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Endoreduplication, a modified cell cycle that allows cells to increase ploidy without subsequent cell division, is a key
component of plant growth and development. In this work, we show that some, but not all, of the endoreduplication of
Arabidopsis (Arabidopsis thaliana) is mediated by the expression of a WD40 gene, FIZZY-RELATED2 (FZR2). Loss-of-function
alleles show reduced endoreduplication and reduced expansion in trichomes and other leaf cells. Misexpression of FZR2 is
sufficient to drive ectopic or extra endoreduplication in leaves, roots, and flowers, leading to alteration of cell sizes and,
sometimes, organ size and shape. Our data, which suggest that reduced cell size can be compensated by increased cell
proliferation to allow normal leaf morphology, are discussed with respect to the so-called compensation mechanism of plant
development.

A key element of plant morphogenesis is the balance
among cell proliferation, expansion, and differentia-
tion to produce organs of the characteristic sizes and
shapes. At the heart of plant morphogenesis is the cell
versus organism debate. On one hand, the cell theory
postulates that the cells of a multicellular organism
behave autonomously, and the sum of their activities
results in the morphology of that organism (Schwann,
1839). On the other hand, the organismal theory pos-
tulates that morphology is governed by a genetic
mechanism separate from the behavior of individual
cells (Kaplan and Hagemann, 1991). Regardless of
perspective, it is clear that the plant program of cell
growth and proliferation is dynamic and responsive,
i.e. perturbations in one factor can be compensated by

modifications in the other (Day and Lawrence, 2000;
Mizukami, 2001). For example, forcing a decrease in
leaf cell number by overexpressing the cell cycle
regulator KRP2 results in an increase in cell volume
(De Veylder et al., 2001). Conversely, an increase in cell
volume caused by the overexpression of ABP1 leads to
a decrease in cell number (Jones et al., 1998). This
compensation mechanism has been incorporated into
a hybrid cell/organismal theory called “neo-cell the-
ory” (Tsukaya, 2003). The nature of this compensation
mechanism is unclear, although it likely involves cel-
lular reaction to organ-level positional information.

During the development of many plants, certain cell
types undergo extensive endoreduplication, a modi-
fied cell cycle that results in DNA replication without
subsequent mitosis. In leaves of Arabidopsis (Arabi-
dopsis thaliana), several rounds of endoreduplication
occur in trichomes and in most epidermal pavement
cells, while guard cells remain diploid (Melaragno
et al., 1993). In the last decade, extensive research has
looked at the trichome as a model to unravel the
mechanism controlling endoreduplication. During tri-
chome development, four rounds of endoreduplica-
tion regularly take place, although variation exists
(Melaragno et al., 1993). Some Arabidopsis mutants
show concomitant changes in trichome ploidy and
branch number, supporting a role of endoreduplica-
tion in the control of branch number (Hülskamp et al.,
1994; Perazza et al., 1999; Downes et al., 2003). Branch-
ing changes are not always tied to endoploidy
changes, however; for example, plants with loss-of-
function alleles or overexpression of STICHEL show
trichome branch number alterations without changes
in nuclear DNA content (Ilgenfritz et al., 2003). Endo-
reduplication appears to be an important determinant
of cell and organ size. Indeed, a correlation between
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cell size and endoploidy has been found in Arabidop-
sis and other plant species (Galbraith et al., 1991; Traas
et al., 1998; Kudo and Kimura, 2002), although Arabi-
dopsis root cells constitute an exception (Beemster
et al., 2002), and certain genetic manipulations can also
uncouple this relationship (Hemerly et al., 1993; Wang,
et al., 2000; De Veylder et al., 2001; Fujikura et al.,
2007). Interestingly, different levels of endoreduplica-
tion may affect the same tissue in distinct species. For
instance, orchid (Oncidium varicosum and Phalaenopsis
spp.) and cabbage (Brassica capitata) petals are large
and undergo extensive endoreduplication, with some
cells reaching 64C (Kudo and Kimura, 2001; Lee et al.,
2004). The sizes of petal cells, and hence of petal
organs, directly correlate with their ploidy in these
studies. By contrast, the cone cells of Arabidopsis
petals remain diploid despite being capable of endo-
reduplication (Hase et al., 2005), and this plant shows
relatively small flowers in comparison to close rela-
tives. Unlike orchid and cabbage, Arabidopsis is self-
fertilizing, so producing small petals would not hinder
its reproduction.
Similar cellular components regulate endoredupli-

cation and the mitotic cell cycle. Cyclin-dependent
kinases (CDKs) control the cell cycle by forming
complexes with cyclins, by phosphorylation or de-
phosphorylation, or by association with CDK inhibi-
tors. Expression and degradation of specific cyclins
promote progression through distinct stages of the cell
cycle and control the exit from the cell cycle. For
example, D-type cyclins become phosphorylated and
associate with the A-type CDK to induce the switch
from G1 phase to S phase (Inzé and De Veylder, 2006).
Destruction of B1-type cyclins seems to be necessary
for completion of the M phase, because introduction of
a B1 cyclin for which the destruction-box motif has
been altered can prevent cytokinesis (Weingartner
et al., 2004). In yeast and Drosophila, Fizzy-Related
(FZR) family proteins have been shown to trigger the
degradation of A- and B-type cyclins by targeting
them to the Anaphase Promoting Complex/Cyclo-
some (APC/C), an E3 ubiquitin protein ligase (Sigrist
and Lehner, 1997; Yamaguchi et al., 1997). In those
studies, misexpression of FZR family proteins was
able to induce endoreduplication. Furthermore, a re-
cent study linked the APC/C to local cell expansion,
endoreduplication, and the compensation mechanism
in Arabidopsis (Serralbo et al., 2006).
The plant homologs of FZR were first implicated in

endoreduplication in root nodules of Medicago sativa,
and antisense expression of the Medicago truncatula
Cell-cycle Switch 52 A and B (Ccs52A and Ccs52B),
orthologs of FZR, led to reduced endoreduplication in
that species (Cebolla et al., 1999). In Arabidopsis, three
FZR homologs exist, and in cell cultures, FZR1 and
FZR2 showed similar high expression in G1 and S
phases of the cell cycle, while FZR3 expression in-
creased at the end of G2 and beginning of M. All three
FZR proteins associated to free and CDK-bound
A- and B-type cyclins (Fülöp et al., 2005). Although

the FZR genes are known to be expressed in all major
tissues (Beemster et al., 2005), the normal develop-
mental function of the FZR family has not yet been
determined in Arabidopsis.

In this study, we examined the developmental roles
of one of the Arabidopsis FZR homologs, FZR2. We
found that FZR2 expression is necessary for correct cell
expansion and endoreduplication, and its misexpres-
sion is sufficient to induce extra or ectopic endoredu-
plication and cell expansion. We gathered empirical
data that address the putative compensation mecha-
nism balancing cell proliferation with cell expansion.

RESULTS

FZR Genes Are Expressed Ubiquitously in Arabidopsis

In our analysis of FZR function, we investigated the
expression of these genes using Genevestigator (www.
genevestigator.ethz.ch/). This revealed that they are
relatively highly expressed in all organs throughout
the life cycle (Fig. 1A). Other Genevestigator data
indicated that FZR2 tends to be up-regulated when the
plants are treated with brassinolide or cytokinins and
down-regulated by treatment with abscisic acid or

Figure 1. Expression of FZR genes. A, GENEVESTIGATOR develop-
mental summary of FZR expression data from microarrays. Tissues
examined are: (1) germinated seed, (2) seedling, (3) young rosette, (4)
developed rosette, (5) bolting plants, (6) young flower, (7) developed
flower, (8) flowers and siliques, and (9) mature siliques. B, RT-PCR data
from Arabidopsis tissues: Rs, rosette leaves; Fw, flowers; Cl, cauline
leaves; Rt, roots; Sl, seedlings. C, qRT-PCR of FZR1, FZR2, and FZR3,
normalized against UBIQUITIN10. Error bars indicate SD.
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auxin. We confirmed FZR2 expression in seedlings,
flowers, leaves, and roots by semiquantitative reverse
transcription (RT)-PCR (Fig. 1B). We also assayed ex-
pression of FZR1, FZR2, and FZR3 during leaf devel-
opment by quantitative real-time RT-PCR (qRT-PCR;
Fig. 1C), and these data show relatively steady expres-
sion of FZR1 and FZR2 after peaks of expression at 2 to
5 d. Also in agreement with the Genevestigator sum-
mary, FZR3 was highly expressed in 3- and 5-d-old
leaves. Subsequently, FZR3 expression dropped below
relative levels of FZR1 and FZR2 expression.

fzr2-1 Leaf Cells Undergo Fewer Endoreduplication
Cycles and Attain Smaller Sizes

To investigate the function of FZR genes in plant
development, we obtained two T-DNA insertion mu-
tants for FZR2 from the SALK collection. The fzr2-1
(SALK_083656) and fzr2-2 (SALK_101689) lines carry
insertions in the fourth exon and the second intron,
respectively (Fig. 2A). Insertions were confirmed by
sequencing. RT-PCR analysis showed that both alleles
of fzr2 fail to produce full-length transcript, although
mRNA segments upstream and downstream to the
insertion were still detected (Fig. 2B). In both homo-
zygous mutants, soil growth behavior and general
morphology appeared wild type (Fig. 2C; data not
shown). However, both homozygous mutants pro-
duced a similar trichome phenotype, i.e. a general
reduction in trichome branch number (Fig. 2, D–F).
Wild-type Col-0 leaves exhibit a prevalence of 3-branch
and 4-branch trichomes,whereas themutant leaves never
show 4-branch trichomes but show mostly 2-branch

trichomes (Fig. 2, D–F; data not shown). For both fzr2-1
and wild type, larger nuclei were associated with
higher trichome branch numbers (Fig. 2, G–J). Both
fzr2-1 and fzr2-2 displayed reductions in trichome
branch number, and fzr2-1was used for further analysis
due to its exon-bound T-DNA. By in situ quantification
of nuclear content, we determined that fzr2-1 leaves
produce trichomes with a general 2-fold reduction in
ploidy compared to wild type (Fig. 2K). From these
data, we conclude that fzr2-1 trichome nuclei undergo
fewer rounds of endoreduplication than wild type.

We examined leaf cells to further investigate the
effect of fzr2 mutations on cell size and ploidy level. A
comparison of the adaxial external surface areas of
wild type and fzr2-1 epidermal pavement cells showed
a statistically significant decrease in fzr2-1 cell size
relative to wild type (Student’s t test: P , 0.001; Fig. 3,
A–C). Furthermore, flow cytometry of propidium
iodide (PI)-stained nuclei released from whole leaf
tissue revealed a general decrease in fzr2-1 endoredu-
plication compared to wild-type flow cytometry pro-
files (Fig. 3, D and E). The fzr2-1 leaves showed a much
smaller percentage of 16C nuclei, suggesting that non-
trichome leaf cells are also less able to undergo this later
round of endoreduplication when FZR2 expression is
disrupted. Taken together, the data are consistent with
the reduction in cell size and ploidy seen in the trichomes.

Misexpression of FZR2 Is Sufficient to
Drive Endoreduplication

While FZR2 function is necessary for endoredupli-
cation in some leaf cells, it was unclear whether its

Figure 2. Expression and phenotypes of loss-
of-function fzr2 mutations. A, Diagram of the
FZR2 locus depicting exons (black boxes), the
locations of the two T-DNA insertion muta-
tions (white triangles), and the locations of
primer sequences used in the RT-PCR analyses
shown in B (arrows). B, RT-PCR analysis of
mutants and FZR2 OE representatives. The FL
bands resulted from RT-PCR using primers a
and b, the 3# segment used primers c and d,
and the 5# segment used primers e and f. C,
Flowering wild-type (WT; left) and fzr2-1
(right) plants. D and E, ESEM micrographs of
leaf trichomes of fzr2-1 (D) and wild-type (E)
plants. Scale bar = 100 mm. F, Summary of leaf
trichome branch production. Error bars repre-
sent SEs. G and J, Representatives of DAPI-
stained trichome nuclei of fzr2-1 (G and H)
and wild type (I and J). The branch number for
each trichome is given in the lower left of each
picture. Scale bar = 15 mm. K, Summary of in
situ fluorescence measurements of DAPI-
stained trichome nuclei, given in relative fluo-
rescence units (RFU).
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expression is sufficient to drive endoreduplication.
Expression of the FZR2 cDNA with the constitutive
cauliflower mosaic virus 35S promoter (denoted OE)
resulted in three phenotypic classes (Fig. 4A), each
showing increased FZR2 transcript levels in develop-
ing leaves by qRT-PCR (Fig. 4B). Although develop-
ment of these transgenic plants appeared normal
during the first few days after germination, they
produced trichomes with supernumerary branches
and enlarged nuclei, and the size of a trichome nucleus
was positively associated with its branch number (Fig.
4, C–G). Class I (OE I) was comprised of dwarfed,
anthocyanin-pigmented plants showing small leaf
cells (Figs. 3A and 4, A and H) and heavily over-
branched trichomes, some producing as many 10
branches, although the majority produced three or
four branches (Fig. 2F). Class II (OE II) plants were

slightly larger and greener than OE I and showed
fewer supernumerary branches. OE I and II plants
arrested growth at 14 to 28 d after germination and
almost always failed to bolt, while Class III (OE III)
plants bolted and set seed as normal. OE III plants
approached wild-type size but showed some very
large cells (Figs. 3A and 4I), including trichomes that
produced up to five branches (Fig. 2F), as well as many
smaller cells. The aboveground tissue of OE III plants
appeared normal at the macroscopic level (Fig. 4A).
All three OE classes also showed an increase in the size
of some guard cells, with about 16% readily identifi-
able as larger (SD 9%, n = 10 leaves; Fig. 5, C–F).

Root development was dramatically altered in the
OE plants (Fig. 5G), although the severity of defects
varied among the phenotypic classes. OE I plants
showed the most severe deformations in root archi-

Figure 3. Comparisons of cell area and
endoreduplication profiles of wild type
and fzr2-1. A, Histogram of epidermal
pavement cell surface areas of wild-type
(WT; average [ave.] = 23,570 mm2; SD =
18,560 mm2), fzr2-1 (ave. = 16,250 mm2;
SD = 12,820 mm2), OE I (ave. = 153.5 mm2;
SD = 109.6 mm2), and OE III (ave. = 22,480
mm2; SD = 13,935 mm2) plants. Cell surface
areas were binned into 500-mm2 cate-
gories. B and C, ESEMs of adaxial leaf
surfaces of wild type (B) and fzr2-1 (C).
Scale bar = 100 mm. D and E, Flow
cytometric (cyt.) profiles of PI-stained leaf
nuclei of wild type (D) and fzr2-1 (E). A
total of 10,000 events were recorded for
each run. Ploidy and percentage of total
nuclei are given at the top of each peak.

Figure 4. Phenotypes associated with FZR2OE lines. A, Wild type (WT; right) and OE classes 28 d past germination. B, Relative
expression of wild type and the three OE classes by qRT-PCR, normalized to UBIQUITIN10 expression. Error bars represent SDs.
C, ESEMmicrographs of a leaf trichome of class OE I showing six branches. Scale bar = 100 mm. D to G, Representatives of DAPI-
stained trichome nuclei of OE I trichomes. The branch number is given in the lower left of each picture. Scale bar = 15 mm. H and
I, ESEMs of adaxial leaf surfaces of OE I (H) and OE III (I). Scale bar = 100 mm.
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tecture, being thicker and composed of larger cells
than wild type (Fig. 5, J and M). The overall shape of
the OE I root was still cylindrical, but the characteristic
cell layers were not fully conserved. In comparison,
OE II and OE III roots were moderately and mildly
disrupted, respectively, with less extreme increases in
root width and cell sizes (Fig. 5, I and L). The increases
in root cell sizes correlated with increases in nuclear
sizes (Fig. 5, N–Q). The nuclear size increases were
statistically significant (P , 0.05) when comparing
either OE I or OE III to wild type using a Student’s t

test (Fig. 5Q). Another noteworthy effect of 35S::FZR2
expression was a moderate increase in inflorescence
stem thickness in all three OE lines associated with
an increase in vascular tissue cell size. This was ac-
companiedbya shift in tissueproportions, such that the
epidermal layer appeared to be thinner (Fig. 5, R and S).

Approximately 3% of T2 generation OE transgenic
lines (two of 66 independent T0 lines) showed incom-
plete transgene silencing that prevented FZR2 over-
expression early yet apparently allowed the transgene
to escape silencing effects later in plant development.

Figure 5. Cotyledon, root, stem, and guard-cell phe-
notypes of FZR2 OE lines. A and B, Cleared cotyledon
of wild type (A) showing smaller mesophyll cells than
those of an OE line (B). Black arrowheads indicate
normal-sized mesophyll cells. Scale bar = 500 mm. C,
ESEM of the adaxial surface of an OE I plant, showing
both normal-sized (lower arrowhead) and enlarged
(upper arrowhead) stomata. Scale bar = 50 mm. D to F,
Light micrographs of DAPI-stained stomata of wild-
type (D) and OE I plants (E and F). Scale bar = 10 mm.
G, Root growth of wild-type (WT) and OE Class I
seedlings after 9 d of growth on vertical 1.5% agar
plates. H to M, Confocal images of PI-stained root tips
of wild type (H), OE III (I), and OE I (J), and root mature
zones of wild type (K), OE III (L), and OE I (M). Scale
bar = 100 mm. N to P, DAPI-stained nuclei of root
mature zones of wild type (N), OE III (O), and OE I (P).
Q, Measurements of nuclear area of root cortex cells of
wild-type and OE roots. Wild-type root cortex cell
nuclei averaged 3,972 6 1,179 mm2 (n = 46), OE III
nuclei averaged 4,7216 1,529 mm2 (n = 22), and OE I
nuclei averaged 12,090 6 7,180 mm2 (n = 24). Stu-
dent’s t test (two-tailed with unequal variance) showed
OE III to be marginally significantly different from wild
type (P = 0.043), while OE I was very significantly
different (P = 5.2 3 1026). The OE I and OE III nuclei
were also very significantly different from each other
(P = 2.2 3 1026). R and S, Cross sections of stems of
wild-type (R) and OE III (S) plants. Black arrowheads
indicate cortex tissue and black asterisks indicate
pith tissue. Scale bar = 10 mm.
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This resulted in what appeared to be mosaic sectors of
over-endoreduplicating cells, such that regions of en-
larged cells and over-branched trichomes were de-
tected within leaves that were otherwise composed of
normal-sized cells and 3- or 4-branch trichomes. As
increased trichome branching often indicates in-
creased trichome endoreduplication, it is likely that
the trichomes and the other cells in the sector had
overexpressed FZR2. Subsequent generations of these
lines failed to exhibit this phenomenon in postembry-
onic tissues but produced sectors in the cotyledons. An
example of this is shown in Figure 5B, in which the
cotyledon mesophyll cells of a semi-silenced 35S:FZR2
line are greatly enlarged in comparison to wild-type
cotyledon mesophyll cells (Fig. 5A). The sizes of
epidermal cells and of the entire organ did not differ
between wild-type and transgenic lines.

FZR2 Expression Is Sufficient to Drive Endoreduplication
in Diploid Petal Tissue

The 35S::FZR2 misexpression experiments showed
that more FZR2 activity led to extra endoreduplica-
tion. However, this endoreduplication resulted in tis-
sue defects that hindered the plant’s general growth,
resulting in dwarfism in the lines that misexpressed
FZR2 highly (i.e. OE I and II). For example, a loss of
root tissue function is likely to result from the tissue
disorganization seen in OE I roots (Fig. 5, J and M),
leading to secondary defects due to the perturbation of
nutrient and water uptake for the rest of the plant. This
complicated the interpretation of FZR2 function in
plant development. To circumvent these types of sec-
ondary defects, we used a tissue-specific promoter to
limit the extra function. We also wished to address
whether FZR2 misexpression could drive endoredu-
plication in cells that normally lack it entirely. The cone
cells of Arabidopsis petals do not undergo endoredu-
plication (Hase et al., 2005) and show nearly uniform
shape and size in fully developed petal tissue (Fig.
6G). Therefore, we created transgenic plants express-
ing FZR2 in cells of the floral primordia that generate
B-whorl organs, using the APETELA3 (AP3) promoter.
The AP3 promoter drives expression in flower buds
shortly after the sepals emerge at stage 3 in a zone of
cells that will give rise to the petal and stamen pri-
mordia (Smyth et al., 1990; Jack et al., 1992). Expression
continues in the petals and stamens as they develop
until the time of fertilization (Jack et al., 1992; Hill
et al., 1998).
AP3::FZR2 lines showed an increase in cell size in

both stamens and petals, and this cell-size increase
was matched by nuclear size increase (Fig. 6). Com-
pared with wild-type petal nuclei, the AP3::FZR2 petal
nuclei were extremely enlarged (Fig. 6, J–L). The petals
nonetheless retained petal differentiation characteris-
tics, despite the severe deviation from their normal
developmental program. For instance, wild-type petal
cone cells show ridges along the cone-shaped surface
(Supplemental Fig. S1A). In the giant AP3::FZR2 petal

cells, several conical peaks were seen instead of the
single peak seen for a wild-type cell (Fig. 6I), and the
characteristic ridges were present on each (Supple-
mental Fig. S1B). The petals lost their flat shape, and
instead the tissue grew outward. AP3::FZR2 stamens
were much wider with larger nuclei (Fig. 6, S–U) and
showed more and larger epidermal cells, although
their length and general shape were similar to wild
type (Fig. 6, M–R).

Another interesting phenotype involved the shapes
of the nuclei themselves. Previous work suggests that
increased nuclear content often corresponds with in-
creased spatial separation of chromatin within plant
nuclei (Kato and Lam, 2003). Indeed, nuclei seemed to
keep roughly spherical shapes and uniform DNA
distribution at lower ploidies when examined using
4#-6-diamidino-2-phenylindole (DAPI) and epifluo-
rescence microscopy (e.g. wild-type root nuclei; Fig.
5N). At higher ploidies, however, we observed nuclei
in ellipsoid and spindle shapes (Fig. 5, O and P). We
further observed that the larger OE trichomes pos-
sessed nuclei that seemed to have spread out even
more (Fig. 4, D–G). Brighter DAPI-stained DNA was
seen in punctate bunches at various locations, possibly
at heterochromatic regions (e.g. Fig. 4G). Moreover, a
positive relationship was noted among trichome
branch number, nuclear size, and degree of chromatin
separation (Fig. 4, D–G).

DISCUSSION

FZR2 Expression Is Necessary and Sufficient for Some
Endoreduplication in Arabidopsis

This article demonstrates that loss of FZR2 function
in the fzr2 mutants led to reduced endoreduplication
in trichomes along with decreased trichome branch-
ing. Although truncated FZR2 mRNA fragments re-
main and could produce truncated proteins, we do not
expect this to contribute to the phenotypes, because
heterozygotes appear wild type. Similar correlations
between branching and ploidy have been observed in
other 2-branch trichome mutants (Hülskamp et al.,
1994; Perazza et al., 1999). Likewise, there was an
overall decrease in the ploidy levels of fzr2-1 leaf cells.
Flow cytometric analysis of fzr2-1 leaves indicated that
the mutants were unhindered in undergoing up to two
endocycles in this tissue, but endoreduplication past
the 8C level was greatly reduced. As such, we con-
clude that FZR2 is a factor controlling the induction of
early rounds of endoreduplication. The remaining
rounds of endoreduplication may be mediated by the
other two FZR family homologs, FZR1 and FZR3,
because all of these genes are expressed in the same
tissues in leaves, although to different degrees (Fig. 1,
A–C). It should, however, be cautioned that FZR3
probably differs in time of expression during the cell
cycle (Tarayre et al., 2004; Fülöp et al., 2005). Further-
more, FZR2 may have other functions, separate from
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Figure 6. Phenotypes associated with wild-type and
AP3::FZR2 flowers. A, D, G, J, M, P, and S show floral
tissue from wild type; B, E, H, K, N, Q, and T show
AP3::FZR2 weak phenotypes; C, F, I, L, O, R, and U
show AP3::FZR2 strong phenotypes. A to C, Inflores-
cences. D to F, Dissected petals. G to I, ESEM
micrographs of petal epidermal cells. In I, white
arrowheads indicate the multiple conical peaks of the
giant cells. J to L, UV fluorescence micrographs of
DAPI-stained petals. In L, a white arrowhead indi-
cates a giant nucleus. M to O, Dissected stamens. P to
R, ESEM micrographs of stamen filament. S to U, UV
fluorescence micrographs of DAPI-stained stamens.
Scale bar = 100 mm.
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its role in endoreduplication, because it is expressed in
nonendocycling tissues as well (Beemster et al., 2005).
That FZR2 can induce endoreduplication is also sup-
ported by the observation that its misexpression
caused an increase in nuclear and cell sizes in both
root and leaf tissues and promoted endoreduplication
and cell expansion in petal tissues that do not nor-
mally undergo these processes.

Cell Sizes, Organ Sizes, and the
Compensation Mechanism

Despite the absence of most 16C and 32C cells, the
leaves in the loss-of-function mutants were indistin-
guishable from wild type at the organ level. Because
the leaves lacked most of the large 16C cells, they must
have consisted of smaller but more numerous cells;
this was evident in the external surface area measure-
ments of the epidermal cells (Fig. 3A). As the cells
were deficient in the 8C to 16C endocycle, the resulting
space must have been filled by proliferation of the 2C
and 4C cells. It was unclear whether this was due to
extra proliferation and endoreduplication from 2C
cells or whether the 4C and 8C cells were also capable
of dividing. The volume was not accounted for by
extra 2C cells alone, however, because the 4C and 8C
cells increased in proportion in our flow cytometric
analyses, while the 2C cells did not (Fig. 3, D and E).
Endoreduplication is generally thought to preclude
subsequent cell division (Sugimoto-Shirasu and Roberts,
2003), although there is evidence that endoreduplicated
trichome socket cells can reenter mitosis under certain
conditions (Weinl et al., 2005). If endoreduplicated leaf
cells were becoming mitotically active in response to a
reduced size, we might expect the trichomes to have
been able to reach a wild-type size and shape but as a
multicellular form, as documented previously in the
siamese mutant trichomes (Walker et al., 2000). Given
the absence of multicellular trichomes in fzr2 mutants,
we favor an increase in cell number due to proliferation
by 2C cells, followed by further endoreduplication to
4C and sometimes 8C.
The cause of the extra proliferation is not clear, but

several explanations should be considered. First, it
could be that FZR2 normally functions early in leaf
growth to switch cells from proliferation to endoredu-
plication. If this were the case, the early endocycles of
fzr2-1 could instead be mitotic cycles, and perhaps
FZR1 or FZR3 would trigger the later endocycles.
From the cell theory perspective, the cells might have a
certain number of total cycles (or developmental win-
dow of cycling), and the shift toward mitotic cycles
would be at the expense of later endocycles. Contrary
to this hypothesis, however, is the lack of trichome
subdivision despite a reduction of endoreduplication.
Second, FZR2 could be a factor driving later endo-
cycles. Arabidopsis leaf cells proliferate and then
endocycle along a basipetal gradient (Donnelly et al.,
1999; Beemster et al., 2005). In fzr2-1 leaves, FZR1 or
FZR3 might induce the switch from proliferation to

expansion as normal. During the expansion phase,
however, some cells would be unable to reach the
appropriate sizes and ploidies due to lack of FZR2. It is
possible that the defect could be sensed through
positional cues, and a proliferation signal could be
transmitted from the expanding cells to cells with the
potential for further mitosis. This organismal-theory
hypothesis would explain the remarkable result of
normal leaf morphogenesis despite the restriction of
cell growth. Third, it is possible that the overprolifera-
tion in fzr2-1 results from accelerated proliferation in a
manner similar to a recent 35S:CYCD2;1 report (Qi and
John, 2007), in which overabundant CycD2;1 led to
precocious cell divisions and smaller, more numerous
cells. The 35S:CYCD2;1 leaves were also of normal
morphology, but leaf nuclei were not evaluated for
endoreduplication, nor were the trichomes abnormal
(Qi and John, 2007). Unlike A- and B-type cyclins,
D-type cyclins do not contain the D-box motif that
putatively facilitates their proteolysis, so we do not
expect CYCD2;1 overabundance and accelerated cell
divisions in fzr2-1. Furthermore, expression in tobacco
(Nicotiana tabacum) of a nondegradable cyclin B re-
sulted in cell shape defects and phragmoplast failure
instead of mitotic acceleration (Weingartner et al.,
2004). Finally, a study using 35S:ANT transgenic
Arabidopsis showed that cell overproliferation does
not necessarily lead to reduced cell size (Mizukami
and Fischer, 2000).

Hence, while none of the hypotheses can be elimi-
nated at this point, the first two seem more likely.
Differentiating between them will be difficult, unfor-
tunately, because fzr2-1 growth kinematics would be
the same for both. Nevertheless, this study may be the
first example of organ developmental compensation
via increased cell proliferation to attain a normal leaf
size. Decreases in leaf cell volume have been observed
in other studies, but in such cases, normal organ size
was not attained. One such study showed that rot3
leaves had the same number of cells as wild type, yet
these cells were shorter along the proximodistal axis
and hence the leaves were shorter (Tsuge et al., 1996).
Similarly, overexpressing a homeobox gene (AtHB13)
or expressing an antisense sequence of an expansin
gene (AtEXP10) caused a reduction in cell size with
no compensatory increase in cell number (Cho and
Cosgrove, 2000; Hanson et al., 2001). Several other
studies have proposed that when cell number is re-
duced, cell volume increases to compensate, or that
when cell volume is increased, cell proliferation de-
creases (Jones et al., 1998; Wang et al., 2000; De Veylder
et al., 2001; Bemis and Torii, 2007). In the samemanner,
FZR2 OE III plants showed an increase in leaf cell
size and a decrease in cell number, such that the wild-
type and transgenic leaves were similar in shape and
size despite the presence of fewer and larger cells
(although the smallest cells of OE III in Fig. 3A were
more numerous, perhaps because they were restricted
from expanding by the larger cells). Leaves of the
transgenic plants showing phenotype OE I and OE II,
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however, lacked this compensation effect, showing
smaller organs composed of smaller cells. One expla-
nation for this could be that the OE I and OE II leaf
cells were unable to enter S phase due to the misex-
pression of FZR2, and hence neither endoreduplica-
tion nor proliferation sufficed, while the milder
overabundance in OE III decreased cell proliferation
but allowed extra endoreduplication. Similar concen-
tration-dependent effects were seen for overexpres-
sion of ICK/KRP1 (Weinl et al., 2005). An alternative,
less direct explanation may relate to the severe phys-
iological defects that may result from FZR2 overex-
pression. Indeed, the severity of above-ground
phenotypes correlated with the degree of root archi-
tecture distortion in FZR2 overexpressing plants (Figs.
4A and 5, H–M). Therefore, it is possible that the dwarf
phenotype of OEI and OEII plants may have been
caused by general nutrient deficiency and dehydra-
tion. In agreement with this explanation, OE I and OE
II plants accumulated anthocyanins, a phenotype of-
ten associated with nutrient stress (Steyn et al., 2002).
These two explanations for the dwarf phenotype of OE
I and OE II plants postulate that the expression levels
of the 35S::FZR2 transgene were commensurate with
the severity of defects in roots and above-ground
organs. Indeed, the steady-state levels of FZR2 tran-
script were higher in OE I and OE II plants relative to
OE III (Fig. 4, A and B).

Similar to the leaf overexpression effects in OE III,
we saw a decrease in cell number and an increase in
cell size in the petals of AP3::FZR2 plants, although
here, the organs themselves were much smaller (Fig.
6). Normally lacking endoreduplication, the petal cells
were clearly competent to undergo extensive endo-
cycles upon FZR2 misexpression. The guard-cell size
increase was yet another indication that misexpression
of FZR2 can induce ectopic endoreduplication (Fig. 5,
C–F).

Petal Cells Can Endoreduplicate Yet Retain Petal
Cell Characteristics

The portion of the AP3 promoter used to drive FZR2
expression in petals and stamens has been shown to
direct expression in the floral meristem prior to the
appearance of both petal and stamen primordia (Jack
et al., 1992; Hill et al., 1998). Ectopic endoreduplication
early in AP3::FZR2 petal development likely triggered
the cells to exit the proliferation phase and enter the
endocycle, preventing normal petal cell proliferation.
Plants with the highest AP3::FZR2 expression at that
early phase of petal development would form flowers
with the largest petal cells and nuclei at the end of
development (Fig. 6, F and I; Supplemental Fig. S1, A
and B). The presence of giant cells and nuclei in some
AP3::FZR2 lines suggest that these cells underwent
high numbers of endoreduplication cycles. Similar
extreme tissue disorganization phenotypes were also
found in plants with other alterations in the cell cycle,
such as expression of non-degradable cyclin B or

plants engineered to lose theHOBBIT CDC27 ortholog
postembryonically (Weingartner et al., 2004; Serralbo
et al., 2006). It is remarkable that these giant petal cells
retain petal cone cell characteristics (e.g. ridges and
conical shapes; Supplemental Fig. S1B) despite the
severe perturbation to their developmental program.
More normal organ morphology was seen for trans-
genic stamens, although there was an increase in both
cell size and number.

Our results show that with the loss of FZR2 function,
endoreduplication cycles past 8C are infrequent. In
petals, expression of FZR2 led to de novo endoredu-
plication, yet the enlarged cone cells retained tissue
characteristics. In conclusion, we have shown that
FZR2 is a regulator of cell growth and endoreduplica-
tion, and we have provided data that support the
presence of a morphological compensation mecha-
nism that allows plant organs to compensate for
reduced cell size by increasing proliferation.

MATERIALS AND METHODS

Gene Nomenclature

The FZR gene family includes FZR1 (At4g11920), FZR2 (At4g22910), and

FZR3 (At5g13840). We refer to these genes using the FZR three-letter symbol

as per the conventions set out by the Arabidopsis (Arabidopsis thaliana)

research community (www.arabidopsis.org) to replace the previously used

nonstandard symbols for these genes, as follows: FZR1 (CCS52A2), FZR2

(CCS52A1), and FZR3 (CCS52B; Cebolla et al., 1999).

Plant Material and Growth Conditions

All Arabidopsis alleles were derived from the Columbia ecotype. Two

T-DNA insertions into the At4g22910 locus (FZR2) were acquired from the

Arabidopsis Biological Resource Center (The Ohio State University, Colum-

bus, OH): SALK_083656 (fzr2-1) and SALK_101689 (fzr2-2). Insertion lines

were back-crossed into the Columbia-0 accession three times to eliminate

secondary mutations. Primers used for genotyping are listed in Supplemental

Table S1. In vitro plant culture was performed on half-strengthMurashige and

Skoog medium (MP Biomedicals), supplemented with 0.9% Suc and 1% agar,

and adjusted to pH 5.8. Soil-grown plants were raised on a 2:1 ratio of

Sunshine coarse vermiculite to Sunshine potting mix (SunGro Horticulture).

First watering was supplemented with 1 teaspoon of Jack’s Classic 20-20-20

fertilizer per flat (J.R. Peters). All plants were grown at 22�C in a 16:8 light:dark

daily schedule, with light fluence of 62 to 74 mmol/m2/s using GroLux T5

fluorescent lights (Sylvania).

RNA Extraction, RT-PCR, and Real-Time qRT-PCR

Total RNAwas prepared from agar-grown plants using the UltraClean kit

according to the manufacturer’s instructions (Mo Bio Laboratories). Semi-

quantitative RT-PCR was performed on RNA from 2-week-old plants accord-

ing to standard procedures using Improm-II reverse transcriptase (Promega).

PAE2 expression was measured for comparison for the RT-PCR (Downes et al.,

2003). Gene-specific primers are given in Supplemental Table S1 (Integrated

DNA Technologies). PCR reactions were performed on a PTC-200 thermocy-

cler (MJ Research) with primer-specific modifications to the following pro-

gram: melting step of 95�C for 5 min, variable numbers of PCR cycles of 94�C
for 30 s, 52�C to 62�C for 1 min, 72�C for 1 min, and a final elongation step at

72�C for 5 min. Aliquots of RT-PCR reactions were drawn at 5-cycle intervals

to ensure timing of linear phase. qRT-PCR runs were performed on RNA

extracted from the blades of fifth leaves of wild type at 2-d intervals or from

whole plants of wild type and OE classes 5 d after germination using a MyiQ

iCycler (Bio-Rad) with SYBR Green PCR Master mix (TOYOBO). The follow-

ing program was used: melting step of 95�C for 3 min, then 45 cycles of 95�C
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for 30 s and 60�C for 30 s. UBIQUITIN10 was used to normalize expression in

qRT-PCR analyses. These qRT-PCR assays were repeated twice.

Genetic Constructs and Plant Transformation

Genetic constructs were created using the pCAMBIA 1300 binary vector as

the backbone. These constructs were introduced into Agrobacterium tumefaciens

strain GV3101, and the resulting strains were used to transform Arabidopsis

by the floral dip method (Clough and Bent, 1998).

Resin-Embedded Sectioning

For fixation, tissue was vacuum-infiltrated with ice-cold formaldehyde-

acetic acid solution (50% ethanol, 5% glacial acetic acid, 10% formalin, 35%

water) for 15 min and incubated at 4�C for 3 h. The tissue was dehydrated in a

series of ethanol solutions: 50%, 70%, 80%, 90%, and 100%, for at least 15 min

each step, then washed twice in liquid Technovit 8100 resin (Hereus Kulzer)

for 15 min for each step. The tissue was then vacuum-infiltrated with fresh

resin and incubated at 4�C for 4 d, then washed in resin plus Technovit

hardener II and embedded in fresh resin plus hardener in 0.2-mL plastic PCR

tubes. Embedded tissue was allowed to cure for at least 1 week at 4�C before

beingmounted and sectioned. Then 7-mm-thick longitudinal sections were cut

through tissues using a Leica RM2145 microtome.

Confocal and Environmental Scanning
Electron Microscopy

For confocal imaging of root tissue, fresh plate-grown roots were immersed

in 10 mg/mL propidium iodide for 1 min, washed briefly, and immediately

scanned using a Zeiss LSM 510 META laser scanning confocal microscope

(Zeiss) equipped with a HeNe 543-nm, 5-mW laser. For environmental

scanning electron microscopy (ESEM), an FEI QUANTA 200 ESEM (FEI

Company) was used on unfixed material, at 0.93 torr, 3.0 spot size, and 25-mV

voltage.

Ploidy, Cell Size, and Nuclear Size Measurements

In situ nuclear DNA content measurements were performed on the fourth

true leaves of 3-week-old plants. Leaves were fixed in 3:1 ethanol to acetic acid

and 1 mM MgCl2, then cleared for 12 to 14 h in 95% ethanol containing 1 mM

MgCl2. Nuclei were then washed twice for 15 min with phosphate buffered

saline (PBS) buffer containing 1 mM MgCl2, stained with 1 mM DAPI in PBS +

1mMMgCl2 for 15min and again washed thrice for 15 min in PBS +MgCl2. An

average of seven stained trichome nuclei and nearby guard cell nuclei from

each fourth leaf of 10 fzr2-1 and 10 Columbia-0 wild-type plants was

visualized through an Olympus BX60 epifluorescence microscope using a

cooled CCD camera (Cascade Photometrics). The same exposure time was

used for all images. Images were cropped and converted to grayscale using

Adobe Photoshop 7.0. The light outputs of individual trichome and guard cell

nuclei were analyzed with ImageJ (http://rsb.info.nih.gov/ij/) using a pro-

tocol similar to that of Szymanski and Marks (1998). Modifications included

comparing the fluorescence of trichome nuclei only to guard cell nuclei within

the same Z-series. For measurement of root nuclei, whole roots were stained

with DAPI, and nuclei were imaged according to the above protocol. We

measured 46 wild-type, 22 OE III, and 24 OE I root nuclei. Only cortex cell

nuclei were measured, because this was the easiest cell layer to identify.

Cell external surface area measurements were obtained via ESEM micro-

graphs of fresh tissue from fifth leaves at 5003 magnification. Seven plants

from each genotype were used and cell numbers were 180, 60, 131, and 279 for

OE I, OE III, wild-type, and fzr2-1, respectively. The regions micrographed

were adaxial surfaces halfway along the proximodistal axis of the leaf,

equidistant from midvein and the leaf edge along the mediolateral axis, on

both sides of the midvein. Cell areas were measured in ImageJ, tracing by

hand using a Graphire drawing pad (Wacom).

Flow Cytometry

The fifth leaf of 6 3-week-old plants for each genotype was bisected just

above the petiole. Each leaf was chopped continuously by hand, using a fresh

razor blade, for 5 min while immersed in PI chopping buffer (1 mM MgSO4, 15

mM KCl, 5 mM HEPES, 1 mg/mL dithiothreitol, and 100 mg/mL PI). The

resulting liquid was passed through a 40-mm nylon mesh to remove cellular

debris. After 20 to 60 min of incubation on ice, the suspensions were run

through a FACSCalibur flow cytometer (BD) and 10,000 flow cytometric

events were recorded. The output was gated to eliminate signal from chlo-

roplasts and debris.

Supplemental Data

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

Supplemental Figure S1. Enlarged images of wild-type (A) andAP3::FZR2

(B) petal cells.

Supplemental Table S1. Primers used for genotyping and for RT-PCR

analysis of transcript levels.
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