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Abstract

The Arabidopsis stoma is a specialized epidermal valve made up of a pair of guard cells around a pore whose aperture
controls gas exchange between the shoot and atmosphere. Guard cells (GCs) are produced by a symmetric division
of guard mother cells (GMCs). The R2R3-MYB transcription factor FOUR LIPS (FLP) and its paralogue MYB88 restrict
the division of a GMC to one. Previously, the upstream regions of several core cell cycle genes were identified as the
direct targets of FLP/MYB88, including the B-type cyclin-dependent kinase CDKB1;1 and A2-type cyclin CYCA2;3.
Here we show that CDKA;1 is also an immediate direct target of FLP/MYB88 through the binding to cis-regulatory
elements in the CDKA;1 promoter region. CDKA;1 activity is required not only for normal GMC divisions but also for
the excessive cell overproliferation in flp myb88 mutant GMCs. The impaired defects of GMC division in cdkb1;1 1;2
mutants could be partially rescued by a stage-specific expression of CDKA;1. Although targeted overexpression of
CDKA;1 does not affect stomatal development, ectopic expression of the D3-type cyclin CYCDS3;2 induces GC sub-
division, resulting in a stoma with 3-4 GCs instead of the normal two. Co-overexpression of CDKA;1 with CYCD3;2,
but not with CYCA2;3, confers a synergistic effect with respect to GC subdivision. Thus, in addition to a role in sto-
matal formative asymmetric divisions at early developmental stages, CDKA;1 is needed in triggering GMC symmetric
divisions at the late stage of stomatal development. However, timely down-regulation of CDKA;1-CYCD3 activity is
required for restriction of GC proliferation.
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Introduction

In Arabidopsis thaliana, stomata consist of a pair of guard
cells (GCs) surrounding a pore that permits gas exchange
between internal plant tissues and the atmosphere. Stomata
are produced through a series of divisions including at least
one asymmetric and one symmetric division. The meristemoid
mother cell (MMC) undergoes an asymmetric entry division
to produce a small triangular-shaped meristemoid and a
larger sister cell. Meristemoids usually undergo 1-3 rounds of
asymmetric divisions and eventually differentiate into guard
mother cells (GMCs). GMCs then divide once symmetrically

to produce a pair of GCs (Bergmann and Sack, 2007). The
final developmental stage of stomata is GC differentiation,
pore formation, and GC shape control (Nadeau and Sack,
2002).

Three basic-helix—loop-helix (b HLH) transcription factors,
SPEECHLESS (SPCH), MUTE, and FAMA, are required
for the successive stages of stomatal development (Ohashi-
Ito and Bergmann, 2006; MacAlister et al., 2007; Pillitteri
et al.,2007). SPCH is essential for MMC formation, stomatal
entry divisions, and maintenance of meristemoid stem cell

Abbreviations: CDKA, 1, CYCLIN DEPENDENT KINASE A1; CYCD3, CYCLIN D3; CYCA2, CYCLIN A2; DAPI, 4',6-diamidino-2-phenylindole; FLP, FOUR LIPS; GC,
guard cell; GMC, guard mother cell; MMC, meristemoid mother cell; RBR1, RETINOBLASTOMA-RELATED 1; SGC, single guard cell.
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activity (Pillitteri and Torii, 2012; Lau and Bergmann, 2012).
MUTE promotes the transition of meristemoids into GMCs
(Pillitteri et al., 2007). Loss of function of FAMA causes
tumours composed of stacked narrow cells, but overexpres-
sion of FAM A induces ectopic GCs without GMC divisions,
suggesting the dual roles of FAMA in regulating differentia-
tion and proliferation (Ohashi-Ito and Bergmann, 2006).

Two redundant R2R3 MYB transcription factors, FOUR
LIPS (FLP) and MYBSS, restrict the symmetrical cell division
of the GMC (Lai et al., 2005). Double mutants of flp myb88
display stacked cells like farma mutants but some cells still could
acquire the GC fate (Xie et al., 2010). Reducing the activity
of CYCLIN DEPENDENT KINASE BIl;1 (CDKBI;1) by
overexpression of the dominant-negative form CDKBI;I.
NI161 or loss of function of both CDKBI;l and CDKBI;2
(cdkbl;1 1,2)blocks the GMC symmetric division at the G, to
M phase transition of the cell cycle, resulting in the formation
of single guard cells (SGCs) (Boudolf et al., 2004a; Xie et al.,
2010). FLP/MYBSS can bind directly to a cis-regulatory ele-
ment in the CDKBI; 1 promoter and can suppress CDKBI; 1
transcription levels. Although FAMA functions at the GMC
to GC transition and regulates CDKBI; I expression as well,
FAMA probably acts in a parallel pathway different from
FLP/MYBS88 (Ohashi-Ito and Bergmann, 2006).

Since CDK activation depends on its association with cyc-
lin partners, co-expression of CDKBI;1 and CYCLIN A2;3
(CYCA2;3) enhances the kinase activity of CDKBI;1 and
triggers ectopic cell divisions (Boudolf et al., 2009). Defective
GMC divisions are found in cyca2 mutants, while the cdkbl; 1
cyca2;234 quadruple mutant displays more SGCs than
cyca2;234 triple mutants, though there is no phenotype in the
cdkbl; 1 single mutant, suggesting that CYCA2 and CDKBI
genes synergistically promote GMC division. Consistently, a
sustained high CYCA2;3 and CDKBI,; I expression is found
in flp myb88 epidermal tumours, indicating that FLP/M'YBS§8
repress CYCA2;3 and CDKBI;I transcription in a timely
manner after GMC division to prevent cell overproliferation
(Xie et al., 2010; Vanneste et al., 2011).

In yeast, there is only a single cyclin-dependent kinase, and
its low, intermediate, or high activity is required for DNA
replication licensing, DNA replication initiation, and cell
mitosis, respectively (Porter, 2008). In Arabidopsis, the only
one A-type CDK, CDKA;I (also called CDC2A), which can
rescue the fission yeast cdc2 mutant, is required for cell cycle
regulation during pollen, embryo, root, and shoot apical stem
development (Inze and De Veylder, 2006; Gutierrez, 2008).
Previous chromatin immunoprecipitation (ChIP)-chip exper-
iments with antibodies against FLP/M'YBS8S revealed that the
upstream promoter region of the CDKA; I gene might be the
target for binding by FLP/MYBS88 (Xie e? al., 2010), indicat-
ing a putative role for CDKA, 1 in stomatal GMC divisions.

In animals, CDK-cyclin complexes control G; to S pro-
gression in the cell cycle through regulating phosphorylation
of RETINOBLASTOMA proteins and releasing the E2F/
DP complex (Harbour and Dean, 2000). Recently, the par-
tial redundancy among the A- and Bl-type CDKs in the
RETINOBLASTOMA-RELATED! (RBRI; the homo-
logue of the human tumour suppressor Retinoblastoma in

Arabidopsis) regulatory network has been intensively inves-
tigated in plants. RBRI1 is phosphorylated by several cyc-
lin—-CDK complexes, such as, CYCD6/CDKBI;1, CYCD3;1/
CDKA;1, or CYCBI;1/CDKBI;1 (Cruz-Ramirez et al. 2012;
Nowack et al., 2012). However, ChIP experiments also revealed
that CDKBI; 1 and CDKBI;?2 are the direct transcriptional tar-
gets of RBR1 (Nowack et al., 2012). CYCDG6 transcript levels
are indirectly regulated by RBR1 through interaction with the
SCARECROW (SCR) transcription factor, which in complex
with SHORT ROOT regulates CYCD6;1 expression during
root stem cell asymmetric division (Cruz-Ramirez et al., 2012).
A negative regulatory feedback loop of RBR1 on CDK activ-
ity was also found in maize endosperm (Sabelli ez al., 2013).

Expression of CDKA; I in the stomatal lineage, under con-
trol of the TOO MANY MOUTHS (TM M) promoter, could
partially rescue cdkbl;1 1;2 stomata defects, suggesting func-
tional redundancy between CDKA;1 and CDKBIs, in agree-
ment with the arrested GMC divisions in the cdka; 1 null
mutant (Weimer et al., 2012). In addition, stomata in RBR/
RNA interference (RNAI) lines often consist of four GCs
(Borghi et al., 2010). A relationship between two types of
CDKs and RBR1 has been proposed for stomatal asymmetric
division (Weimer et al., 2012), but whether a similar network
is required for the symmetric divisions during the last stage of
stomatal development has not been well characterized.

It has been shown recently that FLP and MYB88 condi-
tionally restrict the G; to S transition during formation of
stomata (Lee et al, 2013). Here it is shown that CDKA;, 1,
like CDKBI; 1, is also a direct target of FLP/MYBS8S8 through
binding to the cis-regulatory elements in its promoter.
CDKA;1 activity is required for both normal GMC division
and cell overproliferation in flp myb88 mutants.

Materials and methods

Plant materials and growth conditions

All genotypes were in a Columbia-0 (Col-0) ecotypic background.
Arabidopsis thaliana plants were grown on soil or half-strength
Murashige and Skoog (MS) medium at 22-24 °C with 16/8h light/
dark cycles.

Plasmid construction and plant transformation

The following constructs and transgenic plants were generated using
the primers shown in Supplementary Table S1 available at JXB
online: pSPCH:CDKA; 1, pSPCH:CYCD3;2, pMUTE:CDKA; 1,
PpMUTE:CDKA;1.N146, pMUTE:CYCD3,2, pFAMA:CDKA;1,
pPFAMA:CDKA;1.N146, pFAMA:CYCD3;1; pFAMA:CYCD3,2,
PFAMA:CYCD3,3, and pFAMA:CYCA2;3. The promoter frag-
ments of SPCH, MUTE, FAMA, as well as full-length cDNAs of
CDKA;1, CDKA;1.N146, CYCD3,;1, CYCD3;2, CYCD3;3, and
CYCA2;3 were obtained by PCR. All resulting DNA fragments
were cloned into the pMDI19-T vector (TaKaRa) and then sub-
cloned into a pCAMBIA1300 vector (CAMBIA) and transformed
into wild-type plants. Transgenic plants were selected on half-
strength MS medium containing 25 pg 1! hygromycin. Plants har-
bouring multiple constructs were created by crossing and confirmed
by PCR. To obtain a viable cdka, I null mutant, a pLAT52: CDKA, 1
construct, in which the full-length cDNA of CDKA;,1 is driven by
the pollen-specific LAT52 promoter, was transformed into het-
erozygous cdka; 1" plants (SALK_106809). The homozygosity of
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cdka; 1 plants was confirmed by PCR using the primers shown in
Supplementary Table S1 at JXB online.

B-Glucuronidase (GUS) staining

Before staining, young seedlings were incubated in 90% acetone for 2h
at 4 °C. Seedlings were then washed in phosphate buffer and immersed
in X-gluc solution (Img ml”' 5-bromo-4-chloro-3-indolyl f-p-
glucuronide, 2mM ferricyanide, and 0.5mM ferrocyanide in 100 mM
phosphate buffer, pH 7.0) overnight at 37 °C in the dark. Seedlings
were then cleared and imaged using an Olympus BX51 microscope.

Cell viability assay

True leaves were immersed in a 0.1% neutral red solution for
15min at room temperature before imaging with an Olympus BX51
microscope.

Microscopy

To obtain differential interference contrast (DIC) images, 2-week-old
cotyledons were treated with destaining solution (containing 75% eth-
anol and 25% acetic acid) for 30 min or overnight at room temperature
until the chlorophyll was cleared. After a treatment with basic solu-
tion (7% NaOH in 60% ethanol) for 15min at room temperature, the
samples were rehydrated via an ethanol series (40, 20, and 10%) for
15min at each step and then placed in 5% ethanol and 25% glycerol
for 30 min. Materials were mounted in 50% glycerol and imaged using
an Olympus BX51 microscope. For fluorescence, samples were stained
with 0.5% propidium iodide and fluorescence was imaged using a con-
focal laser scanning microscope (FV1000-MPE, Olympus).

DAPI staining and measurement of DNA content

For analysis of nuclei in GCs, cotyledons were dissected and fixed
in 70% ethanol for 3h, incubated in 4’,6-diamidino-2-phenylindole
(DAPI) staining solution for at least 30 min, and excited by UV fluo-
rescence. To score relative DNA levels, the total integrated density of
DAPI fluorescence from selected nuclei was analysed using ImageJ
(http://rsb.info.nih.gov/ij/, last accessed 20 March 2014) with fluores-
cence from nearby areas subtracted to standardize relative fluores-
cence levels. GCs resembling those in the wild type as well as those in
epidermal cells that were newly divided were used as the references.

Real-time gPCR

Total RNA from 10-day-old seedlings were extracted using TRNzol
reagent (http://www.tiangen.com, last accessed 20 March 2014).
Reverse transcription was performed using a Promega kit (http:/
www.promega.com, last accessed 20 March 2014). Amplification of
the KATI gene was used as an internal control. Real-time quantita-
tive PCR (RT-qPCR) experiments were repeated three times inde-
pendently. The cDNA was amplified using SYBR Premix Ex Tag™
(TaKaRa) with a Corbett RG3000.

Yeast one-hybrid assay

The region between base pairs 859 and 568 upstream of the CDKA; 1
gene was splitinto a 191 bp upstream fragment and a 100 bp downstream
fragment, subjected to PCR, and ligated into the pLacZi2p vector. FLP
and MYBS88 cDNA were cloned into pB42AD. Yeast one-hybrid assays
were performed as previously described (Tang et al., 2012).

Protein expression

Full-length ¢cDNA sequences of FLP and MYB88 were ampli-
fied by using the primers shown in Supplementary Table S1 at
JXB online. FLP and MYB88 cDNA fragments were then ligated
into pET-28a. Fusion proteins were expressed in the BL21 (DE3)

strain of Escherichia coli by induction with 0.1 mM isopropyl--p-
thiogalactopyranoside (IPTG) at 18 °C for 24 h. His-FLP and His-
MY B88 proteins were purified by Ni-NTA agarose (GE Healthcare)
following the manufacturer’s instructions.

Electrophoretic mobility shift assay (EMSA)

Oligonucleotide probes were synthesized and labelled with biotin at
the 3" end (Thermo Scientific) and the probe sequences are shown in
Supplementary Table S1 at JXB online. EMSA was performed using a
Light Shift Chemiluminescent EMSA kit (Thermo Scientific). Briefly,
biotin-labelled probes were incubated in 1% binding buffer, 2.5% glyc-
erol, 50mM KCIl, 5SmM MgCl,, 0.05% NP-40, and 10mM EDTA
with or without proteins at room temperature for 20 min. For probe
competition controls, non-labelled probes were added to the reactions.

Yeast two-hybrid assay

Gal4 system vectors were used for yeast two-hybrid assays (Clontech).
The full-length coding sequences of CDKA,;1.N146 and CYCD3;2
were amplified using the primers shown in Supplementary Table S1
at JXB online. cDNA fragments from CYCD3;2 were cloned into
a pGBKT7 vector, and then CDKA,1.N146 cDNA fragments were
cloned into a pGADT7 vector. Constructs were then co-transformed
into an AH109 yeast strain and selected on SD/-Leu-Trp or SD/—
Leu-Trp—His—Ade plates. X-Gal activity was analysed according to
the manufacturer’s instructions (Clontech).

Bimolecular fluorescence complementation (BiFC) assay

Coding sequences of CDKA,;1.N146 and CYCD3,2 were amplified
using the primers shown in Supplementary Table S1 at JXB online.
Fragments were cloned into the pSPYNE-35S and pSPYCE-35S
vectors (Walter et al., 2004) to obtain CYCD3,;2-YN and CDKA; 1.
NI146-YC. CYCD3;2-YN and CDKA;1.N146-YC were co-trans-
formed into Arabidopsis protoplasts and imaged using a laser scan-
ning confocal microscope (FV1000-MPE, Olympus).

Pull-down assays

Full coding sequences of CDKA, 1. N146 and CYCD3,2 were amplified
by using the primers shown in Supplementary Table S1 at JXB online.
The sequences were then ligated into pET-28a and pGEX4T-1 vectors,
respectively. Fusion proteins were expressed in the BL21 (DE3) strain
of E. coli by induction with 0.2mM IPTG at 17 °C for 4h. The har-
vested culture (5000 rpm, 15min, 4 °C) was re-suspended with ice-cold
phosphate-buffered saline (PBS) and then lysed by sonication. The cell
lysate was cooled to 4 °C and centrifuged at 10 000rpm for 15min.
The glutathione S-transferase (GST)-CYCD3;2 supernatant was
loaded onto 0.5ml of glutathione-Sepharose (GE Healthcare) and
washed with PBS. The GST-CYCD3;2 fusion protein on glutathione—
Sepharose (GE Healthcare) was then incubated with the His6-CDKA.
N146 supernatant. After 1h incubation at 4 °C, the agarose was
washed twice with PBS and eluted with 10mM reduced glutathione
elution buffer. Elution samples were separated by 12% SDS-PAGE,
transferred to a PVDF membrane (Millipore) using a semi-dry blot-
ting system (Bio-Rad), and then incubated with an anti-His6 mono-
clonal antibody followed by AP-conjugated anti-mouse antibody. The
colour reaction was performed using an NBT/BCIP Kit (Invitrogen).

Results

CDKA; 1 activity is required for the late stages of
stomatal development

Stomata formation is greatly inhibited in cdka; 1 null mutant
cotyledons, which demonstrates the essential role of CDKA, 1
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in stomatal formative divisions. The occasional occurrence of
arrested GMCs and expression of CDKA;1 at late stages of
the stomatal cell lineage suggests an involvement of CDKA;1
in the subsequent events as well (Xie et al., 2010; Weimer
et al., 2012). Overexpression of a dominant-negative allele of
CDKA;1 (CDKA;1.N146) was previously used to reveal the
function of CDK genes in plant development (Hemerly et al.,
1995; De Veylder et al., 2000; Joubes et al., 2004; Gaamouche
et al., 2010). MUTE and FAMA are specifically expressed
at the transition phases of meristemoid to GMC and GMC
to GC, respectively. Thus, the CDKA; 1. N146 construct was
driven by the upstream regulatory regions of MUTE and
FAMA genes. Targeted expression of either MUTE: CDKA; 1.
NI146 or FAMA:CDKA;1.N146 did not affect the initiation
of stomatal stem cells and morphogenesis of pavement cells
(Fig. 1A-C). However, MUTE:CDKA;1.N146 transgenic
lines exhibit large abnormally shaped cells expressing a GC
fate marker, E1728 (Gardner et al., 2009), demonstrating that
those round cells have acquired GC identity (inset in Fig. 1B).

Loss of CDKA, I function impairs the last mitotic divi-
sion in the male gametophyte, leading to 50% of pollen with
two gametes, and no homozygous cdka; 1 seedlings are pro-
duced in self-pollinated cdka; 1™ plants (Iwakawa et al.,
2006). Therefore, viable homozygous cdka, 1 seedlings were
recovered from cdka;1"" plants by transformation with
pLAT52:CDKA;1 constructs. As in MUTE:CDKA;1.N146
seedlings, abnormal undivided round cells were also found
in the leaves of homozygous cdka, ! seedlings. Consistently,
expression of the E1728 marker suggests that the undivided
cdka;1 GMCs could eventually also acquire GC cell fate
(Fig. 1D).

Similar fluorescent intensity of DAPI-stained nuclei in
normal 2-GC stomata and in nuclei of MUTE:CDKA;, 1.
N146 SGCs indicated that CDKA;1.N146 prevented DNA
synthesis and caused cell cycle arrest (Fig. l[E-H, O), this is in
contrast to the a 4C DNA content in SGCs from cdkbl;1 1,2,
cyca2;234 mutants or 35S:CDKBI,;1.N161 transgenic plants
(Xie et al., 2010; Vanneste et al., 2011). Little effect on the
symmetric division was observed when the dominant-nega-
tive CDKA,1 was activated later with the FAMA:CDKA;1.
N146 construct (Fig. 1C). Therefore, CDKA;1 activity is
required for the early events, such as the G, to S transition, in
the GMC cell cycle.

Identification of FLP/MYBS88-binding sites in the
CDKA;1 promoter

The weak flp-1 allele displays a stomatal cluster phenotype
that often contains four stacked GCs caused by an extra
round of division ina GMC (Lai et al., 2005). The fip-1 myb88
double mutant displays an enhanced stomatal phenotype
with more and larger stomatal clusters (Fig. 1I). To deter-
mine whether CDKA;! is required for the additional GMC
divisions in the fIp-1 myb88 mutant background, cdka, I fip-1
myb88 triple mutants were generated. The typical GC stacks
of the flp-1 myb88 mutants were not found in triple mutants,
instead SGCs are often present, suggesting that the cell
overproliferation caused by mutations of FLP and M YBS88

required CDKA;1 activity (Fig. 1J). DAPI staining reveals
a single nucleus in the round cells from the triple mutant,
implying that arrested division is not due to a defective
cytokinesis upon mitosis (Fig. 1K—N). Using the transcript
level of a GC-specific gene KAT! as the internal reference
for RT-qPCR analysis, it was found that the transcription of
CDKA;, 1, like that of CDKBI;1, was up-regulated in fIp-1
myb88 plants, indicating that FLP/MYBS88 negatively regu-
late CDKA, I transcription (Fig. 1P).

Previous ChIP-chip experiments with FLP/MYBS88 anti-
sera also revealed that the region between base pairs 859 and
568 upstream of the translational start site of the CDKA; 1
gene might be the target of FLP/MYBSS (Xie et al., 2010). To
identify the FLP/MYB8S direct binding sites in the CDKA; I
promoter, the above promoter region was split into 191 bp
and 100bp fragments, named fragment ‘a’ and ‘b’, respec-
tively (Fig. 2A). Yeast one-hybrid assay indicates that the
binding sites are present within the fragment ‘a’ (Fig. 2B).
Then the sequence in fragment ‘a’ was scanned and four
putative FLP/MYBS88 cis-regulatory binding elements were
found (Xie et al., 2010), namely TGCGG, AACCC, TCCCC,
and TTCCC, termed elements A-D, respectively (Fig. 2A).
Each of these sites was tested in EMSAs using tagged His-
FLP or His-MYBS8 fusion proteins. Since elements C and D
are closely located within the CDKA, I promoter, all nucleo-
tides within either the C or D elements were replaced with
adenine in EMSA analysis. The EMSA results show FLP
and MYBS8S can interact with elements A, and B, and with a
sequence composed of both the C and D elements (Fig. 2C;
Supplementary Fig. S1 at JXB online).

CDKA;1 could rescue defective GMC divisions in
cdkb1 mutants

CDKBI;1 and FLP show a similar expression pattern from
the late GMC to the newly formed GC, in agreement with
the role of FLP in regulating CDKBI;I transcription (Xie
et al., 2010). Targeted expression of CDKBI;I under the
control of the FAMA promoter (FAMA:CDKBI; 1) is suffi-
cient to complement the SGC phenotype found in cdkbl, 1
1,2 double mutants (Table 1). The CDKA; I construct driven
by FAMA was introduced into cdkbli;1 1;2 double mutants.
Interestingly, expression of this FAMA:CDKA;1 could
reduce the number of SGCs formed in cdkbl 1 1;2, indicat-
ing that CDKA; I can partially substitute for CDKBI genes in
promoting GMC divisions (Table 1).

A- and D-type cyclins are rate limiting for division after
the terminal stomatal division

Previous studies revealed that CDKBI1;1 and CYCA2;3 form
a functional complex regulating the mitosis to endocycle
transition (Boudolf er al, 2009). CYCA2s and CDKBI;l
contribute synergistically to the CDK activity required for
GMC divisions (Vanneste et al., 2011). The dominant-neg-
ative CDKBI;1.N161 competes with the endogenous CDKs,
leading to SGCs (Fig. 3A, B). Thus experiments were carried
out to examine whether an ectopic expression of CYCA2;3
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Fig. 1. CDKA,1 is required for excessive GMC divisions in fip-7 myb88 mutants. (A) Wild-type epidermis. (B, C) The expression of a dominant-negative
CDKA;1.N146 construct driven by the MUTE promoter (MUTE:CDKA; 1.N146), but not the FAMA promoter (FAMA:CDKA; 1.N146), leads to formation
of SGCs. Inset: expression of the mature GC marker E1728 in an SGC. (D) SGCs were found in loss-of-function cdka, 7 leaves. Inset: E1728. (E-H)
Paired DAPI fluorescence micrographs and DIC images showing normal GCs in wild-type (E, F) and uninucleate SGCs in MUTE:CDKA; 1.N146 (G,

H). (I) Stomatal clusters in the flp-7 myb88 double mutant. (J) The flp-17 myb88 cluster is repressed in the cdka; 7 background. An arrow indicates an
SGC. (K-N) DAPI staining of SGCs in cdka; 1 and the flp-1myb88 cdka; 1 triple mutant. (O) Quantitative analysis of DAPI fluorescence revealed that
MUTE:CDKA; 1.N146 SGCs contain a DNA content comparable with that of normal GCs. (P) Transcript levels of SPCH, CDKA; 1, and CDKB1;1 in fipo-1
myb88 double mutants. Bars=20 um. (This figure is available in colour at JXB online.)

under the control of the FAMA promoter has an impact on
GMC divisions. Although SGCs were still occasionally found,
the defect of GMC division in 35S:CDKBI;1.N161 plants
was overcome by expression of FAMA:CYCA2;3 (Table 1;
Fig. 3D). Strikingly, expression of FAMA:CYCA2,3 in wild-
type plants produced stomata with 3—4 guard cells (Fig. 3C),
indicating that elevated levels of CYCA2;3 sustain divisions
in the GCs after the GMC symmetric division.

Moreover expression of each member gene of the CYCD3
family under the control of the F4 M A promoter induced three-
or four-celled stomata as well (Fig. 3E; Supplementary Fig. S2 at
JXB online). No SGC was found in 35S:CDKBI;1.N161 plants
harbouring FAMA:CYCD3,2, indicating that increasing levels
of D-type cyclin can reverse the G, arrest in these dominant-
negative CDKBI;1.N161 transgenic plants (Fig. 3F). This sug-
gested that sufficient CDK activity still persists in the GC after

$T0Z ‘TE Yo Uo SO ‘Auelog jo aininsu| e /Bio'sfeuinolpioxo-gxly:dny woly pepeojumoq


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru139/-/DC1
http://jxb.oxfordjournals.org/
http://jxb.oxfordjournals.org/

Page 6 of 13 | Yang et al.

A
A B c D
TGE:()iG M(C(!C TC‘C(!;C Trt(:c)c
i e 0
-859-826 -726 .{333 569
| IL
(a) (b)
CDKA;1 promoter
C
probe + + o+ + + + +
FLP - + - + = + " =
competitor - - - - + - - + - - " -

5

7 8 9

10 11 12 13

(A) (B)

(C+D) (C+Dm) (Cm+D)

Fig. 2. FLP directly binds the CDKA; 1 promoter. (A) Schematic diagram of four putative FLP/MYB88 cis-regulatory binding elements in the CDKA; 1
promoter, labelled as elements A-D. (B) Yeast-one-hybrid result shows that FLP and MYB88 can bind to fragment ‘a’ of the CDKA; 1 promoter. (C) EMSA
results show that FLP can bind each binding element in CDKA; 7. Lanes 1, 4, 7, 10, 12, probes only; lanes 2, 5, 8, 11, 13, probes with His-FLP fusion
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lanes 10-13, nucleotides in element C or D were substituted by nucleotide A. (This figure is available in colour at JXB online.)

the terminal division, but that the levels of A- or D-type cyclins
become rate limiting for another round of division (Table 1).
RT-qPCR assays revealed that CDKA; 1 transcript levels nor-
malized against the transcripts of the GC-specific KAT! gene
(Xie et al., 2010) were up-regulated in both FAMA:CYCA2;3
and FAMA:CYCD3;2 transgenic plants, suggesting that
an enhancement in CDKA;l expression is associated with
CYCA2;3- or CYCD3;2-promoted cell proliferation (Fig. 3G).
However, given that FAMA:CDKA; I (Fig. 5A) is not sufficient
to induce stomata with extra GCs, the level of cyclins might
become rate limiting for divisions in the GC.

Elevating CYCAZ2;3 levels in GC causes cellular fate
reversion in GCs

FAMA is also required for GMC to GC differentiation to
acquire GC fate. Loss of FAMA function leads to narrow cell
tumours that lack GC fate. FAMA:CYCD3,2 was crossed
into a fama-1 null mutant. Elevating CYCD3 levels did not
trigger a synergistic effect on cell proliferation in the fama-1
mutant background (Fig. 4A). In contrast, FAMA:CYCD3,2
in the flp-1 myb88 double mutant background, in which some
cells of the stomatal clusters could acquire GC fate, produced
perpendicular as well as parallel divisions, an additive pheno-
type consistent with FAMA:CYCD3,2 inducing GC subdivi-
sions after GMC division (Fig. 4B).

Table 1. Quantification of formation of single guard cells in
cotyledon epidermis

Genotype SGC (%) SGC Counts
Col 0 0 680
cdkb1;1 1,2 31 384 1238
FAMA:CDKB1,;1 cdkb1,;1 1,2 line 1 0 0 964
FAMA:CDKB1;1 cdkb1;1 1,2 line 2 0 0 1000
FAMA:CDKA; 1 cdkb1;1 1,2 line 1 22.5 231 1026
FAMA:CDKA; 1 cdkb1;1 1,2 line 2 17.6 115 650
35S:CDKB1,;1.N161 13 169 1308
FAMA:CYCA2,3 35S:CDKB1.N161 2.3 35 1502
FAMA:CYCD3;2 356S:CDKB1.N161 0 0 852

Expression of CDKBI;1:GUSis found in GMCs and young
GCs, but is low in mature GCs (Fig. 4C). Overexpression
of FAMA:CYCD3;2 induced an enhanced expression of
CDKBI;1:GUS in subdivided GCs. However, the equal GUS
expression levels among all subdivided GCs indicate that these
divisions are symmetric (Fig. 4F). TMM:TM M-GFP (green
fluorescent protein) is a stomatal lineage marker expressed in
GMCs, young GCs, and stomatal lineage ground cells; but
it is absent in mature guard cells (Fig. 4D). The absence of
strong TMM:TMM-GFP expression in FAMA:CYCD3;2
subdividing GCs suggests that these extra divisions occurred
at the final stage of stomatal development (Fig. 4G).
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Fig. 3. Overexpression of CYCA2,3 and CYCD3;2 can reduce the number of SGCs in 356S:CDKB1,1.N161. (A) Wild-type epidermis. (B) SGCs were
found in 356S:CDKB1;1.N161 epidermis. (C) FAMA:CYCAZ2,3-induced GC subdivisions, leading to stomata containing 3-4 GCs. (D) FAMA:CYCAZ2;3
partially compensates the defects of GMC division in 356S:CDKB1,1.N161. Inset: an occasionally found SGC (refer to Supplementary Fig. S4 at JXB
online). (E) FAMA:CYCD3;2 induces GCs to subdivide, leading to GCs with 3-4 stomata. (F) No SGC was found in 35S:CDKB1,1.N161 plants harbouring
FAMA:CYCD3;2. (G)The CDKA; 1 transcript levels in FAMA:CYCD3;2 and FAMA:CYCAZ2;3 transgenic plants. Bars=20 pum. (This figure is available in

colour at JXB online.)

Moreover, like the wild type, all subdivided GCs eventually
express the mature GC marker E1728 (Fig. 4E, H), indicating
that CYCD3,2-induced extra divisions are indeed symmetric
divisions in GC and uncoupled from GC differentiation.
Overexpression of CYCA2,3 at the stage of FAMA expres-
sion caused a dramatic increase in the CYCA2;3 transcription
level (Supplementary Fig. S3A at JXB online). Expression
of FAMA:CYCA2;3 also induced a differential increas-
ing expression of CDKBI;1:GUS in some subdivided GCs,
which was not observed in FAMA:CYCD3;2 lines (arrow
in Fig. 41 versus F). Strikingly, ectopic high expression of
TMM:TMM-GFP was found in some subdivided cells in
FAMA:CYCA2;3 stomata, implying a cell fate reversion from
a GC back to a precursor cell or at least to an immature GC
(Fig. 4J). Consistently, the GC marker E1728 is not always
expressed evenly in the different subdivided cells within the
same stoma, implying that their GC differentiation was
disturbed (Fig. 4K). In addition, collapsed cells were often
found in FAMA:CYCA2;3 stomata, which are not found in
FAMA:CYCD3;2, confirmed by a cell viability assay using

Neutral Red dyes (Supplementary Figs S3B-E, S4 at JXB
online).

CDKA; 1-CYCD3,2 complexes stimulate extra
symmetric GC subdivisions

To probe the genetic relationship between CDKA; I
and CYCD3;2 during stomatal development, targeted
CYCD3;2 and CDKA;l overexpression was initially
introduced individually into wild-type plants under the
respective control of the SPCH, MUTE, and FAMA
promoters. Subsequently, lines with CYCD3;2 and
CDKA;I driven by the same promoter were crossed. No
obvious stomatal defects were found in plants harbour-
ing both SPCH:CDKA;l and SPCH:CYCD3;2, or in
those containing MUTE:CDKA;1 and MUTE:CYCD3,2
(Supplementary Fig. SSA, B at JXB online). Although sto-
matal development is normal in FAMA:CDKA;, I transfor-
mants (Fig. 5A), co-expression of FAMA:CDKA;1 with
FAMA:CYCD3,;2 greatly enhanced the GC subdivision
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Fig. 4. Ectopic expression of CYCD3;2 or CYAZ2,3 induces GC subdivisions. (A) The loss of FAMA function phenotype is epistatic to FAMA:CYCD3;2,
presumably because fama-1 blocks the acquisition of GC fate. Inset: a fama-7 tumour. (B) FAMA:CYCD3;2 and fip-1 myb88 together show additive
phenotypes of stomatal clusters and GC subdivisions. Inset: flp-7 myb88 stomatal cluster. (C) CDKB1,1:GUS, a marker for the stomatal terminal
differentiation stage, expressed from the transition stage of GMC to GC in the wild type. Note the weak GUS expression in a mature stoma (an arrow). (D)
TMM: TMM-GFP expression in stomatal lineage cells in the wild type. (E) E1728, a mature GC marker expressed in wild-type GCs. (F) Equally enhanced
CDKB1;1:GUS expression in a subdivided FAMA:CYCD3;2 stoma. Arrowheads point to the extra cell division planes. (G) No TMM: TMM-GFP expression
in FAMA:CYCD3;2-subdivided GCs. (H) Subdivided GCs induced by FAMA:CYCDG3;2 eventually exhibit a GC fate as shown by the expression of the
E1728 marker. An arrow points to the subdivision plane. (l) Expression of CDKB1,7:GUS in a stoma with four GCs of FAMA:CYCA2;3. An arrow points to
the GC showing a differential higher GUS staining than its sister cell. (J) Ectopic expression of TMM:TMM-GFP could be found in one of the subdivided
GCs, indicated by an arrow. (K) FAMA:CYCA2,3-induced GC subdivision mimics FAMA:CYCD3;2, but some of them were unequal divisions. E1728 GFP
fluorescence is from a mature GC but was absent in another GC (arrow). Bars=20 um. (This figure is available in colour at JXB online.)

phenotype (Fig. 5B; Supplementary Fig. S5C at JXB
online). In FAMA:CYCD3;2 plants, most stomata (90%)
contained 3-4 GCs, while 5% were normal and 5% had
>4 GCs. The co-expression of both FAMA:CYCD3;2 and
FAMA:CDKA;1 in wild-type plants increased the fraction
of stomata containing >4 GCs to 21% and the percentage
of normal stomata was reduced to 1% (Fig. 6).

In contrast, the co-expression of a dominant-negative
version of FAMA:CDKA;1.N146 with FAMA:CYCD3,2
increased the fraction of normal stomata to ~30% and
decreased the number of stomata containing >4 GCs
(Fig. 6). However, CDKBI;1 activity is not required for
CYCD3;2’s functions, since co-expression with either
FAMA:CDKBI;1 or 35S:CDKBI;1.N161 has no impact on
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Fig. 5. The synergistic effect of co-expression of CYCD3;2 and CDKA, 1

in promoting GC subdivisions requires RBR1. (A) No obvious stomatal

defect was detected in FAMA:CDKA; 1. (B) Co-expression of FAMA:CDKA; 1
with FAMA:CYCD3;2 augments GC subdivisions. (C, D) Co-expression of
FAMA:CYCAZ2;3 with either FAMA:CYCD3,2 or FAMA:CDKA; 1T mimics stomatal
phenotypes in FAMA:CYCA2,3. (E) GC subdivisions in FAMA:amiRNA-RBR1.
(F) RBR1 transcription is significantly suppressed in a FAMA:amiRNA-RBR1
line. Bars=20 um. (This figure is available in colour at JXB online.)

FAMA:CYCD3,2-induced GC subdivisions (Fig. 6). The
above synergistic effects on GC subdivisions were not found
between CYCA2;3 and CDKA;I, or between CYCA2;3
and CYCD3,2 (Fig. 5C, D; Supplementary Fig. S4 at JXB
online).

The potential for CYCD3;2 to interact directly with
CDKA;1 was demonstrated in yeast two-hybrid assays and
BiFC in vivo assays (Supplementary Fig. S5D, E at JXB
online). Furthermore, a pull-down experiment further proved
that CYCD3;2 forms a protein complex with CDKA;I in
vitro (Supplementary Fig. S5F at JXB online).

Suppression of RBR1 also induced GC subdivisions

FAMA-driven expression of CYCA2;3 or CYCD32
induced 3-4 cells radially arranged around the pore. This

stomatal phenotype resembles those stomata found in an
inducible RNAI against RBRI plants (Borghi et al., 2010).
Development of pavement cells and stomatal formation are
also disrupted by the loss of RBR1 function, consistent with
its wide expression in the epidermis (Supplementary Fig. S6A
at JXB online). GC subdivison is observed in a line of arti-
ficial microRNA (amiRNA) against RBRI under the FAMA
promoter, FAMA:amiRNA-RBRI, in which RBRI transcrip-
tion is significantly suppressed (Fig. SE, F).

The RBRI:GUS expression pattern and RT-qPCR assays
reveal that the impact of FAMA:CYCD3,;2 on RBRI tran-
scription is limited (Supplementary S6B, C at JXB online).
DAPI staining analysis demonstrates that the DNA ploidy
levels in the subdivided GCs found in FAMA:amiRNA-
RBRI and FAMA:CYCD3,2 epidermis are the same as in
normal GCs, indicating that ectopic expression of CYCD3,2
or suppression of RBRI promotes cell proliferation only
(Supplementary Fig. S6D-J).

Most of the stomata in FAMA:CYCD3;2 FAMA:CDKA, 1
consist of 3-4 GCs (78%), while 21% of stomata have >4 GCs.
Each daughter GC has its own cell outline and contacts with
the adjacent GCs, displaying a ‘string of sausages’-like stoma
(Type II in Supplementary Fig. S7 at JXB online). In one of
the FAMA:amiRNA-RBRI lines, 25.7% stomata mimic the
‘string of sausages’-like stomata. Around 30% of stomata in
this FAMA:amiRNA-RBRI line exhibit ectopic divisions in
their GCs. However, these extra divisions happened in original
GCs (produced by GMC division) as well, but did not alter
the original GC shape (Type III in Supplementary Fig. S7).

Discussion
CDKA; 1 activity is required for GMC division

Whereas in yeast a single CDKA;l regulates both the G,
to S and G, to M transition of the mitotic cell cycle, the
CDKB kinases, together with CDKA;l kinase complexes,
operate at the G, to M transition in Arabidopsis plants
(Menges et al., 2005). CDKA;l has pleiotropic functions
in plant development, including the maintenance of shoot
and root apical meristems (Dissmeyer et al., 2009; Nowack
et al., 2012). Mutations in CDKA,I induce a failure in the
double fertilization and lead to the abortion of homozygous
cdka, 1 seeds. Homozygous cdka; 1 mutants recovered using a
PROcpgy.;:CDKA; 1: YFP construct exhibit defects in embry-
ogenesis and in the maintenance of the root and shoot apical
meristems (Nowack et al., 2012). Homozygous cdka; 1 seed-
lings were recovered via a pollen-specific promoter to drive
CDKA;1 gene expression (LAT52:CDKA:1). These cdka,l
homozygous seedlings showed significant reduction in stoma-
tal formation and undivided GMCs, indicating that CDKA;1
activity is required for both stomatal formative asymmetric
divisions and terminal symmetric divisions, consistent with
the expression of CDKA,I throughout the stomatal lineage
cells (Serna and Fenoll, 1997). Using a dominant-negative
CDKA;1.N146 construct driven by either the MUTE or the
FAMA promoter, it was possible to dissect further the role of
CDKA;1 in stomatal development. Triggering the expression
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Fig. 6. Quantification of effects of different CDK forms on FAMA:CYCD3;2
stomatal phenotypes. Quantification of stomatal phenotypes from 14-day-
old cotyledons. A total of 800-1000 stomata from 20-30 cotyledons were
scored for each genotype. Black, SGCs; oblique, normal stomata with
two GCs; grey, stomata with three GCs; hatched, stomata with four GCs;
dotted, stomata with >4 GCs.

of dominant-negative CDKA,;1.N146 with the MUTE pro-
moter impaired the GMC symmetric division in forming the
two GCs, whereas later expression of CDKA,;1.N146 with
the FAMA promoter hardly influenced the symmetric divi-
sion, indicating that the timing of CDKA;I activity plays
an important role in the early events corresponding to the
specification of the GMC. However, even in these GMCs
with reduced CDKA;1 activity, the cell cycle can be uncou-
pled from GMC to GC differentiation as the undivided GMC
arrested early in the cell cycle can eventually acquire mature
GC fate, in line with the GC differentiation upon interfering
with CDKBI activity (Xie et al., 2010).

Abnormal SGCs were first reported in 35S:CDKBI; 1.
NI161, then in cdkbl;1 1;2 double mutants, and in cyca2;234
triple mutants (Boudolf et al., 2004a; Xie et al., 2010; Vanneste
et al., 2011). Despite their similar cell size, SGCs in loss-of-
function cdka; 1 homozygous mutants or targeted expression
of dominant-negative CDKA,;1.NI146 lines contain nuclear
DNA levels comparable with those of GCs with 2C DNA lev-
els in wild-type stomata, suggesting that CDKA; I acts before
S-phase at the G, to S transition of the cell cycle (Fig. 7).
In contrast, SGCs produced in c¢dkbl or cyca? mutants dis-
play twice the DNA content of wild-type GCs, as a result of
cell cycle arrested at the G, to M transition (Boudolf ez al.,
2004a; Xie et al., 2010; Vanneste et al., 2011).

Overexpression of CDKA, I under control of FAMA at the
same stage could partially rescue the GMC division in the
cdkbl;1 1;2 mutant, suggesting that elevated CDKA;1 kinase
activity can, at least partially, substitute for CDKB1 activity.

Either CDKA;1 or CDKBI kinases can phosphorylate the
same substrates, albeit with a different efficiency, for cell cycle
progression. Alternatively, elevating the CDKA;1 level might
reduce the threshold for the overall CDKBI1 kinase activity
required for G, to M transition. In line with this observa-
tion, expression of CDKA;l driven by the TM M promoter
displayed a similar rescuing effect (Weimer et al, 2012).
Although CDKA;1 activity is generally more important for
the G, to S transition and CDKBIs are required for G, to
M progression (Boudolf et al., 2004a), the present results
indicate that the mechanism for G, to M transition has some
degree of flexibility, and that in the absence of CDKBI, ele-
vated CDKA;1 can trigger the G, to M transition.

CDKA; 1 could be a direct target of FLP/MYB88

A model has been proposed for the function of FLP/MYBSS
in stomatal development, in which FLP/M YBS88 enforce cell
cycleexitafter GMCdivision by timely suppression of cell cycle
genes for further divisions. This is supported by the expression
pattern of the promoter reporters, such as CDKBI;1:GFP
and CYCA2;3:GUS-GFP which are expressed in late GMCs
and young GCs, similar to the expression pattern of FLP/
MYBSS or FAMA (Xie et al., 2010; Vanneste et al., 2011).
Using a CDKA; I transcriptional reporter included a fusion
of yellow fluorescent protein (YFP) with a cyclin B destruc-
tion box (DB), ProCDKA;1:YFP-DB, CDKA,;l expres-
sion appears to shut off immediately after GMC division
(Xie et al., 2010). Up-regulation of CDKA,;Il and CDKBI;1
transcript levels was found in flp-1 myb88 mutants. Hence it
seems that CDKA; I and the earlier reported CDKBI genes
(Xie et al., 2010) are both involved in the GMC divisions and
regulated by FLP/MYBS88 transcription factors (Fig. 7).

FLP and MYBS8 genes encode an atypical two-MYB-
repeat transcription factor with binding preferences dif-
ferent from those of other known MYBs. However, FLP/
MYBS8 binds to the CDKBI;1 promoter via the [A/T/G]
[A/T/G]C[C/G][C/G] consensus sequence, a cis-regulatory
element overlapping with that of cell cycle transcription fac-
tor E2Fa (Boudolf et al., 2004b; Xie et al., 2010). Here four
cis-regulatory elements in the CDKA;l promoter for FLP/
MYBS8 binding were identified, suggesting that CDKA; 1,
like CDKBI, 1, is directly regulated by the FLP/MYBS88 tran-
scription factors, as part of the mechanism to restrict sym-
metric divisions to a single event.

Elevating cyclin A or D confers ectopic cell cycle
activation in GC

Elevating CDKA;1 in the GMC with the pFAMA:CDKA;1
construct (bypassing the FLP/MYBS88 control) was not suf-
ficient to confer additional divisions, raising the question
of whether cyclin levels were rate limiting for ectopic cell
cycle activation. Constitutive CYCD3;1 expression alters
leaf epidermal cell proliferation and stomatal density, but
does not induce morphological defects in stomatal develop-
ment (Dewitte and Murray, 2003; Dewitte et al., 2007; Elsner
et al.,2012). However, the targeted expression of CYCD3,1 in
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Fig. 7. Regulatory network of terminal division of stomatal development. When the meristemoid (M) acquires a GMC fate, CDKA;1 activity is required
for Gy to S transition in the cell cycle. In the loss-of-function cdka,; 7 mutant or dominant-negative CDKA; 1.N746 transgenic lines, an undivided GMC still
could acquire a GC fate, resulting in SGCs with 2C ploidy. CDKB1 and CYCA2 are required for the G, to M transition phase. In the cakb1,7 1,2 double
mutant or dominant-negative CDKB1;1.N161 lines, the undivided GMCs differentiate into SGCs with 4C ploidy. Mutants of cyca2,234 also produce
SGCs with 4C ploidy. CDKA; 1, CDKB1,;1, and CYCA2 transcription can all be negatively regulated by FLP/MYB88 transcriptional factors through cis-
regulatory elements. Expression of CDKA; 1 could partially rescue GMC division defects. Overexpression of CYCA2 or CYCD3 also reduces the number
of SGCs in CDKB1,1.N1617. In fip myb88 and fama mutants, high activity of CDKA;1 and CDKB1 causes excessive GMC divisions. RBR1 is essential
to prevent GC subdivision, but the regulatory network of CDK-cyclin-RBR1 and the feedback loop in terminal division remain unclear. (This figure is

available in colour at JXB online.)

normally endocyling trichomes by the GLABRA2 promoter
triggers mitosis, leading to subdivided trichomes, a phe-
notype not observed in 35S:CYCD3;1 plants (Schellmann
et al., 2002; Dewitte et al., 2003). A similar difference between
targeted and constitutive expression of CYCD3 genes was
observed in stomatal development. Whereas constitutive
CYCD3;1 expression does not interfere with the GCs and
allows for cell cycle arrest, the FAMA promoter probably
increases local CYCD3,2 levels sufficiently to induce GC sub-
divisions, a gain-of-function phenotype, like GL2:CYCD3;1
in trichomes.

A similar phenotype was observed when CYCA2;3 levels
were increased during and after the last division. However,
in the case of CYCA2;3, the formed GC occasionally
reverted to a precursor state or caused cell collapse. Indeed,
an extremely high transcript level of CDKA; 1 was observed
in FAMA:CYCA2;3 stomata, but it is not clear whether the
programmed cell death was stimulated by altered levels of
CDKA;1 or RBR1, a regulation model proposed in trichome
and endosperm development (Schnittger et al., 2003; Sabelli
et al., 2013). Hence, cyclins can confer ectopic cell cycle acti-
vation, suggesting that the maintenance of two-celled sto-
mata requires accurate control of cyclin A and D levels.

Cyclin A and D require different CDKs in order to
stimulate GC division

Although the cdkbl;1 single mutant displays normal sto-
mata, cdkbl;1 cyca2;234 quadruple mutants show more
SGCs than cyca2;234 triple mutants, suggesting that CYCA2s
and CDKBI;1 contribute synergistically to the CDK activ-
ity required for GMC division (Vanneste er al, 2011).
Co-expressing CDKBI;1 with CYCA2;3 could enhance
CYCAZ2;3-associated kinase activity, demonstrating that
CYCA2;3 and CDKBI;1 form a functional complex stimu-
lating cell divisions. Introduction of CYCA2;3 driven by the
35S promoter could complement the endoreduplication phe-
notype of 35S:CDKBI;1.N161 plants, but could not rescue
its GMC division defects (Boudolf ez al., 2009). Here the tar-
geted expression of CYCA2;3 has little effect when CDKBI;1
function is impaired by overexpression of dominant-neg-
ative CDKBI;1.N161. Although overexpression of either
CYCA2;3 or CYCD3,2 was associated with up-regulation
of the CDKA;I transcript, it appears that only CYCD3;2/
CDKA;l, and not CYCAZ2;3/CDKA;I. is able to stimu-
late the G, to M transition (Healy et al, 2001; Imai et al.,
2006). The findings show that the CYCD3;2 and CDKA;I1
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proteins can interact directly. The extensive subdivision of
GCs induced by transformation with FAMA:CYCD3,2 can
in turn be partially repressed by the concomitant expression
of the dominant-negative CDKA,;1.N146 construct. In addi-
tion, the degree of GC subdivision is profoundly enhanced
by co-expression of CDKA,I. The gain or loss of function
of CDKBI genes (via the co-expression of CDKBI; 1 or the
dominant-negative CDKBI;1.N161 construct) does not affect
the extent of FAMA:CYCD3;2-induced GC subdivision, sug-
gesting that the functions of CDKA;l and CDKBIs differ
with respect to their cooperation with CYCD?3;2.

RBR1 restricts GC proliferation

Arabidopsis possess only a single RBRI gene modulating
cell division and endoreduplication (Gutzat et al., 2012).
Cell cycle progression is regulated through RBR1 protein
phosphorylation by G,/S kinases such as CYCD-CDKA;1
(Nakagami et al., 2002). Indeed the function of CDKA;I in
stomatal asymmetric division was found to be mediated by
RBR1 (Nowack et al., 2012). Genes required for stomata ini-
tiation, such as TM M and SPCH, were up-regulated in RBRi
plants, but expression of MUTE and FAM A was not affected
(Borghi et al., 2010). However, similar to overexpression of
CYCD3;2 or CYCA2;3, suppression of RBRI in GMCs and
GCs with the FAM A:amiRNA-RBRI caused extra division in
GCs but not in GMCs, the subdividing GCs being a pheno-
type distinct from the narrow parallel arranged small cells in
flp myb88 or fama mutants. Consistent with this, overexpress-
ing FAMA:CYCD3;2 in fama-1 has no influence on the size
of cell tumours. The RBR1 level is regulated appropriately
in wild-type GCs to ensure GCs do not re-enter the cell cycle
and maintain GC integrity. Thus, besides a role in stomatal
initiation, RBR/ functions prevent GC overproliferation dur-
ing the last stage of stomatal formation.

In summary, over-riding the control mechanisms involved
in cell cycle arrest in the last phase of GC development by
elevating levels of CYCD/CDKA;1, CYCA/CDKB kinases,
or alternatively by suppressing the RBRI level sustains cell
proliferation in the stomatal lineage, resulting in GC subdi-
visions. However, since both CDKA;1 and CDKB;1 activity
are required for proper execution of the terminal cell cycle,
timely suppression of CDKA;1 expression by FLP/MYB is
likely to be contributing to the final cell cycle arrest in mature
stomata (Fig. 7).

Supplementary data

Supplementary data are available at JXB online.

Figure S1. EMSA results show that MYB88 can bind the
CDKA; I promoter.

Figure S2. Expression of CYCD3;1 or CYCD3,3 promotes
GC subdivisions.

Figure S3. Overexpression of CYCA2;3 induces GC subdi-
vision and cell collapse.

Figure S4. Quantification of the effect of co-expression of
CYCA2;3 and CDKBI, 1 in promoting GC subdivisions.

Figure S5. CYCD3;2 directly interacts with CDKA;1.

Figure S6. RBRI expression and GC subdivision.

Figure S7. Comparision of stomatal phenotypes between
CYCD3;2 CDKA, I co-expression and RBRI RNAi lines.

Table S1. Primer sequences used in this article.
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