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Abstract Cyclins, cyclin-dependent kinases, and a num-
ber of other proteins control the progression of plant cell
cycle. Although extensive studies have revealed the roles
of some cell cycle regulators and the underlying mecha-
nisms in Arabidopsis, relatively a small number of cell
cycle regulators were functionally analyzed in rice. In this
study, we describe 41 regulators in the rice genome. Our
results indicate that the rice genome contains a less number
of the core cell cycle regulators than the Arabidopsis one
does, although the rice genome is much larger than the
Arabidopsis one. Eight groups of CDKSs similar to those in
Arabidopsis were identified in the rice genome through
phylogenetic analysis, and the corresponding members in
the different groups include E2F, CKI, Rb, CKS and Wee.
The structures of the core cell regulators were relatively
conserved between the rice and Arabidopsis genomes.
Furthermore, the expression of the majority of the core cell
cycle genes was spatially regulated, and the most closely
related ones showed very similar patterns of expression,
suggesting functional redundancy and conservation
between the highly similar core cell cycle genes in rice and
Arabidopsis. Following auxin or cytokinin treatment, the
expression of the core cell cycle genes was either upreg-
ulated or downregulated, suggesting that auxin and/or
cytokinin may directly regulate the expression of the core
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cell cycle genes. Our results provide basic information to
understand the mechanism of cell cycle regulation and the
functions of the rice cell cycle genes.
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Introduction

Progression of cell cycle is primarily controlled by a highly
conserved molecular machinery in which cyclin-dependent
kinases (CDKs) play a central role. CDK activity is
regulated in a complex manner, including reversible
phosphorylation by specific kinases/phosphatases and
association with other regulatory proteins. Core cell cycle
regulators, such as CDKs, cyclins, CDK inhibitors (CKIs),
homologs of the retinoblastoma protein (Rb) and the E2F
transcription factors (E2F), have been identified in
eukaryotes. In higher plants, the cell cycle must be
integrated into a complex system of histogenesis and
organogenesis since the spatial and temporal regulation of
cell division is essential to the development of plant form
(Mironov et al. 1997; Meijer and Murray 2001; Stals and
Inzé 2001; De Veylder et al. 2003).

A large number of core cell cycle genes have been
identified in many plant species. In Arabidopsis, 99 cell
cycle genes have been classified into 7 families using a
homology-based annotation protocol, and CDKs and cyc-
lins are two large families (Potuschak and Doerner 2001;
Vandepoele et al. 2002; Menges et al. 2005). Based on
phylogenetic analysis, 8 classes of CDKs (CDKA-G, CDK-
LIKE, CKL) and 10 classes of cyclins (A, B, C, D, H, L, T,
U, SDS, and J18) were further defined in Arabidopsis
(Vandepoele et al. 2002; Wang et al. 2004; Menges et al.
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2005). Most of the core cell cycle genes were expressed
across almost all tissues at detectable levels in the cell
suspension culture, and a model has been proposed for a
transcriptional regulation of the plant cell cycle (Beemster
et al. 2005; Menges et al. 2002, 2003, 2005). The cell
cycle is influenced by extracellular cues as well. Plant
hormones are important in the regulation of the cell cycle.
Of them, both cytokinins and auxins have been extensively
documented for their roles in controlling the transcription
of the cell cycle genes (Frank and Schmiilling, 1999;
Rashotte et al. 2003; Roudier et al. 2003; Pozo et al. 2005;
Wang et al. 20006).

Several core cell cycle genes, such as RBRI, RBR2 and
RBR3, were isolated from maize, and their functions were
analyzed (Grafi et al. 1996; Ach et al. 1997; Hsieh and
Wolniak 1998; Sabelli et al. 2005; Sabelli and Larkins
2006). In rice, the expression patterns of four CDK genes
were examined (Umeda et al. 1999), and OsCKII had a
role in root development and responded to both brassi-
nosteroid and abscisic acid (Liu et al. 2003). Further
analysis of the cyclin gene family in rice was conducted
phylogenetically (La et al. 2006). Although extensive and
systematic studies on the functions of core cell cycle genes
have been reported in Arabidopsis, only a small number of
core cell cycle genes were functionally examined in
monocots. Rice, as a model plant species of monocots, is
suitable to the identification of all core cell cycle genes
because its whole genome sequence is available. In this
study, we searched for the predicated core cell cycle genes
from rice genome and conducted phylogenetic analysis
based on their protein sequences using Arabidopsis queries
(Vandepoele et al. 2002; Wang et al. 2004). Furthermore,
we examined their expression patterns in plant tissues and
the regulation of their expression by cytokinin and auxin.
Our results will aid our understanding on the mechanism of
cell cycle regulation and the functions of core cell cycle
genes in rice.

Materials and methods
Plant materials

Rice plants (Orysa sativa L. cv. Zhong hua 11, obtained
from Institute of Plant Physiology and Ecology, Chinese
Academy of Sciences, Shanghai) were grown under natural
growth conditions in the field at the Agricultural Experi-
ment Station of Shandong Agricultural University.

To investigate the responses of the core cell cycle genes
to hormones, roots of 2 week-old rice seedlings were
submerged in a solution of either 10 uM IAA or 5 uM
6-BA, and the seedlings were then harvested in times as
indicated for mRNA isolation.
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Data retrieval and phylogenetic analysis

The cyclin-like proteins in rice were searched by using
FGP-MINE Programs on the Floral Genome Project
Website (http://www .fgp.bio.psu.edu/cgi-bin/fgpmine/
fgp_family_list.cgi) (Wang et al. 2004). To identify other
core cell cycle proteins in rice, BLAST searches and
sequence alignments were performed against the KOME
(http://www.cdna0O1l.dna.affrc.go.jp/cDNA/) and NCBI
(http://www.ncbi.nlm.nih.gov/) databases. We first used the
BLASTP program in NCBI and KOME against the
Arabidopsis key cell cycle proteins (Menges et al. 2005),
with the E-value cutoff set as 1e-005. The sequence
alignments were then carefully performed with the Vector
NTI Advance 9 program.

Phylogenetic analyses were performed through the
conserved regions of the alignments. The deduced amino
acid sequences were aligned using the computer program
Vector NTI Advance 9, and the dendrograms were then
generated using the neighbor-joining method.

RT-PCR analysis

Plant tissues of rice were ground in liquid nitrogen. For
reverse transcriptase-mediated PCR analysis, total RNA
was isolated with the TriPure isolation reagent (Roche
Diagnostics) according to the manufacturer’s instructions.
The RNA preparation was then treated with DNase I. First-
strand synthesis of cDNA was performed by using oligo
(dT) primer and M-MLV RT (Promega Corporation). PCR
products were fractionated on 1% agarose gels containing
ethidium bromide and photographed under UV light. These
experiments were independently replicated at least three
times under identical conditions. Details of primers are
listed in the Supplementary Table 1.

In situ hybridization

In situ hybridization was performed as described by Wang
et al. (2006). The plant tissues of rice were fixed in FAA
(10% formaldehyde: 5% acetic acid: 50% alcohol) over-
night at 4°C. After dehydration, they were embedded in
paraplast (Sigma) and sectioned at 8 um thick. Gene-spe-
cific antisense probes of Orysa;CycA2;1(1,351-1,642 bp),
Orysa; CycB2;2(1,442-1,712 bp), Orysa; CycU4;4(591—
896 bp) and Orysa;CDKG;1(2,512-2,888 bp) were syn-
thesized from PCR products flanked by T7 and Sp6
promoters. They were then hydrolyzed to 200 nucleotides
of average length by alkali treatment. After pretreatment,
slides were hybridized with 200 ng/ml probes at 42°C
overnight in hybridization solution containing 50% form-
amide. For the detection of hybridized signal, hybridized
probes were used with an anti-digoxigenin antibody
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conjugated with alkaline phosphatase (DIG Nucleic Acid
Detection Kit, Boehringer Mannheim). Photographs were
taken using the Olympus BH-2 microscope.

Results

Identification of core cell cycle genes in the rice
genome

To identify core cell cycle genes in the rice genome, we
conducted Blast searches against the rice protein database
with query sequences of all previously published core cell
cycle regulators from Arabidopsis and a cutoff E-value of
1e-005 (Vandepoele et al. 2002; Wang et al. 2004; Menges
et al. 2005). Total of 90 putative core cell cycle proteins
were identified through the searches, and they belong to
cyclin, CDK, E2F, CKI, CKS, Rb and Wee families,
respectively (Supplemental Tables 1 and 2). Of them, 41
were new or corrections of the existing annotations.

Cyclin family

Cyclins are the major factors that determine the timing of
CDK activation, and there are 10 types of cyclins in
Arabidopsis (A, B, C, D, H, L, T, U, SDS, and J18)
(Renaudin et al. 1996; Abrahams et al. 2001; Azumi et al.
2002; Torres Acosta et al. 2004; Wang et al. 2004). In the
rice genome, there are 9 different types of cyclins, and the
F-type cyclins (CYCF) are unique in rice (La et al. 2006).
Except the F-type cyclins, 44 cyclin proteins were identi-
fied from the rice genome by using the FGP-MINE pro-
grams from the Floral Genome Project Website (http://
www.fgp.bio.psu.edu/cgi-bin/fgpmine/fgp_family_list.cgi,
Wang et al. 2004). Our results confirmed the previous
designation of the cyclins in rice and the evolutionary
relationships between the Arabidopsis and rice cyclins
(data not shown).

CDK family

CDKs are Ser-Thr protein kinases and involved in the
regulation of the eukaryotic cell cycle (King et al. 1994;
Lees 1995; Morgan 1995; Pines 1995). To date, 29 Ara-
bidopsis CDK-related sequences were annotated and
grouped into 8 different types (Vandepoele et al. 2002;
Menges et al. 2005). The most widely conserved CDKs
possess a canonical motif in the C-helix, which is involved
in the binding the cyclin subunit (De Bondt et al. 1993;
Joubes et al. 2000). CDKA has the canonical PSTAIRE
motif in the cyclin binding domain (Mironov et al. 1999).
B-type CDKs are unique to plants and contain a divergent
cyclin binding motif PPTA/TLRE (Fobert et al. 1996;

Hirayama et al. 1991; Magyar et al. 1997). In Arabidopsis,
CAKs appear to activate CDKs by phosphorylating the
threonine residue in the T-loop of the CDKs (Jeffrey et al.
1995; Shimotohno et al. 2003). Three Arabidopsis dimeric
CAKs were named CDKD;1-3 and the monomeric CAK
was named CDKF;1 (Umeda et al. 1998; Yamaguchi et al.
1998; 2000; Shimotohno et al. 2003). CDKC was charac-
terized by the presence of the PITAIRE motif and CDKE
harbours a SPTAIRE motif (Joubés et al. 2000). CDKG
was defined by its conserved PLTSLRE motif, and CKL
has a (V, I, L)(K, R) FMAREL motif (Menges et al. 2005).

Blast search revealed a total of 25 putative CDK pro-
teins from the rice protein database of NCBI and KOME
(Fig. 1A). Among them, 4 CDKs (Orysa;CDKA;1,
Orysa;CDKA;2, Orysa;CDKB;2 and Orysa;CDKD;1) have
been described previously (Fabian et al. 2000; Hashimoto
etal. 1992; Umeda et al. 1999), and 21 were newly
described (see Supplemental Table). These CDKs all
encompass a catalytic core with short amino- and carboxy-
terminal extensions. We further combined the catalytic
core with the rest specific motifs in our phylogenetic
analysis in order to classify the rice CDK proteins. The
results suggested that there were 8 different types of CDKs
(A- to G-type and the CKL-type) in the rice genome
(Figs. 1A, 2A), similar to those in Arabidopsis (Menges
et al. 2005). The number of CDKs in types A, B, D, F, C
and CKL was different from that in Arabidopsis (Figs. 1A,
2A). For example, one CDKF was identified in Arabidopsis
but 4 rice CDKs (CDKF;1-4) share high homology with
the CDKF in Arabidopsis, and 10 CKLs were found in rice
compared to 15 CKLs in Arabidopsis (Figs. 1A, 2A).
Structural analysis revealed that each type of CDKs con-
tains the similar motifs in Arabidopsis and rice. However,
Orysa;CDKC;3 lacks the CDKC specific motif although it
shares  higher overall sequence similarity with
Arath;CDKC;1 (54%) and Arath;CDKC;2 (55%) at the
protein level (Fig. 2A).

CKI family

The CKI proteins are the inhibitors of CDKs, and there are
two types of CKIs (the INK4 and the Kip/Cip families) in
mammals. Only Kip/Cip CDK inhibitors were identified in
plants and were designated as Kip-related proteins (KRPs)
in Arabidopsis (De Veylder et al. 2001; Vandepoele et al.
2002). The Arabidopsis genome contains 7 KRPs
(Arath;KRP1-7), and have been confirmed their inhibitory
activity against CDK both in vitro and in vivo (Wang et al.
1997, 1998, 2000; Lui et al. 2000; De Veylder et al. 2001;
Zhou et al. 2002; Verkest et al. 2005). Arath;KRP1-7
proteins contain the conserved motifs 1 and 2, including
the CDK-binding box, and motif 3 that has the CYCD-
binding box (Wang et al. 1998). Recently, Orysa;KRP1-5
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Fig. 1 Phylogenetic tree analysis of CDKs, KRPs and E2Fs in
Arabidopsis and rice: (A) Unrooted neighbour-joining tree of all 29
Arabidopsis and 25 rice CDK kinases. Only the protein kinase
domains from these proteins were used in this analysis. The proteins
referred here were Arath;CKL15, Orysa;CKL4, Arath;CKL7,
Arath;CKLS8, Arath;CKL9, Orysa;CKLS5, Orysa;CKL6,
Arath;CKL10, Arath;CKL11, Arath;CKLI12, Arath;CKL13,
Arath;CKL14, Orysa;CKL9, Orysa;CKL7, Orysa;CKLS8, Ory-
sa;CKL10, respectively; (B) unrooted neighbor-joining tree of all
14 KRPs from Arabidopsis and rice after multiple sequence alignment
using the full-length protein sequences; (C) unrooted Neighbor-
Joining Tree of the E2F, DP and DEL Families, and only the
conserved regions with unambiguous alignments were used for
phylogenetic analysis

have been reported in rice, and Orysa;KRP1 was described
in detail (Barrdco et al. 2006).

Here, we identified two other candidates of the Kip/Cip
proteins in rice and they were named Orysa;KRP6-7
(Figs. 1B, 2B). The motifs 1, 2 and 3 are located at the
C-terminal part of the Orysa;KRP6 protein, whereas, Or-
ysa;KRP7 contains the motifs 4, 5 and 6 at its N-terminal
part. Thus, Orysa;KRP7 lacks the CDK-binding box and
the CYCD-binding box, suggesting that this gene may be a
pseudogene. We further used PEST find software (http://
www.embl.bcc.univie.ac.at/embnet/tools/bio/) to detect
the PEST domains which serve as proteolytic signals in
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KRPs (Rogers et al. 1986). The results indicated that
Orysa;KRP6-7 did not contain the PEST domain. Based
the phylogenetic analysis of the rice KRPs, Orysa;KRP6
was much closely related to type 1 (Orysa;KRP1-3),
whereas Orysa;KRP7 was clustered in type 2
(Orysa;KRP4-5) (Figs. 1B, 2B; Barroco et al. 20006).

E2F/DP and Rb

Retinoblastoma (Rb/E2F/DP) pathway is conserved among
the animal and plant, and controls the G1/S transition. Rb
proteins inhibit the activity of E2F factors and have a
negative effect on cell cycle progression (Gutierrez et al.
2002). The Rb proteins contain a ‘‘pocket’’ region required
for their interactions with other cellular proteins, and the
pocket region has two functional domains, RB-A and RB-B,
with an intervening spacer (Grafi et al. 1996). A single gene
for an Rb-related protein exists in Arabidopsis genome, and
is located on chromosome 3. In maize, there are three genes
(RBR1, RBR2 and RBR3) as well as differentially spliced
transcripts, although their functions are unknown (Grafi
et al. 1996; Ach et al. 1997; Hsieh and Wolniak 1998;
Sabelli et al. 2005; Sabelli and Larkins 2006). Two
homologs of Rb genes (Orysa;RbI and Orysa;Rb2) were
identified in the rice genome. Both Orysa;Rbl and
Orysa;Rb2 contained RB-A and RB-B domains as verified
through protein sequence and structural analysis.

E2F family of transcription factors play important roles
in regulating gene expression at the G1/S boundary of the
cell division cycle, and acts through a heterodimer with
other related proteins such as DP (Castellano et al. 2001;
Combettes et al. 1999; De Jager et al. 2001; Vandepeople
et al. 2002; Menges et al. 2005). Three E2F, two DP, and
three E2F-LIKE (E2F) and DP-LIKE (DEL) genes were
identified in the Arabidopsis genome (Magyar et al. 2000;
De Jager et al. 2001; Gutierrez et al. 2002; Kosugi and
Ohashi 2002). E2Fa,b,c proteins contain a DNA binding
domain, a Leucine zipper dimerization domain, a ‘‘marked
box’’, and a Rb binding domain. The two DP proteins have
both DNA-binding and Leucine zipper dimerization do-
mains, Whereas three DELSs contain only two DN A-binding
domains (Vandepeople et al. 2002; Ramirez-Parra et al.
2004). Our studies identified four E2Fs, three DPs, and two
DELs in the rice genome by BLAST searches and sequence
alignments against the Arabidopsis databases (Figs. 1C,
2C). We found that Orysa;E2F2 and Orysa;E2F4 lacked the
Leucine zipper dimerization domain, and Orysa;DP1-3
contained only one DNA-binding domain (Fig. 2C).

CKS and Wee

CDK subunit (CKS) proteins were proposed to act as
docking factors that can influence the interactions between
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the kinase complex and their substrates (Morris et al.
2003). One putative Orysa;CKS was found in the rice
genome (Supplementary Table), and the putative protein
had a well-conserved N-terminus that shares an overall
95% and 93% similarity with Arabidopsis CKS1 and
CKS2, respectively.

The protein kinase Wee inhibits CDKs by phosphory-
lating a tyrosine residue in the CDK active site (Gould and
Nurse 1989; Jin et al. 1996; Sun et al. 1999). One Wee
gene (AtWEETI) has been reported in Arabidopsis (Sorrell
et al. 2002). In the rice genome, two Wee proteins,
Orysa;Weel and Orysa;Wee2, were identified, and the two
proteins display significant sequence identity with
AtWEE1 (50% and 61%, respectively) (Supplementary
Table). Like AtWEEI1, Orysa;Weel has all the sequence
characteristics of the Wee kinases: an ATP binding region,
including a tyrosine kinase phosphorylation site (Y293)
and a Ser/Thr protein kinase active site. A putative nuclear
localization signal was found at residue K158 of

Orysa;Weel, whereas Orysa;Wee2 only contains the
tyrosine kinase phosphorylation site (Y134).

Expression profiles of rice core cell cycle genes

To understand the functions of rice core cell cycle genes,
we investigated their expression patterns in rice tissues by
semi-quantitative RT-PCR (Fig. 3). The tissues include
roots, young leaves, spikelets, seeds (0, 1, 3, 6 days after
pollination or DAP), endosperms (9, 12 and 15 DAP), and
embryos (9 and 15 DAP). As shown in Fig. 3A, RNA
transcripts were detected in 28 out of 44 cyclin genes. The
A- and B-Type cyclin genes were mainly expressed in
young seeds and embryos except for Orysa,CycA3;1 and
Orysa;CycBI;2. Most D-type cyclin transcripts were
accumulated in leaves, spikelets, young seeds, and
embryos, although the signals detected were variable in
these tissues. Four cyclin genes (Orysa;CycD2;1,
Orysa;CycD4;1, Orysa;CycD5;1 and Orysa;CycD6;1)
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Fig. 3 Expression pattern analysis of the rice core cell cycle genes by
RT-PCR in various rice tissues. The rice actin gene was used as an
internal control: (A) Cyclin; (B) CDKs and CKS; (C) KRP; (D) E2F/
DPs; (E) Rbs. R, root (root tips of seedlings at 1 week after

appear to be constitutively expressed in all tissues exam-
ined, whereas the Orysa; CycD7;1 transcripts were detect-
able only in spike tissues. Most of H-, L-, and T-type cyclin
genes were likely expressed in all tissues, but the stronger
signals were detected in the endosperms and the embryos.
Interestingly, Orysa;CycU2;1 and Orysa;CycU3;1 tran-
scripts were mainly detectable only in leaves, indicating
a major function of the genes in leaf growth and
development.

The transcripts of 23 CDK genes were detectable by
RT-PCR technique. CDKs could be classified into 4 groups
according to their expression profiles (Fig. 3B). The largest
group is composed of 13 genes (Orysa;,CDKA;1, Orysa;
CDKA;2, Orysa;CDKB;2, Orysa, CDKC; 1, Orysa;,CDKC:;2,
Orysa;CDKC;3, Orysa;CDKD;1, Orysa;CDKE; I, Orysa;
CDKF;4, Orysa;,CDKG;1, Orysa;CDKG;2, Orysa;CKL6
and Orysa;CKLI10), and their transcripts were present in all
tissues examined. The second group contains 7 genes (Orysa;
CDKB;1, Orysa;CDKF;3, Orysa;CKL2, Orysa;CKL3,
Orysa;CKLA4, Orysa;CKL5 and Orysa;CKLS), and their
transcripts were detected in most of the tissues except the
roots. The third group includes two genes: Orysa,CDKF;1
which was expressed in most of tissues except the roots and
spikelets, and Orysa; CKLI whose transcripts were undetect-
able in the roots and leaves. The last gene, Orysa,CKL7, was
exclusively expressed in the ovaries (Fig. 3B).

For E2F/DP and Rb genes, Orysa; E2F1, Orysa;E2F?2,
Orysa; DP2 and Orysa; DP3 transcripts were not detectable
in all tissues collected. In contrast, Orysa,E2F3, Orysa;
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germination); L, young leaf; S, spikelet; 0d—6d, seeds (0, 1, 3, 6 days
after pollination, DAP); 9 en—15 en, endosperms (9, 12 and 15 DAP);
9 em and 15 em, embryos (9 and 15 DAP)

DELI, Orysa;Rbl and Orysa;Rb2 genes were constitu-
tively expressed in all tissues examined. Orysa; E2F4,
Orysa;DEL2 and Orysa; DPI genes were expressed in most
of tissues, but not in the roots (Fig. 3C and E). In addition,
the expression of three Orysa;CKI genes, such as Orysa;
KRPI, Orysa;KRP4 and Orysa; KRP5, were observed in
most of tissues examined (Fig. 3D).

Localization of four core cell cycle genes in plant
tissues

Four core cell cycle genes were randomly selected for
in situ hybridization analysis. Figure 4A-D shows that the
signal of Orysa;CycA2;1 transcripts was detected in the
tissues of root meristem, shoot meristem, leaf primordium,
and young floret, but the signal was weak in the embryo.
Compared  with  Orysa;CycA2;1, Orysa; CycB2;2
transcripts were very abundant in the embryonic tissues,
although the signal in other tissues was similar to that of
Orysa;CycA2;1 transcripts (Fig. 4E-H). For Orysa;
CycU4,;4, a weak signal was detected in the root meristem
and embryonic tissues compared with that in other tissues
examined (Fig. 41-L). Orysa;CDKG;I transcripts were
accumulated in all tissues examined (Fig. 4M—P). Thus, the
in situ hybridization analysis supports the results of our
RT-PCR analysis and suggests that the expression of core
cell cycle genes was spatially regulated during rice plant
development.
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Fig. 4 Localization of
Orysa;CycA2;1,
Orysa;CycB2;2,
Orysa;CycU4;4 and

Orysa; CDKG;1 transcripts as
revealed by in situ
hybridization. All micrographs
show longitudinal sections of
rice tissues: (A-D) Localization
of Orysa; CycA2;1 mRNA in the
rice tissues; (E-H) localization
of Orysa; CycB2;2 mRNA in
the rice tissues; (I-L)
localization of Orysa;CycU4;4
mRNA in the rice tissues;
(M-P) localization of
Orysa;CycU4;4 mRNA in the
rice tissues. (A, E, I and M) root
tip; (B, F, J and N) shoot apex;
(C, G, K and O) young floret;
(D, H, L and P) embryo at 9
DAP. an, anther; ov, ovary; rc,
root cap; rd, radicle; rm, root
meristem; sam, shoot apical
meristem; yl, young leaf. In B,
F, J and N bar = 50 pum, in all
others bar = 300 um

Orysa;Cyed2;1

Orysa;CycB2;2

Orysa;CycUd;4

Orysa;CDKG;1

Expression of rice core cell cycle genes in response to
cytokinin and auxin

Auxins and cytokinins function in many aspects of plant
development, such as cell division and expansion, apical
dominance, lateral root development and vascular tissue
differentiation. (Binns 1994; Leyser 2002; Friml 2003;
Mok and Mok 1994, 2001). Previous studies have showed
that the expression of many core cell cycle genes was
regulated by auxin, cytokinin, and other hormones. For
example, auxin was sufficient to upregulate the expression
of CDKA;l in Arabidopsis (Zhang et al. 1996). The
CYCA2;2 expression was also induced by auxin during
lateral root initiation and elongation in alfalfa (Roudier
et al. 2003). Cytokinins are activators of plant cell division
both in vivo and in vitro. Treatment with cytokinin led to
the upregulation of CycD3 and Triae,CYCD2;1 in Ara-
bidopsis (Riou-Khamlichi et al. 1999; Wang et al. 2006).

To determine which core cell cycle genes respond to
cytokinin and auxin, we submerged roots of 2 week-old rice
seedlings in a solution of IAA or 6-BA, and then harvested
the seedlings at different time. Following treatments with
auxin, the expression of the core cell cycle genes was
examined for either upregulation or downregulation.

Twenty-five genes were found to be upregulated and four
genes (Orysa;CycD5;3, Orysa;CycU3;1, Orysa;CDKA;2,
and Orysa;CDKD;I) were found to be downregulated
(Fig. 5, Supplemental Figure 1). After cytokinin treatment,
the transcript levels of 11 genes were increased, and by
contrast, the expression of 26 genes was downregulated. The
expression of other core cell cycle genes was not regulated
by either auxin or cytokinin treatment (Fig. 6, Supplemental
Figure 2).

Discussion

In this study, we identified and analyzed a large number of
rice core cell cycle regulators by using 99 query sequences
previously published in Arabidopsis (Vandepoele et al.
2002; Wang et al. 2004; Menges et al. 2005). A total of 90
core cell cycle regulators in the rice genome were identi-
fied and they belong to cyclin, CDK, E2F, CKI, Rb, CKS,
and WEE families (Figs. 1, 2). Some of the rice core cell
cycle regulators were reported previously (Umeda et al.
1999; De Veylder etal. 2001; La etal. 2006). We
described and updated 41 regulators in the rice genome
(Supplemental Tables 1, 2). Our results indicate that the
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Fig. 5 Expression profiles of the rice core cell cycle genes in
seedlings after auxin treatment. The relative transcript levels of these
genes were analyzed over a 24 h period after 10 pM IAA treatment.
Semi-quantitative RT-PCR was performed with three independent

rice genome contains less number of the core cell cycle
regulators than Arabidopsis does, although the rice genome
is much larger than the Arabidopsis one. Phylogenetic
analysis indicated that 8 different types of CDKs corre-
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biological replicates. The signals of amplified gene products were
calculated with the Gel-Pro analyzer (Media Cybernetics, USA). The
difference between them is significant (P < 0.05)

sponding to those in Arabidopsis identified previously. We
also found the corresponding regulators in the rice genome
in groups such as E2F, CKI, Rb, CKS, and WEE
(Supplemental Tables 1, 2; Figs. 1, 2). The number of
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Fig. 6 Expression profiles of the rice core cell cycle genes in three independent biological replicates. The signals of amplified gene
seedlings after cytokinin treatment. The relative transcript levels of products were calculated with the Gel-Pro analyzer (Media Cyber-
these genes were analyzed over a 240 min period after 5 pM netics, USA). The difference between them is significant (P < 0.05)
cytokinin treatment. Semi-quantitative RT-PCR was performed with

regulators varied greatly in most of CDK types and the Protein structure analysis showed considerable conser-
E2F, CKS, and WEE groups between rice and Arabidopsis.  vation of the CDK proteins in the catalytic core and the
However, the number of the core cell cycle genes is rela-  specific motifs for each CDK type except for CDKF in rice

tively conserved during evolution between the genomes of  (Figs. 1A, 2A). These CDK types were previously identi-
two species, although the diversification occurred in some  fied in Arabidopsis (Vandepoele et al. 2002; Menges et al.
types or groups of the core cell cycle genes. 2005). In contrast, KRP proteins were very divergent in
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their structures (Fig. 2B). For example, Orysa;KRP6
contained only motifs 1, 2, and 3 at its C-terminal part,
whereas Orysa;KRP7 had motifs 4, 5, and 6 at its
N-terminal part. Although a total of 5 or 6 motifs were
identified at both the C- and N-terminal parts of other KRP
proteins, only Orysa;KRP4 carries a consensus CDK
phosphorylation site (Fig. 2B). The results suggest that
Orysa;KRP proteins are less conserved. Among the rice
E2F/DP and Rb proteins, DPs and Rbs are relatively con-
served, whereas E2F proteins are less conserved as E2F3
lacks a Rb binding box (Fig. 2C).

Expression analysis could provide important informa-
tion to understand the functions of core cell cycle genes
and their molecular action in cell cycle regulation (Wang
et al. 2004; Menges et al. 2002, 2003, 2005). According to
the expression profiles of the rice core cell cycle genes
examined in this study, we can divide them into 5 different
classes (Figs. 3, 4). The first class includes 30 genes which
were expressed in all tissues. In the second class, the
expression of 18 genes was detectable in most of tissues.
The third class composed of 10 genes whose transcripts
were mainly accumulated in several tissues. The fourth
class has 4 genes and their transcripts were specifically
accumulated in only one tissue. Finally, the expression of
28 genes was not detected in any tissues for reasons we
currently do not understand. Previous study showed that 4
rice CDK genes, cdc20s1, cdc20s2, cdc20s3 and R2 were
expressed in roots (Umeda et al. 1999). Transcripts of
cdc20s1, c¢dc20s2, and R2 were detected uniformly in the
dividing region of the root apex. By contrast, the transcripts
of cdc20s3 were distributed only in patches of the dividing
region. These CDK genes in this paper were designated as
Orysa;CDKA;1, Orysa;,CDKA;2, Orysa;,CDKB;2, and
Orysa;CDKD; 1, respectively, and their transcripts were
also detected in roots by RT-PCR (Fig. 3). In addition, the
signals of three cyclin-dependent kinase inhibitors,
Orysa;KRPI1, Orysa;KRP4 and Orysa;KRP5 were accu-
mulated in seeds (Fig. 3), and their expression patterns are
in good agreement with those in previous analysis (Barr6co
et al. 2006). In Arabidopsis, cyclins were divided into four
groups according to their expression profiles (Wang et al.
2004). Further global analyses revealed that most core cell
cycle regulators were expressed across almost all tissues
and more than 85% of them showed expression at detect-
able levels in the cell suspension culture (Menges et al.
2005). Therefore, the majority of core cell cycle genes
were spatially regulated, and the expression patterns may
play a role in plant development. It is interesting that the
most closely related core cell cycle genes in many cases
showed very similar patterns of expression (Figs. 3, 4) as in
the case for the cyclin gene families in Arabidopsis,
suggesting possible functional redundancy between the
highly similar members (Wang et al. 2004) and functional
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conservation of the core cell cycle genes between rice and
Arabidopsis.

Cell division was also regulated by several plant hor-
mones, and cytokinins and auxins play very important roles
in controlling the transcriptional regulation for several core
cell cycle genes (Rashotte et al. 2003; Pozo et al. 2005).
We analyzed the expression of many core cell cycle genes
following treatment with either auxin or cytokinin. The
expression of most genes was upregulated by auxin, and
the expression of 4 genes was downregulated by auxin
(Fig. 5). In contrast, the expression of 11 genes was
enhanced by cytokinin and the expression of other 26 genes
was decreased following cytokinin treatment (Fig. 6).
Combined results of Figs. 5 and 6, expression of 18 genes
was regulated by both auxin and cytokinin. Of them,
transcript levels of 12 genes were increased following
auxin treatment, and however their transcript levels were
decreased after cytokinin treatment. It might be very
interesting to further study molecular mechanism of the
cell cycle gene expression regulated by auxin or cytokinin.
Previous study showed that the rice seedlings grown in the
dark had decreased expression of the cyclin genes, cycD,
cycHI, cycC, cycAl;1 and cycB2;1 (Lee et al. 20006).
However, a decrease was prevented by kinetin treatment,
indicating that exogenous cytokinin plays an important role
in maintaining homeostasis of cyclin gene expression fol-
lowing rapid changes of photoperiod. In Arabidopsis, either
exogenous cytokinin or auxin promoted the expression of
core cell cycle genes, such as CYCD3, CYCBI and CDKA
(reviewed by Pozo et al. 2005). Our previous study showed
that in the tissues of the Arabidopsis plants expressing a
wheat cyclin gene, Triae;CYCD2;1, the calli were pro-
moted in the presence of either auxin or cytokinin (Wang
et al. 2006). Thus, it is likely that auxin and/or cytokinin
may regulate cell cycle through their influences on the
transcription of these core cell cycle genes.
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