CDK activities governed by
phytohormones seem to regulate differentiation fate of leaf cells.
This assumption is consistent with the fact that, in our assay, calli
were formed in the presence of a higher concentration (2.0
�g�ml) of NAA, which might lead to an increase in CDKs
transcript levels (24–27). It was, however, difficult to monitor the
change of CDK activity during the early phase of organogenesis
because the dedifferentiation process is initiated in a single
differentiated cell within the vascular bundle (28). To overcome
this problem, we used a CDK inhibitor, roscovitine, which
specifically inhibits CDK activities in animals (23, 29) and kinase
activities associated with yeast p13Suc1 in maize (30, 31). We
confirmed that the CDK2-kinase activity of R2 immunoprecipi-
tates was less sensitive to roscovitine than the CDK activities
associated with p13Suc1 in rice suspension cells (Fig. 4B). Treat-
ment of leaf explants with roscovitine for the first 7 days of
culture suppressed callus formation in auxin-rich media (Fig.
4A), though it did not inhibit the DEX-induced R2 expression
(Fig. 4C). These findings indicate that inhibition of CDK activ-
ities by roscovitine during the first 7 days prevented leaf cells
from proliferation. However, when leaf sections cultured on

Fig. 3. Coexpression of R2 and Os;cycH;1 in tobacco leaf sections. (A)
Amplification of R2 and Os;cycH;1 cDNAs by RT-PCR. Transgenic seedlings
were treated with (�) or without (�) 1 �M DEX for 24 h, and 1 �g of total RNA
was used for RT-PCR with specific primers for R2, Os;cycH;1, or 18S rRNA. The
vector control line (Vec), the R2 transgenic line R1-1, and lines transformed
with both R2 and Os;cycH;1 cDNAs, B1-1 (lane 1), B1-3 (lane 2), B1-9 (lane 3),
and B1-12 (lane 4) are shown. (B) Enhancement of callus growth by coexpres-
sion of Os;cycH;1 with R2. Leaf discs (measuring 6 mm in diameter) carrying the
empty vector (Vec), R2 cDNA (R1-1), or both R2 and Os;cycH;1 cDNAs (B1-3)
were cultured for 4 weeks on media containing 2.0 �g/ml NAA with (open
bars) or without (solid bars) 1 �M DEX, and their weight was measured. Data
are mean � SD of 18 samples.
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auxin-rich media containing DEX and roscovitine were trans-
ferred to the same medium lacking roscovitine, they expressed
R2 (Fig. 4D) and induced calli (Fig. 4A). This outcome was
independent of R2 expression during the first 7 days (Fig. 4A).
These results suggest that up-regulation of CDK activities was
responsible for the conversion of root differentiation into callus
formation during organogenesis.

The CDK Activity Controls Differentiation Fate of Cells in a Restricted
Period. Next, we examined when leaf cells become sensitive to
CDK activity during the process of organogenesis. Transfer of
leaf sections cultured on DEX-free media for 3 days to a
DEX-containing medium resulted in callus formation (Fig.
5A). However, leaf explants cultured on DEX-free media for
�7 days and then transferred to a DEX-containing medium
produced short roots, but not calli (Fig. 5A). These results
indicate that differentiation of roots was determined during a
7-day period, and subsequent R2 expression did not alter the
cell fate. In other words, up-regulation of CDK activity at the
early phase of root organogenesis seems to modulate the
differentiation fate and result in disorganized cellular prolif-
eration. According to the scheme of organogenesis proposed

by Christianson and Warnick (2, 3), stage II, at which the
competent cells are canalized and determined for root forma-
tion, is the period at which primed cells can sense CDK activity
(Fig. 5B).

We showed that NAA at 0.2 �g�ml with R2 expression, and
a higher concentration of 2.0 �g�ml without R2 expression
retarded root differentiation (Fig. 2 A). Ectopic expression of
B2-type cyclin in tobacco leaf discs also interfered with
auxin-induced root regeneration (32). Therefore, a moderate
activation of CDKs might inhibit root differentiation even
though it was not sufficient to cause callus formation. We have
previously reported that overexpression of sense or antisense
gene for Arabidopsis CAK1At caused a reduction of CDK
activity and differentiation of initial cells in the root meristem
(5). Because this phenotype was rescued by CDKA overex-
pression (M.U., unpublished data), a sufficient level of CDK
activity might be required to prevent initial cells from differ-
entiation. Taken together with the present results, we propose
that CDK activity determines differentiation fate of cells to
guarantee continuous development of tissues.

Riou-Khamlichi et al. (33) also demonstrated that Arabidopsis
leaf explants expressing the D-type cyclin CycD3;1 produced calli
in the absence of exogenous cytokinin. Constitutive overexpres-
sion of CycD3;1 in planta increased CycD3;1-associated kinase
activity, and led to differentiation defects in leaf tissues (34).
Because R2 and CycD3;1 can enhance CDK activity by phos-
phorylation and binding, respectively (16, 35), posttranslational
regulation of CDKs may play a critical role in controlling cell
differentiation as well as cell division. Further characterization
of the protein(s) that regulates CDK activity in response to
hormonal and developmental signals should unveil the molec-
ular mechanism(s) underlying plant cell division and differen-
tiation during organogenesis.
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Fig. 4. Effect of R2 expression and roscovitine on callus induction. (A) Leaf
sections of the transgenic line R1-1 were cultured on a medium containing 2.0
�g�ml NAA. For the first 7 days, they were cultured in the presence (�) or
absence (�) of 100 �M roscovitine and 1 �M DEX, and then cultured for 3
weeks on a roscovitine-free medium with (�) or without (�) 1 �M DEX. (Bar,
1 cm.) (B) Specific inhibition of CDK activities by roscovitine. Protein extracts
(50 �g) prepared from rice suspension cells were immunoprecipitated with
anti-R2 antibody or precipitated with p13Suc1-agarose, and the immunopre-
cipitates or proteins bound to the p13Suc1-agarose were assayed for CDK2- and
histone H1-kinase activities, respectively, in the presence of indicated concen-
trations (�M) of roscovitine. (C) Leaf sections of transgenic line R1-1 were
cultured on a medium containing 2.0 �g�ml NAA and 100 �M roscovitine with
(�) or without (�) 1 �M DEX for 24 h, and 30 �g of protein extracts were
immunoblotted with anti-R2 antibody. (D) Leaf sections of the transgenic line
R1–1 were cultured on a medium containing 2.0 �g�ml NAA with (�) or
without (�) 100 �M roscovitine (ROS) for 7 days and then cultured for 24 h on
a roscovitine-free medium containing 2.0 �g�ml NAA with (�) or without (�)
1 �M DEX, and 30 �g of protein extracts were immunoblotted with anti-R2
antibody.

Fig. 5. The CDK activity controls differentiation fate of cells in a restricted
period during organogenesis. (A) Leaf sections of the transgenic line R1-1
were cultured for the indicated days on a medium containing 2.0 �g�ml NAA
without DEX, and then transferred to a medium containing 2.0 �g�ml NAA
and 1 �M DEX until 28 days after starting the culture. (Bar, 1 cm.) (B) Schematic
representation of requirement of CDK activity in the process of organogenesis
on leaf explants.
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