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Nanoviruses, multicomponent single-stranded DNA plant viruses, encode a unique cell cycle link
protein, Clink, that interacts with retinoblastoma-related proteins (RBR). We have established transgenic
Arabidopsis thaliana lines that conditionally express Clink or a Clink variant deficient in RBR binding. By
controlled induction of Clink expression, we demonstrated the capacity of the Clink protein to alter RBR
function in vivo. We showed that transcription of both S-phase-specific and G,/M-phase-specific genes was
up-regulated depending on the RBR-binding proficiency of Clink. Concomitantly, ploidy levels increased
in a substantial fraction of leaf cell nuclei. Also, leaf epidermis cells of transgenic plants producing Clink
were smaller and more numerous, indicating additional cell divisions in this tissue. Furthermore, cyto-
genetic analyses following induction of Clink expression in mature leaves revealed the presence of
metaphasic and anaphasic nuclei, clear evidence that Clink-mediated RBR inactivation is sufficient to
induce quiescent cells to reenter cell cycle progression and, for at least a fraction of them, to pass through
mitosis. Expression of Clink had no effect on genes transcribed by RNA polymerases I and III, suggesting
that, in contrast to its mammalian homologue, A. thaliana RBR is not involved in the repression of
polymerase I and polymerase III transcription. The results of these in vivo analyses firmly establish Clink
as a member of the diverse class of multifunctional cell cycle modulator proteins encoded by small DNA

viruses.

Due to their restricted genome size, small DNA viruses do
not encode polymerases and other enzymes of the DNA syn-
thesis machinery. Instead, they exploit host DNA replication to
multiply their genomes (19). This is a general feature of mam-
malian tumor viruses, e.g., simian virus 40 (SV40) or the pap-
illomaviruses, which encode multifunctional regulatory pro-
teins that cause the host cell to enter S phase, thereby making
the host’s DNA synthesis machinery available for virus DNA
replication. Key regulators of cell cycle progression are the
members of the retinoblastoma protein (RB) family, which
sequester E2F/DP transcription factors in inactive complexes,
thereby preventing them from gene activation (13, 53). The
RB-controlled block of cell cycle progression is released in
various ways, frequently by the binding of other proteins to RB
and the subsequent release of the previously sequestered tran-
scription factors. Various cellular or viral proteins bind to RB
or otherwise prevent it—by hyperphosphorylation (48) or deg-
radation (8)—from complexing S-phase relevant transcription
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factors. Among the best-studied examples are the SV40 large T
antigen (T-ag), human papillomavirus E7, and adenovirus E1A
protein, all of which bind to the pocket domain of RB through
a sequence containing the conserved amino acid motif LxCxE
(11, 16).

In mammals, RB also acts as a general repressor of tran-
scription by RNA polymerase IIT (PolIIl) and Poll, potentially
to control cell growth (reviewed in reference 29). Repression
of Poll transcription is mediated through interaction between
RB and the RNA Poll transcription factor UBF (10), while the
different classes of Pollll-transcribed genes appear to be
down-regulated via distinct mechanisms involving the interac-
tion of RB with different transcription factors (21, 22, 47, 54).
These effects require the pocket domain of RB, and LxCxE-
containing viral proteins such as E1A, T-ag, and E7 are able to
relieve the repressive effects of RB on Pollll and Poll tran-
scription (29, 54).

Plant DNA viruses include members of the families Gemi-
niviridae and Nanoviridae (43, 52). These viruses possess small
single-stranded DNA (ssDNA) genomes, as opposed to the
double-stranded genomes of the mammalian tumor viruses
cited above, but still show striking similarities with them in the
way they induce host cells to enter S phase or trigger progress
beyond the G,/S checkpoint (20).

The multifunctional replication initiator protein Rep (or
AL1) of geminiviruses has been shown to bind to the plant
homologues of RB, retinoblastoma-related proteins (RBR),
and release the block imposed by RBR on cell cycle progres-
sion (18, 26). The binding of geminivirus Rep proteins to RBR
is not always mediated by an LxCxE motif; expression of Rep
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proteins from viruses of the genus Begomovirus which lack this
sequence systematically leads to the induction of cell cycle
progression and S-phase-relevant genes, such as the prolifer-
ating cell nuclear antigen gene (PCNA) (18, 35, 36).

Members of the second plant virus family with ssDNA ge-
nomes, the nanoviruses, encode a multitude of replication ini-
tiator proteins, but only one of them, the master Rep (M-Rep),
is essential for nanovirus genome multiplication (49). In addi-
tion, all nanoviruses encode a small (20-kDa) protein named
Clink (for “cell cycle link™) that has been shown to bind human
RB and plant RBR in vitro through its LxCxE motif (5).
Furthermore, Clink is an F-box protein that also interacts with
Skpl protein, a member of the Skpl/cullin/F-box protein com-
plex targeting proteins for ubiquitin-dependent degradation by
the 26S proteasome. Clink acts as a replication enhancer dur-
ing infection by a nanovirus (5). The stimulating effect of Clink
on DNA replication is not nanovirus specific; geminivirus
DNA replication is equally enhanced (3). Although present in
the genomes of all known nanoviruses, Clink is not essential
for the replication of faba bean necrotic yellows virus
(FBNYV) DNA or for the infectivity and symptom expression
of this nanovirus (50).

The in vitro interaction of Clink with RBR and its function
as a replication enhancer in vivo suggested that Clink might
interact with RBR in planta and trigger cell cycle progression
in a manner similar to that of geminivirus Rep proteins or, for
instance, SV40 T-ag. Therefore, we studied here the influence
of Clink on cell cycle regulation in vivo by using transgenic
Arabidopsis thaliana plants carrying clink gene constructs, con-
ditionally inducible by the glucocorticoid hormone dexameth-
asone (Dex) (2).

MATERIALS AND METHODS

Recombinant DNA plasmids and plant transformation. The binary transfor-
mation vector pTA7002, containing the complete two-component glucocorticoid-
inducible system (2), was cleaved with Xhol and Spel. The DNA sequence
coding either for wild-type Clink or for the mutated Clink©!!12R E114A (Cljpkmut)
protein (5) was introduced into the pTA7002 vector as an XholI-Spel fragment to
create pTA7002-Clink and pTA7002-Clink™", respectively. The correctness of
all constructs was verified by sequencing using an automated capillary sequencer
(CEQ2000) and the DTCS sequencing kit (both from Beckman Coulter).

A. thaliana Col4 plants were transformed with the pTA7002-Clink or -Clink™"*
construct as previously described (12). Transgenic T1 seedlings were selected
after 2 to 3 weeks of growth under hygromycin selection (20 pg/ml), and several
independent transgenic plant lines were produced. A preliminary screening of
eight clink and six clink™"* independent lines was performed to confirm that the
expression of the viral transgenes was dependent on the presence of Dex (see
Fig. S1 in the supplemental material). E2F-controlled PCNA gene expression
was also tested and found to be up-regulated in response to Dex treatment for
the eight transgenic clink lines, while Dex treatment had no effect on PCNA
expression in the six clink™" lines (see Fig. S1 in the supplemental material).
Therefore, for each construct, one representative line that segregated for a single
T-DNA insertion locus according to the hygromycin resistance segregation pattern
was selected and established at the homozygous state. These two transgenic clink and
clink™""* plant lines display roughly similar transgene expression under glucocorticoid
induction and were used for the whole set of experiments described.

Glucocorticoid treatments and plant growing conditions. Dex (Sigma) was
dissolved in 98% ethanol at 30 mM Dex (stock solution) and stored at —20°C in
a light-tight vial. clink and clink™"* plants were grown in the greenhouse for 6 to
7 weeks. For detached-leaf inductions, fully expanded mature leaves were cut
from each rosette and incubated either in a solution of distilled water including
Dex at a final concentration of 30 M in 0.1% ethanol or in 0.1% ethanol as a
negative (mock) control. At 0, 2, 5, 24, 48, or 72 h after induction, the leaves were
collected and used for total-RNA extraction. In addition, leaves were used for
total-protein extraction after 24 h of induction.
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Plants were germinated in vitro on standard 0.5X Murashige and Skoog (MS)
medium (M-5519; Sigma) supplemented with 1% sucrose and 0.8% Bacto agar
at 21°C under growth conditions of 16 h of light and 8 h of darkness. For
inductions lasting 3 to 4 weeks, 3-day-old seedlings were transferred either to
fresh 0.5X MS medium-1% sucrose plates containing 30 pM Dex or to control
plates containing 0.1% ethanol and were maintained under the same growth
conditions. After the respective induction period, the third and fourth rosette
leaves and the first cauline leaf were harvested for flow cytometry or scanning
electron microscopy (SEM) analysis. Whole plants were harvested for protein
extraction and immunoblot analysis. Alternatively, fully expanded mature leaves
from greenhouse plants were incubated in 0.1% ethanol in the presence or
absence (mock control) of 30 uM Dex and were analyzed by flow cytometry and
immunoblotting after 4 days of treatment.

Infection of plants by FBNYV. A. thaliana plants were either infected with
FBNYYV by viruliferous Aphis craccivora aphids or mock treated with nonviru-
liferous aphids reared as described elsewhere (51). Two-week-old A. thaliana
plants were exposed for an inoculation access period of 3 to 5 days, and aphids
were killed with 0.2% Dedevap (Bayer). Healthy and infected plants as well as
nonviruliferous and viruliferous aphids were maintained at 25°C and 50% hu-
midity with 16 h of light in cages inside growth chambers in a restricted-access S3
confinement facility.

Cytogenetics. Plant leaf material was obtained as described for detached-leaf
inductions (see above). Following fixation of the leaves in ethanol-acetic acid
(3:1), nuclei were spread on a slide according to reference 40. Nuclei were
stained with 4’,6'-diamidino-2-phenylindole (DAPI).

Flow cytometry. One to two square centimeters of fresh leaves was finely
chopped in 600 pl of Galbraith buffer (17) supplemented with 0.1% Triton X-100
and 1% polyvinylpyrrolidone 10,000 with a sharp razor blade. The extract was
filtered on 48-pm mesh, treated with 20 pg/ml of RNase A (Roche) for 10 min
on ice, and stained with 20 pwg/ml propidium iodide. The samples were analyzed
on an EPICS Elite ESP cytometer (Coulter, Hialeah, FL). Excitation of the
fluorochrome was performed by an air-cooled argon laser (Uniphase) at 488 nm
and 20 mW.

Total protein extraction and immunoblot analysis. A. thaliana leaves or whole
plants were harvested after Dex or ethanol treatment (see above). Total-protein
extracts were prepared as described elsewhere (32). Leaf tissue (fresh weight, 100
mg) was ground to a fine powder using an MM301 mixer mill (Retsch) and
resuspended at a 1:2 (wt/vol) ratio in 2X Laemmli buffer. The extracts were
centrifuged at 15,000 X g for 15 min at 4°C, and 1/20 (10 pl) of the total proteins
was fractionated by sodium dodecyl sulfate (SDS)-12% polyacrylamide gel elec-
trophoresis and analyzed by immunoblotting using polyclonal anti-Clink anti-
bodies (1:500 dilution) as primary antibodies as described previously (4). Antigen
was detected using an ECL detection kit (Amersham).

SEM. The leaf epidermal surface was visualized by SEM with a Hitachi
S-3000N microscope under the environmental secondary electron detector
mode. Samples were slowly frozen at —18°C under a partial vacuum (90 Pa) on
the Peltier stage prior to observation. The adaxial lamina surfaces of the third and
fourth expanded leaves of 4-week-old plants grown in the presence of Dex or ethanol
were visualized. Cell areas were measured using ImageJ 1.28u software.

Total-RNA isolation, Northern blot analysis, quantification, and cell cycle
gene-specific probes. Total RNA was extracted as described elsewhere (31). For
Northern blot analysis, RNA samples were denatured and separated on 1%
agarose-formaldehyde gels (39). The RNAs were transferred to Hybond-N*
membranes (Amersham-Pharmacia Biotech.) by capillary blotting and fixed by
UV cross-linking. Prehybridizations and hybridizations were carried out in 50%
formamide-5X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1%
SDS-1X Denhardt solution-100 wg/ml of sheared, denatured herring sperm
DNA-10% (wt/vol) dextran sulfate at 42°C. Membranes were washed with 1x
SSC-1% SDS for 15 min at 42°C and then for 15 min at 65°C, followed by two
washes with 0.1X SSC-1% SDS for 15 min at 65°C. Signals were visualized by
autoradiography or by using a phosphorimager (Molecular Imager FX; Bio-Rad)
for quantification.

For the detection of cell cycle-regulated gene transcripts, probes correspond-
ing to parts of the PCNA-2 (At2g29570), CDCé6a (At2g29680), CDKB2;1
(At1g76540), CycB1;1 (At4g37490), and CycB1;4 (At2g26760) cDNAs were PCR
amplified (primers available on request).

RESULTS

Production of stably transformed A. thaliana plants with a
glucocorticoid-inducible clink gene. In vitro and yeast two-
hybrid assays both suggested that Clink is able to interact with
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FIG. 1. Expression of viral sequences in transgenic plants, showing the impact of Clink on cell cycle-regulated gene expression. Following Dex
(D) or ethanol (E) treatment of detached, fully expanded leaves, total RNAs (panel A) or proteins (panel B) were extracted and analyzed. (A) Six
micrograms of total RNAs extracted from the expanded rosette leaves was used for Northern blot analysis. The time (7)) of the treatment and the
identity of the transgenic plant line (C, Clink; C*, Clink™") are given above the panels. The two membranes were hybridized successively with
probes specific for the classes of genes given on the left (see Materials and Methods). The transcript level of actin was used as a control for
quantification. Six micrograms of total RNA extracted from cells from an actively growing 4. thaliana T87 suspension culture (6) was also loaded
and served as a positive control for hybridization with the cell cycle-specific probes. (B) Typical immunoblot result obtained with the anti-Clink
antibodies. Molecular masses of protein markers (in kilodaltons) are given on the right. As previously reported (5), the Clink™"* protein migrates
slightly faster than the Clink protein. Equivalent amounts of proteins were loaded in each lane, as confirmed by the similar intensities of the

=45-kDa bands resulting from cross-reactions to endogenous proteins.

RB and potentially modulate the host cell cycle (5). Because
we failed to establish Arabidopsis lines containing a clink trans-
gene under the control of the strong, constitutive cauliflower
mosaic virus 35S promoter, we took advantage of the tightly
regulated glucocorticoid-inducible system (2). With this sys-
tem, we established transgenic A. thaliana lines with condi-
tional expression of Clink or of a mutated version of Clink
(Clink™""). The Clink™"* protein differs from wild-type Clink
by 2 amino acids that convert the LxCxE motif to LxRxA and
render it incompetent for binding to the A/B pocket domain of
RBR (5). Based on a preliminary screening, representative
homozygous lines expressing Clink or Clink™"" were selected
for further studies (see Materials and Methods; also Fig. S1 in
the supplemental material). Following Dex treatment for 2 to
72 h, efficient expression of the respective clink transgenes was
obtained, leading to accumulation of comparable levels of
clink-specific transcripts (Fig. 1A). Transcript levels were cor-
related with the accumulation of Clink or Clink™"* protein in
leaf tissue as revealed by Western blot analysis using Clink-
specific antibodies (Fig. 1B; see also Fig. 3D).

Clink-specific induction of cell cycle-regulated genes. To
assess the cellular impact of Clink, we studied the expression of
two well-known E2F-regulated genes, encoding PCNA and the
chromosomal DNA replication origin protein (CDC6), in re-
lation to Clink induction. Expression of Clink, but not Clink™",
in detached, expanded 6- to 7-week-old rosette leaves was
clearly associated with the transcriptional activation of both
genes (Fig. 1A). PCNA- and CDCo-specific transcripts were
already detectable 5 h after the beginning of Dex treatment,
and a longer induction time with Clink correlated consistently
with PCNA and CDC6 gene expression. No impact on PCNA

or CDC6 expression was observed for Dex-treated Clink™"
plants or ethanol-treated Clink or Clink™"* plants. To analyze
whether Clink expression could impact the transcription of
cell cycle genes other than E2F-regulated S-phase genes, the
same Northern blots were hybridized with probes specific for
B2-type cyclin-dependent kinases (CDKB2) and the Bl-type
cyclins CycB1;1 and CycB1;4. In plants, CDKB2 proteins are
thought to control entry and progression through the M phase,
and this class of genes (CDKB2;1 and CDKB2;2) is expressed
only during the G, and M phases (24, 27, 34). Similarly, accu-
mulation of transcripts of plant mitotic cyclins of the B1 class
is limited to the G, and M phases of dividing tissues (23, 37).
For all three G,/M markers, specific up-regulation was de-
tected only when wild-type Clink was expressed (Fig. 1A). In
contrast to that of PCNA and CDC6, transcriptional expression
of the CDKB2, CycBI;1 and CycB1;4 genes became clearly
detectable at 48 h after Clink induction (Fig. 1A). When whole
plants were treated with Dex, analysis of mature leaves showed
results similar to those reported in Fig. 1 (data not shown).
Therefore, for short-term induction experiments, we decided
to work on detached mature leaves.

To further investigate the impact of Clink on the cell cycle,
nuclei were isolated from detached, expanded rosette leaves of
6- to 7-week-old Clink and Clink™"* transgenic plants that had
been treated for 4 days with Dex or ethanol, spread, and
stained with DAPI. Ethanol-treated tissues and Dex-treated
Clink™"* plant tissues displayed similar distributions of only
two types of nuclei (Fig. 2A and B), a situation typical of
mature A. thaliana leaves (41). About 95% of these nuclei
showed a mostly oval shape with irregular contours and exhib-
ited about 10 intensely DAPI stained regions termed chromo-
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FIG. 2. Representative DAPI-stained nuclei isolated after 4 days of
Dex treatment on detached, expanded 6- to 7-week-old rosette leaves
from Clink-transgenic plants. The relative proportions of these differ-
ent types of nuclei in Clink-expressing tissues were as follows: 33% for
oval nuclei with irregular contours and ~10 CCs (A), 10% for larger
nuclei with more CCs (B), 19% for smaller, rounded nuclei with >10
CCs (C and D), 7% for nuclei with highly condensed euchromatin (E),
and 1% for dividing (e.g. anaphasic) nuclei (F). For Dex-treated Clink™"*
plant leaves and ethanol-treated Clink or Clink™"* plant leaves, only
nuclei of the types shown in panels A and B were observed, in pro-
portions of about 95% and 5%, respectively. In each case, the relative
proportions are based on the observation of 800 to 1,100 nuclei. Bars,
15 pm.

centers (CCs), which reflect the classical organization of the
centromeric and nucleolus organizer heterochromatic regions
(Fig. 2A). The other 5% of nuclei (Fig. 2B) appeared larger,
with a higher number of CCs, a characteristic associated with
a high (usually 16C to 32C) ploidy level (41). In Clink-express-
ing tissues, these two types of nuclei were also observed, but
the proportion of the major fraction was drastically reduced,
from 95% to about 33%, while the proportion of the minor
fraction was increased from 5% to 10%, and new nucleus
configurations became visible. Among these, a large fraction of
nuclei clearly displayed some of the morphological changes
associated with young, dividing cells, such as nuclear rounding
and smaller nuclei (Fig. 2C, D, E, and F). For 19% of the
nuclei, this phenotype also correlated with the presence of
more than 10 CCs, suggesting increased levels of ploidy (Fig.
2C and D). Seven percent of the nuclei displayed an overall
intense DAPI staining indicative of highly condensed euchro-
matin (Fig. 2E). Moreover, 1% of the nuclei were unambigu-
ously identified as metaphasic (not shown) or anaphasic (Fig.
2F), thus providing direct evidence of mitotic activity in the
Clink-expressing leaf tissue.

Phenotypic effects of Clink expression in A. thaliana plants.
Three-day-old A. thaliana seedlings germinated in the absence

J. VIROL.

of Dex were transferred to new plates containing 30 uM Dex
or control plates containing 0.1% ethanol and kept at 21°C
with a photoperiod of 16 h of light. Under these conditions, no
visible differences in the growth or morphology of leaves or
roots between A. thaliana plants expressing Clink or Clink™"*
and wild-type Col4 plants were observed (data not shown). The
accumulation of Clink or Clink™" protein in leaves was con-
firmed by Western blot analysis using Clink-specific antibodies
(Fig. 3D). The adaxial lamina surfaces of the third and fourth
expanded rosette leaves of 4-week-old plants grown in the
presence of Dex or ethanol were analyzed by SEM. The wild-
type A. thaliana leaf epidermis contains three cell types: pave-
ment cells in a jigsaw puzzle-like pattern, stomatal cells, and
trichomes. Rosette leaves of Clink-expressing plants showed
clusters of small pavement cells surrounded by almost normal
puzzle-shaped cells (Fig. 3A). Ethanol-treated plants (data not
shown) or Dex-treated nontransgenic Col4 and Clink™"" plants
(Fig. 3A) showed epidermal pavement cells of a normal puzzle
shape and size. Comparison of nontransgenic Col4 plants and
Clink-expressing plants revealed a decrease in cell size in the
Clink-expressing plants (Fig. 3A and B). Cell size was quanti-
fied using SEM images of the third rosette leaves of each
genotype. The results showed a significant (P < 0.05 by Stu-
dent’s f test) decrease in the mean cell surface area (~65%) for
Clink-expressing plants (1,633 pm? for 210 cells measured)
compared to wild-type Col4 plants (4,612 wm? for 180 cells
measured). No significant change (P < 0.1) in the mean cell
surface area was observed for Clink™"'-expressing plants
(4,769 p.m? for 210 cells measured) compared to nontransgenic
Col4 plants (4,612 pum? for 180 cells measured). The reduction
in the size of pavement cells for Clink-expressing plants was
accompanied by a 4.5-fold increase in the number of pavement
cells (Fig. 3C), while the numbers of pavement cells in leaves
of Clink™"'-expressing plants and nontransgenic control plants
were similar. In addition, the number of stomatal cells was
2.5-fold higher in Clink-expressing plants than in Clink™""-
expressing and nontransgenic control plants (Fig. 3A). These
results suggest that the arrest of cell division of epidermal leaf
cells in Clink-expressing plants was less synchronous than that
in nontransgenic or Clink™""* expressing plants.

Effect of Clink expression on ploidy levels. To analyze the
impact of Clink expression on endoreduplication cycles, the
ploidy levels of leaves were measured by flow cytometry.
The third and fourth expanded rosette leaves from 4-week-old
plants of the three genotypes, grown on plates and subjected to
the same induction treatment as that for plants analyzed by
SEM, were used (Fig. 4A and B). Six replicates were analyzed
in three independent experiments. The ploidy level of ethanol-
treated plants (data not shown) and those of Dex-treated non-
transgenic Col4 and Clink™""-expressing plants did not show
significant differences. For Clink-expressing plants, however,
the fractions of 2C (P < 0.001 by Student’s ¢ test) and 4C (P <
0.01) ploidy level nuclei were lower, and the fractions of 16C
(P < 0.001) and 32C (P < 0.01) nuclei were drastically higher,
than those for nontransgenic Col4 plants. Similar results were
obtained using detached leaves of 6-week-old greenhouse-
grown plants when the leaves were induced for 4 days in liquid
Dex medium (Fig. 4C). Collectively, these results indicate that
leaf cells in Clink-expressing plants had undergone more en-
doreduplication cycles than those in nontransgenic Col4 and
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FIG. 3. Effect of Clink expression on cell size. (A) SEM of the leaf adaxial epidermis of Clink-expressing, Clink™"-expressing, and nontrans-
genic Col4 plants. Bars, 200 wm. (B) Cell area distribution of Clink-expressing (open bars), Clink™"*-expressing (shaded bars), and nontransgenic
(solid bars) Col4 plants. (C) Number of cells per square millimeter of leaf epidermis of Clink-expressing (open bar), Clink™"" -expressing (shaded
bar), and nontransgenic (solid bar) Col4 plants. (D) Immunoblot analysis of total proteins from Col4 plants and from the two transgenic plant lines

using Clink-specific antibodies. The identity of the plant line is given above the panel. As explained for Fig. 1B, the Clink™" protein migrates faster
than the Clink protein. Plants for which results are shown in panels A and D were grown and induced under the same conditions.

Clink™"'-expressing plants. This induction of the endoredupli-
cation cycles clearly depended on an intact RBR-binding do-
main (LxCxE) of Clink; hence, interaction with RBR is re-
quired.

Ploidy levels in FBNYV-infected tissue. Infection of several
ecotypes of A. thaliana with FBNYV by means of viruliferous
Aphis craccivora has been established previously (J. Vega-Ar-
reguin et al., unpublished data). Figure 5A shows the symp-
toms of FBNYYV infection in a Col4 plant 3 weeks after inoc-
ulation by viruliferous aphids. Infected plants were stunted
compared to plants that had been exposed to nonviruliferous
aphids (Fig. 5A). FBNYYV levels were measured by an enzyme-
linked immunosorbent assay (kindly provided by H. J. Vetten).
The virus accumulated to high levels in newly developed tissues

(data not shown). As in the case of Clink expression, infection
with FBNYYV resulted in a significant increase in ploidy levels
in the leaf cells (Fig. 5B). Infected cauline leaves showed lower
levels of 2C (P < 0.001) and 4C (P < 0.05) nuclei and higher
levels of 8C (P < 0.01), 16C (P < 0.05), and 32C (P < 0.01)
nuclei than leaves exposed to nonviruliferous aphids. The shift
of ploidy to higher levels in the nuclei of FBNY V-infected
cauline leaves suggests that the nuclei with elevated ploidy
levels underwent virus-induced endoreduplication that paral-
leled viral DNA replication.

Clink expression does not influence expression of Pollll-
and Poll-transcribed genes. In mammals, RB also acts as a
general repressor of transcription by Pollll and Poll, poten-
tially to control cell growth, and interacting viral proteins such
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FIG. 4. Effect of Clink expression on endoreduplication in rosette and cauline leaves. (A) Flow cytometry profiles of the DNA contents of
nuclei from third and fourth expanded rosette leaves of 4-week-old Clink-expressing, Clink™"'-expressing, and nontransgenic Col4 plants grown
on plates in the presence of Dex. (B) Comparison of the DNA contents in nuclei of rosette leaves derived from Clink-expressing (open bars),
Clink™"*-expressing (shaded bars), and nontransgenic (solid bars) Col4 plants. (C) Comparison of the DNA contents in nuclei of detached cauline
leaves following 4 days of Dex treatment. For panels B and C, three independent experiments with six replicates were performed; representative

results for one replicate are shown in panel A.

as T-ag, E7, and E1A are able to neutralize this repression
(29). To address the question whether the same may occur in
plants following the Clink-RBR interaction, we used the same
RNA samples analyzed in Fig. 1A and performed polyacryl-
amide gel electrophoresis and several hybridizations using
probes specific for (i) the Poll-transcribed 5.85 rRNA gene, (ii)
the Pollll-transcribed class-1 55 rRNA gene and class-2
tRNAala gene (controlled by different intragenic promoter el-
ements), and (iii) the Pollll-transcribed class-3 7SL, U6, and
U3 genes (relying solely on extragenic promoter elements)
(data not shown). For the 5.85 rRNA gene and all Pollll-
transcribed genes tested, induction of Clink did not correlate
with a significant change in the accumulation of the respective
RNA. A similar result was observed for the Poll-transcribed
18S rRNA gene (data not shown). Therefore, these results
indicate that expression of Clink is not accompanied by a
significant increase in gene transcription by PollIl or Poll,

suggesting a difference in the pathways of cell growth regula-
tion by RB and RBR in mammals and plants.

DISCUSSION

Having established that the nanovirus protein Clink binds
the key cell cycle regulator protein RBR and enhances the
replication of FBNYV DNA (5), we studied here the influence
of Clink on cell cycle regulation. For that purpose, transgenic
A. thaliana lines were constructed in which the expression of
Clink or the RBR-binding-deficient variant Clink™"* could
be controlled by induction with the glucocorticoid hormone
Dex (2).

Depending on the expression of a functional Clink protein,
transcription of the E2F/DP-controlled S-phase-specific genes
encoding the PCNA and CDC6 proteins was readily induced,
whereas expression of Clink™, an RBR-binding-deficient
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in cauline leaves of FBNY V-infected plants (shaded bars) or healthy control plants (solid bars) 29 days postinfection.

Clink variant, did not cause any induction of PCNA- and
CDCo-specific transcripts. This is consistent with the assump-
tion that via interaction with Arabidopsis RBR, Clink triggers a
cell cycle progression beyond the RBR-controlled checkpoint.
Similar effects on the S-phase transition were reported for
another plant DNA virus RBR-binding protein, the tomato
golden mosaic virus Rep (or AL1) protein (15, 26, 36). Clink
expression also caused increased transcription of G,-M-spe-
cific genes encoding the B2-type cyclin-dependent kinases and
the Bl-type cyclins CycB1;1 and CycB1;4 (Fig. 1A). This is
suggestive evidence that not only DNA synthesis (during S
phase) but also, at least to some extent, mitoses and cell divi-
sions might be triggered by the induced expression of Clink.
These findings were further supported by in situ fluorescence
analyses of DAPI-stained nuclei derived from Clink- and
Clink™"!-transgenic plant leaves (Fig. 2). Following expression
of Clink, but not Clink™", the fraction of leaf nuclei displaying
more than 10 CCs increased from 5% to 29% (Fig. 2B, C, and
D); moreover, about 1% of metaphasic or anaphasic nuclei
(Fig. 2F) were clearly identified among Clink-expressing cells,
a situation unexpected in mature Arabidopsis leaves. These
results provide clear evidence of Clink-induced cell cycle re-
activation in mature leaf tissues associated with enhanced en-
doreduplication and some mitotic activity. Recently, the gemi-
nivirus RBR-binding RepA protein was also shown to affect
the G,-M transition in transgenic Arabidopsis plants (14). Fol-
lowing disruption of RBR function by RepA in late-developing
rosette leaves, a general increase in the ploidy levels of leaf
nuclei was observed, and fully expanded pavement cells dis-
played the capacity to engage in a single division event. In our
case, these epidermal cells are also likely to account for at least
a fraction of the mitotic events observed in response to Clink
induction in fully differentiated rosette leaves from 6- to
7-week-old seedlings.

In contrast to the small DNA viruses of mammals, which
cause extended cell proliferation (tumors), such excessive cell
proliferation has never been observed to be associated with

infection of plants by ssDNA viruses. Only limited tissue pro-
liferation or cell enlargement is caused by some geminivirus
proteins (30, 44). It was therefore of interest to assess the effect
of prolonged (3- to 4-week) expression of the cell cycle “de-
regulator” Clink on plant tissue. Clink-expressing as well as
Clink™"*-expressing plants that had been grown for 4 weeks in
the presence of Dex showed no obvious morphological differ-
ences. A closer inspection of the adaxial epidermis by SEM,
however, revealed a clearly different phenotype for Clink-ex-
pressing plants than for Clink™"*-expressing plants or non-
transgenic Col4 plants (Fig. 3). Clink-expressing plants had a
significantly increased fraction of smaller epidermal cells (ex-
trapolated from their smaller surface area), and this size re-
duction was accompanied by increases in the numbers of pave-
ment and stomatal cells (Fig. 3). Similar phenotypes have been
described for Arabidopsis plants overexpressing E2Fa-DPa (7),
AtCDT1, or AtCDC6 (9) and for Arabidopsis plants subject to
geminivirus RepA-induced RBR inactivation (14). This is in
line with the assumption that due to prolonged expression of
functional Clink, the RBR-imposed block of transcriptional
activators of the E2F family remained suspended, and some
mitotic cycles and subsequent epidermal cell divisions oc-
curred. Concomitantly, the ploidy levels of nuclei from the
third and fourth expanded rosette leaves and cauline leaves
from the same plants (4 weeks of Dex induction), assessed by
flow cytometry, revealed a clear shift toward 16C and 32C
DNA contents (Fig. 4A and B). The beginning of such a shift
toward a higher ploidy level could already be observed after 4
days of Clink induction (Fig. 4C). The Clink-induced increase
in epidermal pavement cell and stomatal cell division and the
concomitantly elevated level of ploidy of total nuclei from the
corresponding leaves suggest a differential effect of Clink on
the nuclear cycle in epidermal cells and total tissue nuclei.
These changes are the consequence of transcriptional repro-
gramming suggested by the up-regulation of E2F target genes.
In epidermal cells, no endoreduplication occurred beyond the
already existing level (not determined), because larger epider-
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mal cells, expected in the case of a higher degree of ploidy (see,
for instance, references 28 and 33), were not observed. At the
same time, in total cells from the same leaves, a fraction of
nuclei existed that had undergone more endocycles. Since
Clink clearly triggers transcription of S-phase-specific genes,
e.g., PCNA and CDC6, as well as the mitotic cyclin cycBI;1, a
dichotomy in the effect of Clink on cell cycle regulation in the
nuclei of cells of different tissues is easily conceivable. Such a
balanced dichotomy in E2F/DP-dependent effects on the cell
cycle and cell fate has also been proposed by others (7, 9, 14).
Indeed, the authors concluded that the RBR/E2F pathway
regulates the balance between cell proliferation, endocycle
program, and differentiation. They also concluded that the
importance of this pathway depends on the cell type, the tissue,
and the developmental stage.

A clear shift of the nuclear ploidy to elevated levels (8, 16,
and 32C) was observed in cauline leaves of FBNY V-infected
A. thaliana plants (Fig. 5). It is tempting to speculate that the
endocycling nuclei are derived either from cells that are tar-
geted by FBNYYV for its replication or from cells that contain
at least some FBNYV DNA components. Nanoviruses are
assumed to be restricted to the phloem (52), but the impact on
the overall ploidy level detected for FBNY V-infected cauline
leaves suggests that this is not the case. No data are available
on the multiplication of FBNYV in epidermal cells, and
whether nanoviruses invade the mesophyll is not known. At-
tempts to determine the tropism of FBNYV in A. thaliana by
immunolocalization with the available polyclonal antibodies
against Clink, M-Rep, and FBNYV particles were unsuccess-
ful, due to cross-reaction of these antibodies with host plant
proteins. Nanoviruses (52), including FBNYV (B. C. Ramirez,
unpublished results), code for two proteins involved in cell-to-
cell movement. DNA-N codes for a nuclear shuttle protein and
DNA-M for a movement protein. The movement protein and
nuclear shuttle protein coordinate the movement of viral DNA
as viral nucleoprotein complexes from the nucleus to the cy-
toplasm and from the cytoplasm to the neighboring cells. It is
possible that nanoviruses have the capacity to invade non-
phloem tissues, since this has been observed for some bipartite
geminiviruses such as the begomovirus bean dwarf mosaic vi-
rus (38). On the other hand, it is also possible that some
FBNYV DNA components are not limited to the phloem, at
least in A. thaliana. Recent studies (42) with the nanovirus milk
vetch dwarf virus (MDV) indicate that the expression of the
individual DNA components is differentially regulated: the
promoter of MDV-M is active not only in phloem and meri-
stematic tissues but also in mesophyll and cortex cells. It there-
fore appears logical to assume that nuclei with an elevated
ploidy level underwent virus-induced (i.e., Clink-triggered)
endoreduplication that paralleled viral DNA replication. A
similar situation was previously reported for infection of
Digitaria setigera with the mastrevirus Digitaria streak virus,
which was accompanied by an increase in the fraction of
S-phase nuclei (1).

Since the effects of Clink on the expression of cell cycle-
relevant genes involving interaction with RBR proteins are in
many aspects comparable to those of the cell cycle regulators
of small DNA tumor viruses such as SV40 T-ag or E7 of human
papillomaviruses, we were interested in seeing whether Clink
might also influence the transcription by Poll and PolllIl of
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genes implicated in cell growth regulation (for a review, see
reference 29). Northern blot analyses of the Poll-transcribed
5.8S rRNA gene and of five Pollll-transcribed genes, the 5§
rRNA, tRNAala, 7SL, U6, and U3 genes, revealed no signifi-
cant differences in transcript accumulation upon Clink induc-
tion (data not shown). Therefore, these classes of genes in-
volved in cell growth regulation are not affected by Clink, in
agreement with the observation that no gross increase in cell
size was observed in Clink-expressing tissue. Also, for the
RBR-interacting cell cycle modulators of other ssDNA plant
viruses, e.g., the mastrevirus RepA protein and the begomovi-
rus Rep (AL1) protein, no increase in cell size has been re-
ported. The only protein known to cause an increase in cell size
is the C4 protein of beet curly top virus (30). Hence, to regu-
late their cell growth (size), plants and animals have obviously
evolved diverging molecular strategies (for reviews, see refer-
ences 25, 45, and 46).

In the present study, we have shown that the nanovirus cell
cycle link protein Clink significantly interferes with the plant
cell cycle in vivo, conceivably via interaction with cell RBR. An
intriguing question still remains, however: what is the biolog-
ical significance of Clink as an F-box protein, its binding to
SKP1, and its connection to the SCF-regulated protein turn-
over pathway? A “transgenic” approach comparable to that
described here, employing the tightly regulated conditional
expression of Clink or mutant Clink, may be useful for shed-
ding further light on the molecular details of other Clink func-
tions and on nanovirus biology in general.
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