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The C-terminal domain (CTD) of RNA polymerase Il is phosphorylated during the transcription cycle by three cyclin-
dependent kinases (CDKs): CDK7, CDK8, and CDK9. CDK9 and its interacting cyclin T partners belong to the positive
transcription elongation factor b (P-TEFb) complexes, which phosphorylate the CTD to promote transcription elongation.
We report that Arabidopsis thaliana CDK9-like proteins, CDKC;1 and CDKC;2, and their interacting cyclin T partners,
CYCT1;4 and CYCT1;5, play important roles in infection with Cauliflower mosaic virus (CaMV). cdkc;2 and cyct1;5 knockout
mutants are highly resistant and cdkc;2 cyct1;5 double mutants are extremely resistant to CaMV. The mutants respond
normally to other types of plant viruses that do not replicate by reverse transcription. Expression of a reporter gene driven
by the CaMV 35S promoter is markedly reduced in the cdkc;2 and cyct1;5 mutants, indicating that the kinase complexes are
important for transcription from the viral promoter. Loss of function of CDKC;1/CDKC;2 or CYCT1;4/CYCT1;5 results in
complete resistance to CaMV as well as altered leaf and flower growth, trichome development, and delayed flowering.
These results establish Arabidopsis CDKC kinase complexes as important host targets of CaMV for transcriptional

activation of viral genes and critical regulators of plant growth and development.

INTRODUCTION

The transcription of protein-coding genes in eukaryotes is
performed by RNA polymerase Il (RNAP Il) and forms a so-called
transcription cycle that includes preinitiation, initiation, promoter
clearance, elongation, and termination (Sims et al., 2004). The
transcription cycle starts with the assembly of the preinitiation
complex at the promoter, which includes the general transcrip-
tion factors TFIID, TFIIB, TFIIE, and TFIIH as well as RNAP Il.
Assembly of the preinitiation complex is followed by ATP-
dependent melting of the double-stranded DNA (dsDNA) tem-
plate and formation of an open complex between RNAP Il and
the DNA template. Once the open complex is established,
transcription initiation occurs and RNAP |l is allowed to clear
the promoter and engaged to make the transition from initiation
to elongation. Transcription elongation is a dynamic and highly
regulated process that coordinates downstream events such as
capping and splicing of primary transcripts. The final step in the
cycle is transcription termination. At this stage, the mRNA is
cleaved, polyadenylated, and transported to the cytoplasm for
translation.
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The transcription cycle involving RNAP Il is accompanied by
another cycling event: phosphorylation of the C-terminal domain
(CTD) of the largest subunit of RNAP Il (Sims et al., 2004). The
RNAP Il CTD contains multiple repeats of the heptapeptide
sequence YSPTSPS (26 such repeats in yeast, 32 in Caeno-
rhabditis elegans, 45 in Drosophila, and 52 in mammals). RNAP Il
in the preinitiation complex is unphosphorylated or hypophos-
phorylated, whereas transcription-competent RNAP Il is heavily
phosphorylated on its CTD, with Ser-2 and Ser-5 as the major
modified residues. Phosphorylation of the CTD regulates the
transition of RNAP Il from initiation to elongation and the effi-
ciency of elongation and pre-mRNA processing (capping, splic-
ing, and polyadenylation).

Three cyclin-dependent kinases (CDKs), CDK7, CDK8, and
CDKO, are involved directly in the phosphorylation of the CTD
and in the regulation of different stages of the transcription cycle
(Pinhero et al., 2004). CDK7 and its cyclin (Cyc) H partner are
components of the general RNAP Il transcription factor, TFIIH,
involved in transcription initiation (Nigg, 1996). CDK8 and its
CycC partner are also components of the RNAP Il holoenzyme;
they function to negatively regulate initiation by phosphorylation
of the CTD of RNAP Il and the CycH subunit of TFIIH (Akoulitchev
et al., 2000). CDK9 and its CycT or CycK partner belong to the
positive transcription elongation factor b (P-TEFb) (Marshall and
Price, 1995).

In mammalian cells, several factors that function in elongation
have been purified and identified, including P-TEFb, DSIF (for
5,6-dichloro-1-B-D-ribofuranosylbenzimidazole-sensitive-inducing
factor), and NELF (negative elongation factor). Once transcrip-
tion is initiated, NELF interacts with DSIF to induce RNAP II



pausing, resulting in arrested transcription (Sims et al., 2004).
P-TEFb can overcome the effects of the DSIF/NELF complex
and release RNAP Il from its arrest. P-TEFb phosphorylates the
CTD of RNAP I, thus catalyzing the transition from initiation to
elongation of transcription (Sims et al., 2004). In humans, P-TEFb
is recruited by the Tat protein of human immunodeficiency virus
type | (HIV-1) to stimulate transcriptional initiation and elongation
(Mancebo et al., 1997).

Arabidopsis thaliana contains a single gene, NRPB1 (At4g35800),
encoding the largest subunit of RNAP Il with a CTD containing 42
repeats of the YSPTSPS heptapeptide (Dietrich et al., 1990). CTD
kinases and phosphatases that control the dynamic change of
the CTD phosphoarray have also been identified in plants. In
Arabidopsis, three genes encode D-type CDK?7 proteins: CDKD;1,
CDKD;2, and CDKD;3 (Shimotohno et al., 2003). CDKD;2 forms a
stable complex with CycH;1 and exhibits high kinase activity
toward the CTD of RNAP |I. T-DNA insertion mutants for CDKD; 1
and CDKD;3, however, exhibit no developmental defects through-
out the life cycle under normal growth conditions, suggesting that
the two CDK7 genes are not essential for plant development
(Shimotohno et al., 2003). Arabidopsis contains a single gene
encoding an E-type CDK8 protein (CDKE;1; At5g63610) with CTD
kinase activity. CDKE;1, also known as HENS, is required for the
specification of stamen and carpel identities and for the proper
termination of stem cells in the floral meristem (Wang and Chen,
2004). There are >20 genes encoding CTD phosphatase-like
proteins (CPLs) in Arabidopsis, based on domain architecture
identified in family member proteins of other eukaryotes (Koiwa
et al., 2004). Genetic evidence indicates that CPL3 is a negative
regulator of abiotic stress signaling (Koiwa et al., 2002). Thus, the
dynamic regulation of CTD phosphorylation plays an important
role in plant growth, development, and response to environmental
conditions.

Proteins similar to C-type CDK9 have been reported in tomato
(Solanum lycopersicum) (Joubes et al., 2001) and Medicago
(Fulop et al., 2005). As with CDK9 genes from other organisms,
expression of these plant CDK9 genes is not regulated by the cell
cycle. Furthermore, the Medicago CDKC1/cyclin T1 kinase
complex phosphorylates the CTD of RNAP Il and restores the
transcriptional activity of a HelLa nuclear extract depleted of
endogenous CDK9 complexes (Fulop et al., 2005). Thus, plant
CDK9/cyclin T complexes have a role in transcription similar to
that of P-TEFb. Arabidopsis contains two genes encoding CDK9-
like proteins, CDKC;1 (At5g10270) and CDKC;2 (At5g64960)
(Menges et al., 2005), and five genes encoding cyclin T-like
proteins, CYCT1;1 (At1935440), CYCT1,2 (At4g19560), CYCT1,3
(At1g27630), CYCT1;4 (At4g19600), and CYCT1;5 (At5g45190)
(Wang et al., 2004). Yeast two-hybrid assays and in vitro immu-
noprecipitation have shown that both CDKC;1 and CDKC;2
interact with CYCT1;3, suggesting that they form P-TEFb-like
complexes (Barroco et al., 2003). However, the biological roles of
the Arabidopsis CDKC complexes have not been genetically
analyzed.

In this study, we generated loss-of-function mutants for the
two CDKC and five CYCT1 genes from Arabidopsis for analysis
of their roles in infection by Cauliflower mosaic virus (CaMV), a
dsDNA virus that depends on host RNAP Il for transcription.
We also analyzed their phenotypes in leaf and flower growth,
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trichrome development, and flowering. Our results indicate that
Arabidopsis P-TEFb-like kinase complexes are important host
targets of CaMV for transcriptional activation of viral genes and
critical regulators of plant growth and development.

RESULTS

Arabidopsis cdkc;2 and cyct1;5 Mutants Are
Resistant to CaMV

CaMV is a pararetrovirus whose DNA genome is replicated by the
reverse transcription of an RNA intermediate. The CaMV genome
consists of a circular dsDNA molecule of ~8 kb that forms a
minichromosome in the nucleus of the host cell. It is transcribed
unidirectionally by the cellular RNAP Il into two major capped and
polyadenylated transcripts, the 35S and 79S RNAs, from their
own promoters (Hull, 2002). Arabidopsis is a host to CaMV;
therefore, it can be used as a model system for the identification
of host factors important for infection. Because of the reliance of
CaMV on host RNAP Il to synthesize its viral RNA templates
for reverse transcription and translation, we examined the role
in CaMV infection of Arabidopsis CDKC;2, which encodes a
homolog to the CDK9 subunit of P-TEFb (Barroco et al., 2003)
(see Supplemental Figure 1 online). We identified two indepen-
dent T-DNA insertion mutants for CDKC;2: cdkc;2-1, with a
T-DNA insertion in the 10th intron; and cdkc;2-2, with a T-DNA
insertion in the 8th exon (see Supplemental Figure 2 online). RNA
gel blotting failed to detect CDKC;2 full-length transcripts of the
expected size in either mutant. To determine the impact of the
disruption of CDKC;2 on CaMV infection, we mechanically
inoculated wild-type and mutant plants with partially purified
CaMV virons and compared them for disease symptom devel-
opment. In wild-type plants, disease symptoms (initially vein
clearing and chlorosis, followed by leaf stunting and curling) was
first observed at ~10 to 12 d after inoculation (DAI); at 13 DAI,
~80% of wild-type plants had developed the symptoms (Figure
1A). At these stages, however, no disease symptoms were
observed in the cdkc;2 mutants (Figure 1A). At 15 DAI, 100% of
wild-type plants but only 20% of the mutant plants developed
disease symptoms (Figure 1A). During the remaining period up to
27 DA, the percentages of the mutant plants that developed
disease symptoms gradually increased and could reach up to
100% at 4 weeks after inoculation (Figure 1A). A similar delay in
disease symptom development in the cdkc;2 mutants was
observed when the plants were inoculated by particle bombard-
ment of an infectious CaMV DNA clone with artificial long
terminal repeats (pCa122) (Kobayashi et al., 2002) (Figure 1B).
Accumulation of viral DNAs and RNAs was also examined in
whole plants after inoculation by particle bombardment of
pCail22. At 13 DAI, CaMV viral DNAs and RNAs were detected
at high levels in wild-type plants but were undetected in the
cdkc;2 mutants (Figures 1C and 1D). At 17 DAI, viral DNAs were
detected in the mutants, but their levels were substantially
lower than those in the wild-type plants (Figure 1C). Likewise,
reduced levels of viral RNAs were detected at 17 DAI in the
cdkc;2 mutants relative to those in the wild-type plants; the
reduction was particularly pronounced for the full-length 35S
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Figure 1. Enhanced Resistance of cdkc;2 and cyct1;5 Mutants to CaMV.

DAl 13 17 23
~ ~ ~
3 1S x
& & &
S BV S T M
RREI R E B RIS
XX BT T XS
£55 a5 £58 0% £88 5%

(A) Disease symptom development in mechanically inoculated plants. Forty wild-type, cdkc;2-1, and cyct1;5-1 single or double mutant plants were
mechanically inoculated with partially purified CaMV virons (0.5 mg protein/mL), and plants with CaMV mosaic symptoms were scored at the indicated DAI.
(B) Disease symptom development in plants inoculated by bombardment of the infectious CaMV DNA clone pCal122. Photographs of representative
plants were taken at the indicated DAI. Disease symptom development in the cdkc;2-2 mutant was the same as in the cdkc;2-1 mutant.

(C) Viral DNA accumulation. Wild-type and mutant plants were inoculated by bombardment of pCa122, and total DNA was isolated from leaf tissues
harvested at the indicated DAI and probed with the P6 open reading frame of CaMV. Ethidium bromide staining of genomic DNA is shown as a loading

control.

(D) Viral RNA accumulation. Total RNA was isolated from inoculated plants and first probed with the P3 open reading frame of CaMV for detection of the
35S RNA. The blot was stripped and reprobed with the P6 open reading frame of CaMV for detection of the 79S RNA. Ethidium bromide staining of rRNA

is shown for the assessment of equal loading.

RNA (Figure 1D). At 23 DAI, the viral RNAs in the mutants in-
creased to relatively high levels but were still substantially lower
than those in the wild-type plants (Figure 1D). Thus, similar to
disease symptom development, the accumulation of CaMV
DNAs and RNAs was substantially delayed and reduced as a
result of the disruption of the host CDKC;2 gene.

The CDK9 subunit of P-TEFb forms functional kinase com-
plexes with multiple cyclin T subunits (Peng et al., 1998).
Arabidopsis contains five genes encoding cyclin T-like proteins
(CYCT1;1 to CYCT1;5) (Wang et al., 2004). T-DNA insertion
mutants were identified for CYCT1;71 to CYCT1;4 (see Supple-
mental Figure 2 online) from various collections, but they ex-
hibited no altered phenotypes in response to CaMV infection. On
the other hand, the cyct7;5-1 T-DNA insertion mutant was
deficient in its capacity to support CaMV infections, a phenotype

strikingly similar to that of the cdkc;2 mutants. As in the cdckc,;2
mutants, disease symptom development was delayed by 3to 4 d
in the cyct1,;5-1 mutant relative to that in wild-type plants after
CaMV inoculation (Figures 1A and 1B). Accumulation of viral
DNAs and RNAs was also similarly reduced in the cyct1;5-1
mutant relative to that in wild-type plants (Figures 1C and 1D).
To confirm that the altered response of the cyct?;5-7 mutant
to CaMV was due to the disruption of CYCT1;5, we performed
genetic complementation of the mutant. A full-length CYCT1,5
cDNA clone was placed behind its native promoter and trans-
formed into the cyct1,;5-1 mutant. Transformants were identified
through BASTA selection and analyzed for CaMV infection.
Transformation of the mutant with CYCT1;5 resulted in complete
recovery of the wild-type phenotype in CaMV response (see
Supplemental Figure 3 online). This finding indicates that the



enhanced resistance of the cyct?;5-1 mutant to CaMV is the
result of the disruption of CYCT1,5.

To determine whether the mutants for the two genes have
additive effects on CaMV resistance, we generated cdkc;2
cyct1;5 double mutants through genetic crosses. After CaMV
infection, disease symptom development was further delayed in
the double mutants compared with the cdkc;2 and cyct1;5 single
mutants (Figures 1A and 1B). Thus, at ~3 weeks after CaMV
inoculation, almost 100% of the cdkc;2 and cyct1;5 single
mutants developed disease symptoms, but only10 to 20% of
the cdkc;2 cyct1;5 double mutant plants started to develop mild
mosaic symptoms (Figures 1A and 1B). During the remaining
period of the experiments, up to 4 weeks after inoculation, the
percentage of the cdkc;2 cyct1;5 double mutant plants exhibiting
symptoms increased, but 40 to 50% of the mutants failed to
develop any symptoms at all (Figure 1A). Accumulation of viral
DNA and RNA was also further delayed and reduced in the double
mutants compared with the single mutants. At 17 DAI, viral DNAs
and RNAs were detected in cdkc;2 and cyct1;5 single mutants,
albeit at reduced levels relative to those in wild-type plants; no viral
DNAs or RNAs were detected in the cdkc;2 cyct1;5 double
mutants at this stage (Figures 1C and 1D). Even at the very late
stages of infection (e.g., at 23 DAI), only trace amounts of viral
DNAs and RNAs were detected in the cdkc;2 cyct1;5 double
mutants (Figures 1C and 1D). These results indicate that the
cdkc;2 cyct1;5 double mutants were extremely resistant to CaMV.

To determine whether the observed resistance of the cdkc;2
and cyct1;5 mutants to CaMV infection is specific to CaMV, we
tested the mutants for their responses to a tobamovirus (tobacco
mosaic virus isolate cg [TMV-cg], a RNA virus) (Ishikawa et al.,
1991) and a geminivirus (Cabbage leaf curl virus [CaLCuV], a
single-stranded DNA virus) (Turnage et al., 2002). After inocula-
tion of three lower fully expanded leaves with purified TMV-cg
virons, the cdkc;2 and cyct1;5 single and double mutants accu-
mulated viral RNAs in both lower inoculated leaves and upper
systemically infected leaves to levels similar to those in wild-type
plants (Figure 2A). When infectious DNA clones of CaLCuV were
inoculated through particle bombardment, these mutants also
accumulated the same levels of viral DNAs as wild-type plants
(Figure 2B). Thus, these mutants respond normally to TMV-cg
and CalLCuV, two viruses that do not replicate through a reverse
transcription mechanism.

Reduced CaMV 35S Promoter Activity in the cdck;2 and
cyct1;5 Mutants

The CaMV 35S promoter, which directs the production of the 35S
pregenomic RNA, is strongly active in plant cells in the absence
of any viral protein (Odell et al., 1985). To test whether CDKC;2
and CYCT1;5 are important for the viral promoter activity, we
transformed the cdkc;2 and cyct1;5 mutant plants with a construct
containing a B-glucuronidase (GUS) reporter gene driven by the
CaMV 35S promoter. As controls, the same reporter gene con-
struct was also transformed into the wild type and the cyct1;2-1
insertion mutant, which responds normally to CaMV (see Supple-
mental Figure 2 online). To determine the transgene expression,
we assayed GUS activity and GUS transcripts in 15 to 20 inde-
pendent wild-type or mutant transformants. In the wild-type
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background, the transformants had an average of ~265 units of
GUS activity (Figure 3A) and accumulated high levels of GUS
transcripts (Figure 3B). In the cdkc;2 and cyct1;5 single mutant
backgrounds, the average GUS activities were ~65 units, repre-
senting a fourfold reduction from those in the wild-type plants
(Figure 3A). The reduced GUS activity in these single mutant
transformants was correlated with reduced levels of GUS tran-
scripts (Figure 3B). In the cdkc;2 cyct1;5 double mutant back-
ground, the average GUS activity was further reduced to ~35
units, and the reduced GUS activity was correlated with the very
low levels of GUS transcripts in the double mutant transformants
(Figure 3). By contrast, both the GUS activities and GUS tran-
scriptsinthe cyct1;2 mutant transformants were similar to those in
the wild-type transformants (Figure 3). Thus, CDKC;2 and
CYCT1;5 are required for the high CaMV 35S promoter activity.

Complete CaMV Resistance of the Non-Null cdkc;1 cdkc;2
and cyct1;4 cyct1;5 Double Mutants

Although the cdkc;2 and cyct1;5 mutants are null, they behave
like leaky mutants in that they are not completely resistant to
CaMV and there is an additive effect between the two mutants in
CaMV resistance (Figure 1). The leaky phenotypes of the null
mutants are probably due to the presence of functionally related
homologs. Arabidopsis CDKC;2 and CYCT1;5 are structurally
closely related to CDKC1 and CYCT1;4, respectively (see Sup-
plemental Figure 1 online). Because there is no knockout mutant
for CDKC;1 and the double knockout mutant of cyct?;4-/~ and
cyct1;5-/~ is embryo-lethal (see below), we transformed a
CDKC;1 RNA interference (RNAI) construct into cdkc;2-1 and a
CYCT1;4 RNAI construct into cyct1;5-1 to generate non-null
double mutants. T1 transgenic plants (cdkc;2/CDKC; 1 RNAi and
cyct1;5/CYCT1;4 RNAIJ) with suppressed expression of the
targeted genes were identified by RT-PCR (see Supplemental
Figure 4 online) and tested for CaMV resistance. The non-null
cdkc;2/CDKC; 1 RNAi and cyct1;5/CYCT1;4 RNAi double mutants
as well as wild-type plants and cdkc;2 cyct1;5 double knockout
mutant plants were inoculated by bombardment with the infec-
tious pCa122 CaMV DNA clone. At 18 DAI, viral DNAs and RNAs
were observed in the wild type but not in any of the double mutants
(Figure 4). At 26 and 35 DAI, however, significant levels of viral
DNAs and RNAs were detected in the cdkc;2 cyct1;5 double
mutant plants but not in the transgenic cdkc;2/CDKC;1 RNAi or
cyct1;5/CYCT1;4 RNAI plants (Figure 4). Thus, loss of function of
the non-null cdkc;2/CDKC;1 RNAi and cyct1;5/CYCT1;4 RNAi
double mutants was completely resistant to CaMV.

CDKC;1 and CDKC;2 Interact with Multiple Cyclins and
Are CTD Kinases

Based on established interactions of CDK9 kinases with CYCT
subunits and the strikingly similar phenotypes of the cdkc
and cyct? mutants in CaMV resistance, it is likely that CDKC;1
and CDKC;2 form P-TEFb-like complexes with CYCT1;4 and
CYCT1;5in plant cells. We tested possible interactions between
these proteins using yeast two-hybrid assays. From a previously
reported yeast two-hybrid screen, CYCT1;3 is an interacting
partner for both CDKC;1 and CDKC;2 (Barroco et al., 2003) and
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Figure 2. Response of Arabidopsis cdkc;2 and cyct1;5 Mutants to TMV-cg and CaLCuV.
(A) Accumulation of TMV-cg viral RNAs. Three leaves of 4-week-old Arabidopsis plants were inoculated with TMV-cg (5 wg/mL). The lower, inoculated

leaves and upper, systemic infected leaves of five plants were collected at the indicated DAI for RNA isolation. RNA gel blot analysis was performed with

32P-labeled TMV-cg coat protein gene as a probe.

(B) Accumulation of CaLCuV DNA-A and DNA-B. Four-week-old Arabidopsis plants were bombarded with the infectious DNA clones of CaLCuV. Total

DNA was isolated from infected leaves at the indicated DAI. DNA gel blot analysis was performed with 32P-labeled DNA fragments specific to the A or B

components of CaLCuV.

was included in the assays as a positive control. We confirmed
that both CDKC;1 and CDKC;2 interacted with CYCT1;3 but
failed to detect their interactions with CYCT1;4 or CYCT1;5in the
yeast two-hybrid assays (Figure 5A).

To test whether Arabidopsis CDKC;1 and CDKC;2 are CTD
kinases, we expressed their corresponding genes as well as
CYCT1;3 in Escherichia coli and purified their recombinant
proteins. CYCT1;3 was chosen here because it interacts with
CDKC;1 and CDKGC;2 both in yeast and in vitro (Figure 5A)
(Barroco et al., 2003). When assayed in the absence of CYCT1;3,
the recombinant CDKC proteins were not able to phosphorylate

the RNAP Il heptapeptide (Figure 5B). When the recombinant

CDKC proteins were assayed with CYCT1;3, phosphorylation of

the heptapeptide was observed (Figure 5B). These results sup-

port the notion that Arabidopsis CDKC;1 and CDKC;2 are cyclin-
dependent CTD kinases.

CDKC;1 and CDKC;2 might form P-TEFb-like kinase com-
plexes with CYCT1;4 and CYCT1;5 in plant cells but not in yeast
cells because formation of the complexes requires activation
or accessory proteins not present in yeast cells. To test this, we
examined their interactions in planta using the bimolecular
fluorescence complementation (BiFC) assay (Walter et al.,

2004) in Agrobacterium tumefaciens—infiltrated tobacco (Nicoti-

ana benthamiana) leaves. CDKC;1 and CDKC;2 were fused to

the N-terminal yellow fluorescent protein (YFP) fragment and

CYCT1;4 and CYCT1;5 were fused to the C-terminal YFP frag-

ment. CYCT1;3 interacts with CDKC;1 and CDKC;2 in yeast cells

and was also fused to the C-terminal YFP fragment as a positive
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Figure 3. CDKC;2 and CYCT1;5 Dependence of the CaMV 35S Pro-
moter Activity.

(A) GUS activities in the wild type, cdkc;2, and cyct1;5 mutants trans-
formed with a GUS transgene driven by the CaMV 35S promoter.
Average GUS activities were calculated from 15 to 20 independent T1
transformants. GUS activities are expressed in units (nanomoles of
4-methylumbelliferone per minute per milligram of total soluble protein).
(B) Accumulation of GUS transcripts. Total RNA was pooled from 15 to
20 T1 transformants and probed with the full-length GUS gene fragment.

control. As expected, when the fused CDKC;1-N-YFP or
CDKC;2-N-YFP was coexpressed with CYCT1;3-C-YFP in to-
bacco leaves, a strong BiFC signal was detected in the nuclear
compartment of the transformed cells (Figures 5C and 5D). When
the same CDKC;1-N-YFP or CDKC;2-N-YFP was coexpressed
with CYCT1;4-C-YFP or CYCT1;5-C-YFP, a strong BiFC signal
was also observed in the nuclear compartment (Figures 5C and
5D). Control experiments in which CDKC;1-N-YFP or CDKC;2-N-
YFP was coexpressed with unfused C-YFP protein did not show
any fluorescence (Figures 5C and 5D). These experiments pro-
vide strong evidence that CDKC;1 and CDKC;2 form complexes
with CYCT1;4 and CYCT1;5 in plant cells.

Induced Expression of CDKC and CYCT1 Genes by
CaMV Infection

Because of their roles in CaMV infection, we analyzed the
expression of these CDKC and CYCT1 genes in CaMV-infected
plants. Fully expanded lower leaves of 4-week-old Arabidopsis
plants were mechanically inoculated with CaMV. As described
above, it takes ~10 to 13 d after inoculation to first detect
significant levels of CaMV viral DNA and observe symptom
development in upper systemically infected leaves (Figure 1). As
shown in Figure 6, the levels of transcripts for CDKC;1, CDKC;2,
CYCT1;4, and CYCT1,;5 were quite constant during the first 10
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DAl but increased substantially at 14, 18, and 24 DAI. Neither
mock inoculation nor TMV-cg or CaLCuV inoculation induced
expression of the genes (Figure 6). Thus, the four genes were
induced specifically by CaMV infection.

Embryonically Lethal Null cyct1;4 cyct1;5 Double Mutants

To test the functional redundancy of CYCT7;4 and CYCT1,5,
we initially attempted to generate cyct1;4-1 cyct1;5-1 double

A

DAI 18 26 35
1 2 34 1 2 3 4 1 2 3 4
e

B

DAl 18 26 35

. '“ 198

rBNA

Figure 4. CaMV Resistance of the cdkc;2/CDKC;1 RNAi and cyct1;5/
CYCT1;4 RNAi Mutants.

(A) Viral DNA accumulation. Wild-type (lane 1), cdkc;2 cyct1;5 (lane 2),
cdkc;2/CDKC; 1 RNAI (lane 3), and cyct1,5/CYCT1;4 RNAI (lane 4) plants
were inoculated by bombardment of pCa122, and total DNA was isolated
from leaf tissues harvested at the indicated DAl and probed with the P6
open reading frame of CaMV. Ethidium bromide staining of genomic DNA
is shown as a loading control.

(B) Viral RNA accumulation. Total RNA was isolated from inoculated
wild-type (lane 1), cdkc;2 cyct1;5 (lane 2), cdkc;2/CDKC;1 RNAI (lane 3),
and cyct1;5/CYCT1;4 RNAi (lane 4) plants. The RNA gel blot was first
probed with the P3 open reading frame of CaMV for detection of the 35S
RNA. The blot was stripped and reprobed with the P6 open reading
frame of CaMV for detection of the 79S RNA. Ethidium bromide staining
of rRNA is shown for the assessment of equal loading.
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Figure 5. CDKC;1 and CDKGC;2 Interact with CYCT1 Proteins and Phosphorylate the CTD Peptide.

(A) CDKC;1 and CDKGC;2 interact with CYCT1;3 but not CYCT1;4 or CYCT1;5 in yeast cells. The Gal4 DNA binding domain-CDKC;1 or -CDKC;2 fusion
vector was cotransformed with various activation domain-CYCT1 fusion vectors into yeast cells and grown in nonselective (+His) or selective (—His)
medium. The empty DNA binding (pBD) and activation (pAD) vectors were included as negative controls. Growth without added His (—His)
demonstrates interaction between protein pairs.

(B) Recombinant glutathione S-transferase (GST), GST-tagged CDKC;1 and CDKC;2, and His-tagged CYCT1;3 proteins were expressed and purified
from E. coli. Phosphorylation of the GST-tagged CTD of RNAP |l by the indicated proteins was assayed in the presence of [y-32P]ATP.

(C) and (D) BiFC analysis of CDKC;1 (C) and CDKC;2 (D) interactions in planta with CYCT1 proteins. Yellow fluorescence was observed in the nuclear
compartment of N. benthamiana leaf epidermal cells, which results from complementation of the N-terminal part of the YFP fused with CDKC;2
(CDKC;2-N-YFP) with the C-terminal part of the YFP fused with CYCT1;3 (CYCT1;3-C-YFP) or CYCT;5 (CYCT1;5-YFP). No fluorescence was observed
when CDKC;1-N-YFP or CDKC;2-N-YFP was coexpressed with unfused C-YFP. Bright-field images (left), YFP epifluorescence images (middle), and

overlay images of plasmid autofluorescence and YFP epifluorescence (right) of the same cells are shown.

mutants through genetic crossing. About 120 F2 seedlings from
cyct1;4+/~ cyct1;5%~ F1 plants were genotyped by PCR but no
cyct1;4~/~ cyct1;5~/~ homozygous double mutants were iden-
tified, although cyct1;4+/~ cyct1;5~/— and cyct1;4—/— cyct1;5+/~
plants were readily obtained. The absence of cyct1;4~/~ cyct1;
5-/~ double homozygous mutants from the crosses could be
the result of a gametophytic defect and/or a postfertilization,
embryonic defect. To test possible gametophytic lethality, we
conducted reciprocal crosses between wild-type and cyct1;,4~/~
cyct1;5%/~ plants and genotyped the resultant F1 plants by PCR.
As shown in Table 1, the F1 progeny from the reciprocal crosses
comprised ~50% cyct1;4+/~ cyct1;5%/+ plants and 50% cyct1;
4+/- cyct1;5%/~ plants. We also conducted a genetic cross us-
ing a cyct1;4*/~ cyct1;5~/— plant as the pollen donor and a

cyct1;4~/~ cyct1;5%/~ plant as the pollen recipient. A total of 96
F1 progeny were analyzed and found to have a similar number
of cyct1;4+/~ cyct1;5%~, cyct1;4~/~ cyct1;5%/~, and cyct1;4+/~/
cyct1;5~/~ plants (Table 1). These results indicate that double
mutations of cyct1;4 and cyct1;5 can be cotransmitted through
both types of gametophytes; therefore, failure to obtain cyct1;4
cyct1;5 double homozygous mutants was due to zygote syn-
thetic lethality. To confirm that the double homozygous muta-
tions cause embryo lethality, we examined the seeds within the
siliques of cyct1;4~/~ cyct1;5t/~ and cyct1;4+/~ cyct1;5~/~
plants. As shown in Figure 7A, ~25% of seeds from the siliques
of both genotypes were aborted. The small, brown, aborted
seeds and transparent embryos suggest that developmental
arrest occurs during embryogenesis.
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Figure 6. Induced Expression of CDKC and CYCT1 Genes by CaMV.

Top, 4-week-old Arabidopsis plants were mechanically inoculated with
TMV-cg or partially purified CaMV virions, with mock-inoculated (buffer
only) plants used as controls. Bottom, plants were bombarded with the
infectious DNA clones of CaLCuV or with gold particles (mock) as a
control. Total RNA was isolated at the indicated DAl and probed with 32P-
labeled CDKC and CYCT1 gene-specific DNA fragments.

Altered Growth and Development from Loss of Function of
Both CDKC;1 and CDKC;2 or CYCT1;4 and CYCT1;5

Both cdkc;2/CDKC;1 RNAi and cyct1;5/CYCT1;4 RNAi mutants
showed clear differences in leaf development from the wild type
(Figures 7B and 7C). The rosette leaves of the mutants were
smaller and more curled and twisted than those of wild-type
plants. The extent of the abnormal leaf growth of the mutant
plants correlated with the degree of decrease of the transcripts
for the targeted CDKC;1 or CYCT1,;4 in the respective mutants
(data not shown).

We examined cyct1;5/CYCT1;4 RNAi rosette leaves using
scanning electron microscopy. A majority of adaxial trichomes
of cyct1;5/CYCT1;4 RNAI leaves had two branches instead of

Cyclin-Dependent Kinase C 1395

the three branches found in typical trichomes of wild-type
leaves. In addition, the adaxial surface of cyct1,5/CYCT1;4 RNAi
leaves was rough and showed unusual cell and stomata shapes
(Figure 7D)

Loss of function of the CDKC and CYCT1 genes also resulted
in delayed flowering. Compared with wild-type plants, flowering
of the cyct1;5 mutant was slightly but significantly delayed when
grown under a medium (12-h) photoperiod (Figure 8A). The
cdkce;2 single mutants and the cdkc;2 cyct1;5 double mutants,
on the other hand, showed substantially delayed flowering and
had increased numbers of rosette leaves at the time of bolting
(Figure 8A). The most extensive delay in flowering, however, was
observed in the non-null cdkc;2/CDKC;1 RNAi and cyct1;5/
CYCT1;4 RNAi double mutants, which had almost twice as many
rosette leaves as wild-type plants at the time of bolting under the
growth conditions (Figure 8A).

The MADS box protein encoded by FLOWERING LOCUS C
(FLC) functions as a repressor and is one of the central regulators
of flowering in Arabidopsis. To examine the possible involvement
of FLC in the delayed flowering of the mutants, we performed
RNA gel blotting to compare mutant plants with wild-type plants
for the levels of FLC transcripts. The FLC transcript was signif-
icantly elevated in the cdkc;2, cdkc;2/CDKC; 1 RNAi and cyct1,;5/
cyCYCT1;4 RNAi mutants, which all displayed delayed flowering
phenotypes (Figures 8A and 8B). The FLC transcript level was
normal or slightly reduced in the cyct1;5 single mutant, which
exhibited only a slight delay in flowering. In the cdkc;2 cyct1;5
double mutants, the FLC transcript level was only slightly higher
than that in wild-type plants but substantially lower than that in
the cdkc;2 mutants, even though the double mutants flowered at
least at late as the cdkc;2 mutants (Figures 8A and 8B).

Functional Interaction of CDKC;2 with RNA-DEPENDENT
POLYMERASESG in the Regulation of Carpel Growth

P-TEFb has been shown to coordinate transcription with capping
and 3’ end formation of primary transcripts (Ni et al., 2004;
Adamson et al., 2005). Defects in capping and 3’ end formation
were recently linked with RNA-DEPENDENT POLYMERASEG6
(RDR6)-mediated RNA silencing in Arabidopsis (Gazzani et al.,
2004; Herr et al., 2006; Luo and Chen, 2007). These observations
prompted us to examine possible functional interactions be-
tween CDKC and RDR6. We crossed cdkc;2 with rdr6-11
(Peragine et al., 2004) and found that double mutants exhibited
similar phenotypes of slightly distorted rosette leaves and
delayed flowering found in the parental rdr6-117 and cdkc;2
mutants (data not shown). However, unlike their parental single

Table 1. Genetic Analysis of the Lethal Phenotype of the cyct1,;4 cyct1;5 Double Mutant

Cross Number of Plants

cyct1;4+/~ cyct1;4+/~ cyct1;4-/~ cyct1;4+/~ cyct1;4-/~
Female Male Total cyct1;5+/+ cyct1;5+/~ cyct1;5+/~ cyct1;5-/~ cyct1;5-/~
Wild type cyct1;4-/~ cyct1;5%/~ 40 19 21 0 0 0
cyct1;4-/~ cyct1;5+/~ Wild type 41 21 20 0 0 0
cyct1;4~/= cyct1;5+/~ cyct1;4+/~ cyct1;5~/~ 96 0 34 30 32 0
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Figure 7. Growth Phenotypes of Double Mutants.

(A) Morphology of seeds from wild-type, cyct1;4~/~ cyct1;5-/+, and
cyct1;4-/+ cyct1;5~/~ plants. The aborted seeds from siliques of mutant
plants are either pale or brown and shrunken.

(B) Morphology of 6-week-old wild-type and transgenic cdkc;2-1 mutant
plants expressing a RNAi construct for CDKC;1. The extent of reduction
in the size of the RNAi mutants was correlated with the extent of
reduction in the level of CDKC;1 transcripts, as determined by RT-PCR
(data not shown).

(C) Morphology of wild-type and transgenic cyct?;5 mutant plants
expressing a RNAi construct for CYCT1;4. The altered leaf growth in
the RNAi mutants was observed only in mutant plants with reduced
levels of CYCT1;4 transcripts, as determined by RT-PCR (data not
shown).

(D) Scanning electron microscopy images of rosette leaf surfaces of
wild-type and cyct1;5/CYCT1;4 RNAi mutant plants. Bars = 50 pm.

mutants, which set numbers of seeds similar to those of wild type
when grown in normal conditions, the fertility of the rdr6-11 cdk;2
double mutants was reduced by >80% (Figure 8C). The reduced
fertility appeared to be a consequence of elongated carpels,
such that pollen released from the anthers is unable to reach the
stigma surface (Figure 8C). When manually fertilized, however,
the double mutants could produce seeds, supporting our hy-
pothesis that the mechanical defects in the coordinated growth
of filaments and styles were mainly responsible for the drastically
reduced fertility.

To explore the rather specific effect on carpel elongation
associated with the disruption of CDKC;2 in the rdr6 mutant
background, we examined possible tissue-specific expression
of CDKC;2 by analyzing the expression of a GUS reporter gene
driven by the CDKC;2 promoter in transgenic plants. For com-
parison, transgenic plants harboring the GUS reporter gene driven
by the CDKC;1 promoter were also generated and analyzed. In
vegetative tissues, GUS expression was detected in all tissues,
but the staining was particularly intense in the vascular veins of
leaves for both CDKC; 1 and CDKC;2 (data not shown). In flowers,
we detected the highest CDKC;2 expression in the carpels, par-
ticularly in the stigma and style (Figure 8D). By contrast, in flowers
of transgenic plants expressing a GUS reporter gene driven by the
CDKC;1 promoter, the highest GUS activities were detected in
stamens, particularly in anthers (Figure 8D).

DISCUSSION

Role of Arabidopsis CDKC Complexes in CaMV Infection

CaMV was the first plant virus to be found to contain DNA instead
of RNA as genetic material (Shepherd et al., 1968, 1970) and has
been studied extensively, particularly with regard to the roles of
viral regulatory sequences and proteins involved in the tran-
scription, replication, movement, and pathogenesis of the virus
(Kiss-Laszlo and Hohn, 1996; Kobayashi et al., 2002; Stavolone
et al., 2005). In addition, the CaMV 35S promoter has been
explored extensively for the expression of heterologous genes in
transgenic plants. Despite this progress, little information is
available about plant host factors targeted by the virus for the
activation and regulation of transcription. Here, we report that
Arabidopsis knockout mutants for CDKC;2 and CYCT1;5 are
highly resistant to CaMV and the cdkc;2 cyct1;5 double mutant
is extremely resistant to CaMV (Figure 1). By contrast, these
mutants respond normally to TMV-cg and CaLCuV (Figure 2).
Expression of Arabidopsis CDKC;2 and CYCT1;5 is induced by
infection with CaMV but not with TMV-cg or CaLCuV (Figure 6),
and CDKGC;2 can phosphorylate the CTD of RNAP Il in the
presence of an interacting cyclin subunit (Figure 5B). These
results strongly suggest that the CDKC;2/CYCT1;5 complex
functions as a P-TEFb and plays an important role in infection
with CaMV.

There are two CDK9-like (CDKC;1 and CDKC;2) and five
CYCT1-like (CYCT1,1 to CYCT1,5) genes in Arabidopsis (Barroco
et al., 2003; Wang et al., 2004). When T-DNA insertion or
Ds-tagged lines for these genes were analyzed for CaMV infec-
tion, only those for CDKC;2 and CYCT1;5 displayed enhanced
resistance (Figure 1). These results suggest that CaMV utilizes
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Figure 8. Phenotypes of Flowering and Flower Development of Double
Mutants.

(A) Plants of the wild type (plant 1), cdkc;2 (plant 2), cyct1;5 (plant 3),
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specific members of these small protein families for the activa-
tion of transcription. However, although the cdkc;2 and cyct1;5
mutants are null based on the absence of their respective
transcripts, they exhibited a leaky phenotype in that they were
not completely resistant to CaMV (Figure 1). The leaky pheno-
types are due to partial functional redundancy of the related
CDKC and CYCT1 proteins. When the expression of CDKC; 1 and
CYCT1;4 was inhibited by RNAI in the respective cdkc;2 and
cyct1,;56 mutant backgrounds, we observed complete resistance
to CaMV in the resultant non-null double mutants (Figure 4).
Thus, CaMV may utilize preferentially, but not exclusively,
CDKGC;2 and CYCT1;5 for transcription activation. A high but
not absolute specificity of targeting of similar host factors by
CaMV might have advantages for the virus. Although the cdkc;2
and cyct1;56 mutants have largely normal growth and develop-
ment, the cyct1;4 cyct1;5 double mutant had a lethal phenotype.
CaMV may have evolved to exploit the functional redundancy of
these closely related proteins by preferentially targeting some of
these transcription factors to avoid competition with the tran-
scription of host genes, thereby reducing or avoiding a selection
pressure from the host. On the other hand, different members of
a gene family often exhibit differential cell- or tissue-specific
expression patterns. If the targeting specificity were too strin-
gent, CaMV transcription would be blocked in certain cells or
tissues where genes encoding targeted factors are not ex-
pressed or are expressed at very low levels. An extremely high
specificity would also limit the host range of the virus if the host
factors required for viral transcription differed significantly in their
structures, even among closely related plant species.

P-TEFb as an Evolutionarily Conserved Target of
Retroviruses and Pararetroviruses

In humans, P-TEFb is targeted by HIV-1 and is required for its
transcription and replication (Mancebo et al., 1997). A recent
study reported that human T-lymphotropic virus type |, another
complex retrovirus, recruits P-TEFb to stimulate viral gene
transcription (Zhou et al., 2006). No such close link of P-TEFb
has been reported with other animal DNA viruses (such as
adenoviruses and herpes viruses) that also depend on host
RNAP II for transcription (Flint and Shenk, 1997). Likewise, the
Arabidopsis cdkc;2 and cyct1;5 mutants are resistant to CaMV
(Figure 1) but respond normally to CaLCuV (Figure 2), DNA
geminiviruses whose genes are also transcribed by host RNAP ||

cdke;2 cyct1;5 (plant 4), cdkc;2/CDKC;1 RNAI (plant 5), and cyct1;5/
CYCT1;4 RNAi (plant 6) mutants grown under a 12-h-light/12-h-dark
photoperiod. The photograph was taken 8 weeks after germination.

(B) FLC transcripts in 5-week-old plants of the wild type (lane 1), cdkc;2
(lane 2), cyct1;5 (lane 3), cdkc;2 cyct1;5 (lane 4), cdkc;2/CDKC;1 RNAI
(lane 5), and cyct1;5/CYCT1;4 RNAI (lane 6) mutants grown under a 12-h-
light/12-h-dark photoperiod.

(C) Siliques (top panel) and flower buds (bottom panel) of wild-type,
rdr6-11, cdkc;2-1, and rdr6 cdkc;2 mutant plants.

(D) GUS activities in flower buds of stably transgenic Arabidopsis plants
expressing CDKC;1:GUS (left) or CDKC;2:GUS (right). These images are
representative results of multiple flowers buds examined from five
independent transgenic lines for each construct.
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(Hanley-Bowdoin et al., 2000). Thus, P-TEFb appears to be an
evolutionally conserved target of complex retroviruses and
pararetroviruses for transcription activation. This remarkable
conservation most likely reflects a fundamental mechanism
unique to the transcription of these viruses.

Although human P-TEFb is not known to play a critical role in
the transcription of any human DNA virus, its overexpression in
human cells can greatly activate the in vivo activity of the
cytomegalovirus promoter (Peng et al., 1998). Thus, P-TEFb
has an ability to enhance the activity of promoters from other
DNA viruses; therefore, it is intriguing that no animal DNA virus is
known to recruit this host factor for transcription activation.
Unlike retroviruses and pararetroviruses, the products of tran-
scription of most DNA viruses are used primarily as templates for
translation; therefore, these viruses can utilize not only transcrip-
tional mechanisms but also a number of posttranscriptional
mechanisms that mediate RNA splicing or RNA stability to
maximize the production of viral gene products. In retroviruses
and pararetroviruses, the full-length genomic or pregenomic
RNA is multifunctional; it is utilized as a template for translation
and as a template for genome replication through reverse tran-
scription (Kiss-Laszlo and Hohn, 1996). This RNA must be
stringently regulated to achieve the appropriate balance for
translation or replication. While posttranscriptional mechanisms
such as splicing are necessary for gene expression of retro-
viruses and pararetroviruses, they would be counterproductive
for replication of the virus by depleting the full-length viral RNA
templates required for reverse transcription. As a result, retro-
viruses and pararetroviruses may have to rely more on transcrip-
tional mechanisms, such as those mediated by P-TEFb, to
enhance the production of genomic or pregenomic RNA.

The long terminal repeat of HIV-1 has minimal promoter
activity in the absence of the viral Tat protein (Brady and
Kashanchi, 2005). The CaMV 35S promoter, on the other hand,
is strongly active in plant cells in the absence of any viral protein
(Odell et al., 1985). By analyzing the expression of areporter gene
driven by the CaMV 35S promoter, we have shown that CDKC;2
and CYCT1;5 are required for the high CaMV 35S promoter
activity (Figure 3). Thus, the CDKC;2/CYCT1;5 kinase complex
might be recruited directly to the viral promoter for transcription
activation. Since neither CDKC;2 nor CYCT1;5 is known to bind
DNA, their recruitment by the 35S promoter is probably mediated
by cellular DNA binding transcription factors that recognize
regulatory cis-acting DNA sequences in the CaMV 35S promoter.
It should also be pointed out that although the CaMV 35S
promoter alone can direct the synthesis of full-length transcripts
from heterologous transgenes in transgenic plants, additional
viral factors may be required for efficient synthesis of the much
longer 35S RNA during CaMV infection. These unidentified viral
factors could function as additional recruiters of the cellular
CDKC/CYCT1 complex to stimulate transcription, particularly
transcription elongation.

Role of Arabidopsis CDKC Complexes in Plant
Growth and Development

Although highly resistant to CaMV, the cdkc;2, cyct1;5, and
cdkc;2 cyct1;5 mutants exhibit largely normal growth and de-

velopment. The relatively mild phenotypes of the mutants in plant
growth and development were apparently due to the presence of
functionally redundant homologs. CYCT1;5 is structurally most
closely related to CYCT1;4, and the cyct1;4 cyct1;5 double mutant
was embryo-lethal (Table 1, Figure 7A), indicating that they are
essential for plant growth. Based on the severe phenotypes of the
non-null cdkc;2/CDKC;1 RNAi mutants, the two CDKC kinases
most likely have overlapping, essential roles as well. Both the
cdkc;2/CDKC; 1 RNAi and cyct1;5/CYCT1;4 RNAi double mutants
had altered leaf and trichrome growth compared with wild-type
plants (Figure 7). The mutants also flowered late (Figure 8A) and
produced drastically reduced numbers of seeds (data not shown).
These results indicate that the CDKC complexes have important
roles in both plant growth and development.

The most notable phenotype of the cdkc;2 mutants was
significantly delayed flowering (Figure 8A). Flowering was further
delayed in the cdkc;2/CDKC;1 RNAi and cyct1,5/CYCT1;4 RNAi
double mutants (Figure 8A). Delayed flowering of the mutants
was associated with enhanced levels of FLC transcripts (Figure
8B). In Arabidopsis, early flowering and repression of FLC are
observed in the mutants for VIP4, ELF7, and ELF8 that encode
homologs for subunits of PAF, a yeast transcription elongation
complex containing Paf1, Cdc73, Ctr9, Rtf1, and Leo1 (Zhang
and van Nocker, 2002; He et al., 2004; Oh et al., 2004). In yeast,
PAF is linked to histone 3 Lys-4 methylation by the Set1 methyl-
transferase in actively transcribed genes (Krogan et al., 2003).
ELF7 and ELF8 (homologs of Pafi and Ctr9, respectively) are
required for the enhancement of histone 3 Lys-4 methylation in
FLC chromatin (He et al., 2004). More recent studies have revealed
that the association of PAF with RNAP Il is mediated by DISF, a
transcription elongation factor known to interact both physically
and functionally with P-TEFb (Qiu et al., 2006). Therefore, the
observed regulation of Arabidopsis flowering time and FLC ex-
pression by genes encoding subunits of PAF and P-TEFb may be
mechanistically linked. Intriguingly, while mutations of genes
encoding subunits of PAF cause repression of FLC and early
flowering (Zhang and van Nocker, 2002; He et al., 2004; Oh et al.,
2004), mutations of genes encoding subunits of P-TEFb lead to
elevated levels of FLC transcript and delayed flowering (Figure 8).
These genetic data suggest that the actions of these transcription
factors in the regulation of transcription elongation may be more
complex than currently understood. Such complex actions have
been well illustrated by the contradictory observations with DISF,
which acts as a negative elongation factor in vitro but actually
facilitates elongation in vivo (Sims et al., 2004). Apparently, DISF is
required for transcriptional pausing, but upon phosphorylation of
its SPT5 subunit by P-TEFb it can be converted into a positive
elongation factor (Sims et al., 2004). DISF interacts with both PAF
and P-TEFb, and its dual roles in transcription elongation may
explain the opposite roles of Arabidopsis PAF-like and P-TEFb—
like complexes in the regulation of flowering.

CDKGC;2 and its interacting CYCT1;5 partner have an additive
role in CaMV infection, based on the more resistant phenotype of
the cdkc;2 cyct1;5 double mutant than the cdkc;2 and cyct1;5
single mutants (Figure 1). No such additive role was obvious in the
regulation of flowering, since the flowering of the cdkc;2 cyct1;5
double mutants was similarly delayed as that of the cdkc;2 single
mutants (Figure 8A). In fact, CDKC;2 appeared to be antagonized



by its interacting CYCT1;5 partner in the regulation of FLC
expression, based on the observation that FLC transcript levels
were elevated in the cdkc;2 mutants but not in the cdkc;2 cyct1;5
double mutants (Figure 8B). It is possible that the role of a CDKC
kinase is regulated by its specific CYCT partner and that disrup-
tion of a CYCT1 gene may cause a CDKC to associate with a
different CYCT1 to form a complex with an altered function.

The altered phenotypes in the cdkc and cyct? mutants likely
resulted from the inhibited expression of targeted genes impor-
tant for plant growth and development. In addition, factors
affecting transcription elongation can also affect the processing
of primary transcripts, such as capping, splicing, and 3’ end
formation of mMRNA (Sims et al., 2004). Recent genetic studies in
Arabidopsis indicate that transcripts defective in capping or 3’
end formation are targeted by RDR6-mediated RNA silencing
pathways (Gazzani et al., 2004; Herr et al., 2006). Through
genetic analysis, we observed that CDKC;2 and RDR6 act
cooperatively in the regulation of Arabidopsis carpel growth
(Figure 8C). CDKC;2 is highly expressed in carpels, and its
disruption may lead to the production of truncated or defective
transcripts that could be targeted by RDR6-mediated RNA
silencing. In the cdkc;2 rdr6 double mutants, the truncated
or defective transcripts may accumulate, leading to abnormal
carpel growth through unknown mechanisms.

METHODS

Plant Growth Conditions

Arabidopsis thaliana and Nicotiana benthamiana plants were grown in a
growth chamber at 22°C with 120 wE-m—2.s~' light intensity and a
photoperiod of 12 h of light and 12 h of dark.

Identification and Genotyping of Knockout Mutants

The cdkc;2-1 (SALK_149280), cdkc;2-2 (SALK_029546), cyct1;2-1
(SALK_041740), cyct1;3-1 (SALK_064430), cyct1;4-1 (SALK_139324),
and cyct1;5-1 (SALK_021004) T-DNA insertion mutants were identified
from the Salk Arabidopsis T-DNA insertion population (Alonso et al.,
2003). cyct1,3-2 (Flag_396B05) is a T-DNA insertion line obtained from
the Institute of Agronomic Research at Versailles, France (Samson et al.,
2002). The cyct1;1-1 (Pst20464) mutant is a Ds transposon-tagged line
obtained from the RIKEN Genomic Science Center in Yokohama, Japan
(Kuromori et al., 2004). Homozygous lines for the mutants were identified
by PCR using primers corresponding to sequences flanking the insertion
sites (see Supplemental Table 1 online).

Virus Infection

Mechanical inoculation of Arabidopsis plants with partially purified CaMV
virons was performed as described (Yu et al., 2003b). To inoculate plants
by particle bombardment, gold particles (1 um, 320 .g) were coated with
2 g of pCail22 plasmid DNA (Kobayashi et al., 2002) and bombarded into
Arabidopsis plants as described (Xu et al., 2006). Inoculation of Arabi-
dopsis plants with TMV-cg or CaLCuV was performed as described
(Turnage et al., 2002; Yu et al., 2003a).

DNA and RNA Gel Blot Analyses

Total DNAs from virus-infected leaves were isolated as described (Yu
et al., 1999). Total RNA was isolated from frozen plant materials as
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described (Zheng et al., 2006). DNA and RNA separation, blotting, and
hybridization were performed using standard procedures (Sambrook
et al., 1989).

Recombinant Protein Production and Kinase Activity Assays

The CDKC;1 and CDKC;2 coding sequences were PCR-amplified and
cloned into pGEX-4T-1 (Amersham Biosciences) to generate in-frame
fusions with the GST tag sequence. The CYCT1,3 coding sequence was
PCR-amplified and cloned into pET-32a (Novagen) to generate His tag
sequences. To generate GST fusion proteins containing two repeats of
the YSPTSPS heptapeptide, two primers (5'-CGGGATCCTACTCCCC-
GACCTCCCCGTCCTACTCCCCGACCTCCCCGTCTTATGCCCCAGAA-
TTTCCG-3' and 5'-CGGAAATTCTGGGGCATAAGACG-3') were annealed
and extended by the Klenow enzyme to form a dsDNA fragment. The
fragment was digested with BamHI/EcoRI and inserted into pGEX-4T-1.
The resulting plasmids were introduced into Escherichia coli BL21 cells.
Induction of recombinant protein production and purification were per-
formed following the protocols recommended by the manufacturers.

CTD phosphorylation reactions were assembled on ice in a kinase
buffer (25 mM Tris-Cl, pH 7.8, 15 mM MgCl,, and 1 mM DTT) containing
2 pg of recombinant GST-tagged CDKC;1 or CDKC;2 protein with or
without 2 g of His-tagged CYCT1;3 recombinant protein. The reactions
were initiated by adding 1 pg of GST-CTD substrate protein and 2.5 p.Ci of
[y-32P]JATP and terminated by the addition of SDS loading buffer after
30 min of incubation at room temperature. The reaction mixtures were
separated by 12.5% SDS-PAGE, and CTD phosphorylation was detected
by autoradiography.

Yeast Two-Hybrid Assays

Yeast two-hybrid assays were performed with the GAL4 system. The
CDKC;1 and CDKC;2 coding sequences were amplified and cloned into
pBD-GAL4 to generate DNA binding domain fusion partner proteins, and
CYCT1;3, CYCT1;4, and CYCT1,5 coding sequences were inserted into
pAD-GAL4 to form activation domain fusion proteins. All PCR-mediated
cloned constructs were verified by sequencing. For interaction analysis,
two combinatory constructs were transformed simultaneously into the
YRG-2 yeast strain (Stratagene) and tested for His3+, Trp+, and Leu*
auxotrophy and LacZ reporter activity (3-galactosidase assay) according
to the manufacturer’s protocols.

BiFC Assays

DNA sequences for the N-terminal 173-amino acid EYFP (N-YFP) and the
C-terminal 64-amino acid (C-YPF) fragments were PCR-amplified and
cloned into the plant expression vectors pOCA30 (Chen and Chen, 2002)
and pFGC5941 to generate pOCA-N-YFP and pFGC-C-YFP, respec-
tively. The Arabidopsis CDKC;1 and CDKC;2 coding sequences were
inserted into pOCA-N-YFP to generate the N-terminal in-frame fusions
with N-YFP, whereas CYCT1,;3, CYCT1;4, and CYCT1,5 were introduced
into pFGC-C-YFP to form C-terminal in-frame fusions with C-YFP. The
resulting clones were verified through sequencing. The plasmids were
introduced into Agrobacterium tumefaciens (strain GV3101), and infiltra-
tion of N. benthamiana was performed as described previously (Walter
et al., 2004). Confocal microscopy was performed using a Bio-Rad MRC-
1024 laser scanning confocal imaging system.

Reporter Gene Assays of the CaMV 35S Promoter Activity

A GUS gene construct driven by the CaMV 35S promoter was generated
by inserting the GUS gene into the plant transformation vector pKMB
(Mylne and Botella, 1998). This construct was introduced into Agro-
bacterium and then transformed into Arabidopsis plants using the floral



1400 The Plant Cell

dip procedure (Clough and Bent, 1998). Primary transformants were
identified by BASTA resistance in soil. GUS activity was measured using
4-methylumbelliferyl-B-D-glucuronide as substrate (Jefferson et al., 1987).

Generation of Transgenic RNAi Lines

To generate cdkc;2/CDKC;1 RNAi mutants, an ~300-bp fragment
corresponding to the 3’ untranslated sequence of CDKC;1 was amplified
by PCR using primers 5’-atcggatccatttaaat CTGCCCACATATGAATCAT-
CAC-3’ (italics are BamHI and Swal sites, and uppercase letters corre-
spond to the sequence of the genes to be amplified; sense primer) and
5'-atcggcgcgcecactagtATCACATTAAATGTAAG-3' (italics are Ascl and
Spel sites; antisense primer), and the PCR product was then cloned into
appropriate restriction sites of the pFGC5941 RNAi vector (http://www.
chromdb.org/fgc5941.html). The resultant construct was transformed
into the cdkc;2-1 mutant background by the Agrobacterium-mediated
floral dip method. The cyct1;5/CYCT1;4 RNAi mutants were generated
with the same strategy using an ~350-bp CYCT 1,4 fragment amplified by
PCR with the primers 5'-atcggcgcgcctctagaCGAGATTCTTGATGGAAA-
CAACTTG-3' (italics are Ascl and Xbal sites; sense primer) and 5'-atc-
atttaaatggatccGAGACCCTAAATCCTATGGGATGG-3' (jtalics are Swal and
BamHl sites; antisense primer). The construct was transformed directly
into the cyct1;5-1 mutant background. Seeds from Agrobacterium-
treated plants were grown directly in soil, and transformants were selected
for BASTA resistance. Suppressed expression of the targeted genes was
analyzed by RT-PCR or RNA gel blotting.

RT-PCR Analysis

Total RNA was extracted and subjected to reverse transcription with
SuperScript lll reverse transcriptase (Invitrogen). Two CDKC; 1-specific
primers (5'-CCGGGCTTCACTATTGTCAT-3’ and 5'-GAACCAAGGCAT-
CTTGGAAA-3’) were used to amplify a 374-bp product from CDKC;1;
two CYCT1,;4-specific primers (5'-AAACCGTGTTCCTGCATCTC-3’ and
5'-GGAAAATGTGCACCTGCTTT-3') were used to amplify a 327-bp
product from CYCTT7;4; and two UBQ10-specific primers (5'-TCA-
ATTCTCTCTACCGTGATCAAGATGCA-3’ and 5'-GGTGTCAGAACTCT-
CCACCTCAAGAGTA-3') were used to amplify a 320-bp product from
UBQ10. PCR conditions were as follows: 94°C for 3 min; followed by 30
cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s; and a final
extension at 72°C for 5 min.

Light and Electron Microscopy

A Nikon SMZ-U stereomicroscope was used to observe siliques and floral
structures from wild-type and mutant plants. For scanning electron
microscopy, rosette leaves of wild type and mutant plants were cryopre-
pared with liquid nitrogen. Samples were then examined by NOVA nano-
scanning electron microscopy (FEI) operating at 3 kV and ~14-mm
working distance.

Promoter-GUS Analysis

The ~1.3-kb promoter regions of the CDKC;1 and CDKC;2 genes were
PCR-amplified from the genomic DNA and cloned into a modified plant
expression vector that contains a promoterless GUS gene. The promoter—
GUS constructs were transformed into Arabidopsis plants using the
Agrobacterium-mediated floral dip method. Histochemical staining of
GUS activity was performed as described previously (Jefferson et al., 1987).

Accession Numbers

Arabidopsis Genome Initiative locus identifiers for the genes mentioned in
this article are as follows: CDKC;1 (At5g10270), CDKC;2 (At59g64960),

CYCT1;1 (At1g35440), CYCT1;2 (At4g19560), CYCT1;3 (At1g27630),
CYCT1;4 (At4g19600), CYCT1;5 (At5g45190), FLC (At5g10140), NRPB1
(At4g35800), and UBQ10 (At4g05320).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table 1. PCR Primers Used in Knockout Mutant
Screening.

Supplemental Figure 1. Sequence Comparison of Arabidopsis
CDKC and CYCT1 Proteins.

Supplemental Figure 2. Diagram of Arabidopsis Genes and T-DNA
Insertion or Transposon-Tagging Mutants.

Supplemental Figure 3. Genetic Complementation of the cyct1;5
Mutant.

Supplemental Figure 4. RT-PCR Analysis of CDKC;1 and CYCT1;4
Transcripts from RNAi Plants.
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