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The Arabidopsis (Arabidopsis thaliana) CYCD2;1 gene introduced in genomic form increased cell formation in the Arabidopsis root
apex and leaf, while generating full-length mRNA, raised CDK/CYCLIN enzyme activity, reduced G1-phase duration, and
reduced size of cells at S phase and division. Other cell cycle genes, CDKA;1, CYCLIN B;1, and the cDNA form of CYCD2;1 that
produced an aberrantly spliced mRNA, produced smaller or zero increases in CDK/CYCLIN activity and did not increase the
number of cells formed. Plants with a homozygous single insert of genomic CYCD2;1 grew with normal morphology and without
accelerated growth of root or shoot, not providing evidence that cell formation or CYCLIN D2 controls growth of postembryonic
vegetative tissues. At the root apex, cells progressed normally from meristem to elongation, but their smaller size enclosed
less growth and a 40% reduction in final size of epidermal and cortical cells was seen. Smaller elongated cell size inhibited
endoreduplication, indicating a cell size requirement. Leaf cells were also smaller and more numerous during proliferation and
epidermal pavement and palisade cells attained 59% and 69% of controls, whereas laminas reached normal size. Autonomous
control of expansion was therefore not evident in abundant cell types that formed tissues of root or leaf. Cell size was reduced by a
greater number formed in a tissue prior to cell and tissue expansion. Initiation and termination of expansion did not correlate with
cell dimension or number and may be determined by tissue-wide signals acting across cellular boundaries.

Cellular control over growth could be particularly
important in plants, where growth is largely indeter-
minate and might extend in response to developmen-
tal demands of new cells. Cell formation could cause
growth if transcription associated with the cell cycle
also stimulates growth or if cells are programmed to
enlarge under a cell-autonomous program. Cell enlarge-
ment is quantitatively significant because the abundant
cell types of plants often differentiate by expanding
through one or two orders of magnitude, as seen in this
article, and if this is under autonomous control, then
formation of cells is a major engine of plant growth.
However, an alternative possibility is that tissue growth
forms cytoplasm, which is partitioned into cells that later
enlarge to the extent that further growth is available.

These fundamental interactions of division with
growth might be universal, but evidence from other
kingdoms is conflicting. Mice increased in size when
they contained higher activity of CDK/CYCLIN en-
zymes that caused more cell division (Nakayama et al.,
1996), but cultured mammalian cells that were accel-

erated through the G1 phase by expression of CYCLIN
D were of smaller average size (Ohtsubo and Roberts,
1993), and diverse Drosophila tissues responded in
different ways to expression of CDK and CYCLIN
genes (Datar et al., 2000).

Cellular regulation of growth has been considered a
possible explanation for stable final cell size when
growth at the root tip was altered by hormone signal-
ing (Lincoln et al., 1990), seedling age (Beemster and
Baskin, 1998), or presence of salt (West et al., 2004).
This interpretation was tentative because the primary
alteration may have been change in plant growth, with
side effects altering cell formation and coincidentally
stabilized cell size. Consistent with this reservation,
there are clear examples of growth that do not depend
on cell formation and expansion. For example, in
irradiated wheat (Triticum aestivum) embryos, absence
of cell division does not prevent the initiation of leaf
primordia by local growth without division (Foard,
1971), and in lateral root initiation, a cytoplasmic
mound grows if division is blocked by microtubule
inhibitors and, if the inhibitor is removed, it can
subsequently cellularize and form a lateral root (Foard
et al., 1965). Similar division follows after cells are first
enlarged by the EXPANSIN cell wall enzyme (Pien
et al., 2001). In the establishment of new foci of growth,
therefore, cell division may be a secondary event (for
review, see John, 2007); however, the importance of
cell-autonomous developmental programs in directing
ongoing growth has not been resolved (Kaplan and
Hagemann, 1991; Ishikawa and Evans, 1995; Baluska
et al., 1996; Fleming, 2006). For example, change in cell
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size is frequently noted in mesophyll cells when genetic
changes reduce cell number and result in larger cell
size (Hemerly et al., 1995) or increase cell number and
reduce cell size (Dewitte et al., 2003), and this can be
interpreted to indicate modified cell-autonomous con-
trols that increase or decrease cell volume in compen-
sation to stabilize leaf size (Tsukaya, 2006), although it
could result from determinate organ size interrupting
expansion in different cell numbers.

Decisive evidence might be obtained if cell forma-
tion could be increased without disrupting develop-
ment or directly altering growth, perhaps by use of
catalysts of cell cycle progression. D-cyclins catalyze
the cell cycle in plants and animals by promoting
transcription of genes required for DNA replication
(Dulic et al., 1992; Xiong et al., 1992; Huntley et al.,
1998; Sherr and Roberts, 1999; Nakagami et al., 2002).
In the Arabidopsis (Arabidopsis thaliana) leaf, CYCLIN
D3 accelerated division, but differentiation was in-
hibited (Dewitte et al., 2003). A more sensitive test for
cell-directed growth would be provided if cell forma-
tion could be increased while preserving normal meri-
stem function and tissue formation.

The Arabidopsis CYCLIN D2 gene under the control
of the constitutive cauliflower mosaic virus 35S pro-
moter has been observed to mildly stimulate growth in
seedling tobacco (Nicotiana tabacum) plants (Cockroft
et al., 2000), but not in Arabidopsis (Zhou et al., 2003),
and without reducing the abundance of G1-phase cells
that is seen with CYCD3;1 expression (Dewitte et al.,
2003) and would be expected from normal CYCLIN D
stimulation of S phase in animal (Ohtsubo and Roberts,
1993; Sherr and Roberts, 1999) and plant (Nakagami
et al., 2002) cells. We therefore investigated whether
there was difficulty in obtaining full expression of this
transgene, perhaps associated with the use of the cDNA
form of the gene that has previously been employed
(Cockroft et al., 2000; Zhou et al., 2003). The Arabidop-
sis CYCLIN D2;1 gene was ectopically expressed in
three forms and its effects were compared with expres-
sion of a mitotic class cyclin Arabidopsis CYCLIN B;1
and a cyclin-dependent kinase Arabidopsis CDKA;1.

We now report that the cDNA form of the AtCYCD2;1
transgene could not yield full-size cyclin protein in
Arabidopsis because of internal truncation of the tran-
script from cDNA. When truncation was prevented
by in vitro mutagenesis at regenerated splice junctions
or by use of the genomic form, ectopically expressed
CYCD2;1 resulted in full-length mRNA, increased CDK/
CYCLIN enzyme activity, reduced cell size at S phase,
and abundance of G1-phase cells, which are usual
outcomes of normal D-cyclin function. Unexpectedly,
increased formation of cells did not accelerate growth
of root or leaf and has implications for the role of
division in growth.

RESULTS

The efficiency of AtCYCD2;1 expression was inves-
tigated because the cDNA form of this gene has been

described to accelerate seedling growth in tobacco
without the reduced incidence of G1-phase cells that
would be expected from this class of cyclin, and with
no similar growth effect in Arabidopsis.

mRNA Products of Transgenes

Investigation of mRNA in wild-type and transgenic
lines by reverse transcription (RT)-PCR using primers
binding at termini of the open reading frame (ORF)
showed that expression of the cDNA of CYCD2;1
yielded only a truncated mRNA of 890 bp (Fig. 1).
The cDNA gene contained intron boundary signals
AGGT, where introns 1 and 3 have been removed. Its
primary transcript was therefore spliced (Fig. 2), re-
moving exons 2 and 3 and deleting Asp-126, Leu-144,
and Lys-155, which are essential for enzymic function
in all cyclins (Schulman et al., 1998; Miller et al., 2005).
The truncated mRNA dominated the population of
CYCD2;1 mRNA molecules in the 35STcDNA trans-
genic lines (Fig. 1), indicating high activity of the
promoter and inappropriate processing. Ten indepen-
dent clones of individual RT-PCR products all showed
the truncation (Fig. 2), but truncation was eliminated
when splice sites were changed to AAG by in vitro
mutagenesis, giving full-length 1,080-bp mRNA (Fig.
1). In plants, more than other taxa, cDNA transgenes
appear to be at risk of incomplete expression from
reformed splice boundaries because AGGT motifs can
be spliced without requiring flanking sequences that
mark introns in other kingdoms (Brendel et al., 1998).

Therefore, the limited phenotype induced by the
cDNA transgene is probably due to lack of a fully
functional product. In contrast, the genomic copy of
CYCD2;1 ectopically expressed under the control of
the same promoter formed full-length mRNA and
markedly altered cell cycle progression. To evaluate
the effects of the D class of CYCLIN, which in most
kingdoms functions at the G1/S transition, we com-
pared with CDKA;1, which is essential for both S phase
and mitosis, and with CYCLIN B;1, which is a specific
catalyst of mitosis.

Figure 1. Sizes of genes and transcripts. PCR products from genomic
DNA (lanes g) or RT-cDNA (lanes c) of wild type (WT), lines expressing
cDNA of CYCD2;1 (cDNA transgenics), and cDNA of CYCD2;1 with
inactivated intron boundary sequences (nonsplicing cDNA) are shown.
PCR amplification was performed with primers for 5# and 3# termini of
CYCD2;1. Markers (lane M) show that wild-type mRNA contained the
1,080-bp ORF of CYCD2;1, whereas the cDNA transgene yielded a
truncated 890-bp mRNA, but cDNA that did not activate splicing of
transcript yielded full-size 1,080-bp mRNA. Genomic DNA gave a
1,715-bp PCR product from the endogenous gene.
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CDK/CYCLIN Protein Kinase Activity

Effects of the transgenes were initially assessed by
measurement of CDK/CYCLIN catalytic activity re-
covered by the broad-spectrum CDK-binding protein
SUC1 (Zhang et al., 1996; Zhang and John, 2005) and
also by specific antibody against AtCDKA;1 (Zhang
et al., 2005). Measurements were made in plants from
which Southern blots, after digestion with EcoRI and
also after EcoRI plus KpnI, gave only single bands after
selfing of these lines to obtain homozygous single-
insertion lines.

No increase in CDK activity was detectable in lines
that were homozygous for single insertions of cDNA of
CYCD2;1 or cyclin CYCB1;1 (Fig. 3), although transcripts
of the latter were full length. Increases of 1.3- to 1.6-fold
in CDK/CYCLIN activity were observed in all four
independent lines from homozygous single insertions
of the plant homolog of CDKA1;1, which is consistent
with CDK proteins being generally more abundant than
cyclins and therefore less effective in increasing activity.
Greater activity was obtained when splice sites in cDNA
of CYCD2;1 were inactivated without changing amino
acid sequence (2.0-fold activity increase), and greatest
enzyme activity resulted from expression of genomic
CYCD2;1, which allowed normal splicing and induced
close to a 4-fold activity increase in four independent

single-insertion homozygous lines (Fig. 3B). These ac-
tivities confirmed that inappropriate splicing interfered
with expression of this cDNA, whereas normal splicing
facilitated gene expression in the plant as in other
systems (Wiegand et al., 2003). Truncated, catalytically
inactive CYCD2 did not interfere with growth presum-
ably because it did not bind to CDK (Schulman et al.,
1998; Miller et al., 2005) and therefore did not displace
normal cyclins including functional CYCD2 cyclin de-
rived from the endogenous gene.

Cell Cycle Phase Durations

Raised CDK-CYCLIN activity caused by the homo-
zygous presence of deregulated CYCD2;1 caused an
accelerated exit from G1 phase and a reduction in the
ratio of G1- to G2-phase nuclear abundance from 1.31
to 0.78 (Fig. 4A) in preparations from four independent
lines, indicating the early initiation of S phase that is
normally induced by a raised level of functional CYCLIN
D in animal (Ohtsubo and Roberts, 1993; Resnitzky et al.,
1994; Sherr and Roberts, 1999) and plant cells (Nakagami
et al., 2002; Dewitte et al., 2003). The calculated ratio pres-
ents a minimal estimate of the effect of the transgene in
advancing S phase because it must have overcome the
effect of reduced endoreduplication (mentioned below)

Figure 2. Internal truncation of cDNA transcript. A, Structure of genomic Arabidopsis CYCLIN D2;1, with six exons (E1–E6). B,
cDNA and its primary transcript pre-mRNA contain two intron boundary signals (AGGT, starred) that were formed by the joining
of exons E1 with E2 and E3 with E4 when the genomic transcript was matured. Transcript from the cDNA transgene is recognized
in the nucleus as an apparent pre-mRNA and spliced to form a truncated mature mRNA that lacks exons E2 and E3. This
truncation was found in each of 10 mRNAs taken at random from four independently created transgenic lines, but never found in
wild type. The translated product of the cDNA transgene therefore lacks a peptide that is part of the core of all cyclins and
includes amino acids Asp-126, Leu-144, and Lys-155, which are perfectly conserved in all cyclins and are essential for function
(Schulman et al., 1998; Miller et al., 2005). [See online article for color version of this figure.]
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in returning more cells to the G1 phase. These data do not
exclude possible effects of D cyclin at mitosis, but the
reduction of G1-phase cells indicates that accelerated exit
from G1 phase is the more significant effect.

Size of DNA-Replicating Cells

Early exit from G1 phase indicated by cytometry
implies a shorter period of growth prior to DNA repli-
cation and we therefore tested cell size at S phase in
roots that were pulse labeled with bromodeoxyuridine
(BrdU; Fig. 5). Size of DNA-replicating cells was esti-
mated by taking length to be a measure of volume be-
cause cell and root cross section is essentially constant
(Dolan et al., 1993). A 28% reduction in average cell
size at S phase, compared with controls in epidermal
and cortical cells (Fig. 4B; P # 0.01), confirmed that the
transition to S phase was advanced relative to growth
by expression of the CYCD2 gene. Size was not recov-
ered prior to division because daughter cells of both
cortical and epidermal cells remained 26% smaller
than controls (data not shown), giving no evidence for
size-dependent events after S phase.

Summary of Effects on Cell Formation

DNA replication and division occurring at smaller
cell size does not indicate shorter cell cycle duration
because cells must grow from a smaller birth size to

recover their size before each division (Ohtsubo and
Roberts, 1993). The smaller size at S phase and division
did increase the number of cells formed per volume
of tissue and therefore increased the number that had
been formed before root apical tissue entered elonga-
tion or leaf primordium tissue entered expansion. Root
and leaf tissue was therefore partitioned into a greater
number of smaller cellular compartments and the
reduced proportion of total expansion that would
occur in each prompted us to investigate the interac-
tion of cell number, size, and growth.

Effect on Endoreduplication

An indication of smaller size in elongated cells at the
root tip was evident in nuclear DNA profiles as reduced
incidence of endoreduplication that produces DNA
content greater than G2 accompanying larger cell size
(for review, see Sugimoto-Shirasu and Roberts, 2003).
Endoreduplication was suppressed (Fig. 4A) when cell

Figure 4. Frequency of cells in cycle phases and mean cell size at
replication. A, Flow cytometric resolution of nuclei in G1 phase (2C),
G2 phase (4C), or after endoreduplication (8C and 16C) from terminal
3-mm segments of primary root tips of 5-d-old seedlings of wild-type
and CYCLIN D2;1 homozygous single-insertion transgenic lines
(CYCD2 transgenic). B, Size of proliferating cells at S phase detected
by incorporation of BrdU as shown in Figure 5 in the meristem regions
of wild-type (s) and CYCD2 transgenic lines (h). [See online article for
color version of this figure.]

Figure 3. CDK protein kinase activity. A, Increased relative to wild type
in lines containing splice-modified cDNA CYCD2;1 or genomic
CYCD2;1, but only slightly increased by single insertions of AtCDKA;1,
and not at all by Arabidopsis CYCLIN B;1 or cDNA CYCD2. Activity was
assayed after purification of CDK by binding protein SUC1 measured by
scintillation counting of radioactive phosphate from [g32P]ATP trans-
ferred to H1 histone (Zhang et al., 1996). B, CDKA;1/CYCLIN activity
was consistently raised above wild type in independently transformed
lines with single insertions of genomic CYCD2;1 (gD2) from which
enzyme was recovered with anti-CDKA;1 antibody and transfer of
phosphate to H1 histone quantified by Phosphor Imaging.
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size was reduced by the CYCLIN D2 transgene (Fig. 4;
data below). The depression of cell size removed a
stimulus for endoreduplication from a high cytoplasm-
to-DNA ratio and provides novel evidence that the
endoreduplication process requires adequate cell size
for its initiation. It has previously seemed likely that
reduplication is the cause of cell enlargement (Cebolla
et al., 1999), but current evidence tracking cells through
normal development terminating at smaller size (Fig. 7
below) suggests that, conversely, large cell size is a re-
quirement for reduplication. An earlier indication of
this was obtained from CYCD3;1 overexpression, but
inhibition of cell differentiation by that transgene
prevented identification of a cell size requirement for
reduplication (Dewitte et al., 2003).

Cell Division, Enlargement, and Root Growth

Possible effects of increased cell formation were
scrutinized in the root because this organ extends
indeterminately and its growth could be stimulated if

cell-autonomous enlargement is significant in growth.
Quantification of cell output can readily be made as
cells are created in regular files from an organizing
quiescent center at the tip (Dolan et al., 1993). Division
in the meristem region near the tip is followed by
rapid cell elongation (Fig. 6) and the rate at which cells
complete this progression can be measured in steady-
state growth because a new cell is formed in a file at
the same average time interval as an older cell com-
pletes elongation, which is the time in which the root
extends by the length of an elongated cell (Ivanov
and Dubrovsky, 1997). Cell production and elongation
could therefore be studied in an organ that was grow-
ing indeterminately during the period of our measure-
ments (Sánchez-Calderón et al., 2005).

Increased cell formation was observed in the pres-
ence of a 4-fold increase in CDKA/CYCLIN activity in
all lines that contained homozygous single insertions
of genomic CYCD2;1. Division was not affected by
other transgenes that produced small or undetectable
increases in CDK/CYCLIN activity nor by the 2-fold
increase in activity induced by CYCD2 cDNA in which
splice sites had been silenced (Fig. 3), therefore in-
dicating that a rise of CDK activity above a 2-fold
threshold is necessary to affect division. Rates of output
of epidermal and cortical cells from the root apical
meristem were reset to 45% and 46% above controls in
independent lines containing homozygous single in-
sertions of 35STgenomic CYCD2;1 (Table I), but root
growth was not accelerated, showing that cell produc-
tion does not set rate of growth. In fact, a small reduc-
tion in growth rate was observed that may have been
due to the requirement for synthesis of more nuclei and
cross walls. Cells in the meristem entered S phase
at smaller size, were more numerous, and attained
smaller final sizes, reflected in the greater number of
epidermal and cortical cells in the meristem region of
transgenic lines, which contained, on average, 47 cells
per file, compared with 33 (P # 0.01) in controls. This
difference was observed throughout the 10-d period of
observation after germination and was not affected
by an observed steady 17% per day increase in both
transgenic and control lines and in rate of extension of
root length through this period as reported by Beemster
and Baskin (1998). Because the rate of elongation is
constant through the elongation zone (van der Weele
et al., 2003), a larger number of smaller cells occupying
the zone inevitably resulted in proportionately less
growth occurring within each and correlated with
reduced cell elongation (Fig. 7). Furthermore, the prox-
imal boundary of the elongation zone occurred at the
same location 1,200 to 1,300 mm from the quiescent
center as in control lines (Beemster and Baskin, 1998;
van der Weele et al., 2003) and in transgenic lines
terminated elongation when cells were only 58% of
wild-type cell size (P # 0.001), although they were in
the process of elongation in an indeterminately grow-
ing meristem. This was confirmed by an increase in the
number of elongated epidermal and cortical cells per
millimeter of root to 170% to 180% of controls (Table I;

Figure 5. Cells detected in S phase in wild-type and CYCLIN D2;1
lines. Median longitudinal sections of wild-type (A) and typical
CYCLIN D2;1 homozygous single-insertion (B) transgenic line. Roots
were incubated for 2 h in BrdU, fixed, dehydrated, infiltrated with resin,
and sectioned, then DNA was stained and presence of BrdU was probed
with fluorescein isothiocyanate antibody. The size of cells that were
replicating DNA at time of fixation was measured in enlarged images.
Scale bar 5 20 mm. [See online article for color version of this figure.]
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Fig. 6), showing that greater cell number reduced final
cell size.

Boundaries of Root Meristem and Elongation Zones

Final cell size in the root apex was therefore strongly
influenced by partitioning of growth between division
and cell expansion, which is determined by the bound-
aries of meristem and elongation zones. Whether these
boundaries are located by simple physical factors,
such as distance, cell number, or size, was tested in
transgenic lines by comparison with controls to inves-
tigate whether these parameters were constant as they
would be if they determined boundary location.

The meristem/elongation zone transition occurred,
on average, in wild-type and transgenic lines, respec-
tively, at 307 or 233 mm (P # 0.01; n 5 30) from the
quiescent center, with 33 or 47 cells (P # 0.01; n 5 30)
between the quiescent center and first elongating cell,
and at cell lengths of 16 or 11 mm (P # 0.01; n 5 100).
These differences in cell number and size were re-
corded taking elongation to begin in the most distal

cell whose fifth proximal neighbor was 4-fold longer,
which avoided larger cycling cells and identified the
first cell that was clearly committed to elongation. The
same differences in number and size at the boundary
were observed if cell elongation was considered to
occur a little more proximally, where division ceased.
Therefore, there was no evidence that cell-based attri-
butes of number or size determine the meristem/
elongation zone transition.

Termination of elongation was similarly unaffected
by the number or size of cells in the elongation zone
and occurred at 1,200 to 1,300 mm from the quiescent
center in 5-d-old seedlings of control and transgenic
lines (Fig. 7). The curves shown are for the best-fitting
sigmoidal relationships and objectively detected ter-
mination of elongation at a similar location, although
different final size.

The balance of division and growth influenced final
size in all root cell types that were inspected. For
example, in the root cap, cell size was reduced in
transgenic lines where the cap contained more cells
(Fig. 6). Cell number and expansion was therefore

Figure 6. Undisturbed meristem
organization and reduced cell size
in root tips of wild type (WT) and
transgenic CYCLIN D2;1 homozy-
gous single-insertion transgenic
lines (CYCD2). Tips were viewed
at 5-d growth by digital interference
contrast microscopy, showing whole
tip (above) and enlargements of
distal meristem zone with quies-
cent center (QC), distal elongation
zone, and fully elongated cell zone
with representative lengths of cells
marked by brackets. Scale bar 5

200 mm.

Table I. Root growth and cell formation

Four independent homozygous 35STgenomic CYCD2;1 lines gave consistent differences from controls through 10-d measurement. Data for mean
values at day 5 in a single representative line are shown. Epidermal data refer to non-hair-forming cells. Significance P values refer to wild-type versus
transgenic whole-root extension or properties of equivalent cell types in each. The greater intensity of cell cycle activity and smaller final cell sizes of
genomic CYCLIN D2;1 lines are also visible in Figures 5 and 6.

Wild Type CYCD2;1 Transgenic Significance

Root extension (mm h21) 199 167 P , 0.01 (n 5 50)

Epidermal Cortical Epidermal Cortical

Cells formed per file (d21) 21.4 23.0 31.1 33.7 P , 0.01 (n 5 30)
Length of fully elongated cells (mm) 223 208 128 119 P , 0.01 (n 5 30)
Cells in 1 mm of elongated root 4.5 4.8 7.8 8.4 P , 0.01 (n 5 30)
Time for root to extend by length of fully elongated cell (h) 1.12 1.05 0.77 0.71 P , 0.01 (n 5 30)
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further investigated in the leaf as an example of an
organ of determinate growth.

Cell Formation and Size in the Leaf

Growth of the whole shoot was not increased by the
transgene (Fig. 8, A and B), and there was no signif-
icant difference in time of flowering compared with
controls. Leaf development was monitored through
an early phase of cell proliferation followed by cell ex-
pansion (Pyke et al., 1991). In the first true leaves of
Arabidopsis, cell proliferation was general until leaves
were 1.2 to 1.3 mm long, attained by 6-d growth under
our conditions. Division then progressively ceased,
beginning at the leaf tip until, after 9 d, growth oc-
curred almost entirely by cell expansion. Shoot and
leaf growth was not altered in rate or pattern by ho-
mozygous single insertions of deregulated genomic
CYCLIN D2;1 (Fig. 8, A and B). First leaves grew in
area at the same rate without distortion of cell shape
(e.g. in trichomes [Fig. 8, C and D]) and without in-
duced serration of leaf margins, which has been noted
when division is deregulated by expression of inhib-
itor of cyclin-dependent kinase (ICK) or presence of
the swellmap mutation (Wang et al., 2000; Clay and
Nelson, 2005); however, the transgene increased the
number of cells formed during the meristematic phase
of primordial development. Proliferating protodermal

cells in the meristematic basal region of first leaves on
6-d-old seedlings (Fig. 8, E and F) had 73 mm2 6 4.1
average planar area, reduced to 42 mm2 6 3.1 in trans-
genic leaves (average from 50 contiguous cells of six
leaves). A protodermal area of 10,000 mm3 in 6-d-old
leaves therefore contained 140 proliferating cells in wild
type, but 240 cells in transgenic lines (t test; P , 0.01) in
contrast to an unchanged lamina area, which was
1.23 mm2 6 0.15 in controls and remained 1.2 mm2 6
0.2 in transgenic lines. Similarly, within the meso-
phyll, palisade progenitor cells in proliferation (Fig.
8, G and H) were on average 22 mm long and 8.8 mm
in diameter, therefore approximating to cylinders
of volume 1,339 6 210 mm3, whereas transgenics
were smaller at 15.9 mm in length, 6.4 mm in diameter,
and 512 6 78 mm3 in volume. Protodermal and pali-
sade cells proliferating at 57% and 48% of control size
(t test; P , 0.01) indicated that the cell cycle was
advanced relative to growth and division was initiated
at smaller cell size. Transgenic leaves were thinner
during their early development mostly due to slower
early expansion of spongy mesophyll (Fig. 8, G and H).

After full leaf expansion, lamina size was not signif-
icantly altered, being 6.5 mm 3 7 mm by 22 d in both
transgenic lines and controls (Fig. 8, A and B), with
average expanded lamina area per leaf of 36 mm2 6 4.4
in control and 34 mm2 6 4.8 in transgenic first leaves.
Most types of transgenic cells were, however, mark-
edly smaller and more abundant. Total epidermal cells,
excluding stomata, were present at 218 6 35/mm2 of
adaxial epidermis in controls and increased to 359 6
39 in transgenics; representing a 40% reduction in cell
area averaged across all nonstomatal cell types (10
plants sampled, leaves measured in midlamina; t test;
P , 0.01). The increased epidermal cell number was
confirmed by number of stomata, which remained
constant relative to other cells at an index of 1.7 to 1.8
cells per stoma, but stomata per leaf area increased
from 127 6 18 to 201 6 22/mm2 of adaxial epidermis
(Fig. 8, I and J). In contrast, trichomes appear to be ini-
tiated in relation to whole-leaf dimensions because their
number per leaf area, or entire leaf, was not consistently
altered, indicating initiation at fixed absolute distances,
but with more intervening cells in transgenic lines.

The transgene did not directly affect cell develop-
ment or final size in cell types that developed by
division rather than expansion or developed largely
external to the organ. Stomatal guard cells remained
between 24 to 26 mm in length and, similarly, trichome
size was unaffected; however, in cell types that are an
integral part of a tissue, presence of greater number
and smaller cell sizes at initiation of expansion re-
duced the amount of growth that occurred within each
cell. Epidermal cells presented difficulty for compar-
ison with equivalent controls because ontogeny can be
difficult to deduce (Nadeau and Sack, 2002); however,
we were frequently able to identify the sister pave-
ment cell of the first meristemoid and found its area to
average 6.98 (60.83) mm2 in controls, but restricted to
4.125 (60.52) mm2 in transgenic lines (10 plants viewed

Figure 7. Cell expansion curtailed by the proximal boundary of the
elongation zone in the more numerous cells of transgenic lines. Lengths
of non-hair-producing epidermal cells in wild-type (s) and typical
CYCLIN D2;1 single-insertion homozygous transgenic line (h) at
increasing distance from the tip measured in 5-d-old seedlings. Elon-
gation of cortical cells was similarly curtailed (Table I). [See online
article for color version of this figure.]
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in midlamina; t test; P , 0.05). Similarly, within the leaf,
normal overall thickness was attained by 22 d, with
final average volumes of the palisade cells 229,000
(628) mm3 in controls but restricted to 159,000 (621)
mm3 in transgenic lines. Final volumes of spongy cells
could not be accurately estimated because of their
complex three-dimensional configuration.

DISCUSSION

The genomic copy of Arabidopsis CYCD2 ectopically
expressed under the control of the constitutive cauli-
flower mosaic virus 35S promoter resulted in accumu-
lation of mRNA with full coding content and induced
sustained increase in rate of cell output from the root
apical meristem and during the cell proliferation phase
of the leaf primordium. Previous studies have employed
cDNA derived from the transcript as transgenic material
(Cockroft et al., 2000; Zhou et al., 2003) and, although a
smaller mRNA product than wild type has been noted
(Zhou et al., 2003), the critical nature of absent material
has not been recognized. The cDNA transgene had
effects when expressed in combination with other pro-
teins, especially with ICK inhibitor proteins that have
complex interactions with CDK/CYCLIN D (LaBaer
et al., 1997; Sherr and Roberts, 1999; Nakagami et al.,
2002). Most clearly, the cDNA CYCD2 transgene par-

tially reversed growth inhibition caused by raised ICK
(Zhou et al., 2003), therefore illuminating the growth-
restraining role of ICK. The cDNA gene therefore
provides a tool for the study of a subset of CYCLIN D2
functions, such as binding of ICK, which is indicated
in other studies (Zhou et al., 2003; Jakoby et al., 2006),
but the genomic copy or splice-suppressed copy of
CYCD2 is required for expression of a fully functional
cyclin able to increase extractable CDK/CYCLIN ac-
tivity. The slight stimulation of growth in seedling
tobacco by truncated CYCD2, which is not associated
with modification of cell cycle progression in the plant
(Cockroft et al., 2000), might be explained by the abil-
ity of truncated CYCD2 to oppose inhibition of growth
by CDK inhibitors and, depending upon endogenous
ICK levels in particular plants, might mildly stimulate
growth, such as in tobacco.

The increase in cell formation within root and shoot
did not disturb meristem or tissue organization and
therefore tested whether the expansion of cells in tis-
sues during differentiation is sufficiently cell autono-
mous to overcome increased cell number. Significant
autonomy of differentiation was detected in cells that
are largely external to tissues, such as trichomes, and
also in cells that develop by change in shape without
appreciable enlargement, such as stomatal guard cells.
Both of these cell types were unaffected in final size by

Figure 8. Shoot tissue showing effects of the CYCD2 transgene on cell proliferation and expansion, but little effect on leaf size, in
wild-type (wt) and transgenic (gD6) lines. A and B, Shoot tissue at 22 d showing similar shoot development and similar final size
of fully expanded first leaves (arrowheads). C and D, Fully expanded first leaves in scanning electron microscopy showing similar
morphology and trichome development. E and F, Proliferating protodermal cells in the first leaf at 6 d with new cross walls visible
and smaller transgenic cell size from earlier entry into division relative to growth. G and H, Proliferating mesophyll cells in the
first leaf at 6 d showing recent divisions and in the transgenic smaller cylindrical palisade cells also retarded expansion of spongy
mesophyll and leaf thickness. I and J, Fully expanded epidermis of first leaves at 22 d showing smaller size of transgenic
nonstomatal cells and higher stomatal number per unit area. K and L, Fully expanded leaf tissue of first leaves showing in
transgenic, smaller final size of palisade cells and greater contribution of spongy mesophyll to normal leaf thickness. Bar 5 4 mm
(A and B); 1 mm (C and D); 10 mm (E and F); 30 mm (G and H); 100 mm (I–L).
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CYCD2 expression and the increase in number of
surrounding cells. In contrast, autonomy of develop-
ment was not apparent in the abundant cell types that
differentiate by expansion in concert with neighbors.
These showed smaller size at initiation of expansion
correlating with reduced growth within the confines of
each cell, whereas the total growth of tissue or organ
was essentially unaltered. Because CYCD2 levels were
sufficient to increase cell formation, the lack of in-
creased growth provides significant evidence against
the hypothesis that CYCD2 level stimulates growth
(Cockroft et al., 2000).

Particularly surprising was the failure of more nu-
merous cells in the elongation zone to continue ex-
pansion to normal size, although they were in active
elongation and not constrained by determinate con-
trol over organ size. Because cells could be tracked
through normal developmental progression from mer-
istem to elongation, this observation is less open to the
possibility that the transgene disrupted cell develop-
ment. Earlier observations that more numerous meso-
phyll cells induced by overexpression of CDCD3;1
were smaller were attributed to disturbed differentia-
tion (Dewitte et al., 2003) and similar effects on final
size from overexpression of SWELLMAP could have
been due to its pleiotropic effects on transcription
(Clay and Nelson, 2005); however, our results now
support these earlier results by indicating final cell size
is more influenced by controls over proliferation and
subsequent tissue growth rather than regulated by
cell-autonomous control of expansion.

It is appropriate to consider how the characteristic
size of cells in tissues is maintained over a range of
growth rates if cell-autonomous controls are not a
major influence. We suggest that, in cell types that dif-
ferentiate by expansion in concert with their neighbors,
cell cycle control results in formation of daughter cells
in the tissue at a rate proportional with growth and
then, after cell proliferation, the same growth leads to
cell expansion within the normal range. In support of
this mechanism, there is extensive evidence that cell
cycle progression is dependent upon adequate growth
in cell size, or cytoplasm-to-DNA ratio, in all cell types
that have been examined (Killander and Zetterberg,
1965; Carter and Jagadish, 1978; Donnan and John,
1983; Mitchison, 2003; Dolznig et al., 2004). Consistent
with this, higher plant cells are more frequently in DNA
replication and division when of larger size (Canovas
et al., 1990; Ivanov and Dubrovsky, 1997) and plants
conform to the general relationship between genome
and minimal cell size (for review, see Gregory, 2001).
Furthermore, common molecular mechanisms of cell
cycle control are indicated by the action of CYCLIN D in
stimulating the major rate-limiting control point at
initiation of DNA replication (Ohtsubo and Roberts,
1993; Sherr and Roberts, 1999). Thus, proliferating plant
cells use universal mechanisms in controlling their size
at division and the observations reported here show
that, for cells of root and leaf, the final cell size is
strongly influenced by the number of cells formed

initially relative to the duration of growth after the
switch from proliferation to cell differentiation. The
suggested mechanism of size maintenance is therefore
consistent with known elements of cell cycle control
and with the effects of the CYCD2 transgene. It sup-
ports earlier conjectures of researchers, such as Foard
(1971; described in the introduction) and, more re-
cently, Rolland-Lagan et al. (2003), that growth is con-
trolled at the level of organs or tissues.

The transition from cell division to expansion and
then termination of expansion are now proposed as
important determinants in partitioning total growth of
a region between cell proliferation and expansion and
then terminating expansion. Earlier cessation of divi-
sion could be the mechanism by which plants produce
larger sizes in certain cells, such as the larger epidermal
cells of petals compared with leaves in Arabidopsis
(Mizukami, 2001), and the same change in ratio of cell
number to available growth could underlie the general
increase in cell size, termed compensation, that is seen
when cell division is experimentally slowed (Hemerly
et al., 1995), without requiring reprogramming of dif-
ferentiation within each cell (Horiguchi et al., 2006).
Consistent with operation of this mechanism in plant
histogenesis, proliferation is observed to cease inde-
pendently in different tissue layers that form cells of
different final cell size (Donnelly et al., 1999) and
potential regulating hormones can also have different
distributions specific to tissue layers (Blilou et al., 2005).

Critical cessations of division and expansion were
not found to correlate with attainment of critical phys-
ical properties or numbers of cells. Neither the bound-
ary of the root apical meristem nor termination of
elongation correlated with constant number or size of
cells contained. Instead, division and expansion ceased
at normal distances from the root tip, presumably when
signals from the apical meristem indicated its appro-
priately distant location. Similarly, in the leaf, division
ceased at a normal time even when cell number was
greater and cell size smaller, and then cell expansion
ceased as the organ reached normal determinate size.
Therefore, signals that act across cell boundaries ap-
pear most likely to define the areas of division and the
limits of elongation. Such signals could include mobile
molecules such as hormone, RNA, or protein signals
(for review, see John, 2007). Consistent with this, nor-
mal planar dimensions of the leaf lamina were estab-
lished while contiguity of epidermal and palisade cells
extended to the leaf margins, perhaps allowing a cyto-
kinin gradient (Nishimura et al., 2004). In the root, high
auxin concentration could define the meristem area
and perhaps also the proximal margin of elongation
(Benková et al., 2003; Blilou et al., 2005).

MATERIALS AND METHODS

Plant Material and Treatments

Surface-sterilized seeds of Arabidopsis (Arabidopsis thaliana) Columbia

background were germinated in continuous light (80 mmol m22 s21) at 20�C on
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agar-solidified modified Hoagland solution supplemented with 0.5% Suc, in

90-mm-diameter petri dishes, sealed with porous tape, and sloped at 85� to

obtain root growth along the surface of the agar. Care was taken in growth

comparisons to use seed with equal reserves produced by plants equally

uncrowded and control and test plants were grown in parallel within the same

containers. Transformants were generated by standard Agrobacterium-based

techniques and 30 independent lines from each transgene were subject to

Southern blotting to determine which had single insertions, and these were

self-fertilized and then tested through subsequent generations to isolate lines

that had become homozygous at the transgene locus. Cyclin-dependent kinase

activity was assayed from whole 7-d-old seedlings with a high proportion of

dividing cells, in fractions purified with SUC1 (Zhang et al., 1996), or with

antibody raised against the unique carboxyterminal sequence of CDKA;1

CALEHEYFKDLGGMP, as described (Zhang et al., 2005).

Cryoscanning Electron Microscopy

Intact leaves were snap frozen in liquid nitrogen mounted on a stub,

sputter coated with gold, and imaged with a scale bar. First true leaves were

taken from 6-d-old seedlings where proliferating epidermal cells were ob-

served in identical areas in the basal lamina of control and transgenic leaves.

Fully expanded leaves were sampled at 22 d and images were taken from

identical areas in midleaf between midrib and margin. Cell dimensions and

areas were estimated and statistically analyzed with ImageJ software from the

National Institutes of Health (NIH).

Nuclear DNA Replication

Replication was detected in roots immersed in 6 mM BrdU for 2 h, then

fixed in formaldehyde, dehydrated in ethanol embedded in LR White resin,

and sectioned, then probed with monoclonal anti-BrdU-DNA antibody

(Amersham). For histological inspection, roots were fixed and clarified in a sim-

plified chloral hydrate procedure that maintained cell dimensions (Bougourd

et al., 2000), omitting aniline blue staining, then were viewed with digital

interference contrast optics.

Significance of Difference

Significance of size difference in root and leaf cells and in leaf areas was

estimated by z score two tailed and cell elongation by R2 coefficients.

Silencing Splice Sites

Extracts of whole 5-d-old seedlings were fractionated into DNA and RNA

with guanidine phenol reagent (Sigma) and RNA was reverse transcribed

using a first-strand DNA synthesis kit (Invitrogen); then PCR was performed

with primers ATGGCTGAGAATCTTGCTTG and TCATTGTTTTCTCCTC-

CTCTTG complementary to ORF termini, and products cloned into pCR2.1

TA vector (Invitrogen) for sequencing. Splice sites in CYCLIN D2 cDNA were

silenced, without change in encoded amino acids or in codon use frequency,

by PCR amplification using primers that contained AAGT in place of AGGT.

Primer pairs (restriction sites underlined) were GATAGATCTCCATGGCT-

GAGAATCTTG with ATGGTAATGAGCACAAACTTTTAGAATC; GTTGA-

TTTACAGGTGGAAGATCCCAAG with AAACTTGGGATCTTCCACTTG-

TAAATC; and TGGATTCTAAAGGTTTGTGCTCATTAC with GAAGATCT-

GCATGCGACTCTTTTATTC. The three overlapping products were double

digested with NcoI-BstY, BstYI-Bsp1086I, and Bsp1086I-SphI to release frag-

ments of 350, 183, and 590 bp that were ligated to form an entire ORF that gave

a transcript not subject to splicing.

Flow Cytometry of Root Tips

Roots detached from seedlings were briefly collected onto cold agar

medium and then, under dissecting microscope, viewed against a black

background, aligned precisely at the root tips in bundles of 10 roots on a cold

upturned plastic petri dish lid. The tip 3-mm region was chopped by hand

with a razor blade to release nuclei. The lid was tilted and nuclei were flushed

into the meniscus with cold 45 mM MgCl2, 20 mM MOPS, 30 mM sodium

citrate, pH 7.0, 0.025% Triton X-100, and 100 mM propidium iodide. Nuclei

filtered through 30-mm nylon mesh were held in ice until analyzed with

excitation at 488 nm in a Becton-Dickinson FACScaliber cytometer.
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