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Dirk Inzé1,2, Erich Grotewold5, Enrico
Scarpella4, Fred Sack3, Gerrit TS
Beemster1,2,6 and Tom Beeckman1,2,*
1Department of Plant Systems Biology, VIB, Ghent, Belgium,
2Department of Plant Biotechnology and Bioinformatics, Ghent
University, Ghent, Belgium, 3Department of Botany, University of British
Columbia, Vancouver, British Columbia, Canada, 4Department of
Biological Sciences, University of Alberta, Edmonton, Alberta, Canada,
5Department of Plant Cellular and Molecular Biology and Plant
Biotechnology Center, The Ohio State University, Columbus, OH, USA
and 6Department of Biology, University of Antwerp, Antwerp, Belgium

In multicellular organisms, morphogenesis relies on a

strict coordination in time and space of cell proliferation

and differentiation. In contrast to animals, plant develop-

ment displays continuous organ formation and adaptive

growth responses during their lifespan relying on a tight

coordination of cell proliferation. How developmental

signals interact with the plant cell-cycle machinery is

largely unknown. Here, we characterize plant A2-type

cyclins, a small gene family of mitotic cyclins, and show

how they contribute to the fine-tuning of local proli-

feration during plant development. Moreover, the timely

repression of CYCA2;3 expression in newly formed guard

cells is shown to require the stomatal transcription factors

FOUR LIPS/MYB124 and MYB88, providing a direct link

between developmental programming and cell-cycle exit

in plants. Thus, transcriptional downregulation of CYCA2s

represents a critical mechanism to coordinate proliferation

during plant development.
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Introduction

After germination, the minimal body plan of the seedling is

elaborated by iterative organ development that will shape the

adult plant. Each new organ is formed according to a pre-

dictable pattern, which reflects a complex interplay between

plant hormones and developmental programs (De Veylder

et al, 2007). One of the targets of morphogenetic cues is the

modulation of local cell proliferation and differentiation.

Because plant cells cannot move within the plant body due

to their rigid cell walls, cell proliferation must be highly

controlled in time and space. While recent studies provide

insights into the coordination of plant development and

cell-cycle regulation, only a few connections between these

processes have been identified at the molecular level

(Brownfield et al, 2009; Sozzani et al, 2010; Xie et al, 2010).

Cell proliferation is characterized by consecutive cycles of

DNA replication (Synthesis; S-phase) and cell division

(Mitosis; M-phase). S-phase is preceded by G1-phase, when

cells prepare for DNA synthesis, and M-phase by G2-phase,

when cells prepare to divide. The orderly transition between

phases depends largely on oscillations of Cyclin-Dependent

Kinase (CDK) activity. Recently, it was shown that thresholds

of CDK activity delineate independent cell-cycle phases

(Coudreuse and Nurse, 2010), providing support for a quan-

titative model of cell-cycle progression. Importantly, CDK

activity is modulated at multiple levels. As monomers,

CDKs are usually inactive due to a steric blockage of their

catalytic cleft. Binding to a cyclin partner removes this block,

and thus represents a major regulatory switch of CDK activity

(Jeffrey et al, 1995). Further fine-tuning of CDK activity is

achieved by phosphorylation, dephosphorylation and bind-

ing to several cofactors and/or inhibitors (Morgan, 1995,

1997; Inzé and De Veylder, 2006).

Compared with the relatively simple cell-cycle regulatory

module in yeast, which includes just one major CDK and a

few cyclins (CYC), higher eukaryotes harbour an elaborate

repertoire of CDKs and cyclins. Here, the specialized phase-

and tissue-specific expression of multiple CDKs and cyclins

provides a wide combinatorial range that enables to deal with

the increased complexity associated with multicellularity

(De Veylder et al, 2007; Satyanarayana and Kaldis, 2009).

Animals utilize well-characterized D- and E-type cyclins

which are expressed at the onset of cell division (G1-to-S) and

which connect extracellular signals with the cell cycle

(Matsushime et al, 1991; Koff et al, 1992; Motokura and

Arnold, 1993; Payton and Coats, 2002). Moreover, A- and

B-type cyclins are primarily restricted to G2-to-M phase, with

A-type cyclins being more broadly expressed, starting as early

as S-phase (Pines and Hunter, 1990; Fung and Poon, 2005).

Such expression patterns suggest that they function speci-

fically in respective phases of the cell cycle. However, in

some cases the loss of one cyclin type can be compensated

for by the expression of another cyclin type (Fisher and

Nurse, 1996).
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Based on sequence homology and conserved motifs,

many core cell-cycle regulators have been annotated in

plant genomes (Vandepoele et al, 2002). Interestingly, plants

have many more cyclins compared with animals. As an

example, the Arabidopsis genome encodes 10 A-type, 11

B-type and 10 D-type cyclins, but no E-type cyclins, whereas

animal genomes usually code for 1 or 2 of each type.

In plants, D-type and A3-type cyclins have been implicated

in G1-to-S regulation (Dewitte et al, 2003, 2007; Takahashi

et al, 2010), while subgroups of A- and B-type cyclins likely

act in G2-to-M regulation (Schnittger et al, 2002; Imai et al,

2006; Boudolf et al, 2009; Ishida et al, 2010). The expanded

number of cyclins in plants, compared with animals, might

represent a mechanism that integrates a broader range of

signals to control of proliferation. However, much of what

is known about cyclins and plant cell-cycle regulation derives

from gain-of-function analyses (Schnittger et al, 2002;

Dewitte et al, 2003; Yu et al, 2003; Boudolf et al, 2009;

Takahashi et al, 2010). Quantitative models suggest that the

timing of cyclin expression controls differences in cell-cycle

regulation (Fisher and Nurse, 1996; Coudreuse and Nurse,

2010), including in plants (Schnittger et al, 2002). Therefore,

it is essential to define the phenotypic effects of loss of cyclin

gene functions to understand their role in plant development.

Although there have been many advances in understand-

ing the regulation of the plant cell cycle, it is still unclear how

cell cycling is coordinated with differentiation during deve-

lopment. Components of the G1-to-S transition have been

shown to control cell proliferation and differentiation events

in shoots (Dewitte et al, 2003, 2007) and roots (Wildwater

et al, 2005; Caro et al, 2007; Sozzani et al, 2010), which

emphasizes the key role of this transition in the cell’s decision

to exit the cell cycle and activate differentiation. In addition,

some differentiated plant cell types are known to undergo

multiple rounds of DNA duplication without mitosis (endo-

reduplication; Melaragno et al, 1993), suggesting that cyclin

downregulation at the G2-to-M transition could be part of

a developmental mechanism that coordinates the switch

between proliferation and endoreduplication.

Among putative G2-to-M regulatory cyclins, A2-type cyclins

are poorly characterized in plants. In synchronized cell suspen-

sions, their expression starts in S-phase and peaks during the

G2-to-M transition (Reichheld et al, 1996; Shaul et al, 1996;

Menges et al, 2005). Plant A2 cyclins have been shown to rescue

the growth of yeast cyclin-deficient mutants (Setiady et al,

1995), and also induced Xenopus oocyte maturation

(Renaudin et al, 1994), suggesting they act during entry into

mitosis. Developmentally, CYCA2 expression is not obligately

associated with cell proliferation, as it is also expressed in

seemingly differentiated cells, such as the vascular tissues

(Burssens et al, 2000) and developing trichomes (Imai et al,

2006). In the vascular tissues, it was proposed that CYCA2;1

expression reflects a competence to divide, while in trichomes

CYCA2;3 acts to terminate endoreduplication. Indeed, cyca2;1,

cyca2;3 and ilp1-1D mutants displaying reduced CYCA2 expres-

sion, exhibit increased ploidy levels (Imai et al, 2006; Yoshizumi

et al, 2006), whereas overexpression of CYCA2;3 shows lower

ploidy levels, combined with increased proliferation (Imai et al,

2006; Boudolf et al, 2009). Recently, auxin signalling has been

implicated in the switch from proliferation to endoreduplication

as it stimulates CYCA2;3 expression (Ishida et al, 2010).

However, it is not clear if this is a direct or indirect effect.

Biochemical interaction studies revealed that plant CYCA2s

can interact with a diverse set of CDKs as well as other cell-

cycle regulatory proteins (Imai et al, 2006; Boudolf et al, 2009;

Boruc et al, 2010b), suggesting that CYCA2s contribute to

multiple CDK complexes that might reflect a broad array of

biochemical events. Importantly, different CYCA2s have dis-

tinct and overlapping expression patterns (Burssens et al, 2000;

Imai et al, 2006) corroborating the idea that tissue-specific co-

expression with interaction partners is key to their function.

Besides transcriptional regulation, CYCA2s degradation is an

equally regulatory mechanism. The Anaphase Promoting

Complex (APC) regulates CYCA and CYCB turnover via their

destruction boxes (Marrocco et al, 2009). Moreover, CCS52A1-

dependent activation of the APC mediates proteolysis of

CYCA2;3 during the switch to endoreduplication (Boudolf

et al, 2009). These complex regulatory mechanisms highlight

the importance of tight control over the cell cycle.

Here, we address the functional requirement of the sub-

family of plant A2-type cyclins in plant cell-cycle regulation

in different developmental contexts and report a novel trans-

criptional repression mechanism that acts during terminal

differentiation of guard cells.

Results

Sequence similarity (Vandepoele et al, 2002), co-regulation

during the cell cycle (Menges et al, 2005), subcellular colo-

calization (Boruc et al, 2010a), common interaction partners

(Boruc et al, 2010b) and mild phenotypes in single mutants

(Imai et al, 2006; Yoshizumi et al, 2006) collectively suggest

redundancy among the four CYCA2s in the Arabidopsis

genome obscuring their functional analysis. To circumvent

this obstacle, phenotypic effects of various combinations of

multiple cyca2 loss-of-function mutants were analysed

(Supplementary Figure S1).

CYCA2s regulate the G2/M transition in roots

Since CYCA2 expression is strongly associated with proli-

ferative tissues, such as primary and lateral root meristems

(Supplementary Figure S2), we probed the impact of their loss-

of-function on root growth. Growth defects were apparent when

three out of the four CYCA2s were mutated. Because the post-

embryonic growth of the quadruple mutant was extremely

slow, we preferentially analysed triple mutant combinations

(Supplementary Figure S3). Triple mutants cyca2;134 and

cyca2;234 had shorter roots and were impaired in lateral root

formation compared with WT (Supplementary Figure S4). To

determine whether these growth defects arose from an abnormal

cell proliferation, root meristem phenotypes were analysed.

Primary root meristems of cyca2;134 and cyca2;234 were smaller

(Figure 1A; Supplementary Figure S5A and B) and contained

fewer dividing cells than WT, as detected by antibodies to the

cytokinesis-specific syntaxin KNOLLE (Lauber et al, 1997;

Figure 1B; Supplementary Figure S5C). Similarly, developing

lateral root primordia in cyca2;234 contained fewer cells than

WT (Figure 1C), suggesting that cell proliferation defects under-

lie both reduced root length and lateral root formation.

To determine at which cell-cycle stage CYCA2s are promi-

nently involved, cell-cycle progression was compared during

synchronized lateral root initiation in WT versus cyca2;234

triple mutants (Figure 1D). In WT, expression of both auxin

signalling and G1-to-S regulatory genes preceded the expres-
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sion of G2-to-M regulatory genes (Figure 1D), as previously

reported (Himanen et al, 2002, 2004; Vanneste et al, 2005).

By contrast, expression of mitotic regulators, such as B-type

cyclins, was no longer induced within the same time

course in cyca2;234 mutants, whereas the expression of

auxin signalling and G1-to-S regulatory genes was unaffected

(Figure 1D). This delay in activation of mitotic regulators

indicates that plant CYCA2s function early in the G2/M

transition, as was predicted based on sequence homo-

logy (Vandepoele et al, 2002) and on expression patterns

in synchronized cell suspensions (Menges et al, 2005).

Moreover, it is likely that CYCA2s also function in S-phase,

given that CYCA2;2/CDKA;1 can phosphorylate the S-phase

regulator E2Fc in vitro (del Pozo et al, 2002). However, the

lack of appropriate markers hampers such determination.

CYCA2s drive proliferation in leaves, while repressing

endoreduplication

To obtain its characteristic final size and shape, leaf morpho-

genesis depends upon a tight coordination between cell

proliferation, cell-cycle exit and differentiation. Early leaf

development displays high cell division activity that is

followed by a gradual tip-to-base deceleration of proliferation

and the start of differentiation-associated endoreduplication

and cell expansion (Donnelly et al, 1999; Beemster et al,

2006). The expression pattern of several CYCA2s also

showed a comparable and dynamic gradient of expression

(Supplementary Figure S6; Imai et al, 2006). Dramatic

increases in ploidy levels and cell sizes were observed in

the mature first true leaves of cyca2 triple mutants (Figure 2A

and B). To address the mechanism driving enhanced ploidy

levels and cell sizes, the development of cyca2;234 leaves

was analysed in greater detail. Kinematic analysis of leaf

growth showed lower cell division rates in cyca2;234 leaves

compared with the WT (Figure 2C; Supplementary Figure S7).

In addition, as soon as the first leaf pair became macroscopi-

cally visible (after 8 days of growth, Stage 1.02; Boyes et al,

2001), DNA content was already dramatically higher than the

WT (Figure 2D; %2C, %4C and %8C). Moreover, ploidy

levels continued to rise in cyca2;234 (after 14 days of growth),

a period when endoreduplication had already stopped in the

WT (Figure 2D; %16C and %32C). Thus, enhanced ploidy

levels in cyca2;234 are the combined result of an early onset

and extended duration of endoreduplication. Collectively,

these phenotypic and molecular analyses in roots and shoots

of cyca2 triple mutants demonstrate that plant CYCA2s are

fundamental elements of the plant cell cycle, and, like their

animal counterparts, function in early G2-to-M transition.

Furthermore, the enhanced endoreduplication in these mu-

tants is consistent with the observation that low CDK activity

allows yeast cells in G2 to (re)enter the G1-to-S program

without undergoing mitosis (Coudreuse and Nurse, 2010),

suggesting that plant CYCA2s contribute to CDK activities

that are required for mitosis.

Tissue-specific CYCA2 expression contributes to

vascular proliferation near hydathodes

In addition to their expression in meristems, CYCA2s were

expressed in the leaf; however, while CYCA2;2 and CYCA2;3

were expressed throughout the organ (Supplementary Figures

S6, S8 and S9), the expression pattern of CYCA2;1 and

CYCA2;4 remarkably mimicked the reticulate vein pattern of

the leaf (Figure 3A; Supplementary Figure S9). Moreover, the

promoter activities of these two genes in the leaf overlapped

with one of the earliest hallmarks of the vascular precursor

(‘preprocambial’) cell state (Figure 3B), the promoter activity

of the homeodomain-leucine zipper (HD-ZIP) III gene, ATHB8

(Scarpella et al, 2004; Donner et al, 2009). The tissue-specific

Figure 1 cyca2 triple mutants have defects in cell-cycle progression. (A) Propidium iodide stained root meristems of WT, cyca2;124 (cyca2;1-1
cyca2;2-1 cyca2;4-1), cyca2;134 (cyca2;1-1 cyca2;3-1 cyca2;4-1) and cyca2;234 (cyca2;2-1 cyca2;3-1 cyca2;4-1) 10 days after germination.
Arrowheads indicate the ends of meristems, defined as the position where cells start elongating. (B) Immunolocalization of the cytokinesis-
specific syntaxin KNOLLE, labelling cells undergoing cytokinesis in roots of 7-day-old WT, cyca2;124, cyca2;134 and cyca2;234. (C) Stage II and
stage V lateral root primordia of WTand cyca2;234 cleared with chloral hydrate. Lateral root primordia of cyca2;234 are composed of fewer cells
than WT. Arrowheads indicate periclinal cell walls. Stages as defined previously (Malamy and Benfey, 1997). (D) Transcriptional responses of
auxin signalling genes, G1/S and G2/M regulators in WT and cyca2;234 root segments during auxin-induced lateral root initiation. In all, 0, 2
and 6 h correspond to time of auxin treatment (10mM) after being germinated in presence of the auxin transport inhibitor NPA (10mM). Range
indicator from blue to yellow represents expression levels on a log2 scale relative to NPA germinated WT (0 h).
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expression of CYCA2;1 and CYCA2;4 suggests that these

CYCA2 genes function in leaf vascular development. Indeed,

cyca2;234 leaves showed fewer vascular hypertrophy zones

than the WT (Figure 3C and D); however, vascular defects in

cyca2;234 were seemingly associated with changes in leaf

shape resulting in leaves with fewer serration tips (Figure 3C

and E). Additional mutation of the vascular-specific CYCA2;1

in the cyca2;234 background further reduced the number of

vascular hypertrophy zones without additional effects on the

number of serration tips (Figure 3D and E), data which are

consistent with the tissue-specific expression pattern of

CYCA2;1. Thus, vascular cell proliferation defects in cyca2

mutants likely derive from tissue-specific modulation of

CYCA2 levels, rather than being secondary consequences of

disrupted leaf growth.

Stomatal formation requires CYCA2 activity

Stomata consist of two guard cells around a pore whose

regulation controls gas exchange between the shoot and the

atmosphere. Their development requires at least one asym-

metric division as well as a single symmetric division. After

the latter division, which occurs in a guard mother cell

(GMC) precursor, stomatal differentiation and morphogenesis

take place (Bergmann and Sack, 2007). The leaf epidermis of

cyca2;134 and cyca2;234, but not those of WT and cyca2;124,

showed frequent occurrence of unpaired oval cells, display-

ing cell wall thickenings and plastid accumulations, trait

characteristics of wild-type guard cells (Figure 4A). As in

normal stomatal guard cells, these single cells were posi-

tioned above large intercellular spaces in the subjacent

mesophyll (Figure 4B). Moreover, they expressed mature

guard cell identity markers, KAT1pro:GUS (Nakamura et al,

1995) and ET1728 (Gardner et al, 2009; Figure 4C). Thus,

these cells correspond to aberrant, single guard cells (SGCs)

that are located where stomata would normally be found.

These SGCs had twice the nuclear-DNA content (4C) of

normal guard cells (2C) (Supplementary Figure S10), suggest-

ing they are arrested in G2-phase. Yet, the aberrant cells

Figure 2 Leaf development shows enhanced endoreduplication and slowed down cell-cycle progression in cyca2 triple mutants.
(A) Distribution of nuclear ploidy in mature primary leaves of WT, cyca2;124, cyca2;134 and cyca2;234. Triple mutants cyca2;134 and
cyca2;234 show highest ploidy levels. (B) Pavement cell size in mature primary leaves of WT, cyca2;124, cyca2;134 and cyca2;234. Yellow
overlays highlight representative cells. (C) Kinematic analysis reveals a slowdown in cell division rates in developing primary leaves cyca2;234
compared with WT. (D) Evolution of ploidy levels during the development of WT and cyca2;234 primary leaves. In early stages, WT has
predominantly 2C nuclei and a low 4C fraction. Later, the 2C fraction drops rapidly, while higher ploidy fractions increase until B16 days after
stratification. In cyca2;234, the 2C fraction is already low at the earliest stage analysed, while the 4C fraction is already high and even a small
fraction 8C nuclei can be detected. At later stages, higher ploidy fractions continue to increase, and do not saturate within the time frame of our
analysis. Data are represented as mean±s.e.
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Figure 3 Tissue-specific expression of CYCA2s is required for vascular cell proliferation. (A) Expression patterns of CYCA2;1pro:HTA6:EYFP
and CYCA2;4pro:HTA6:EYFP in 4-DAG first leaves resemble that of ATHB8pro:HTA6:EYFP, which is an early hallmark of vascular
development. (B) Co-expression of ATHB8pro:HTA6:EYFP, CYCA2;1pro:HTA6:EYFP and CYCA2;4pro:HTA6:EYFP with ATHB8pro:ECFP-Nuc
in 4-DAG first leaves. Note how CYCA2;4 expression is initiated slightly earlier than ATHB8, and in wider expression domains that over time
narrow to single cell files. In contrast, CYCA2;1 expression is initiated slightly later than ATHB8, but its expression is always confined to single
cell files. Images colour-coded with a dual-channel LUT from cyan to magenta through green, yellow and red (Demandolx and Davoust, 1997).
Preponderance of cyan signal over colocalized magenta signal is encoded in green, opposite in red and colocalized cyan and magenta signals of
equal intensity in yellow. (C) Overview of cleared, mature first WT leaf and detail of hydathode (H) that shows vascular hypertrophy (VH) and
serration tip (ST). (D, E) Percentage of mature first leaves showing zero, one or two zones of vascular hypertrophy (VH) (D) and serration tips
(STs) (E). Plots represent mean values±s.e. Experiments were done in triplicate, and VH and ST were counted on the primary leaves
(19pnp37) of each of the three genotypes. A generalized linear model with the multinomial distribution was fitted to the data, as
implemented in Genstat (Payne, 2010). VH is significantly affected by genotype (P¼ 3.79E�11), while ST is not (P¼ 0.24).
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attained a guard cell identity and formed SGCs instead of

a pair.

Strikingly, SGCs could only be found in cyca2;3 mutant

alleles and derived higher order cyca2 mutant combinations

(Supplementary Table SI), suggesting that CYCA2;3 is a major

contributing factor to this phenotype. However, while in

single mutants the frequency of SGC formation is very low,

additional mutations of other CYCA2 members resulted

in dramatic increases in SGC frequencies (Supplementary

Table SI). Collectively, these data demonstrate that CYCA2s

are synergistically required for the symmetric division that is

a prerequisite for stomatal formation, and that acquisition of

guard cell identity occurs independently from GMC division.

CYCA2s and CDKB1s synergistically promote GMC

division

SGCs were previously reported in transgenic plants harbour-

ing a CDKB1;1-N161 dominant-negative construct (Boudolf

et al, 2004), as well as cdkb1;1 cdkb1;2 double mutants (Xie

et al, 2010). Moreover, CDKB1;1 can form a functional com-

plex with CYCA2;3 (Boudolf et al, 2009) and CDKB1;1 is

expressed around the time of GMC symmetric division

(Boudolf et al, 2004), suggesting that CYCA2s and CDKB1s

directly interact in promoting the formation of a two-celled

stoma. Indeed, while cdkb1;1 single mutants only had normal

stomata, cyca2;234 cdkb1;1 quadruple mutants displayed

even less SGCs than cyca2;234 triple mutants (Figure 5;

Supplementary Figure S11). Thus, all four genes act synergis-

tically in promoting GMC symmetric division, and thus

stomatal morphogenesis.

FLP and MYB88 regulate the timely repression of

CYCA2;3 during terminal guard cell differentiation

While for CYCA2;1 and CYCA2;4 no stomatal expression

could be observed (Supplementary Figure S12), CYCA2;3

expression along with CDKB1;1 and CYCA2;2, was induced

in late GMCs, remained high in young guard cells, but was

strongly reduced or did even disappear in mature stomata

Figure 4 Stomatal expression of CYCA2s is required for guard
mother cell division. (A) Stomatal phenotypes (left) of WT and
representative triple mutant. Bar chart: quantification of stomatal
phenotypes. Asterisks indicate Po0.001; Fisher’s exact test (com-
parison with WT). The cyca2;234 triple mutant displays the highest
frequency of single guard cells (SGCs). Blue¼normal stoma;
yellow¼ SGC. (B) Anatomical section through a WT stomatal
complex and a cyca2;234 SGC showing correct placement of abnor-
mal SGC (asterisk) over a hypostomatal space (HS). (C, D)
Expression of mature guard cell identity markers; (C) ET1728
(GFP) and (D) KAT1proHGUS in WT and cyca2;234 (asterisks
indicate SGCs).

Figure 5 CYCA2;2, CYCA2;3, CYCA2;4 and CDKB1;1 genes syner-
gistically promote guard mother cell symmetric division. (A) Micro-
graphs of WT, cdkb1;1, cyca2;234 and quadruple cyca2;234/cdkb1;1
cotyledons of 4-day-old seedlings. Cell walls in 4-day-old develop-
ing cotyledons were visualized using propidium iodide and laser
scanning confocal microscopy. False colouring highlights stomatal
complexes: blue¼normal stoma; yellow¼ SGC. (B) Quantification
of stomatal phenotypes. Quadruple cyca2;234 cdkb1;1 mutant dis-
plays more SGCs than cyca2;234. (Fisher’s exact test, P¼ 0.0004).
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(Figure 6A). Together with previously identified mutants that

have supernumerary guard cells in stomatal complexes (Lai

et al, 2005; Ohashi-Ito and Bergmann, 2006), the observed

decline in cell-cycle gene expression at the end of stomatal

development hints at the existence of an active repression

mechanism. Loss-of-function mutations in two MYB trans-

cription factors, FOUR LIPS (FLP/MYB124) and its paralogue

MYB88 induce clusters of four or more guard cells (Lai et al,

2005). Loss-of-function in the basic helix-loop-helix protein

FAMA (Ohashi-Ito and Bergmann, 2006) also results in cell

clusters, but unlike those of flp myb88, without guard cell

identity. The apparent independency from the stomata differ-

entiation process renders FLP/MYB124 and MYB88 as potential

candidate CYCA2 repressors, the more because they are

Figure 6 FLP/MYB124 and MYB88 are direct repressors of CYCA2;3 expression during guard mother cell (GMC) division. (A) Expression
analysis of transcriptional promoter:reporter fusions (except for TMMpro:TMM:GFP translational fusion). FLP, MYB88 and FAMA, which
encode transcription factors, are expressed in late GMCs, during symmetric division, and in young guard cells. TMM expression marks an
earlier phase of stomatal development. CYCA2;2, CYCA2;3 and CDKB1;1 are expressed at similarly stages to FLP, MYB88 and FAMA. Each
meristemoid (M) develops into a GMC. Late GMCs have thickened end walls that are usually bisected by the symmetric division (SD) that
produces two young guard cells (GCs). The latter undergo further morphogenesis including stomatal pore formation. (B) Chart showing
frequencies of different stomatal phenotypes in WT, flp-7 myb88, cyca2;234, and in cyca2;234 flp-7 myb88. Stomata in the wild type are normal
by definition (type I stomata). In flp-7 myb88, many stomata are arranged in clusters (type II), while in cyca2;234 single guard cells (type III)
predominate. In a cyca2;234 flp-7 myb88 quintuple mutant, most stomata are single-celled (type III), but some small clusters of stomata next to
apparent single guard cells are present (type IV), suggesting a ‘fusion’ phenotype (IVa–c). (C) Mean relative expression levels of CYCA2;1,
CYCA2;2, CYCA2;3, CYCA2;4 determined using Q-RT–PCR from cotyledons of WT and flp-7 myb88 seedlings 10 days after germination.
CYCA2;3 expression in flp-7 myb88 was markedly higher than in WT (Col-0) (used for reference levels). (D) CYCA2;3pro:GUS:GFP in WT and
in flp-1 myb88. CYCA2;3pro:GUS:GFP GUS levels are low or absent from mature guard cells in WT plants, but is strongly expressed in flp-1
myb88 stomatal clusters. (E) ChIP-Q–PCR on three fragments upstream (�1.4 kb) of the translational start of CYCA2;3 (P1–P3). PCR conducted
on ChIPed DNA samples from 10-day-old wild-type and flp-1 myb88 shoots using FLP/MYB88 antibody. PDF2 is a negative control. The
positions for PCR products in CYCA2;3 promoter are indicated. Strongest, specific binding was observed for P2. The error bars indicate
the standard error from two biological replicates. Asterisk denotes a statistically significant difference (Po0.05).
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expressed at roughly the same stages of stomatal develop-

ment as CYCA2;2, and CYCA2;3 (Figure 6A).

To determine whether CYCA2 expression is required

for the extra divisions found in flpmyb88, and/or fama

backgrounds, we generated cyca2;234 fama-1 quadruple

and cyca2;234 flp-7myb88 quintuple mutants. The cyca2;234

fama-1 plants did not show any SGCs, instead they formed

clusters of cells that lacked guard cell identity; however, these

clusters had fewer cells than fama-1 suggesting that fama-1 is

only partly epistatic to cyca2;234 (Supplementary Figure

S13). By contrast, the formation of stomatal clusters in a

flp-7myb88 cyca2;234 background was completely suppressed

(Figure 6B), demonstrating that CYCA2 gene products are

required for the flp-7myb88 stomatal phenotype and that

FLP and MYB88 might represent transcriptional regulators of

CYCA2 expression. Therefore, we analysed CYCA2 expression

in a flpmyb88 background. Ten days after sowing, cotyledons

from flp-7myb88 seedlings showed about five-fold higher

CYCA2;3 expression than the WT (Figure 6C). Moreover, in

flp-1myb88 stomata, CYCA2;3 promoter activity remained

high after the GMC division (Figure 6D), suggesting that

FLP and MYB88 repress CYCA2;3 promoter activity. To test

if this was a direct effect, we performed ChIP-Q-PCR

using polyclonal antibodies raised against FLP and MYB88

(Xie et al, 2010). In the WT, CYCA2;3 promoter chromatin

fragments were enriched after ChIP, while these were lost in

flp-1myb88 mutants (Figure 6E), demonstrating a specific,

direct interaction of FLP and MYB88 with CYCA2;3 chromatin.

Thus, FLP and MYB88 appear to restrict CYCA2;3 trans-

cription after GMC division via direct interaction with its

promoter.

Discussion

CYCA2s modulate the G2-to-M transition

Several findings led to the initial assumption that plant A-type

cyclins function in S-phase and in the G2-to-M transition,

in analogy to the animal and yeast cell-cycle model. These

findings include CYCA2 expression patterns in synchronized

suspension cells (Reichheld et al, 1996; Shaul et al, 1996;

Menges et al, 2005), their ability to rescue the growth of yeast

cyclin mutants (Setiady et al, 1995) and their ability to induce

Xenopus oocytes maturation (Renaudin et al, 1994). In addi-

tion, the ectopic expression of plant cyclins is sufficient to

drive cells into mitosis (Imai et al, 2006; Boudolf et al, 2009).

Recently, it was shown that engineered yeast cells arrested

in G2 are able to skip mitosis and re-acquire a G1 status when

CDK activity is low (Coudreuse and Nurse, 2010). Therefore,

if CYCA2s affect mitotic CDK activity, one could expect

ectopic endoreduplication and reduced proliferation in the

absence of CYCA2 function. Previously, single mutants in

cyca2;1 and cyca2;3 were shown to have increased levels of

endoreduplication (Imai et al, 2006; Yoshizumi et al, 2006).

Consistent with these data, we found that cyca2 triple

mutants displayed greatly increased endoreduplication levels,

reduced cell proliferation in developing leaves and G2-arrest

of GMCs resulting in SGCs with 4C DNA levels. Together,

these data demonstrate that CYCA2s contribute to the CDK

activity that is required for mitosis.

In animal systems, it is well established that B-type cyclins

in complex with a CDK act as mitosis-promoting factor

(MPF). MPF activity is further regulated by A-type cyclins

through effects on transcription, activation, localization and

stability (Lindqvist et al, 2009). In plants, ectopic expression

of CYCB1;2 in differentiated cell types such as trichomes

was sufficient to trigger ectopic cell divisions, suggesting a

MPF-like function of CYCBs in plants (Schnittger et al, 2002).

Using an in planta synchronized cell cycle-inducible system,

we found that the onset of B-type cyclin expression was

delayed in cyca2 triple mutants. Thus, mitotic entry involves

the sequential activity of CYCA2-CDK and CYCB-CDK

complexes.

Tissue specificity and redundancy among CYCA2s

Each cell type and tissue, within complex organs such as

developing leaves, needs a custom-tailored cell-cycle regula-

tion for the organ to reach its typical size and shape. This

complexity is reflected in the large number of cell-cycle

regulatory genes in plants. In Arabidopsis, four CYCA2

genes are encoded in its genome. Each individual CYCA2

shows its own peculiar expression patterns across developing

organs, displaying tissue- and cell type-specific expression,

such as in vascular tissues and the stomatal lineage. Their

expression patterns also show variable degrees of overlap in

certain tissues, suggesting local redundancies. Striking exam-

ples are the vascular expression of CYCA2;1 and CYCA2;4 and

the stomatal expression of CYCA2;2 and CYCA2;3. In both

tissues, the individual genes contribute locally to prolifera-

tion in a specific tissue or cell type.

Besides the expression pattern-dependent redundancy, the

mutant analyses revealed differential contributions of indivi-

dual CYCA2s to proliferation. The analysis of the phenotypes

of different triple mutants allowed the estimation of their

relative importance for specific processes. In the case of root

meristem size, lateral root formation, endoreduplication and

stomatal development, CYCA2;3 seemed to be most relevant;

during stomatal formation, only single cyca2;3 mutants

resulted in SGC formation. Moreover, in combination with

cyca2;3, other cyca2 mutations synergistically enhanced the

frequency of SGC formation.

Observed differences in penetrance can be explained in

part by tissue-specific expression and relative expression

levels. However, our study does not allow to exclude effects

on protein stability and differences in biochemical properties,

as additional regulatory mechanisms.

Developmental control over cell cycle through

repression of CYCA2

Proliferation and differentiation are largely mutually exclu-

sive processes. While some cells exit the cell cycle after

mitosis and remain in G1-phase, other differentiating cells

undergo several rounds of a modified cell cycle, in which

the G2-to-M transition is omitted and only DNA synthesis

occurs (endoreduplication). In animals, some developmental

programs coordinate cell-cycle exit during differentiation

through transcription factor activity (Myster and Duronio,

2000; Buttitta and Edgar, 2007). One strategy is to induce CDK

inhibitory proteins, while another is to repress cell-cycle

activating proteins. Interestingly, the transcription of A-type

cyclins is often actively repressed during differentiation pro-

cesses (Li and Vaessin, 2000; James et al, 2006; Martinez

et al, 2006; Sebastian et al, 2009; Pan et al, 2010). In plants, it

is not known how developmental signals can modulate the

switch between a full cell cycle and the endocycle or cell-
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cycle exit during differentiation. Previously, increased level of

polyploidy1 (ILP1) was found to act as repressor of CYCA2

expression (Yoshizumi et al, 2006). Here, we show that FLP

and MYB88 repress CYCA2;3 expression during cell-cycle exit

in differentiating guard cells. This mechanism resembles the

PROSPERO-dependent mechanism in Drosophila that links

neuronal lineage development with the transcriptional regu-

lation of cell-cycle regulatory genes (Li and Vaessin, 2000).

Mutations that affect CYCA2 function display higher than

normal ploidy levels (Imai et al, 2006; Yoshizumi et al, 2006),

whereas CYCA2;3 overexpression strongly suppresses endo-

reduplication (Imai et al, 2006; Boudolf et al, 2009), indicat-

ing that CYCA2 levels are major negative determinants of

endoreduplication in leaves. Early stages of leaf development

involve high proliferation rates, while later stages gradually

switch to differentiation-associated endoreduplication and

cell expansion (Donnelly et al, 1999; Beemster et al, 2006).

Interestingly, CYCA2;3 expression is rapidly repressed during

the switch from proliferation to endoreduplication in differ-

entiating leaves (Imai et al, 2006). Similarly, antagonizing

auxin signalling also enhances endoreduplication via reduced

CYCA2;3 expression (Ishida et al, 2010). However, it remains

to be seen whether this effect is directly mediated by differ-

entiation-induced transcription factors, and how auxin is

involved in this.

Stomatal development ends after a single symmetric

division of a GMC, each of whose daughter cells terminally

differentiate into individual guard cells (Bergmann and Sack,

2007). Mutants in the stomatal transcription factors FLP and

MYB88 do not stop dividing after the GMC has divided, even

though guard cell identity markers are expressed (Lai et al,

2005). We found that downregulation of CYCA2;3 after the

first GMC division, normally seen in wild-type plant, was

absent in flpmyb88 double mutants. Direct interaction with

CYCA2;3 promoter chromatin corroborate that FLP and

MYB88 act as direct repressors of CYCA2;3 expression in

guard cells. Similarly, the expression of an interacting CDK

(Boudolf et al, 2009; Boruc et al, 2010b), CDKB1;1 was also

shown to be directly repressed by FLP and MYB88 (Xie et al,

2010). These data are consistent with a model in which FLP

and MYB88 enforce cell-cycle exit during terminal guard

cell differentiation by direct repression of CYCA2/CDKB1;1

kinase complexes. This mechanism ensures that stomata

consist of only two guard cells, a condition required for

their proper functioning as adjustable air valves.

Materials and methods

Plant material and growth conditions
We used Arabidopsis seedlings of the accession Col-0 and Ler and
mutants for the various A2-type cyclins from publicly available
collections (SALK (Alonso et al, 2003), GABI-KAT (Rosso et al,
2003) and EXOn Trapping Insert Consortium (EXOTIC; http://
www.jic.bbsrc.ac.uk/science/cdb/exotic/index.htm)), and stomatal
lineage mutant alleles flp-1myb88, flp-7myb88 (Lai et al, 2005) and
fama-1 (Ohashi-Ito and Bergmann, 2006). Cyclin mutant alleles
used are cyca2;1-1 (SALK_121077; Yoshizumi et al, 2006), cyca2;1-2
(SALK_123348), cyca2;2-1 (GABI_120D03), cyca2;3-1 (SALK_092515;
Imai et al, 2006), cyca2;3-2 (SALK_086463; Imai et al, 2006),
cyca2;3-3 (SALK_043246), cyca2;4-1 (SALK_070301) and cyca2;4-2
(GAT_5.10009; Supplementary Figure S1). PromoterHreporter lines
for FLP (Lai et al, 2005), CDKB1;1 (Xie et al, 2010) and CYCA2;1
(Burssens et al, 2000) have been reported previously. For detection
of T-DNA inserts, we used primers specific to the left border of the
T-DNAs used for mutagenesis (LBC1, LB_GABI and LB_EXOTIC) in

combination with gene-specific primers (Supplementary Table SII).
The alleles cyca2;1-1, cyca2;2-1, cyca2;3-1 and cyca2;4-1 are represen-
tative knockout alleles and have been used for generating triple
mutants. After surface sterilization, seeds were sown on half-strength
MS medium supplemented with 1% sucrose and 0.8% agar. After
stratification, plates were moved to cooled benches in a growth
chamber (temperature, 221C; irradiation, 65mE/m2/s photo-
synthetically active radiation; photoperiod, 16 h light/8 h dark or
continuous light).

Immunofluorescence localization
One-week-old seedlings, grown on 0.5� MS medium under
continuous illumination, were fixed in paraformaldehyde. Immuno-
localization was performed as described (Sauer et al, 2006). The
rabbit anti-knolle antibody (1:2000; Lauber et al, 1997) and the
fluorochrome-conjugated secondary antibody anti-rabbit-Cy3
(1:600; Dianova) were used. Fluorescence detection was done with
a confocal laser-scanning microscope Zeiss 710.

Cloning
PromoterHGUS-GFP fusions of MYB88, CYCA2;2, CYCA2;3 and
CYCA2;4 were generated through Gateway cloning of promoter
fragments into pKGWFS7. PCR fragments of CYCA2;2, CYCA2;3 and
CYCA2;4 promoters were described previously (Benhamed et al,
2008). To generate the CYCA2;1 and CYCA2;4 transcriptional fusions
(CYCA2;1pro:HTA6:EYFP and CYCA2;4pro:HTA6:EYFP, respectively),
1808 bp upstream of the CYCA2;1 start codon and 1963bp upstream of
the CYCA2;4 start codon were amplified from Arabidopsis (Arabidop-
sis thaliana) ecotype Col-0 genomic DNA and cloned into the
Gateway-adapted pFYTAG binary vector, which contains a transla-
tional fusion between the coding region of histone 2A (HTA6;
At5g59870) and that of the enhanced YFP (EYFP) (Zhang et al, 2005).

Vascular expression analysis
The origin of the ATHB8pro:HTA6:EYFP and the ATHB8pro:ECFP-
Nuc has been described (Sawchuk et al, 2007, 2008). Seeds were
sterilized and germinated, and seedlings and plants were grown,
transformed and selected as described (Sawchuk et al, 2007, 2008).
For CYCA2;1pro:HTA6:EYFP and CYCA2;4pro:HTA6:EYFP, the
progeny of eight independent, single insertion transgenic lines
were inspected to identify the most representative expression
pattern. We define ‘days after germination’ (DAG) as days following
exposure of imbibed seeds to light. Dissected seedling organs were
mounted and imaged as described (Sawchuk et al, 2007, 2008;
Donner et al, 2009). Brightness and contrast were adjusted through
linear stretching of the histogram in ImageJ (National Institutes of
Health; http://rsb.info.nih.gov/ij). Signal levels and colocalization
were visualized as described (Sawchuk et al, 2008).

Q-RT–PCR
Total RNA was extracted with the RNeasy Mini kit (Qiagen, Venlo,
The Netherlands). Poly(dT) cDNA was prepared from 1mg total RNA
with the Superscript III First Strand Synthesis System for
RT–PCR (Invitrogen, Carlsbad, CA) and quantified on an iCycler
apparatus (Bio-Rad, Hercules, CA) with the Platinum SYBR Green
qPCR Supermix-UDG kit (Invitrogen, Merelbeke, Belgium). PCR was
carried out in 96-well optical reaction plates heated for 10 min to 501C
to allow UNG activity, followed by 10 min of 951C to activate hot start
Taq DNA polymerase, and 40 cycles of denaturation for 20 s at 951C
and annealing–extension for 20 s at 581C. Target quantifications were
performed with specific primer pairs designed using Beacon Designer
4.0 (Premier Biosoft International, Palo Alto, CA). Expression levels
were normalized to At5g25760 (Q_PEX4) and At4g16100 (Q_UNKN1),
which showed constitutive expression across samples. All Q-RT–PCR
experiments were performed in triplicates and the data were
processed using qBase v1.3.4 (Hellemans et al, 2007).

Histochemical staining and anatomical analysis
The b-glucuronidase (GUS) assays were performed as described
(Beeckman and Engler, 1994). For microscopic analysis, chloro-
phyll was removed by EtOH treatment and further cleared by
mounting in 90% lactic acid (Acros Organics, Brussels, Belgium).
All samples were analysed by differential interference contrast
microscopy.

For anatomical sections, samples were fixed overnight in 1%
glutaraldehyde and 4% paraformaldehyde in 50 mM phosphate
buffer (pH 7). Samples were dehydrated and embedded in
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Technovit 7100 resin (Heraeus Kulzer, Wehrheim, Germany)
according to the manufacturer’s protocol. Sections of 5 mm were
cut with a microtome (Minot 1212; Leitz, Wetzlar, Germany), dried
on Vectabond-coated object glasses, stained with Toluidine Blue for
8 min (Fluka Chemica, Buchs, Switzerland), and rinsed in tap water
for 30 s. After drying, the sections were mounted in DePex medium
(British Drug House, Poole, UK).

Flow cytometry
Primary leaves of 3-week-old seedlings were chopped with a razor
blade in 300 ml of buffer (45 mM MgCl2, 30 mM sodium citrate,
20 mM 3-[N-morpholino]propanesulphonic acid, pH 7, and 1%
Triton X-100). To the supernatants, 1ml of 40,6-diamidino-2-
phenylindole from a stock of 1 mg/ml was added, which was
filtered over a 30-mm mesh. The nuclei were analysed with a
CyFlows ML (Partec) flow cytometer.

Guard cell nuclear content measurement
Nuclei were stained fluorescently by fixing 3-week-old cotyledons
in a mixture of 9:1 ethanol:acetic acid (v/v). After the samples had
been rinsed, they were stained for 24 h with 0.1mg/ml of 40,6-
diamidino-2-phenylindole, mounted in Vectashield mounting med-
ium (Vector Laboratories, Burlingame, CA), and observed under a
� 63 oil immersion objective on a Zeiss Axioskop equipped with an
Axiocam CCD camera (Zeiss). Images were obtained using the
Axiovision software and were analysed in grey scale with the public
domain image analysis program ImageJ (version 1.28; http://
rsb.info.nih.gov/ij/). Relative fluorescence units were reported as
integrated density, which are the product of the area and the
average fluorescence of the selected nucleus.

Kinematic analysis of leaf development
Plants of the wild-type and the cyca2 triple mutants were sown in
quarter sections of round 12 cm Petri dishes filled with 100 ml of
half-strength Murashige and Skoog medium (Duchefa, Haarlem,
The Netherlands) and 0.6% plant tissue culture agar (Lab M, Bury,
UK). At relevant time points after sowing, plants or primary leaves
(depending on the size) of the respective genotypes were harvested.
All healthy plants were placed in methanol overnight to remove
chlorophyll, and subsequently they were cleared and stored in lactic
acid for microscopy.

The following parameters were determined: total area of all cells
in the drawing, total number of cells and number of guard cells.
From these data, we calculated the average cell area. We estimated
the total number of cells per leaf by dividing the leaf area by the
average cell area (averaged between the apical and basal positions).
Finally, average cell division rates for the whole leaf were
determined as the slope of the log2-transformed number of cells
per leaf, which was done using five-point differentiation formulas
(Erickson, 1976).

FLP/MYB88 ChIP experiment
Polyclonal antibodies against the FLP/MYB88 proteins were gener-
ated by inoculating rabbits with Ni-NTA affinity purified NHis6-
MYB88. ChIP experiments were performed essentially as before (Xie
et al, 2010). In brief, 10-day-old shoots of wild-type, flp-1 myb88
(200 mg fresh weight for each) were crosslinked in 1% formaldehyde
for 20 min by vacuum filtration, and the crosslinking reaction was
stopped by the addition of 0.1 M glycine (final concentration) for
additional 5 min. Tissues were ground to a fine powder using mortar
and pestle in liquid nitrogen and then suspended in 300ml of lysis
buffer (50 mM HEPES, pH 7.5; 150 mM NaCl; 1 mM EDTA, pH 8.0;
1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS; 1 mM
phenylmethanesulphonylfluoride; 10 mM sodium butyrate; 1�
protein protease inhibitor from Sigma), and sonicated to achieve
an average DNA size of 0.3–1 kb. The sonication conditions using the

Bioruptor (Diagenode) were as follows: at high power; 30 s of
sonication followed by 30 s of break; change ice every 10 min; 30 min
in total. After cleared using 30ml salmon sperm DNA/protein-A
agarose (Upstate) at 41C for at least 1 h, the supernatant fractions
were incubated, respectively, with 1ml FLP/MYB88 rabbit polyclonal
antibody or 1mg rabbit IgG (Abcam) at 41C overnight. At the same
time, 10% of the supernatant was saved as the input fraction. The
chromatin–antibody complex was incubated with salmon sperm
DNA/protein-A agarose (Upstate) at 41C for at least 3 h, washed with
lysis buffer, LNDET buffer (0.25 M lithium chloride; 1% NP40; 1%
sodium deoxycholate and 1 mM EDTA, pH 8.0) and TE buffer (10 mM
Tris–Cl, pH 7.5; 1 mM EDTA, pH 8.0) twice, respectively, and the
complex was reverse crosslinked in elution buffer (1% SDS; 0.1 M
NaHCO3; 1 mg/ml proteinase K) overnight at 651C. DNA was
extracted using the PCR Cleaning Kit (Qiagen). The presence of the
promoter of CYCA2;3 gene was examined by real-time PCR using
SYBR-Green chemistry. The housekeeping gene PDF2/PP2A
(At1g13320) was used as an internal control for normalization. The
fold enrichment was normalized to the internal control PDF2/PP2A
using the 2�DDCt method. Two biological replicates were conducted
for each real-time PCR experiment. The ChIP-PCR primers used are
listed in Supplementary Table II.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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M, Inzé D, De Veylder L (2004) B1-type cyclin-dependent kinases
are essential for the formation of stomatal complexes in
Arabidopsis thaliana. Plant Cell 16: 945–955

Boudolf V, Lammens T, Boruc J, Van Leene J, Van Den Daele H,
Maes S, Van Isterdael G, Russinova E, Kondorosi E, Witters E,
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